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ABSTRACT

Remote opeicean habitats agdobally understudied due to their inaccessibility dnel
costs associated with sampling so far from land. The eastern Pacific Ocean is one such habitat
whosepelagicbiologyis largely unsampledespitearapidly emerging deeggea mining
industry across much of this regiandthe presence of an expanding oxygen minimum zone
(OM2Z). In this dissertation, use active acoustics to investig#te dynamics of pelagiprey
populations, namely micronekton and large zooplankton, in relation to regional and mesoscale
oceanographgcrosshe eastern Pacifié\t the broadest scale, | find thégpthstructure and
vertical migrationpatternsof pelagic faungobserved ascattering layersyary greatlyacross the
region, with the eastern tropical Pacific OMgting as the stronggstedictor of theseynamics
Using these relationships to predict bebevacross the eastern Pacific Ocddimd thatan
existing network of nanining reserves lies outside of the core O&t#l may not represent or
protect the pelagic OMZ fauna at highest risk friotioire mining impactsAt smaller spatial and
temporal scalewithin the regionl find thatthe passagef cyclonic and anticyclonimid-ocean
eddies as well as atrongnearsurface currenboundary greatlyinfluence the vertical structure
and strengttof acoustic scattergilayers In addition to broader regional patterrsstwork
highlights the considerabtiaily and weeklyariability of pelagigpopulationsn the eastern
Pacific Ocearthatis inherent to open ocean conditions and plays a large role in aggregation and
predatofpreyinteractions As acoustic techniques dimited in what they sampld,further
explorepelagic communitglynamicsthroughthe various perspectivesid biasesf several
differentsampling approaches the firstintegratedevaluation of micronektoim the remote
eastern PacifidJsing active acousticMOCNESS trawlsand ROV video footagé find that

trawl and videadatagreatly expand perceived micronekton distributions suggested by surface



based acoustic profilekfind that while acoustic and trawl data show similar seasonal trends
with greater total backscatter, abundance, and biomass, dieisgring, the vertical
distributions of these metrics ayaitevariable betweesurvey sites andeasonsAt large, his
dissertatiorhighlights the strong variability of pelagiaunalcommunitiesn remoteocean
habitats and the complexities of observing thesaulations through different lens@e
researcldiscusseds the firstto useSaildrones t@xaminemicronekton in the open ocean and
provides some of the only remote sampling of pelagic prey commuinities eastern Pacific

Ocean
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example showing a subtle deep DVM signal to depths below 108D Fall survey example showing a strong
reverse (nighttime) DVM signal, including part of the upward migrating layer branching off to join a downward

FIGURE 3

Echograms (200 m) showing daytime shallow scattering layetsd8 re 1 mt) and their corresponding
frequency responses at 38 and 200 ki3 Apr 2021 (Spring Site 1b) 13 Mar 2021(Spring Site 2)¢) 18 Nov
2021 (Fall Site 1)d) 29 Nov 2021 (Fall Site 2). The second (green) frequency respoapedmesponds to a thin

FIGURE 4
Mean relative abundance of micronekton tg&a= Crustacean; F = Fish) within each depth strata dajiggpring
daytime and) nighttime trawl surveys ang) Fall daytime andl) nighttime trawl surveys. Each circle represents

FIGURE 5
Mean relative biomass of micronekton taxa (C = Crustacean; F = Fish) within each depth stratz) Gyoriimg
daytime and) nighttime trawl surveys ang) Fall daytime andi) nighttime trawl surveys. Each circle represents

FIGURE 6

Spring comparisons between mean (+ SE) acoustic backscatted]stotal micronekton abundance/biomass

(Total Catch; blue), and GB fish abundance/biomass (GB Fishes; black déah€dmparisons between area
backscatter and abundance depth profiles for daytime and nighttime surveys within sites(bja@drparisons

between area backscatter and biomass depth profiles for daytime and nighttime surveys within sites 1 and 2. Gray
and black points show GB fish abundance/biomass for additional trawls conducted in Site 2 with slightly different
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depth strata. Note ¢hdifferent xaxes across panels to allow for comparisons between data within each panel. Each
panel represents the means of three MOCNESS tows and four to six days or nights of acotigticddétg . 128

FIGURE 7

Fall comparisons between mean (x SE) acoumstckscatter fsred), total micronekton abundance/biomass (Total
Catch; blue), and GB fish abundance/biomass (GB Fishes; black ddah€mparisons between area backscatter
and abundance depth profiles for daytime and nighttime surveys within sites2(b) Comparisons between area
backscatter and biomass depth profiles for daytime and nighttime surveys within sites 1 and 2. Note the different x
axes across panels to allow for comparisons between data within each panel. Each panel reprasamis tfie

,,,,,,,,,,,,,,,

FIGURE 8

Depth ranges of gasearing fishes observed by the ROV during the spring surveysDBy;- N = Night. For

schooling fishes that followed the ROV&(i sternoptychids, phosichthyids, and myctophids), the shallowest starting
descent depth and the deepest starting ascent depth were used as the minimum and maximum depths, respectively, to
account for the potential range increase introduced by this foliplehavior These depth ranges were evaluated

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

FIGURE 9

(a-c) Boxplots ofa) total area backscattdy) total trawl abundance, amjitotal trawl biomass between seasons
showing significance results from Krusk#allis rank sum tests. The horizontal black lines, boxes, whiskers, and
points indicate the median, interquartile range, minimum/maximum, and outlier values. Each seasanli8iclude
MOCNESS tows and ~20 days/nights of acoustic ddt§.Daytime and nighttime depth profiles (mean £ SE) of
d,g) area backscatter (n =6tdays/nights per profile,h)abundance (n = 3 tows per profile), dnflbiomass (n =

3 tows per profile) foeach site/season showing results of PERMANOVA analyses that evaluate the vertical

SUPPLEMENTARY FIGURE S1

Mean daytime and nighttime micronekton atfancega) and biomasgb) from each trawl depth strata during the

spring surveys (blue). Horizontal bars show the mean relative abundances and biomass of broad micronekton groups
within each stratum: GB fish (black), N@B fish (dark gray), Crustacea (gray), and Cephalopods (igly)..152

SUPPLEMENTARY FIGURE S2

Mean daytime and nighttime micronekton abundalapand biomasgb) from each trawl depth strata during the
fall surveys (blue). Horizontal bars show the mean relative abundances and biomass of broad micromgkton gro
within each stratum: GB fish (black), N@B fish (dark gray), Crustacea (gray), and Cephalopods (light. gi&p)

SUPPLEMENTARY FIGURE S3
Size distribution of GB fishes (mean + SE; solid lines) across depth strata during the spring and fallashalytime

SUPPLEMENTARY FIGURE S4

Daytime and nighttime depth profiles (mean + SE) of crustacean abundance and biomass (n = 3 MOCNESS tows
perproflep 6 6 6 66 éééééééééécéééeéécecééecéeeeéeceeeeeééeéée. 155
SUPPLEMENTARY FIGURE S5

Daytime and nighttime depth profiles (mean + SE) of cephalopod abundance and biomass (n = 3 MOCNESS tows
perproflep 6 6 6 66 éééééééééééééceéécééeceééeceéecéeeeéeééée. 156
SUPPLEMENTARY FIGURE S6

Spring comparisons between mean (+ SE) acoustic backscatter echo integrated into the same size depth strata as
trawls (s red), total micronekton abundance/biomass (Total Catch; blue), and GB fish abundance/biomass (GB
Fishes; black dashedi) Comparisons between area backscatter and abundance depth profiles for daytime and
nighttime surveys within sites 1 and(B) Comparisons between area backscatter and biomass depth profiles for

daytime and nighttime surveys within sites 1 and 2. Note the differax¢sx across panels to allow for comparisons
between data within each panel. Each panel represents the means of tiiN&$®tows and four to six days or
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SUPPLEMENTARY FIGURE S7

Fall comparisons between mean (x SE) acoustic backscatter echo integrated into the same size depth strata as trawls
(s, red), totalmicronekton abundance/biomass (Total Catch; blue), and GB fish abundance/biomass (GB Fishes;

black dashed)a) Comparisons between area backscatter and abundance depth profiles for daytime and nighttime
surveys within sites 1 and @) Comparisons betves area backscatter and biomass depth profiles for daytime and
nighttime surveys within sites 1 and 2. Note the differeaxes across panels to allow for comparisons between

data within each panel. Each panel represents the means of three MOCNES I tfmwis tansix days or nights of

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

SUPPLEMENTARY FIGURE S8
Mean (z se) fluorescence profiles from CTD casts during spring (blue) and fall (red) surveys highlighting the
generally increased h| or ophyl | in the upper 150 m duri ng.l8he spri
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CHAPTER 1

Introduction
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This dissertation aims to investigate the mechanisms underlying vsttigeturing and
diel migratory behaviors in pelagic communities of the eastern Pacific Odeapelagic ocean
spans more than one billion Rmnd constitutes the largest volumehabitable space on Earth
(Angel, 1993; Webb et al., 2010)his globalpelagicecosystem is divided inttrreemajor
depthdelineated habitatshe epipelagic (~<200 m),mesopelagic (~26@000m) and
bathypelagic (water column > 1000m) zones, thowggtical connectivity at large spatial and
temporal scales exists across this transifutton, 2013; Sutton et al., 201The deep pelagic
oceanin particularlikely containsan enormougbundance of organisms, animal species, and
biomass. Theeservoir of biodiversity represented in this realm is immense,asttmates of at
least a million species still undescrib@bbison, 2004)The organismihabiting this space
possess a variety of unig ecological mechanisms and biologiadaptations to survive in an
expansive and endless volume. Yet, the deep pelagic aclgely underepresented in global
databases of marine biological records, and geégmiccommunities remain the leaghown
faunal group on Earth despite their cleabsystem services and global importance to marine
food webgWebb et al., 200).

Mesopelagic fishesiaydominate the biomass in midwater habitats, with previpoisal
estimates of one billion tor{&jgsaete& Kawaguchi, 1980)However, receracoustic
observations have dramatically increased that estimate by an ordagnitude, highlighting
the paucityof knowledge about opescean ecosystengirigoien et al., 2014)Small fishes and
invertebrates (micronektoa} midwater depths playsignificant role in opemcean food webs,
serving as a forage base for top predators asdhna and billfishes and thus support pelagic
fisheries. These mittophiclevel animalsform an essential link between predators and

zooplankton(Choy et al., 2013, 2016; Draz&nSutton, 2017)Their importance in oceanic food
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webs and roleasindicators of predator distributionsvebeen gaining re@mition in recent
yearsthrough the use of predator diet analyses and modeling techi(@ju@g et al., 2016;
Portner et al., 2017)

Another key ecosystem sereiprovided bypelagiccommunities is their role in the
biological carbon pump, the mechanssioy which carbon compounds are transpolietiveen
the surface and the deep ocean through biological prod&aasiento% Gruber, 2006)This
transport occurs when midwater micronekton and zooplarddoductdiel vertical migration
(DVM) from depthduring the day to surface waterswaght, a phenomenon that has been
observed for decades and validated through sobading, net sampling, and visual observations
(Dietz, 1948; Barham, 186 Pearcy et al., 1977; Sutton, 2018hanges in light intensity at
dawn and dusk are the primatymulus for this massovement of animal&larke& Backus,
1964) with the ultimatedriver being increased food supply in surface waters at night and
reduction of visuapredation risk during the day at defgtaret and Suffern, 1976; Lampert,
1989; Hays, 2003)

DVM by midwater organisms has been coined
accordingly the role of this phenomenon in uppegan carbon and nitrogen transgortl the
biological pump is substantidlonghurst et al., 1990; Ducklow et al., 2001; Schnegzer
Steinberg, 2002)Downward carbon flux due to respiration and excreypmicronekton has
been calculated at roughly 54% of the sinking particle flux imthstern equatorial North
Pacific and 53%n the Northeast AtlantifHidaka et al., 2001; Ariza et al., 2018nd most of
the carbon ingested by DVM micronektat thesurface is exported to their maximum migration
depthbecausgut evacuation can take hodwosdays(Hopkins and Baird, 1975; Clarke, 1982)

Mesopelagic fishes have been estimatechediate 18.7% of the total carbon export in the
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productive California Currenmtgion, and moréhan 40% of the total export in the oligotrophic
North PacificSubtropical Gyre (NPSG) where carb@mineralization is most efficient
(Davison et al., 2013)n addition DVM zooplanktoAamediated carbon flux out of tleiphotic
zone has been estimated at roughly 18% of the total particulate carbamethsxred from
sedimentraps in the oligotrophic NPSG, and this was greater inoligetrophic gyre than the
productive equatorial Pacifi@\l-Mutairi & Landry, 2001)Zooplankton export estimates high
as 72% of sinkingparticulate organic carbdPOQ flux have been found Ithe Sargasso Sea
(Dam et al., 1995; Steinberg et al., 200 ese studies highlight tloéten greater importance of
active transport by DVM in oligotrophic regions becalgse POC flux enhances the relative
importance of activeransport(Steinberg& Landry, 2017)and they provida strong rationale to
further investigate DVM in openceanecosystems such as the NPSG.

The ecosystem services tpaiagicprey communities provide is related to theertical
migrations and ability teertically connect oceanic food webs. The procesdandrs of DVM
have been studied for decadBsetz, 1948; Pearcy et al., 1977; Heywood, 1996; Bianchi et al.,
2013; Aksnes et al., 201 Mlonetheless, many of thesggratorsremain understudied and it is
unclearif andhow the patterns and behaviors of pelggipulations, and resulting impacts on
their servicescouldchange in response émvironmental disturbances. The first step towards
better understanding the ra&DVM in biogeochemical cycling and food web dynamics is to
elucidate the patterns addvers of this behavior at various spatiotemporal scales. There is a
dearth ofinformation regarding regionéKlevjer et al., 2016as well as mesoscalPella Penna
& Gaube, 2020patternsand distribution®f pelagicbiomass. Thisnformation is particularly
important in areas subject possibledisturbance from human adties such as overfishing and

seabed mining. It will alsbetter inform predictions of climate change impacts on organisms
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across the marin@od web( Howel I et al ., 2013; MWuwzlodthgvor t h
distributionsof commercially important top predatqfsWwo o d wor t h RelV)cGowent s et
thecrucial ecosystem functions of pelagiey communities across the globateanijt is
important to evaluate the nature of their behavior amid variable oceanograptitons, and
how to best interpret these findings from different sampling methods.

A region of particular interest for understanding pla¢terns and distributions of pelagic
fauna is the remote eastern Pacific Ocean. Notably, this massive area stistthewyHawai
and Mexicoharbors the northern extension of the eastern tropical Pacific oxygen minimum zone
(ETP OMZ;Fiedler and Talley, 2006)ith hypoxic midwaters known to influence the structure
of pelagic communitie@Maas et al., 2014; Wishner et al., 2018lready one of the most
intense OMZs in the open oce@aulmier& RuizPino, 2009)the ETP OMZ appears to be
expanding Stramma et al., 2008Much of the eastern Pacific is also being targeted for-deep
seabed mining, and there are growing efforts to understsalihe pelagic ecosystem
conditions prior to industriadcale activitiegChristiansen et al., 2019; Drazen et al., 2080)
the face of these impending oceanographic and anthropogenic changes, little is known about the
ecology of pelagi communities across the eastern Pacific Ocean.

Within this large region hte overlying objectives of this research are to: 1) examine
environmental influencesn DVM and vertical distributions of pelagic fauna at various spatial
scales, 2) to better understand plagentialeffects of a changing environment, natural or
anthropogenic, on pelagic communities, and 3) to present a combined perspeamivenoinity
behaviors from various sampling methods. This knowledge will ideally be applied to the

management of an emerging industrydogviding baseline information about the pelagic
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ecosystems in a targeted desa mining region. The following chapters aim to addiesse

goals.

Chapter 2 employs the use of publicly available shipboard ADCP data collected in and
around the ClarioiClipperton Zone (CCZ) to provide the first pelagammunitybaseline data
for this targeted mining region in the eastern Pacific Oceaau#tic scattering layer
behavior® proxies for micronekton and zooplankton community dynaéniegere evaluated
across the region and related to environmental characteristics extracted from satellite and
climatological measurements. These relationshipsahdequent model predictions highlight
the significant role of the eastern tropical Pacific OMZ in structuring vertical migration
behaviors across the eastern Pacific at the regional scale. In this chapter, | suggest that the
(former) network ofno-mining reserves lies outside of the core OMZ #kedly does not
adequatelyepresent or protect the pelagic OMZ fauna at highest risk from mining imphtss.
work has been published krontiers in Marine Sciencas: Perelman, J. N., Firing, E., van der
Grient J., Jones, B. A., and Drazen, J. C. (2021). Mesopelagic scattering layer behaviors across
the ClarionClipperton Zone: Implications for deeea miningFront. Mar. Sci.8, 492.Since
the time ofthis publication, four new reserves have been added todineining network and
several of these incorporate the core OMZ waters (specifid®il 12 and APEI 13) that were
previously unrepresented. These new areas provide some representation-fisk QjiZ
fauna.

In Chapter 3, | further explore pelagic community dynamics at finer spatial scales via
Saildrone bioacoustic and oceanographic surveys in two locations within the eastern Pacific
Ocean. This work evaluates the responses of micronekton and zooplankton to mesoscale

oceamgraphic features, including matean eddies and fronts, which are common phenomena
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across the region. Here, | suggest that the considerable natural variability of pelagic communities
observed at daily to week/l-gceashakatdtseasd isiingoortarth e fi a v
to many ecosystem functions. This is the first study to use Saildrones to examine micronekton in
the open ocean and provides some of the only remote sampling of pelagic prey communities in
the eastern Pacific Ocean. The chapen reviewat Progress in Oceanograplas: Perelman,
J.N., Ladroit, L., Escob&Flores, P., Firing, E., Drazen, J.2022).Eddies and fronts influence
pelagic communities across the eastern Pacific Ocean.

While chapters 2 and 3 evaluate patterns artdlaisions of pelagic fauna using active
acoustics, they lack the biological sampling necessary to evaluat#fénentorganisms
involved. ThusChapter 4 combines acoustic, trawl, aneleo dateo provide the first
comprehensive evaluation of micronekvertical distributions and migratory behavi¢@s1000
m) in the remote eastern Pacific Oce@hrough this work, | relate acoustic scattering layer
behaviors tdhe micronekton taxa observed from nets and ROV video footdgether identify
the most likely contributors tacousticpatterndrom dissections of tranwdaught fishes and
evaluations of their swim bladders. The multiple sampling techniques used hepem@adé
unique perspectives of micronekton communities and highlight the importance of integrating
information from different sampling sources to gain a holistic understanding of pelagic
ecosystems. Following additional analyses of ROV video data aret s&argngth modeling of
trawl caught fishes, this paper will be submitted for publication with additional coauthors V
Assad, Y Ladroit, P EscobaiFlores, D Lindsay, LA. Bergman, and.C. Drazen.

Lastly, | provide a summary of the major conclusionsnfreach data chaptar Chapter 5.
Here, | discuss ideas and future directions for pelagic community ecology research in remote

openrocean ecosystems.

27



CHAPTER 2

Mesopelagic scattering layer behaviors across the Clarien
Clipperton Zone: Implications for deep-sea mining

Published as: Perelman, J. N., Firing, E., van der Grient, J., Jones, B. A., and Drazen, J. C.
(2021). Mesopelagic scattering layer behaviors across the Clalijgperton Zone: Implications
for deepsea miningFront. Mar. Sci.8, 492.
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2.1 Abstract

The ClarionClipperton Zone (CCZjs a 4 million kn? area in the eastern Central Pacific
Ocean exhibitindgarge variability in environmental parametguarticularly oxygen and primary
production, that is being targeted for desga polymetallic nodule mining. This remote region's
pelagic biology is very poorly sampled, including for micronekton and zooplankton that provide
essential ecosystem serviceshsas carbon flux and support for commercial fisheries. We built a
baseline ofleep scattering layer (DSHepths and vertical migration behaviqusoxies for
mesopelagic micronekton and zooplankton communitissigshipboard acoustic Doppler
current profiler dataseté\cousticdata(38 kHz, 75 kHz)were compiled from research cruises
passing near or through the CCZ (2&2m19), and environmental data (mean midwater oxygen
partial pressure, surface chlorophglland sea surface height anomalgre assembled from the
World Ocean Atlas and satellite oceanographic data@etstesults suggest that midwater
oxygen, associated with the Eastern Tropical Pacific Oxygen Minimum Zone (@\vize,
strongest predictor of daytime DSL depths and theqatmms of midwater populations that
undergo vertical migration in this region. We used these relationships to predict micronekton and
zooplankton behaviors across the CCZ, including licensed mining exploration areas and no
mining reserves. While the OMZeompasses most licensed exploration areas, the network of
reserves lies outside of the core OMZ and ultimately may not represent or protect the pelagic
OMZ fauna at highest risk from mining impadtkwever, the addition of four new reserve areas
does addome protection for OMZ core waters and likely prosidgresentation for highisk
OMZ fauna.This researchwill furtherassist in developing resource exploitation regulations by
the International Seabed Authority, and will provide mesopelagic bagseiorenation for

monitoring changes thatayoccur in the CCZ once industristale mining begins.
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2.2 Introduction

The deeppelagic ocean likely contains a greabundance and higher biomass of
organisms than any other magwosystem. Yet, this ecosysté&nargely underepresented in
global databases of marine biological records, and pelgic communities remain the $a
known faunal group on Ear{NWebb et al., 2010Mesopelagic micronektorgmall fishes and
invertebrateg~2-20 cm in size) that primarily inhabit depths between-2000 m.form an
essentiatrophiclink between zooplankton and top predators such as tuna and bil(fGheg et
al., 2013; Drazen &utton, 2017; Young et al., 201&)d thus support pelagic fisheries. Diel
vertical migration (DVM) by micronekton and zooplankisrihe largest migration on Eaytind
this contributes significantly to carbon and nutrient cycling in the ocean assngdieed near
the surface and respire at deptlecérdingly, therole of these communities in upper ocean
carbon and nitrogen transp@tsubstantia{Ariza et al., 2015; Davison et al., 2013; Longhurst et
al., 1990)

When dense aggregations of micronekton and zooplankton form at midwater depths,
these are frequently detected by shipboardrscesacoustic backscatter ard thus termed
06deep scattering | ayer sd ( DS-bearng siphdhopHores canwi mb |
dominate these acoustic signddSLs vary globally across pelagic ecosystems in their faunal
composition, as wekls daytime depths and vertical movemégHKtsvjer et al., 2016; Sutton et

al., 2017) The fish families Myctophidae and Gonostomatidae (particu@yttothonespp) are
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typically the dominant marine vertebrates caught in midwater trawls around th€glpbe

Sutton et al., 201(nd likely comprise a large portion of mesopelagic scattering layers. Vertical
migrations of DSLs & readily observable in echograms and this enables a visualization of
largescale vertical community dynamics in the pelagic o{@aeiz, 1948; Proud et al., 2018)

The number of DSLs and their acoustic backscattering strength (a proxyrfal aeinsity) can

vary widely at local and global scal@®roudet al., 2017; Urmy et al., 2012)ot all

mesopelagic fauna migrate, which results in behavioral variation across the globe. Strong
regional differences have been observed acoustically in the proportion of DSLs migrating out of
the mesopelagic at nigtitom 20% migrating in the Indian Ocean and up to 90% migrating in

the Eastern Pacific OcedKlevjer et al., 2016)However, information about the proportions of
mesopelagic fauna actually carrying out DVM on local and regional scales is minimal, and this is
a key attribute affectingctive carbon flux and the coupling strength between theapgi
mesopelagic.

The ultimate driver of DVM by midrophic organisms is visual predator avoidance
(Lampert, 1989; 1993)'he behavior is thus thought to be driven primarily by downwelling light
intensity in the water column where visual predation is common, as changes in the light
environment at sunset and sunrise trigger th@gescale animal migrations to and from the
surface(Dickson, 1972; Kampa, 1975)he depth of daytime DSLs varies region&Bpgorov,

1946; Dietz, 1948; Isaacs et al., 197ah)dgradients irenvironmentalconditions such as

oxygen, chlorophyll, sea surface height, and watdumn temperature have more recently been
observed to drive largescale variabilityscattering layer dynamics at regional and global scales
(e.g. Bianchi et al., 2013; Netburn and Koslow, 2015; Urmy & Horne, 2016; Proud et al., 2017;

Escobaiflores et al., 20180xygendepleted zones act as strong bounding conditions for
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scattering layer qeths globally, as hypoxia limits the depths to which animals can migrate and
the duration they can spend at those depths. Phytoplankton chlorophyll affects light penetration
in the ocean as light is scattered and absorbed by enhanced particle concertraticiace
waters(Yentsch ad Phinney, 1989)and it can also be an indicator of surface food availability
(Legendre and Michaud, 199%ea surface height anomalm irdicate the presence of
oceanographic features (e.g. eddies) that may influence micronekton distribution via upwelling
or downwelling(e.g. Drazen et al., 2011; Béhagle et al., 20D&turbances that alter these
environmental drivers, such as climate change and human activities in the ocean, may stress
midwater communities and alter their migration behawWoowledge of natural ecosystem
dynamics and community sensitivities to environmental aukshus enhance our ability to
predict how the deep pelagic will respond to these stressors.

Growing interest in deepea polymetallic nodule mining mayesent a new human
induced stressor for midwater communities. This emerging industry could begin operations in
the next several years in the ClarGlipperton Zone (CCZ) a 4 million-km? area in the
eastern Central Pacific Oce@\lWedding et al., 2015)This expansive region currently has mining
exploration licenses by 15 countries regulated by the International Seabed Authority (ISA).
Around the licensed exploration areas, a network of nine Areas of Parici@onmental
Interest (APEIs) have been set up asmning zones by the ISA. They were developed on the
basis of biophysical gradients, biologically unique seamounts, and socioeconomic impacts
(Wedding et al., 2013While nodule mining is expected to have major consequences for abyssal
seafloor faungd Amon et al., 2016; Jones et al., 201 #hg industrialscale operations are
likewise expected to impact midwater ecosysté@drazen et al., 2020Namely, noise will be

produced from vibrations in riser systensed to pump nodules to the surface, and heavy metal
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laden sediment plumes generated from surface dewatering of the collected minerals will be
released back into the water column. The resulting environmental influences could potentially
hinder feeding, reduction, DVM, and growth among organisms which may ultimately reduce
pelagic biomass and diversity or alter their distributi@@isristiansen et al., 2019; Drazen et al.,
2020)

Only a handful of trawl and acoustic studies have documented midwater communities in
the CCZ(e.g. Loeb & Nichols, 1984; Wishner et al., 201&)d this substantial knowledge gap
hinders our ability to predict the influerecef mining activities on the mesopelagic ecosyst#&m.
recent global biogeographic classification suggests that the CCZ includes two mesopelagic
Oecoregionsodo defined by geo¢Sutompdial.,.c2@llfthey di st i n
Northern Central Pacific and Eastern Tropical Pacific ecoregions. In this framework, the
Northern Central Pacific ecoregion is characterized as an oligotrophic gyre system with a fauna
distinct from the central Equatorial Pacific, eaheé Eastern Tnaical Pacific ecoregion is
characterized as eutrophic with endemic taxa adapted to low oxygen. While this classification is
broad, it is based on existing knowledge of faunal distributions and oceanographic patterns, and
it may provide a good foundatiorofn which to build hypotheses about mesopelagic ecosystems
across the remote CCZ.

Light intensity and dissolved oxygen levels are known to be strong drivers of DVM and
depth structure in deep scattering lay@stburn and Koslow, 2015; Aksnes et al., 2047
these parameters vary strongly within the CCZ mining region. Across the eastern Central Pacific
Ocean, midwater oxygen partial pressures vary greatly with very low oxyger «k@&)
extending from east to west and higher oxygetd{ kPg in thenorth and south (Fig. 1a).

Further, surface chlorophyll and thus light penetration varies north to south and east to west with
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higher chlorophyll occurring to the east and to the south near equatorial upwelling (Fig. 1b). Sea
surface height anomalies, whimay also influence DVM communities, are highly dynamic

across the region due to the transient nature of the mesoscale features they indicate. Mesoscale
eddies, for instance, may have a radius up to 100 km, a lifespan of several months, and typically
propagate westward across the Pacific Odgzimeng et al., 2014; Aleynik et a2017) Such
oceanographic gradients likely drive variability in the depths and behaviors of deep scattering
layers across the CCZ.
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Figure 1. Annual climatologies of) midwater oxygen partial pressure @®Pa) and) surface chlorophyll (ché;
mg nd) across the eastern Central Pacific Ocean (source details in Table 1).

The goal of this research is to build a baseline of deep scattering layer depths and DVM
behaviors within and around the CCZ using opportunistive acoustic data, and to reveal the
dominant oceanographic factors driving variability in these dynamics. With the Eastern Tropical
Pacific oxygen minimum zone (OMZ) extending throughout most of the region, we hypothesize
that oxygen will play the large role in structuring these communities by shallowing daytime

DSL depths and increasing the proportions of migrating fauna in more hypoxic waters. The
applied goal of this work is to inform developing resource exploitation regulations, which the
ISA propases to have in place by 2021, and to provide some mesopelagic baseline information

for subsequently monitoring changes that may occur once largescale mining operations begin.
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2.3 Materials and Methods

Our analyses of scattering layers across the CCZ use publicly available shipboard
acoustic Doppler current profiler (ADCP) measurements. At low frequencies (75 and 38 kHz),
acoustic backscatter in pelagic ecosystems typically indicates the presence nb&ankton
and micronekton, and especially small mesopelagic fishes and siphonophores Jfiitadyas
organs(Simmonds and MacLennan, 2008p&ud et al., 2019)Each frequency highlights the
community of organisms whose size and morphology cause them to resonate most strongly at
that frequencyDavison et al., 2015We selected these two frequencies because the acoustic
signals extend deep enough (roughly 650 m for 75 kHz and 1000 m for 38 kHz) to encompass
the daytime depths of dominant mesopelagic scattering layers, especially in the eastern Central
Pacific where hypoxia limits migration depttfsksnes et al., 2017; Bianchi et al., 2013; Klevjer
et al, 2016; Proud et al., 2018lowever, the shallowest measurements from ADCP systems are
determined by the combination of transducer depth, blanking distance, and vertical resolution
(cell size) which is a function of pulse length. Thus, the narrowbakdZ ADCPs in our
dataset (with a cell size of 16 m, default blanking distance of 8 m, and transducer depth around 4
m) have the shallowest measurements at about 28 m, and the narrowband 38 kHz instruments
(with a cell size of 24 m, default blanking distarof 16 m, and transducer depth around 7 m)
have the shallowest measurements at about 47 m. Since these ADCP datasets include many
instruments, all with uncalibrated backscatter, we analyzed relative structure within each dataset
by evaluating the behav® of dominant scattering layers, rather than assessing backscatter

distributions as proxies for biomass (which is often done with calibrated echo sounder data).

35



2.3.1ADCP backscatter processing
Shipboard ADCP datasets were compiled ftbm Joint Archve for Shipboard Acoustic

Doppler Current Profilers (JASADCRitp://ilikai.soest.hawaii.edu/sadg@nd the NCEI Global

Oceans Currents Databasdtifs://www.ncei.noaa.gov/access/data/gladzdancurrents

database/saportal.hiimnWe analyzed a total of 4fuise datasets from research vessels equipped

with 75 kHz and38 kHz narrowband ADCP£36 and 8 cruises, respectivepjgssing near or
through the CCZ between 202819 that showed at least one DVM event in the acoustic
backscatter (Supplementary Table SMPCP backscatter was converted from countdeicibel
units using the common scaling factog)(&f 0.45(Deines, 1999)We estimated the noise as the
mean signal return from the bottom 6 depth cells, on the assumption that thecsigriaé ratio
(SNR) is small at those depths. After subtracting this estimated noise level from the received
signal, we set a minimum SNRreshold of 3 dB. Acoustic intensity was thus calculated

following the method oGostiaux & Van Haren (2010

lys 10 166/FPEoiLS (Equation 1)

where E is the receivedgsal strength indicator (RSSI; a logarithmic measure of acoustic
intensity), BRoiseis the noise level (counts), an@ Is the acoustic intensity in decibels.

Corrections were made for transmission loss due to spherical spreading and sound absorption.
The attenuation coefficient was calculated as a function of depth using the fornires|ad

and McColm (1998)with climatological temperature profiles from World Ocean Atlas. Due to
highly variable noise and bubbles, particularly in the 75 kHz dataset, we flagged and removed

cruise days with <10 intervals-(Ginute averaged profiles) that contained detectable backscatter
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during the daytime or nighttime timeframes of interest. Thus, whil®ginal 75 kHz dataset
included 50 cruises in the CCZ region, only 44 were included in these analyses. All acoustic data

analyses were conducted in Pyti{@arsion 3.7; Python Core Team, 2020)

2.3.2Acoustic Metrics

Our examination of dominant scattering layers includes determinatwonahant
daytime DSL depths and DVM proportions (D¥MDaytime DSL depth was defined as the
median depth of peak acoustic intensity from vertical backscatter pnofitda three hours
around local solar noon. DVMwhich was defined as the apparpraportion of midwater
communities undergoing diel vertical migration, or vertical migration strength, was calculated as
a ratio of integrated mesopelagic nighttime angtidee acoustic intensities similarly evjer

et al. (2016)

DVM= -1 801 4DV > 0 (Equation 2)

Q@s was calculated by integrating the acoustic intensity of each vertical profile (below 200m)
within three hours around local solar midnight or noon. Then, we selected the median integrated
value to represer@s. We did not correct for total water columnarges between day and night
acoustic intensities in our calculations of DYNue to lack of measurements in the shallowest
30-50 m as described previously. We further removed days or nights with >5 noisy intervals

within the noon or midnight time periods.

2.3.3Environmental variables
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Due to the lack of higinesolutionin situ oceanographic data to pair with opportunistic
ADCP measurements for statistical models, environmental variables were extracted from global
satellite and climatological datasets (Table 1). We explored the influences of oxygen, surface
chlorophylta, sea stface height anomaly, sea surface temperature, and thermoclineodepth
DSL depth and DVMand ultimately focused on three of these variables: midwater oxygen
partial pressure (pfp, surface chlorophya (chl-a), and sea surface height anomaly (SSHA).

While we do expect temperature to affect swimming behaviors and habitat preferences, sea
surface temperature is unlikely to influence migration deeper in the water column and it was
excluded from these analys@hermocline depth was collinear with midwateygen (see
collinearity method below), and because oxygen was ultimately a stronger pred@gir of
depth and DVN, we excluded thermocline depth from the models. After exploring several
different monthly climatological oxygen metrics, including the deytharious oxygen isopleths
and vertical oxygen averages over different depth ramgean pQ between 20€1000m
(midwater pQ) was selected as the best oxygen predictor of DSL behaviors, roughly
encompassing the mesopelagic depth range. We further cedriparpQ@values at daytime

DSL depths between the two frequestsfined communities. While pQalues were not
concurrent in time with acoustic observations, theeclihd SSHA values used for statistical
models were extracted from satellite datasets and were thus matched as closely as possible to the

empirical data (Table 1).
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Table 1 Environmental variables used to build statistical models for deep scattsem@DSL) depth and vertical
migration proportion (DVN). Midwater pQ is the mean oxygen patrtial pressure betweer1®@D m, chlais
surface chlorophylh and SSHA is sea surface height anomaly.

Variable Source Spatial Temporal Units
Resolution Resolution

Midwater pQ NODC World Ocean Atlas 1.0° Monthly kP&t
climatology (19552017) composite

chl-a ESA OC CCI (from NOAA 0.04° 8-day mean mg m?3
OceanWatch)

SSHA Global Ocean Gridded 0.25° Daily mean m
SSALTO/DUACS Sea Surface
Height

* Oxygen concentratiorunol kg') was converted tpQ, (kPa) following the methods ¢fofmann et al. (2011)

2.3.4Statistical analyses and model predictions

We evaluated the variance inflation factors (VIF) of each environmental variable in
regression models to assess collinearity between predictors, with a cutoffAfter.5.
investigating for spatial and temporal autocorrelation in model residuals, the relationships
between acoustic metrics (DSL depths and QYahd environmental variables were evaluated
using multiple linear regression (Eqg. 3) and multiple betgessiontietaregR packageCribark

Neto & Zeileis, D09, Eq. 4), respectively.

DSL d=ebp+bfpO,+b,c @k b,SSHA (Equation 3)
| n % —p +ppO,+bc lakbhSSHA (Equation 4)
1DV M ~ o 1PV 2 3 q

Since our ultimate goal was to best predict these acoustic metrics across the CCZ, models
were averaged using a muttiodel inference approac¢Hlarrison et al., 2018&nd parameter
estimates were weighted based on Akaikermfation criteriaglAICc; MuMIn package; Barton,

2018) Only models with @AI Cc < 4 (from the top
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averages. AICc has become a favored approach for model selectignvalees when using

multiple parameters to predict an outcoffialsey, 2019)Full average models were used as
opposed to conditional averages, as the full modidates biasing environmental parameters

with weaker relationships. Explicitly, if a parameter is absent in a component medel, i

coefficient is set to zero and thus the full model average assumes a smaller response from that
variable(Lukacs et al., 2010)lo quantiy the relative importance of environmental parameters

in these model averages, we compared the sum of Akaike weights, or sum of model probabilities,
for each parameter following the method<zeam and Olden (20)6All statistical analyses

were performed in R programming langudgersion 4.0.0; R Core Team, 2020)

To better understand the depths and migratory patterns of DSLs acr@&zhee
generated 1Xlinterpolated maps of DSL depths and Dyidr each of the two frequencies (75
kHz and 38 kHz). For these, we used predictions made with the empirical models described
above in conjunction with annuak1° climatological data for p@and chia generated from the
sources described in Table 1. Because SSHA is an anomaly and indycetesc and
ephemeral mesoscale featyreéns parameter was set to zero for the climatological predictions.
Using CCZ shapefiles provided by the ISA, vedcalated the mean DSL depth and Dy
each licensed exploration area and APEI and averaged predictions across all mining exploration
and nemining zones. These were compared statistically using Wilcoxon rank sum tests. We
further developed seasonal pieibn maps for each acoustic frequency (Supplementary Figs.
S4, S5) to explore the temporal changes in DSLs between winteM@xand summer (Apr

Sep). All figures were produced in R or Python.
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2.4Results
2.41 Acoustic Observations

Generally ADCP backscatter indicated clear differences in scattering layer depth and
migration patterns across the C@¥Z both dataset©bservationgrom the northwest end of the
region €.9.16.31°N, 146.45°W; Fig2a) revealed relatively deepigratoryscatterimgy layersas
well asstrong noAmigratory layers between ~4@D0m.Observations fronthe eastern end of
the region €.9.11.89°N, 116.61°W; Fig. 2b) revealsiallowermigrating layersn whichmost
of themesopelagic community appears to migratith seeral weak normigratory layers
residing in the deep mesopelagic below ~650 m. Tloesdions represent the upper and lower
extremes of midwater oxygen levels in the CCZ (Fig. 1a). Wilenainly focused on strong
mesopelagic DSLs, it is worth noting thatakemigratory and nommigratory DSLs exteted

below 1000m in our 38 kHz datase{Supplementary Fig. S1)
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Figure 2. Shipboard ADCP acoustic intensities at 38 kHa)ithe northwest CCZ (16.31°N, 146.45°W) dndhe
eastern CCZ (11.89°N, 116.61°W) from November 2009. Acoustic intensity units are in decibels (RSSI
counts*0.45).
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2.4.1.1DSL Depth
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ThedaytimeDSL depthrangel from 270510m at 75 kHzand 296890 m at38 kHz,
with median depths of 373 m and 431 m, respectivebgetreddaytime DSL depths at 75 kHz
were shallowest in the eastern and central GEig. 39, largely following the lowoxygen
tongue extending out from the eastern tropical Paffig. 19. At 38 kHz, DSL depths were
shallowest in the eastern and central CCZ as well as in the southwest (Fig. 3b), generally
following the lowoxygen and increased ehltongues extending out from the eastern tropical
Pacific, and increased ehlin the souther©CZ (Fig. 1b). Since we lack 38 kHz data from the
southcentral and southeastern CCZ, it is unclear whether the pattern of shallower DSL depths

continues across the southern CCZ following enhanced. chl
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Figure 3. Observed daytime deep scattering layeBl([Ddepths across the CCZ region calculated from shipboard
ADCP data between 202D19 ata) 75 kHz andb) 38 kHz. White stars indicate the locations of echogram
examples (Fig. 2).

2.4.1.2DVM,
DVM, ranged from 0.08.99 at 75 kHz and 0.10.99 at 38 kHz, with median
proportions of 0.86 and 0.63, respectively. DMNVas highest in the eastern and central CCZ for

both datasets (Fig. 4), largely overlying the most hypoxic waters of the eastern tPagicial
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Figure 4. Observed vertical migration proportions (D¥Macross the CCZ region calculated from shipboard ADCP

data between 2062019 ata) 75 kHz andb) 38 kHz

2.4.2Environmental Influences on DSL Behavior

2.4.2.1DSL Depth

At 75 kHz, daytime DSL depth was best described by a single model includinghpO
a, and SSHA (n = 77, adjusted R0.56; Table 2). DSL depth increased with increasingg
SSHA and decreased with increasingaliBupplementary Fig. S2). DSL depth at 38 kHz was
more difficult to ascribe to the environmental predictors. Since DSL depths in this dataset were
right-skewed (ShapirdVilk normality test; p < 0.001), we used a loglinear multiple regression

model averagéhat similarly included p& chla, and SSHA as important predictors (n = 76,
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adjusted R=0.31; Table 2). Three component models comprised this model average: all
included pQ, two included chhb, and one included SSHA. As in the 75 kHz model, DSL depth
increased with increasing p@nd increasing SSHA and decreased with increasing ichthe

38 kHz model average (Supplementary Fig. 8).both frequency datasets, the order of
relative variable importance based on sum of Akaike weight values wa®41(Pp chta, and

(3) SSHA. Oxygen partial pressure at the depth of daytime DSLs ranged fro®.6514Pa at

75 kHz (median = 1.55 kPa, mode = 0.77 kPa) and from@8@2kPa at 38 kHz (median = 1.65

kPa, mode = 0.73 kPa).

Table 2.Model parameters (component models and averages) from fitted regressions of observed deep scattering
layer (DSL) depths for the two ADCP frequencies. Sample size (N) includes only data points with corresponding
environmental variables for statistical analysdse $um of Akaike weights is presented beneath model coefficients

for the models used to generate prediction maps (in
Frequency | Regression| N Model Model Coefficients A | C Adjuste
(sumof Akaike weights)| (weight) | d R?
pO2 | chl-a | SSHA
75 kHz Linear | 77| Component| 20.89 - 159.26| 0.00 0.56
1 (1.00) | 227.80| (0.99) | (0.99)
(0.99)
38 kHz Loglinear | 76 | Component| 0.07 | -1.78 0 0.00 0.33
1 (0.61)
Component| 0.06 | -1.73 0.23 1.75 0.33
2 (0.26)
Component| 0.10 0 0 3.04 0.29
3 (0.13)
Average | 0.07 | -1.53 0.06 0.31
(0.98)| (0.82) | (0.31)
2.4.2.2DVM

DVM was influenced by p&chla, and SSHAatboth 75 kHz(n = 46, adjusted pseudo
R2 = 0.60; Table 3) and 38 kHz (n = 56, adjusted pseRfe 0.56; Table 3). The model

averages were comprised of two component models for both frequencies, one without and one
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with SSHA. According to these multiple beta regressions, PWigreased with decreasing pO
and with increasing ckd and SSHA (Supplemeésry Fig. S3) at both frequencies. Similar to
DSL depth, the order of relative variable importance for QMiMboth datasets was (1) p)
chl-a, and (3) SSHADVM, always exceeded 0.9 when midwater oxygen partial pressure fell

below 1.0 kPa (75 kHz) arid1 kPa (38 kHz).

Table 3.Model parameters (component models and averages) from fitted regressions of observed vertical migration
proportion (DVM,) for the two ADCP frequencies. Sample size (N) includes only data points with corresponding

environmental variables for statistical analyses. The sum of Akaike weights is presented beneath model coefficients
for the models used to generate prediction maps (in

Frequency | Regression| N Model Model Coefficients A |l G Adjusted
(sum of Akaike weights) (weight) Pselélde
R
pO> chl-a | SSHA
75 kHz Beta 46 | Component -0.77 | 7.27 0 0.00 0.58
(logit link) 1 (0.56)
Component -0.78 | 8.77 | 2.13 0.64 0.63
2 (0.40)
Average | -0.78 | 7.91 | 0.90 0.60
(1.00) | (0.96) | (0.41)
38 kHz Beta 56 | Component -0.49 | 12.88 0 0.00 0.56
(logit link) 1 (0.74)
Component -0.49 | 12.87| 0.06 241 0.56
2 (0.22)
Average | -0.49 | 12.87| 0.01 0.56
(1.00) | (0.96) | (0.23)

2.4.3CCZ Model Predictions
2.4.3.1DSL Depth

Model predictions for both frequencies extended our observations of shallow DSL depths
in the eastern and central CCZ, largely overlapping the most hypoxic waters of the OMZ (Fig.
5a,b). However, due to the lowmanatory power of the 38 kHz model, the predictions for this

frequency were less reliable. The predicted DSL depth ranges for 75 kH2%3486) were
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shallower than those for 38 kHz (3383 m), but similar DSL depths were predicted in the most
hypoxic wders of the eastern CCZ for both datasets (=385m). Most licensed exploration

areas had relatively shallow DSL depths, while most APEIs occurred where DSL depths changed
most rapidly. The mean (x 1 SD) predicted daytime DSL depths across currergdicens

exploration areaand APEIs were 365 £12 m and 389 +14 m at 75 kHz (p < 0.001) and 388 +19

m and 424 + 24 m at 38 kHz (p < 0.001), respectively, with the eastsnlicense areas having

the shallowest DSLs. APE had the shallowest predicted DSL depof the APEIs (370 m and

393 m for 75 and 38 kHz, respectively), and ARBHlad the deepest (410 m and 468 m for 75

kHz and 38 kHz, respectively). Our predictions showed minor seasonal trends in DSL depths for
both frequencies (Supplementary Fig. S4thvpatterns suggesting a slight summertime

deepening of DSL depths.

2.4.3.2DVM p
DVM,, predictions for the CCZ were similar in pattern to those for DSL depths. DVM
was highest in the eastern and central CCZ for both frequencies (Fig. 5c,d), overlapping with the
OMZ and most licensed exploration aréparticularly the eastermost license areas). DVM
predictions ranged from 0.0@190 at 75 kHz and from 0.63190 & 38 kHz, with values
exceeding 0.85 in the most hypoxic waters for both frequencies. Overall, Wedhigher in
the southernCCZ(~6 e N) at 38 kHz than at 75 kHz. Mo st
license areas as they lie near the OMZ boundartes.mean (+ 1 SD) predicted D\(Mmong
all license areas and APEIs were 0.80 + 0.07 and 0.62 + 0.11 at 75 kHz (p < 0.001) and 0.82 *
0.06 and 0.71 £ 0.09 at 38 kHz (p < 0.001). AREVas predicted to have the highest DyM

(0.76 and 0.81 for 75 and 38 kHespectively) and APE3 was predicted to have the lowest
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(0.44 and 0.53 at 75 and 38 kHz, respectively). Similar to DSL depths, there were minor seasonal
patterns in the predictions of D\JMslight summertime weakening of migration) for the CCZ

region (Supplementary Fig. S5).
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Figure 5. Annual mean 1x1° predictions for daytime deep scattering layer (DSL) dejpthésatHz ando) 38 kHz

and vertical migration proportions (D\yMatc) 75 kHz andd) 38 kHz across the CCZ. Numbered boxes indicate
Areas of Particular Environmental Interest (APEIs) and all other polygons represent mining exploration claim areas
designated by the International Seabed Authority (ISA). White humbered contours represemiameder oxygen

partial pressure (pOkPa).
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2.5Discussion

Our analyses adicousticallymeasured micronekton and larm@planktormigratory
behaviorshighlight the significance of the Easter Tropical Pacific OMZ in structuring
mesopelagic aamunities across the CCZ. Amongst the environmental variables explored,
midwater oxygen appears to be the strongest driver of daytime habitat depth and vertical
migration strength in the CCZ. Midwater oxygen was present in all component models with the
highest relative importance (sum of Akaike weights; Tables 2, 3), and it largely structured the
predicted behavioral patterns of these communities. As expected, DSL depths shoal and vertical
migration strength increases along decreasing midwater oxygenrgsadiading to patterns in
these behaviors that primarily f ol |Underldwhe &6t o
oxygen conditions, Klevjer et al. (2016) similarly observed midwater oxygen as a primary driver
of global daytime scattering laydepths and migrating proportions. At more regional scales,
other studies have also observed scattering layer organisms to closely follow oxyditiesn
and Koslow, 2015; Wishner et al., 2018)though our 38 kHz dataset does not cover the
southern and northern CCZ, we suspect that RBWMhis community is lower across the
southern and northwestern CCZ where oxygen is higher, and,8/hgher to the northeast
following the trend with low oxygen.

By putting a physiological constraint on organisms, oxygen can impact the vertical
distribution and duration spent at depth when oxygen levels are low. Above an OMZ, many
organisms may only inhabit waters as deep as their hypoxia tolerance allows, and greater
proportions of the mesopelagic community vertically migrate to higher oxygen surdéees \at
night in areas where midwaters are most hypoxic to offset oxygen limi{&ebel, 2011;

Klevjer et al., 2016)Metabolic suppression at depth in OMZs is a common strategxeftical
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migrators(Seibel, 2011)Many mesozooplankton and micronekton can only adjust their capacity
to acquire oxygen down to a critical oxygeautial pressure threshold of ~AL8) kPa (though
this varies regionally and between taxa), but some can migrate well into hypoxic waters of
OMZs using a variety of adaptations to cope with low oxy@&hnldress & Seibel, 1998;
Hofmann et al., 2011Sameoto, 1986; Seibel, 2011; Seibel et al., 2016; Wishner et al., 2013)
Climatological oxygen partial pressgrat DSL depths in this study had median values of 1.55
kPa and 1.65 kPa for the 75 kHz and 38 kHz communities, respectively, and were similar to
critical oxygen thresholds reported for mesozooplankton and micronekton in OMZ regions
(Seibel, 2011; Cade and Ben8itrd, 2015; Seibel et al., 2016)

We identified mean oxygen partial pressure betweerl®00m as the most
parsimoious oxygen metric to include in our models. This range likely encompasses the
speciesspecific depths at which hypoxia tolerance thresholds are encountered, which follows the
notion that there is no common oxygen preference across the globalAkeaes et al., 2017)
It isimportant to emphasize that the scattering layer is not singular; rather, multiple layers
migrate at variable times and to different dep8iaceresponses to hypoxia are spegpscific,
communitywide metrics like single frequency acoustic backscatight miss variability that is
significant to food web dynamics and ecosystem services such as carbon cycling. Future work
should thus employ additional techniques like broadband surveys and trawl sampling to assess
the taxonspecific details underlying ghcommunity patterns we observed in this study.

DSL depths and migration strength were also influenced by other environmental factors
according to our models. DSL depths shoaled and migration strength increased with increasing
surface chlorophyll for botfrequencydefined communities. Enhanced chlorophyll

concentration in surface waters can absorb and scatter downwellin@rlggiisch and Phinney,
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1989) leading to lower visual predation pressure that could allow zooplankton and micronekton
to reside at shallower depths. Chloropteymay also fuel enhanced secondary production that
can be channeled up to higher trophic level organ{tmgendre and Michaud, 1999; Hirst and
Bunker, 2003)and this food availability in surface waters could lead to enhanced migration
strength. While our results evaluate DVM behaviors, recent work using glatedlitebased
light-detectiorandranging (lidar) data calculated total DVM biomass (not DVMrxijtk) to be
higher in more productive regions with higher food availability, including the tropical Pacific
(Behrenfeld etl., 2019)

Our models further suggest that DSL depths deepen and migration strength increases with
increasing SSHA. SSHA can act as a surface proxy for+a@sbmacroscale oceanographic
features such as eddies and fronts, both of which have beemeazbseinfluence micronekton
vertical structure and aggregation in the pelagic o¢ean Drazen et al., 2Q; Béhagle et al.,

2016) In the northern hemisphere, downwelling (+ SSHA) by anticyclonic eddies can bring
micronekton and zooplankton to deeper waters, while upweHi8&KHA) from cyclonic eddies

may do the opposite by shoaling the thermoclineearfthncing secondary production (food
availability) in shallower water@akun, 2007; Drazen et al., 2011; Béhagle et al., 2014)
Enhanced surface chlorophyll associated with both cyclonic eddy interiors and anticyclonic eddy
peripherieqe.g. Mizobata et al., 2002puld also decrease light penetration and further

influence the shoaling of scattering layers. It is worth noting that SSHA was not important in
every component modeTéble 2, 3), and it is likely a weaker indicator of scattering layer
dynamics across the CCZ thang#id chia. SSHA indirectly influences the regiamide

predictions of DSL depths and D\WNdecause its inclusion in the empirical models changes the

parameter estimates for eabnd pQ during model fittingHowever the direct effect of SSHA
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is excluded from the regiewide predictions as mesoscale eddies and fronts only have short
term influences on scattering layer behaviors (i.e. weeks to months) in a fixedkineagh we

lack a complete mechanistic understanding of how each environmental factor influences DVM
behavior in micronekton and zooplankton, such satdibitged and climatologat variables

provide useful proxies that account for a portion of the variability in DSL behaviors in remote
regions like the CCZ.

While we observed similar behaviors in relation to environmental factors in both
frequencydefined communities, there wergsificant disparities between DSL depths and
migration strengths worth noting. The ranges of observed daytime DSL depths were deeper for
the 38 kHz community290-890 m) than for the 75 kHz communit270-510m). While there
are variable hypoxia thresholdenong marine faun@dofmann et al., 2011pxygen partial
pressure at daytime DSL depths was similar for 75 kHz (median 1.55 kPa, mode = 0.77 kPa) and
38 kHz (median = 1.65 kPa; mode = 0.73 kPa) communities in our observations. Thus, it is
unlikely that differences in oxygen tolerance are drivtimgdisparities in daytime depths
between these communities. Clearly, the increased depths observed by the 38 kHz frequency
itself may skew DSL locations towards greater possible depths. However, there was no evidence
of strong DSLs approaching the maximulepth range in our 75 kHz dataset (i.e. the peak
acoustic intensity was well above 650m). Additionally, there may be biological explanations for
these differences. For instance, it is likely that larger organisms dominate lower frequency
(longer wavelentl) signals where neaiesonance effects would amplify scattering by larger
organisms with gaseous inclusions. It is possible that these organisms, such-atasidered
myctophids, are simply more mobile and thus can reach greater daytime depths.ngdiaei

dependent predat@voidance hypothesélsampert, 1993; De Robertis, 2005 rger
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micronekton are also more conspicuous to visual predators, and thus may need to reside at
deeper daytime depths than smaller argias to stay hidden, as has been observed with
zooplankton(Bollens et al., 20100ur observations of DVMikewise differed by frequency,
with a higher median proportion for 75 kHz (0.86) than for 38 kHz (0.63), though total ranges
were gmilar. One possible explanation for this difference is that monveakly migratory, lower
mesopelagic and bathypelagic fishes (e.g. stomiids) contribute to 38 kHz nighttime backscatter at
depths below 650 rfAndersen et al., 1992; Kenaley, 2008; Sutton et al., 20d@¢h is the
limit of our 75 kHz observations. This walllower the dayto-night backscatter ratios and thus
lead to lower values of DVM

Althoughoxygen was an important factor controlling daytime DSL depths for both
communities, it was not as influential for the 38 kHz community, and we were ultimatelyunabl
to account for as much variability in this group with the environmental variables in this study (R
= 0.31; Table 2). Although DSL depth predictions for this community still largely follow the
shape of the Eastern Tropical Pacific OMZ similarly to thé&HM5 community, they deviate
slightly from this pattern and appear to reflect a stronger influence of surface chlorophyll, with
shallower DSL depths appearing across the southern CCZ (Fig. 5b), péictions for the 38
kHz community similarly reflect atronger influence of ckd, with higher migrating proportions
extending south of the OMZ (Fig. 5d). This model had higher explanatory poterQR6;
Table 3) than that for DSL depth, but it underestimated Deast of ~130°W, highlighting the
varianceunaccounted for by this model (Supplemental Fig. S7d). More 38 kHz observations
across the southern and northern CCZ (Fig. 3b, 4b) are required to fully evaluate predictions
there. The relative influences of environmental factors on micronekton and Zzdoplaehavior

may be different between these two mesopelagic communities in the CCZ, and it is possible that
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there are additional factors affecting the 38 kHz community that are not accounted for in this
study.

The acoustic properties of organisms thenesban be a source of variability affecting
the signals obtained. Evidence from recent deptitified broadband acoustic surveys in the
Atlantic Ocean(Bassett et al., 2020auggests that shipased echo sounders at frequencies near
38 kHz under sample scattering layers at deeper depths. This is because the contribution to
backscatter from marine organisms can be strongly frequency and depth dependent. For example,
gaseous simbladderbearing fish that resonate near 38 kHz in the upper water column have a
higher resonance frequency at greater depths. The combination of this shift in the resonance
frequency of those fish, and increased attenuation of higher frequency sigmaré (eHz), may
mean that neither the 38 kHz nor 75 kHz frequency is detecting many organisms in the lower
mesopelagic that resonate near 38 kHz in shallower waters. Thus, tiashipsystems we
empl oy her e | iskpeoltydo haa v eglim tHeisaiddaid,iounddbsenvations of DSL
depths across the CCZ assume that peak acoustic intensity represents the strongest or densest
biomass layers, but we recognize that this may not necessarily be the case. Depths of peak
acoustic intensity may alsomeesent the depths of specific communities of organisms that
happen to resonate most strongly at that particular frequency andBapiton et al., 2015)t
is important to consider such complexities in acoustic data for addressing vertical community
structure in the pelagic ocean when concurrent trawl or specimeis dkatking.

The community compositions of DSLs we observed from ADCP backscatter in the CCZ
are unknownHowever, lhe aforementioned mesopelagic biogeographical ecoregions defined for
the CCZ(Sutton et al., 2017gre consistent with our observations of disparate scattering layer

behaviors; shallower daytime DSLs and stronger vertical migration in the eastern and central
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CCZ (EasterAropical Pacific ecoregion), and deeper daytime DSLs and weaker vertical
migration in the northwestern CCZ (the Northern Central Pacific ecoregion). Thus, it is possible
that differences in scattering layer behaviors across the region are indicatiaagés!in
mesopelagic faunal compositiofhe Northern Central Pacific ecoregiappears to holtigh
mesopelagic fish diversity and a dominant abundance of fish in the GgolashongClarke,

1973; 1974; 1976yiaynard et al., 1975; Barnett, 198B)espite high abundances@©yclothone
collected in trawls, several species within this genus have regressednveftéd swim
bladdergDavison, 2011; Dornan et al., 2019; Phleger, 19@8)dering them weak acoustic
scatterersThus,Cyclothonemay not contribute significantly to the acoustic backscatter we
observedandcoulde consi der ed O¢(Rocnanesat., 20l@Howeyer, thasey pt i ¢ 6
species containing a gélled swim bladder (e.gC. pseudopallidpare likely noamigrators
(Davison, 2011and may contribute tobservechonrmigratory scatteringayers Similarly to our
observed DSL depths am/Mp in the NW corner of the CCiFig. 3; Fig. 4) nearly halfof

daytime micronekton biomass belowO#0has beeriound to migrate into the upper 400m at
nightaroundHawail (Maynardet al, 1975) Also consistent with our acoustic observations,
micronektonand macrozooplankton vertical distributiongarts ofthe Eastern Tropical Pacific
Ecoregion suggest that the upper water column down to 550 m is strongly influenced by DVM in
and out of the yper oxycline and OMZ cor@Maas et al., 2014Jishes and crustaceans
(particularly euphausiidgppear to domirta this communitySecondarypiomass peaks in
zooplankton and micronekton haalsobeen observea OMZ lower oxycline depthfrom

trawls and acoustidSupplementary Fig. S@&ianchi et al., 2013; Klevjer et al., 2016; Maas et

al., 2014; Wishner et al., 2013)his is consistent with our observations of additional, weaker

scattering lagrsextending well below ~500 i the OMZ (Fig. 2; Supplementary Fig. $1)
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following the hypothesis that these lemygen waters provide some organisms with a refuge
from large visual predators with greater oxygen demands (Seibel, 2011).

Despite our minimal understanding of mesopelagic community composition across the
CCZ, these results provide basic information about deep pelagic communities that is relevant and
significant to deegsea mining in the region. After nodules are pumped flwrabyssal seafloor
to the surface, sediment plumes will be released into the water column after dewatering of
polymetallic ore. As these sediment plumes will likely impact midwater commuridiazen et
al. (2020)recently recommended thiney be discharged below depths of 1;20000 meters
(i.e. well below the lower bounds of the mesopelagic), or be released all the way back to the
abyssal seafloor. However, the ISA has yet to set that discharge depth, and if released too
shallow (i.e.into the mesopelagic), these plumes could interact with and influence DVM
behaviors and their associated ecosystem functions. An understanding of how DVM behaviors
vary amondicensed exploration areasnd APEIs is crucial. For example, our overall finging
suggest that dominant daytime DSLs are shallowest and vertical migration strength is highest in
the eastermost license areas (Fig. 5). Mesopelagic mining impacts in this region could
therefore have a greater influence on vertical coupling and h&dided carbon transport
(Longhurst et al., 1990; Ducklow et al., 20@Bpending b the depth zones affected by mining.

Importantly, the majority of licensed mining exploration areafie CCZ lie within the
OMZ, and consequently these areas contain the shallowest scattering layer depths and strongest
vertical migrations. However, treystem of APEIs surrounding these mining zones lie on the
boundaries or just outside of the OMZ, exhibiting relatively deeper scattering layers and weaker
migrations. Many pelagic OMZ fauna are highly adapted (behaviorally and biologically) or

endemic tdow-oxygen habitat§Antezana, 2009; Seibel et al., 2016; Sutton et al., 2@t)
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observations of dispaiabehavioral dynamics, combined with this knowledge of Gdé&cialist
fauna, indicates thahese protected, amining reserves likely do not adequately represent or
protect theOMZ organismsn oceanic midwaterthat could be impacted by despa mining

(Drazen et al., 2020Yhe APEI network of nine 40Rm? reserve areas was spatially designed to
protect the diversity of benthic habitats and fauna within the CCZ mining r@gfedding et al.,

2013) so it is not surprising thateéke areas may not protect midwater habitats as they are
currently placed. However, in order to prevent excessive harm to midwater ecosystems, whose
services are closely linked to humans, the deep pelagic must be included in precautionary
management plansid future environmental research in the QCaristiansen et al., 2019;

Drazen et al., 2020Future work combining broadband acoustics and dsipétified trawl

samplng would provide a more thorough understanding of the organisms comprising DSLs in
the CCZ(EscobaiFlores et al., 2019; Kloser et al., 2002hd to what extent different taxa
contribute to the patterns of habitat deptl &ertical migration that we observed here in
opportunistic shipboard ADCP data. Nonetheless, this study provides the first major examination
of midwater community dynamics across the remote CCZ, highlights the complexities of
mesopelagic micronekton amdoplankton behavior in the open ocean, and raises concerns about

the effectiveness of currentimaining areas for pelagic habitats.
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2.7 Supplementary Tables and Figures

Supplementary Table S1.Details for 44 cruises included in the analysis of scattering layer behaviors across the
Cccz.

Ship Name | ADCP Frequency | Cruise ID | Area Visited Cruise Year
Ka'imimoana| 75 kHz KA0401 Just East of CCZ mining exploratio| 2004
region

KA0402b | Vertical cruise track at ~140W

KA0405 Two vertical cruise tracks at ~140\
KA0505 and ~125W (right through APEI 9) [ 5005

KAO506a | W. boundary of CC4nining
exploration region (S. of Hawaii)
KA0602 Eastern CCZ mining exploration 2006
region (including horizontal track
~120110 degrees W)

KAO0602a | Track from Manzanilla to Honolulu
at ~20 degrees N (northern rim/just
north of APEI 3 and 6)

KA0603 W. boundary of CCZ mining
exploration region (S. of Hawaii)
KA0605 Two vertical cruise tracks at ~140\
and ~125W (right through APEI 9)
KA0606 W. boundary of CCZ mining
exploration region (S. of Hawaii)
KA0701 Eastern end of CChining 2007
exploration region

KAQ0702 Two vertical cruise tracks at ~140\
and ~125W (right through APEI 9)
KA0703 W. boundary of CCZ mining
exploration region (S. of Hawaii)
KA0803 Two vertical cruise tracks at ~140\ 2008
KA0807 and ~125W (righthrough APEI 9)

KA0903 2009

KA0901 W. boundary of CCZ mining
exploration region (S. of Hawaii)
KA1007 Two vertical cruise tracks at ~140\ 2010
and ~125W (right through APEI 9)
KA1005 W. boundary of CCZ mining
exploration region (S. of Hawaii)
KA1003 Two vertical cruise tracks at ~140\
and ~125W (right through APEI 9)
KA1106 W. boundary of CCZ mining 2011
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exploration region (S. of Hawaii)

KA1104 Eastern end of CCZ mining
exploration region
KA1103 Two vertical cruise tracks at ~140\
and ~125W (right through APEI 9)
Knorr KN195-13 | Central N to far SE CCZ 2009
KN195-06 | SE to NW CCZ (central)
KN195-04 | Western CCZ, coming in from Nort|
KN195-03
Marcus G. MGL1115 | Western CCZ, coming in from Nort| 2011
Lanseth
Melville MV1313 Eastern end of CCZ mining 2013
exploration region
New NH1418 W. boundary of CCZ mining 2014
Horizon exploration region (S. of Hawaii)
Roger RR1214 Central CCZ, SW to NE 2012
Revelle
Thomas G. TN247 Eastern end of CCZ mining 2010
Thompson exploration region
TN310 NW end of CCZ mining exploration| 2014
region
TN319 Eastern end of CCZ mining 2015
TN320 exploration region
Wecoma WO0909A 2009
Kilo Moana | 38 kHz KMO0821 Central/Eastern CCZ, coming in 2008
KM0924 | from NW 2009
KM1128 W. boundary of CCZ mining 2011
KM1415 exploration region (S. of Hawaii) [ 2014
KM1515 2015
KM1808 Western CCZ, APEI 1, 4,7 2018
KM1806 NW to southcentral to NE
KM1904 NW to central CCZ and back 2019
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SupplementaryFigure S1.Shipboard ADCP echogram depicting three diel cycles of acoustic backscatter (38 kHz)
at the eastern end of the CCZ (~ 12.5°N, 118.5°W). This shapshot shows deep migratingnaigdation
scattering layers extending below 1,000 meters. Acoustic intamsts/are in decibels (RSSI counts*0.45).

60



75 kHz Daytime DSL Depth (m)

550

75 kHz Daytime DSL Depth (m)

75 kHz Daytime DSL Depth (m)

350 250

450

450 350 250

550

450 350 250

550

w
—

*
I -
D
.' :c %.‘o
* : ’.- * * *
* - ..
s, .a"'. * ‘s se ™ .
" se " . . A .
. . PO ., w .
© - 2 ’: .". . .
- . *
T T T T T T T
1 2 3 4 5 6 7
C) Mean pO, 200-1000m (kPa)
.« e
T
- .’ .'
e oot P A
. .. . . .
.o * . . * F4 . .:
..: - . .. .. :.
* - -
T T T T T T T
0.05 0.10 0.15 0.20 025 0.30 0.35
=3
Chl-a (mgm 7)
e)
... .
e
. * * * . e
e . . . 0.
. .. .
¢ - ¢ ... .. . .- .
ot . * .o.o’:. e :
- . -
R ..
- -
T T T T T
-0.2 -0.1 0.0 0.1 0.2
SSHA (m)

In(38 kHz Daytime DSL Depth, m)

6.8

In(38 kHz Daytime DSL Depth, m

In(38 kHz Daytime DSL Depth, m

56

6.0

64

56

6.0

64

6.8

56

6.0

6.4

6.8

Ll .
-ee *
R o e e
- . »
. . . - * .. -
. *
- .. . - -8
..
1 T I T T
1 2 3 4 5
d) Mean pO, 200-1000m (kPa)
- -
. . " - L]
* . * - *
o o m e m e e
L L] -
-e Ll -
. @ L] L] . Ll
LR -
oo’ o . - .
)
T I
0.05 0.10 0.15
) Chl-a (mg m™)
- - L
o toan .
LRI .
.. Ld Ld
- L] L
- " LI ]
. -. Ll . .
. . .. L]
- .... . *
T T T T
-0.1 0.0 0.1 0.2
SSHA (m)

SupplementaryFigure S2 Scatterplots of observed daytime DSL depth against environmental predictors. DSL
depth versus mean midwater p& 75 kHz(a) and 38 kHzb); DSL depth versus cfd at 75 kHz(c) and 38 kHz
(d); DSL depth versus SSHA at 75 kK& and 38 kHZAf).
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SupplementaryFigure S3 Scatterplots of observed D\fMgainst environmental predictors. DYMersus mean
midwater pQat 75 kHz(a) and 38 kHzb); DVM,, versus chia at 75 kHz(c) and 38 kHZd); DVM, versus SSHA

at 75 kHz(e) and 38 kHZAf).
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CHAPTER 3

Eddies and fronts influence pelagic communities across the eastern
Pacific Ocean

Submitted asPerelman,).N.,Ladroit, L., EscobaiFlores,P.,Firing, E., Drazen, J.C.Eddiesand
frontsinfluencepelagiccommunitiesacrosghe easterrPacificOcean Progressn
OceanographyApril 2022.
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3.1 Abstract

The behaviors of micronekton amdoplankton across the eastern Pacific Ocean are
poorly known, as pelagic fauna in this region are rarely sampled. One particularly understudied
aspect of these community dynamics is their distribution and responses to mesoscale
oceanographic features. €gplore this, we conducted active acoustics and oceanographic
surveys at two locations within the eastern Pacific Ocean with Saildrone uncrewed surface
vehicles. Using 38 and 200 kHz data collected by these platforms, we evaluated the vertical
structure ad migration patterns of micronekton and large zooplankton in the upper 1000 m of
the water column within survey areas at the western and eastern ends of this region. We found
stronger and shallower acoustic backscatter and stronger DVM intensity witleiasteen area,
likely driven by its significantly lower midwater oxygen and higher surface productivity
compared to the western area. The passage of cyclonic and anticyclonic eddies through the
sampling areas was found to influence the vertical structureobonekton in both survey areas
by shoaling and deepening acoustic scattering layers, respectively. Further, the strength of
mesopelagic scattering layers was greatly increased along the northern edge of a strong,
westward neasurface current in our sgern study area. Our results highlight the considerable
natural variability of pelagic community dynamics on daily to weekly scales in the eastern
Pacific Ocean in addition to broader regional patterns. Such variataperocean conditions
inherentand plays a large role in aggregation and pregaty dynamics. Describing the
interactions between mesoscale features and pelagic fauna may help us understand how these
communities will respond to a changing ocean environénentiuced by anthropogenic

activities and broader climatelated shiftsThis isthe first studyto useSaildrones t@xamine
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micronekton in the open ocean gmdvides some of the only remote sampling of pelagic prey

communities in the eastern Pacific Ocean

Keywords: Micronekton;Eddies; eastern Pacific Ocean; acoustics; Saildrone; ldawai

3.2 Introduction

The eastern Pacific Ocean (Fig. 1) is a vast area whose waters are characterized by strong
oxygen and surface productivity gradie(fgedler and Talley, 2006 o the northwest, this
region encompasses the oligotropNiarth Pacific Subtropical gyre (NPSG), while more
productive waters extend out from the east and the equator. Notably, this region harbors the
Eastern Tropical Pacific Oxygen Minimum Zone (OMZ) likewise extending from east to west,
rendering these midwatevery low in oxygen (Supplementary Fig. S1). These oceanographic
gradients, along with permanent features such as equatorial currents, drive changes in
community composition in open ocean habitats and have been used to identify biogeographical
divisionsamong pelagic communiti€e.g. Spalding et al., 2012; Sutton et al., 20HYwever,
pelagic fauna have rarely been sampled in the offshore eastern Pacific, and only a handful of
trawl or bioacoustic studies exist acrossrggion(e.g. Clarke, 1987; Irigoien et al., 2014; Maas

et al., 2014; Klevjer et al., 2016; Perelman et al., 2021)

The eastern Pacific has seen increased attention recently due to theggnderest in
deepsea polymetallic nodule mining in the Clari®fipperton Zone (CCZ), a 4 million kharea
spanning most of the region. But this attention has largely been focused on the abyssal seafloor
where direct mining impacts will occur. Only a few studies have begun to characterize pelagic

habitats of this regio(Grient & Drazen, 2021; Perelman et al., 2Q02b) our understanding of
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the potential mining influencem pelagic communities remains limitédhristiansen et al.,

2019; Drazen et al., 2020)

A key ecological assemblage in open ocean ecosystems are micronekton -titogo hied
level fishes and invertebrates that play an important foodraletas predators of zooplankton
and as forage for commercially important fishes and top predatarsn, 1984) These small
(~2-20 cm) organisms represent a substantial portion of pelagic biomass, with the most recent
global estimags of mesopelagic fishes alone ranging from&3gigatongAnderson et al.,
2019; Proud et al., 2019; Pauly et al., 2024 Yetermined from acoustics and ecosystem models.
Like zooplankton, many micronekton taxa perform consitaerdaily vertical migrations
(DVM) of up to several hundred meters to feed in productive surface waters at night while hiding
from visual predators at mesopelagic depths during the day. This, the largest migration on Earth,
contributes to active carboratrsport and nutrient cycling between the surface and thesdgeep
(e.g. Longhurst et al., 1990%iven these significant contribons to pelagic ecosystems, it is
crucial to characterize micronekton communities and their natural behaviors in order to predict

and monitor changes induced by human activities or broader oceanographic changes.

The vertical distribution and DVM behavioo$ pelagic zooplankton and micronekton are
ultimately driven by visual predator avoidar{t#rmy & Benoitbird, 2021) and thus light
penetration into the water colunficampert, 1993)Isolumefollowing behavior has been
observed even at swaily scales, as recent work describes Higlquency migrations by
daytime scattering layers (i.e. zooplankton or micronekton aggregationg)to 60m in
response to cloudriven changes in surface light levé@mand et al., 2021However, mean

global light levels are only a weak indicator of daytime scattering layer dé@pérschi et al.,
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2013)and DVM dynamics vary regionally and across ocean bésigsFennell and Rose, 2015;

Klevjer et al., 2016Receveur et al., 2020)

Fisheries acoustics can provide a helpful method to study the distribution and abundance
of organisms in the water column and can be particularly useful for studying pelagioptict
level communities such as micronekton éarge zooplanktorfe.g. Simmonds & MacLennan,
2008; EscobaFlores et al., 2013, 2018ppportunistic acoustic observations spanning the
eastern Pacific Ocean have showat ttiaytime DVM behaviors are predominantly structured by
the aforementioned oxygen regime of this reg@erelman et al., 2021jere, the shallowest
DVM depths and strongest migration strengths occur in the most hypoxic waters of the OMZ,
and to a lesser extent, these dynamics are also influenced by increased surface productivity over
the OMZ and towards the equator. Sea surface height anomalies indicatieseasicale eddies
and fronts appear to play a minor role in scattering layer dynamics across the region, but these
patterns and oceanographic relationships have not yet been evaluated at finer scales within this

expansive area.

Mid-ocean eddies propagatesiweard across the eastern Pacific and can influence a
particular area for several weeks, sometimes extending to the abyssal seafloor and enhancing
bottom current§ De mi d ov a et idiaétal., 201B;9A&B3ik et 81.020W)hese
ephemeral features have radii on the order of 100 km and their formation can drive the vertical
transport of nutrients and phytoplankton, thus affecting surface production and seawater
temperaturegMcGillicuddy, 2016) Cyclonic eddies can enhance local productivity ulgio
upwelling of nutrients from below the mixed layer in their cores, while upwelling along eddy
peripheries or lateral entrainment of more productive waters from nearby can sometimes lead to

enhanced production in anticyclonic eddi@ski et al., 2001; McGillicuddy et al., 2007;
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McGillicuddy, 2016) Mesoscale features havedm observed to enhance zooplankton

production and aggregate larval-epnd mesopelagic fishes, such as in cyclonic eddies in the lee

of the Hawaiian islandd.obel and Robinson, 1988; Landry et al., 2088y anticyclonic

features in the Gulf of Mexic(Lindo-Atichati et al., 2012)In general, eddies have been
compared to Aoases in the desert, o0 as they ca
trophic leveldGodg et al., 20129nd have been documented as predator foraging hotspots in the

open ocearfe.g. Polovina et al., 2004; Bailleul et al., 2010; Woodworth et al., 2011; Gaube et

al., 2018) However, while many studies have evaluated the effects of eddies onriopec t

levels and top predators, relatively few have investigated the influences of these features on mid

trophic micronekton, particularly in the remote eastern Pacific Ocean.

Studies in various regions across the globe have observed changes in nocronekt
behavior, abundance, and community composition associated with cyclonic and anticyclonic
eddies, including in the northwestern Atlar(fella Penna & Gauh&020) Gulf of Mexico
(Boswell et al., 202Q0)Mozambique ChannéBéhagle et al., 2014; Annasawrlyal., 2020)
Southern Ocea(Della Penna et al., 20213nd around Hawdi(Drazen et al., 2011)n some
cases, increased acoustic backscatter and micronekton densities haveskeardowithin
anticyclonic eddies or decreased in cyclonic eddies (i.e. northwestern Atlantic, Mozambique
Channel, Southern Ocean). In other instances, decreased micronekton densities or acoustic
backscatter have been observed in anticyclonic featuiasreased in cyclonic features (i.e.
Gulf of Mexico, Mozambique Channel, Hawii It is important to not¢hatexcept for Drazen et
al. 2011 these studies havargely evaluateceddies that originated as meanders flmundary
currens or frontal featurg in contrast, miebcean eddies typicallgriginate from baroclinic

instabilitiesof weak background flowr from localized wind stress curl downwind from islands
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or mountain passege.g. Palacios & Bograd, 2005; Chelton et al., 2011; Robinson, 2AaRy
factorscouldfurtherlead to variability in the biological responses to eddies, including the age
and location of eddies and the community composition, size, and mobility of organisms in a
given region(e.g. Bakun, 2007; Chelton et al., 2011; Potier et al., 2@l4)he underlying

ecological processes behind microneksaitly dynamics in the open ocean remains unclear.

The goal of this works to characterize the vertical distribution and DVM behaviors of
micronekton in two areas within the eastern Pacific Ocean representing different oceanographic
habitats intense and relatively shallow OMBigher productivity vsless intense and deeper
OMZ, lower productivity). Here, we evaluate acoustic scattering layers as proxies for pelagic
micronekton and large zooplankton communities in combinatitmin-situ andsatellite
oceanographic data to investigate these community dynamics-edgabal ad daily scales.

Further, we aim to better understand the influences of mesoscale eddies and fronts on the
behaviors of pelagic communities in these areas, as our surveys frequently encountered these

features.

We hypothesize that the eastern area, cheniaet byan intense OMznd high
productivity, will have stronger and shallower migratory scattering layers and very weak non
migratory layers compared to the western area, which is characteriadéss/intense OMznd
low productivity. We also predict that this more produetarea will have greater total
backscatter than the western area but shoaled above the strong OMZ. Finally, we expect that
passing eddies will exert a strong influence on the depth and total backscatter strength of pelagic

scattering layers in both locatis compared to natural daily variability.

3.3. Methods
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3.3.1 Data collection

We collected acoustic backscatter anditu oceanographic data at two locations within the
eastern Pacific Ocean (Fig. 1; Supplementary Fig. S1) using Saildrone uncrewed surface vehicles
(USVs). These wind and solpowered platforms provide the ability to collect continuous, -high
resolution datadr long periods of time in the remote open ocean where shipboard data collection
is often unattainable. The first survey was conduttad November 2019anuary 2020 (63 days)
southeast of Haw@j primarily in the nemining reserve area APHI (400 x 400km) with
additional sampling due soutRrom herethis survey isc al | ed t he Thawsesohder n ar
surveytook placeduring MarchApril 2021 (33 days)southwest of the Baja California Peninsula
in the licensed mining exploration area NGR(~200 x 100 kmfrom herec al | ed t he Hfee

a r e dfs)survey included broad transects of the entire licensed area followed by targeted

transects of internal areas relevant to future mining plans
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Figure 1. Map of the eastern Pacific Ocean showimg testern and eastern Saildrone survey areas. The western
survey was conducted between Nov 2028 2020 (red; 63 days). The eastern survey was conducted in March 2021
(blue; 33 days)lnset shows a closer view of the eastern area to highlight the brdadterior surveys.
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The Saildronesonducting these surveygereeachmounted with a Simrad WBT mini (EK80)
fisheries echo sounder with an ESB®20018C transducer-2m) to recordsplit-beam38 kHz
acoustic backscatter from the surface to 1@08epth. In the eastern area, additichagle beam
acoustic datavererecorded at 200 kHp observe backscatter betweba surface t6250m. The
lower frequency allows for deep observations of micronekton and in particuldregeng
organisms (primaly mesopelagic fishes) that can resonate near 38(&lgz Proud et al., 2019)
whereas the higher frequency targets large zooplankton andlilkeidrganisms such as
crustaceans that are ngas bearinge.g. Stanton et al., 2010)hile 38 kHz datavererecorded
to 1200m in the eastern area, we fodusreonly on the upper 1006 for comparson with the
western areal he echo sounders were calibratedeach surveysing a 38.1 mm tungsten carbide
sphere following thestandardmethods ofDemer et al(2015. Acoustic data were collected in
continuous wavéCW) mode and the echo sounder settings can be found in the Supplementary
Materials (Table S1). The USVs averaged a speeeldfriots and survey routes were adjusted in
reattime to make the best use of changing winds. Shipboard CTD and oxygen data were
addiionally collected in the eastern area during a simultaneous research cruiseMaetsk

Launcher

3.3.2 Environmental measurements

Surface oceanographic data including salinity and temperature (Seabird SBE 37),
chlorophylta (Wetlabs ECGFL-S G4), and photosynthetically active radiation (PARCIOR
LI-192SA) were collected by the Saildrones concurrently with acoustic data. We additionally
extracted satellite chlorophydl from NOAA OceanWatch (Aqua MODIS 0.08-day meaipfor
comparison with acoustic backscatter anditu oceanographic variables. Initial data exploration

revealed thain situchlorophyll measurements were noisy and exhibited strong patchiness, so we
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primarily focused on satellite chlorophyll data in thisdst as these captured broader

productivity patterns in our study areas and were more relevant to daily patterns of acoustic
backscatter. Further, since acoustic data were averaged by day and night, PAR was excluded
from our analyses as it was more relewargubdaily changes in backscatter. Mesoscale

features within the survey areas were identified using daily sea surface height (SSH) and surface
currents (HYCOM GOFS 3.1 Global 1/12nalysis). Finally, midwater oxygen partial pressure
(pOr) was calculateé from NODC 2018 World Ocean Atlas monthly climatologies (1

resampled to 0.25°) following the methodsHaffmann et al. (20113nd is the mean oxygen pO
between 20000 m. This variable was previously found to be the strongedigtor of

broadscale scattering layer dynamics across the eastern Pacific surveyPegatman et al.,

2021)

3.3.3 Acoustic data processing

We analyzed raw acoustic backscattsingthe opersource fisheries acoustics data
processing software ESP3adroit et al., 202Q)developed by the Fisheries Monitoring and
Acoustics team at the National Institute of Water and Atmospheric Research (NIWA)

(https://sourceforge.net/projects/egp&coustic files were classified as day or night after

removing 2 hours around local sunrise and sunset to avoid DVM. Signal absorption and sound
speed were then calculated using the methdstaricois & Garrison (1982nd the data were
visually scrutinized to remove bad pings and signal dropouts due to internal instrument noise or
surface bubbles. As paost the background noise removal algorithm implemented in ESP3
following De Robertis & Higginbottom (200,/Ave set a signab-noise threshold of 3 dB for 38

kHz (2 dB for 200 kHz data) which removed sufficient noise at deeper depths where sound

waves weakened. Area backscattg) vas echantegrated in 10 m vertical by 1 km long bins
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(excluding the upper 10 m to avoid surface aeration interference), scalédrto’nand the
vertical profiles were averaged for each day or night. From daily/nighgisofiles, we
calculated seveal acoustic metrics including total water column backscatter @otaly. 1) as

follows:

T o ts@lé s, (1)

wheres. is the daily or nightly area backscatter for a given 10 m depth bin. We additionally
calculated the weighted mean depth of backscatter (WMD; Eq. 2), a proxy for the depth of
greatest acoustic density, as:

:é(sa_i*De p)t h

WMD Totsal

(2)

whereDepth is the mean depth for a given 10 m depth bin. Finally, we estimated the proportion
of backscatter that migrated to the surface each night as DVM strength (Eg. 3), a ratio of
integrated mesopelagic nighttime and daytime backsdadtevjer et al., 2016; Perelman et al.,
2021)

DV M Str:aa-n%@xe—?ﬁ‘lg'?t DVM Sx0rengt h (3)

-me sdoa y

Daytime and nighttime acoustic metrics were compared between the western and eastern areas

using KruskalWallis ranksum tests.

3.3.4 Statistics

To evaluate differences in the vertical structure of acoustic backscattpras/dor
micronekton vertical distributions, we conducted multivariate analyses of backscatter profiles for

each day or night in the two area datasets. To do this, we first aggregated 38#di5@ m
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depth bins to look for broad differences in vettstaucture between the surface and 1000 m. For
the eastern area, we aggregated 200 kHz data (surface to 250 m) into 10 m depth bins to assess
the vertical structure of epipelagic crustacean and zooplankton communities. We then
standardized the data by e@nting the meanasn each depth bin to proportions of total daily or
nightly backscatter. fneans <c¢l ustering analysis was then
R (R Core Team, 202@p group similar days or nights by minimizing witkttuster variance

(squared Euclidian distances) between data points. The optimal number of clusters-(n) for k
means was determined using silhouette widths, a method that measures the difference between
intracluster similarity and similarity with the nearest clugiRousseeuw, 1987The n that

resulted in the highest average silhouette width was selected for-eaednis analysis. Mean
backscatter profiles from each clusteg gresented and compared in the results and Wilcoxon
rank-sum tests (pairwise comparisons) were used to evaluate differences between the
aforementioned acoustic metrics associated with the resulting clusters (presented as significance

values).

We evaluated differences between environmental variables associated with each acoustic
data cluster using Wilcoxon rasgkim tests (presented as significance values). We additionally
conducted Canonical Analyses of Principal Coordinates (@&&Berson and Willis, 2003)n
the daytime andighttime acoustic datasets to explore the relationships between environmental
variables and variability in micronekton vertical struct(Repackage "vegan"; Oksanen et al.,

2020) These results are presented in the Supplementary Materials.

3.4 Results
3.4.1 Regional comparison of acoustic metrics
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Acoustic metrics for each stey area are summarized in Table 1. The mean (£ 1SD) total
area backscatter (Totat surfacel000 m) was lower in the western area during both daytime
(16.0 + 3.5 Mkm; p < 0.001) and nighttime (26.9 + 7.3km%;, p < 0.001) compared to the
easterrarea (35.9 + 17.6 and 39.4 + 12.1kmfor daytime and nighttime, respectively). The
weighted mean depth of backscatter (WMD) was deeper during both daytime (p < 0.001) and
nighttime (p < 0.001) in the western area (528 + 69 and 296 + 80 m, respédheelyn the
eastern area (334 + 22 and 92 + 20, respectively). Mean DVM strength, the proportion of
mesopelagic communities that appears to migrate, was much stronger in the eastern area (0.82 +
0.12; p < 0.001) than in the western area (0.25 + 0.13rdllythere was greater variability in s
at both day and night within the eastern area, but greater variability in daytime and nighttime

WMD in the western area.

Table 1. Mean (+ 1SD) daytime and nighttime 38 kHz acoustic metrics for the westeeastedn survey areas.
Total s is area backscatter between the surface and 1000 m; epipeiagiarface200 m and mesopelagigis
200-1000 m; WMD is the weighted mean depth of backscatter.

Western Area: 2 Nov 2019 4 Jan 2020 (63 days)
Total s Epipelagic & | Mesopelagics | WMD (m) | DVM Strength
(m?km?3) | (m? km?) (m? km2)

Day |16.0+35 [29+1.7 13.1+25 528 + 69

. 0.25+0.13

Night | 26.9+7.3 | 17.0 + 6.8 11.8+2.4 296 + 80

Eastern Area: 10 Mari 1 April 2021 (33 days)
Total s Epipelagic & | Mesopelagics | WMD (m) | DVM Strength
(m?km?) | (m? km?) (m? km2)

Day |359+17.6/4.2+1.3 31.7+17.6 334 + 22 082 +0.12

Night | 39.4 +12.1{35.5+11.7 |4.3+£2.3 92 + 20 T

3.4.2 Variations in scattering layer structure and mesoscaleceanography

3.4.2.1 Western Area

Daytime clusteringf all 38 kHz acoustic data collected in the western survey area

resulted in four groupthat weredivided spatially across the area (R2g. Most of the data fell
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into two groups across the bulktbie main survey area, labelled as the northeast (NE) and
southwest/central (SW/C) groups. These two clusters were both characterized by relatively
weaker, deeper, and more diffuse mesopelagic scattering layers roughly betw&&0 35@nd
deeper, slightlyveaker epipelagic scattering layers around 80 m (kjg.F2g. 3). The northwest
(NW) cluster group included all days in the lee of the Hawaiian Islands and the southeast (SE)
cluster group included several days in the southeast corner of the ma a@aeThese two

groups were comprised of days with significantly shallower and stronger mesopelagic scattering
layers peaking between 380 and 580 m as well as shallower and slightly stronger epipelagic

shallow scattering layers around 35 m.
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Figure 2. Daytime kmeans clustering results of acoustic data (38 kHz) for the western surveg) Mea. of the
daytime survey track with each day colored by its resulting cluster: NW = northwest; NE = northeast; SE =
southeast; SW/C = southwest/centiglMean(x 95% CI) vertical profiles of backscatter proportion for each
daytime cluster. This metric is shown as it was used in the clustering angljéean (+ 95% CI) vertical profiles
of area backscatter strength) f®r each daytime clusted-f) Boxplots of acoustic metrics{0000 m) for each
cluster: WMD = weighted mean depth of backscatter; Tataltstal area backscatter; DVM Strength = proportion
of mesopelagic community that vertically migrates.

Overall, the NW and SE clusters had sigraifhtly shallower WMD (p < 0.01) and
stronger DVM strength (p < 0.01) than the NE and SW/C groups, while the NW and NE clusters
had the highest and lowest totalrespectively (p < 0.01; Fig«2 Fig. 3). The NW groupwas
characterized by relatively din SST, salinity, and pO2 (Fig. 4). Comparatively, the SE group
was characterized by high chlorophyll (p < 0.05) and low salinity (p < 0.01) and midwater pO2
(p < 0.01). The NE group was associated with low chlorophyll (p < 0.05), and the SW/C group

was asociated more with low pO2 (p < 0.01) and low salinity (p < 0.01; Fig. 4).

a) b)

200 m

800 m 800 m

1000 m 1000 m

800 m 800 m

1000 m 1000 m -80

Figure 3. 38 kHz echogram examples-{000 m) from each daytime cluster in the western survey area showing S
(dB re 1 m): a) NW, b) NE, c) SE, andd) SW/C.
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Figure 4. Boxplots showing environmental variables that are significantly different between daytime acoustic data
clusters in the western area based on Wilcoxon-saink testsa) chlorophyll (satellite)b) surface salinityif situ),
€) SST (n situ), andd) mean midwater pgclimatology).

Nighttime clustering for acoustic data resulted in two groups (EJgT Be first group
was largely made up of nights in the lee of the Hawaiian Islands with several intermittent days
throughout the main surveyea and included nights with slightly shallower epipelagic scattering
layers (~35 m; Fig.&). The second group included the remainder of the survey and was
characterized by nights with slightly deeper epipelagic scattering layers (~80 m). Thedtest clu
had slightly higher total.gp < 0.01) and shallower WMD (p < 0.01) compared to the second
group (Fig. %,¢). Cluster 1 was characterized largelytbghigh salinity SST,and midwater p@
(p < 0.01) driven mostly by sampling nights close to Hawae. the NW cluster in daytien
data). The other intermittent nights in cluster 1 apgetar be influencedomewhaby low lunar
illumination and high surface chlorophyupplementary Fig. S3), factors that could also lead to

organisms aggregating ctasto the surface
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Figure 5. Nighttime kmeans clustering results of acoustic data (38 kHz) for the western surveg) Mea. of the
nighttime survey track with each night colored by its resulting clustéviean (+ 95% CI) vertical profiles of
backscatter proportion for each nighttime cluster. This metric is shown as it was used in the clustering@nalysis.
Mean (£ 95% Q@ vertical profiles of area backscatter strength fg each nighttime clusted-e) Boxplots of

acoustic metrics €000 m) for each cluster: Total-stotal area backscatter; WMD = weighted mean depth of
backscatter.

During the initial transit to # mainwesternsurvey areathe Saildrone got caught in a
cycloneanticyclone eddy system in the lee of the Hawaiian Islands frét8ovember, 2019.
The USV remained on the periphery of the cyclonic eddy (kig, @hich was characterized by
increasedurface salinity and chlorophyll, but was largely caught in the strong meridional
current between the two eddies. While this area also had higher SST, this is likely because it was

further north than the rest of the survey area and in the lee of thesislditichately, the USV
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fescapedodo through the core of the cyclonic
transiting south (Fig.$. These days corresponded to the NW daytime acoustic cluster group. In
the southeast portion of the survey atbe,Saildrone encountered another cyclonic eddy (Fig.

6c,d) characterized by low surface salinity and enhanced surface chlorophyll. The days in which

the Saildrone encountered this eddy corresponded with the SE daytime acoustic cluster group.
a) — 0.8 m/s

s SSH (m)

19°N

159°W 158°W 157°W 156°W
— 0.6 m/s
|

b)

SSH (m)

12°N
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® SE
@ sw/c

163°W 152°W 151°W

Figure 6. Maps illustrating miedbcean eddies in the western survey area in relation to daytime acoustic data clusters
(colored survey tracks). SSH and surface currents da@ypigtlonic (low SSH) and anticyclonic (high SSH) eddies

in the lee of the Hawaiian Islandadb) a cyclonic (low SSH) eddy near the southeast corner of the sampling area.
Currents and SSH were obtained from HYCOM (GOFS 3.1 Globat Aialysis).
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3.4.2.2 Eastern Area

Clustering of all 38 kHz daytime data collected in the easterrmrese#ied in two distinct

data groups, roughly divided latitudinally around 1617% ¢ N a)(TRe ngrthern7data group

notably consists of very strong daytime mesopelagic scattering layers with a peak&

m? km2 around 350 m, while the southerata group is comprised of days with much weaker

(~6 n? km2) and more vertically diffuse daytime mesopelagic scattering layers betwe&d@50

m (Fig. %.¢). The northern cluster group had significantly greater teig s 0.01), shallower

WMD (p < 0.05) and stronger DVM strength (p < 0.01) than the southern cluster (kjgThe

southern cluster was further characterized by generally lower &htl higher SST compared to

the northern cluster (p < 0.01; Fig. 8).
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Figure 7. Daytime kmeans clustering results of acoustic data (38 kHz) for the eastern survey) Map.of the
daytime survey track with each day colored by its resulting cluster: S = southern; N = néwxiean (+ 95% CI)
vertical profiles of backscattergportion for each daytime cluster. This metric is shown as it was used in the
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clustering analysis) Mean (£ 95% CI) vertical profiles of area backscatter strengfiiofseach daytime clusted-
f) Boxplots of acoustic metrics {8000 m) for each clusteTotal s = total area backscatter; WMD = weighted
mean depth of backscatter; DVM Strength = proportion of mesopelagic community that vertically migrates.
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Figure 8. Boxplots showing environmental variables that are significantly different betweémdaoustic data
clusters in the eastern area based on Wilcoxonsanktestsa) chlorophyll (satellite) ant) SST (n situ).

Clustering of the full nighttime 38 kHz dataset revealed a very different pattern, with two
distinct data groups divided rghly between the broad transects anditberior transects (Fig.
1). These nighttime groups are characterized by a strong shallower scattering layer around 35 m
in the broad transects and a slightly deeper strong scattering layer around 80 m during the
interior transecting (Fig. &). The interior cluster group had significantly greater tat§b s
0.01) and deeper WMD (p < 0.01) compared to the broad cluster group§idrtee interior
cluster was characterized primarily by high SST anddalwity (p < 0.01), and less so by low

chlorophyll and midwater pO2 (p < 0.05), compared to the broad cluster (Fig. 10).
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Figure 9. Nighttime kmeans clustering results of acoustic data (38 kHz) for the eastern surves) dtep.of the
nighttime survey track with each night colored by its resulting cluster: B = broad; | = intgridean (+ 95% CI)
vertical profiles of backscatt@roportion for each nighttime cluster. This metric is shown as it was used in the
clustering analysix) Mean (+ 95% CI) vertical profiles of area backscatter strengtliofseach nighttime cluster.
d-f) Boxplots of acoustic metrics{0000 m) for eackluster: Total = total area backscatter; WMD = weighted
mean depth of backscatter.

a) b)
34.14 | 28.0 ﬁ:‘
) .
» 34.01 . Ty
a . g 27.61 ® ’
2339 ,U_)
£ .
= | w
5338 B 2721 |
337

Figure 10.Boxplots showing environmental variables that are significantly different between nighttime acoustic
data clusters in the eastern area based on Wilaadesum testsa) salinity (in situ) andb) SST (n situ).
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Both daytime and nighttime 200 kHz data were clustered into two groups similar to the
nighttime 38 kHz groups, divided roughly between the broad transects and the following interior
transects (&pplementary Fig. S&). For daytime data, the broad group contained slightly
stronger and shallower scattering layers peaking around 45 m while the interior group contained
slightly deeper and weaker layers peaking around 75 m (Supplementarydz)g T86
nighttime broad group similarly contained stronger and slightly shallower scattering layers
peaking just above 50 m and the interior group contained weaker and deeper layers just below 50
m (Supplementary Fig. $§. In both daytime and nighttime @lxHz data, the interior cluster
groups had significantly deeper WMD (p < 0.01). So, while both nighttime 38 kHz and daytime
and nighttime 200 kHz data exhibited deeper surface scattering layers in the interior transects,
the interior 200 kHz scatteringylers were weaker than those in the broad group, whereas the 38
kHz interior scattering layers were slightly stronger than those in the broad group.

The eastern survey area largely intersected the climatological North Equatorial Current
(NEC) during March ad April; however, the current field was strongly influenced by eddies
throughout this period (Fig. 11). During the broad survey, the predominantly westward near
surface current appeared to be fed primarily
northern edge may have had a northerly origin, consistent with lower salinity observed by the
Saildrone (Figure 12). This convergence and increasingsuetace flow generally aligns with
the separation of 38 kHz S and N daytime cluster groups (Figg.71E). Subsequently, a strong
anticyclonic eddy originating in the Gulf of Papagdga. Palacios and Bograd, 20@5s)ered
the survey area beginning at the end of March, with its core reaching the center of the survey
area by April 10, the end of the survey. In conjunction with a weaker cyclone to its southwest,

the eddy influenced the trajectory of upper ocean ambrefitom the southeast towards the
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survey area during most of the broad survey (Fig. 11). The anticyclone then brought in higher
SST and lower surface salinity during the interior survey (Fig. 12), which corresponds roughly
with the separation of nighttim@&oad and interior cluster groups (Fig. 9), as well as daytime and
nighttime 200 kHz cluster groups (Supplementary Fig. S6). The arrival of the eddy also
corresponded with the appearance of a deep, nhonmigratory scattering layer around 800 m that

was mosy absent during the rest of the survey (Fig).13
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Figure 11.Maps of surface current fields in relation to daytime cluster separations in the eastern survey area

il lustrating the westward fl owing NorthcEqQquatoeddly C@A
SSH and velocity vectors are presented-dayaverages from) 10-12 Mar ancb) 18-20 Mar.c) Spatial standard

deviation of timeaveraged total kinetic energy (TKE) calculated from surface velocities betwezthNar

depicting gradénts in current strength. Daytime tracks are only shown for the March survey days. Currents and SSH

were obtained from HYCOM (GOFS 3.1 Global 178halysis).
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Figure 12. Maps depicting characteristics of an anticyclonic eddy that moved into the eastesnaea at the end

of March 2021a) Mean SSH and surface currents betwedrl $pril when the anticyclonic eddy (high SSH;

HYCOM) was centered over the survey area. Colored track shows the nighttime interior clusteby&sip.and

¢) surface salinit measurements collected by the Saildrone showing increased SST and decreased salinity when the
eddy appeared.

a) b) c)

NEC front Anticyclonic eddy

Figure 13.38 kHz echogram examples-{000 m) from the eastern survey area showin@B re 1 mb): a) along
the NEC front (northern daytime clust&j)within the NEC (southern daytime cluster), andvithin the
anticyclonic eddy.

3.5 Discussion

We used active acoustics and oceanographic measurements to evaluate the responses of
pelagic communitie®d mesoscale oceanography across the eastern Pacifio. Gisza we
presennhumerous observations of micronekton responding teao&hn eddies and the North

Equatorial Current. This is one of the few studiemicronektoninteracting with eddies in the
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Pacfic (Drazen et al., 2011 andthe firstto useSaildrones t@xaminemicronekton in the open

ocean Our results highlight the considerable natural variability of community dynamics across
this large pelagic ecosystem, which is crucial to consider when discerning between changes due
to human activities (i.e. mining) or claterelated shifts and those inherent to open ocean

habitats.

3.5.1 Micronekton behaviors vary considerably across the eastern Pacific Ocean

Broad differences in acoustic scattering layer behaviors across this eastern Pacific Ocean
region have been fourtd be driven primarily by midwater oxygen gradients, with the Eastern
Tropical Pacific OMZ extending out and weakening from east to (Reselman et al., 2021,
Supplementary Fig. S1Dverlying productivity, a proxy for food availability to higher trophic
levels, likely also plays a role as surface chlorophyll increases to the east andhheaout
coastal and equatorial upwelling. Within our targeted sampling areas, there was higher and
shallower backscatter and stronger DVM signals within the eastern area (Table 1), likely due to
its significantly lower midwater p£and higher surface prodixty compared to the western
area. The hypoxic midwaters in the eastern area could drive mesopelagic communities to reside
at shallower depths during the day and prompt a greater proportion of the fauna migrate to more
oxygenated waters at nigfg.g. Klevjer et al., 2016From the perspective of despa mining,
this suggests that the release of sediment plumes to a fixed midwater depthaseudifferent
impacts to mesopelagic communities across this eastern Pacific region, as their habitat depths
and DVM behaviors appear to be quite different. While these surveys occurred in different
seasons and different years, the -@astt oxygen and pductivity gradients, and thus broad

seasonal scattering layer dynamics, are thought to remain fairly consistent throughout the year
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(Fiedler& Talley, 2006; Perelman et al., 2021hough more seasonal and interannual sampling

is necessary to confirm this.

It is important to note that differences in backscatter strength and depth may reflect
differences in the abundance or biomass of oggasior the depths at which they reside.
However, these differences could also indicate changes in community composition from weaker
to stronger sound scatterers at a particular frequency, or from those that might resonate at the
operating frequency at shalver or deeper depths when comparing the western and eastern
areas, respectiveljpavison et al., 2015a; Bassett et al., 2020%¢ are limited in our analyses
by the lack of directly comparable trawl samples to gretnatth the patterns of acoustic
backscatter we observed, but future work @@mplement acoustic studies in the eastern survey
area and provide more insight into the pelagic fauna present in this remote and poorly sampled
region. Broadly, the western and eastern survey areas fall within two separatedepi
mesopelagic biogeogphic regiond the North Central Pacific and the Eastern Tropical Pacific,
respectively that are characterized by distinct faunal assemblages and oceanographic features
(Spalding et al., 2012; Sutton et al., 2Q1S0ich differences in community composition, and
potentially biomass, align with owbservations of significantly different backscatter strength

and DVM behaviors between the two survey areas.

3.5.2 Mid-ocean eddies influence the vertical structure of pelagic communities

Acoustic scattering layer behaviors within the eastern Pacific Ocean varied at finer spatial
scales in addition to the broad regional patterns. In particular, mesoscale eddies appear to
influence the vertical structure and DVM patterns of pelagic comnesniiboth of our
sampling areas. In the western area, two daytime clusters (NW and SE) were associated with

cyclonic eddies present in those domains during the survey (Figs. 2,6). These clusters had
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significantly shallower and stronger scattering layérespa and mesopelagic depths compared to
the nonreddy influenced clusters (Fig. 3). Such differences could reflect shoaling and increased
abundances of micronekton, or changes in species composition, which might result from
enhanced phytoplankton prodwstidue to nutrient upwelling within cyclonic eddy cores, and
thus greater food availability to midophic level organisméSeki et al., 2001; Mizobata et al.,
2002; Landry et al., 2008%reater food availability could also lead to the strongeMDNgnals
observed in these groups. This would follow the increased satellite surface chlorophyll we
observed within the NW and SE clusters, though it is possible that the NW cluster also
experienced increased chlorophyll due to the island mass effbet ieet of Hawdi Island

(Gilmartin and Revelante, 1974; Gove et al., 20I6)e southernmost daytime backscatter
clustered into the NW group as it also exhibited stronger and shallower scattering layers, which
may have been influenced by equatorial upwegland increased production to the south. Higher
midwater pQin the lee of the Hawaiian islands could additionally play a role in the stronger
scattering layers apparent in the NW cluster, as increased oxygen availability may afford more
species to inhabthis area by relaxing physiological constraints imposed by hypoxic w&iers

4; Seibel, 2011)

Mesogale eddies form in the lee of the Hawaiian Islands as persistent northeasterly trade
winds funnel between the islands of Maui and Haéwgenerating cyclones and anticyclones
(Lumpkin, 1998; Calil et al., 2008These eddies tend to propagate northwestward and
southwestward, respectively, and are very common features nedfiis. This would suggest
that micronekton along these paths may be regularly influenced by eddy activity, as was
proposed byDrazen et al. (2011)'he cyclonic eddy that was present in the southeast corner of

our sampling region propagated from further east, apparently within the North Equatorial

92



Current. Relatively weak cyclonic eddies have been observed drifting westward within the NEC
to the south of Hawéibetween 1L 9 e N a-h & 8 @\&fttki, 1982) That study suggests

that an eddy is present withtinis area nearly all the time, with individual eddy longevities of ~4
months. The uplifting of isotherms within the centers of these cyclonic eddies extends to 800 m
depth or greater, suggesting that these features may interact with or influence mesopelag
communities. This is supported by our observations of shoaled mesopelagic scattering layers in

the SE cluster of the western area where one of these cyclonic eddies was present.

In the eastern survey area, raidean eddies also have a significant ieflce on pelagic
fauna. Nighttime 38 kHz clustering, as well as both daytime and nighttime 200 kHz clustering
results within the eastern area, all revealed a similar pattern that was starkly different from that
of the daytime 38 kHz data, with two clusténat are roughly separated between the broad and
interior surveys of the area. During the nighttime when most of the acoustically detectable
mesopelagic communities have migrated to the surface, the shallow scattering layers, visible
both at 38 and 200 kKlzvere slightly deeper in the interior cluster compared to the broad cluster
(Fig. 9, Supplementary Fig. $§. This pattern was also evident in the daytime 200 kHz results
(Supplementary Fig. $6), indicating a change in the behaviors of epipelagicroamnities as
well. The separations of these clusters are all associated with the appearance of an anticyclonic
eddy in the eastern survey area near the end of the broad survey in March 202L)(HigisL2
eddy was characterized by increased SST and dedtealinity (Fig. 1), characteristics that
are strongly associated with the interior cluster nighttime surface environmental measurements

(Fig. 10) and 38 kHz nighttime CAP analysis (Supplementary Fig. S5).

Eddies are known to influence the vertidadtribution, composition and abundance of

micronekton communitie@.g. Drazen et al., 2011; Penna et2021) and acoustically
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observed vertical structure and DVM behaviors

differed from those observed across the broad eastern study area prior to its arrival. Anticyclonic
eddies are downwelling featurdsinging warmer surface waters to depthus, theymay

provide favorable opportunities for pelagic organisms to reside at deeper depths, as we observed
acoustically, because warmer temperatures increase metabolic rates and ultimately growth and
reproducion (Brown et al., 2004)Shipboard CTD data collected within the eastern survey area

(no data available in the western area) further indicate a slight increase in the mixed layer depth,
deepening of the chlorophyll maximum, and a slighwadward shift in the structure of the upper
oxycline, which could further allow shallow scattering layer organisms to reside deeper

(Supplementary Fig. S7).

It is interesting to note that daytime and nighttime 200 kHz surface scattering layers
within the estern area interior clusters were weaker than those within the broad clusters
(Supplementary Fig. S6). However, the nighttime 38 kHz surface scattering layers were slightly
stronger within the interior cluster compared to the broad cluster (Fig. 9) xPla@ation could
be that the surface scattering layers within the anticyclone had higher or different proportions of
gasbladdered fish or other strong scatterers compared to the community composition prior to the
eddydés arrival , wjeriacomsticsignal bt®8 kHzbutpaotemtially a weakero n
signal at 200 kHz. This could be due to physical advection of a distinct micronekton community
associated with the eddy travelling into the study éeep Olson & Backus, 1985; Della Penna
& Gaube, 202Q)or from increased predation by micronekton on zooplankton within this

potential foraging hotspot.

Anticyclonic eddies in the northeastern tropical Pacific are very common. Winter winds

through mourdin gaps in southern Mexico and Central America, particularly across the
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Tehuantepec Isthmus, form large mesoscale eddies in the gulfs of Tehuantepec and Papagayo
(Palacios & Bograd, 2005 and references therdinis leads to a band of mesoscale activity
between 1@l 2 e N f r om kdad, ¢ypically betweden Odtober and July. While

cyclonic eddies also form, these are less frequent and dissipate quickly. On avérage, 5
anticyclonic eddies are generated each year and these can last up to six months. At the time of
our observations, &ast four large anticyclones were propagating westward between the coast
and the eastern survey area (Supplementary Fig. S8). These features advect biological material
from the highly productive continental margin to the otherwise oligotrophic offstapieal

Pacific( M¢ |l | er Kar ger &, perhapsrsimitdy toYGalitStream @l 6ofe)ings
spinning productive water into the oligophic Sargasso S€éahe Ring Group, 1981 However,

in terms of their kinetic energy these anticyclones exceed the strength of Gulf Strearoonarm
rings, the best studied strong anticyclonic eddies glolfidiysen & Maul, 1991)While we did

not observe increased satellite surface chlorophyll during the arrival of the anticyclone,
shipboard CTD profiles suggest a slight deepenimjiacrease in the deep chlorophyll

maximum from ~60 m to 780 m, which was not detectable from satellite measurements

(Supplementary Fig. Q)

In a study just north of our eastern survey afdeynik et al. (2017¥ound that these
anticycloniceddies can influence currents to depths greater than four kilometers below the
surface, for numerous weeks. While the anticyclone we observed appears to mainly influence
epipelagic communities and physical properties in the mixed layer, the effectsaddiiisnay
be felt much deeper, likely all the way to the seafloor, after several wéskal scrutinyof 38
kHz echograms does, however, reveal a clear nonmigratory scattering layer appearing around

800 m during the days and nights when the eddy is mréSigy. 13). According to shipboard
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CTD measurements, this feature does not appear to be caused by a strong temperature or salinity
gradient associated with the eddy, which could appear as an acoustic scatterir@eleaese

this deep, nonmigratory lay is much weaker than the strong scattering layers in the upper ~600
m of the water column, it was not a strong enough cei@mstic to separate the edafluenced

days as a unique cluster in the multivariate analydisthis change indicatethat tre eddy may
indeed influence mesopelagic communitésheir daytime depthgerhaps allowing certain
organisms to remain at depth as productivity downwelled from the mixed layer increases food
availability. It is also possible that the eddy enaloietain organisms to reside at a depth where
theyare stronger scattergiise. resonantf they were notletectedacousticallyat other depths

by the 38 kHz frequency usedllternatively, the eddy may have trapped and transported a deep
mesopelagic community of lesser mobile fauna from the area in which it f¢Mszh &

Backus, 1985; Della Penna & Gaube, 2020nilarly to how Gulf Streamings transport slope
water communities into the Sargasso Sea. However, such a community would likely dissipate
over time as the eddy agg@sg. Wiebe, 19823nd its physical properties become more like the

oligotrophic surounding waters of the eastern Tropical Pacific.

3.5.3 Fronts may act as a boundary for micronekton assemblages

Just as miebcean eddies have been observed as hotspots of biological activity in the open
ocean, currents and fronts are likewise known tyregate and influence marine organisms
across trophic levele.g. Olson & Backus, 1985; Olson et al., 1994; Wilson & Boehlert, 2004)
Within our eastern survey area, daytime 38 kHz clusters are separated by a notable decrease in
mesopelagic scatteq layer strength from north to south across the survey area, with strong
scattering layers in the north during March and much weaker scattering layers to the south and

continuing into April (Figs. 7,13). The change appears to be associated with a stnergyth
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currend a combination of the seasonal NEC, converging currents from an encroaching

anticyclone, and other edggale variability which increased in strength from ~0.3 m/s to

nearly 0.6 m/s around the latitude of the cluster division (~10.75eimtNNlarch 2021 (Fig. 11).

It is possible that this NE@fluenced current extends (weakly) to the depth of mesopelagic

scattering layers in th@utherrcluster and influences their behavior at dg@ravatte et al.,

2017) However, it is more likely that the highly migratory and possibly resonant (or more

abundant) communities within the northern cluster are responding to surface chaiacterist

associated with the current boundary. As indicated by environmental measurements (Fig. 8) and

the daytime CAP analysis for the eastern area (Supplementary Fig. S4), the northern sampling
days along the currentods e dgnddeereabed ST compared r e a s
to the southern daytime sampling days. Strong gradients in physical surface properties such as
these often lead to high biological productivity, and thus oceanic fronts have been observed to
influence mesopelagic fish asseng#a, provide larval habitat, and act as predator foraging hot
spots(Polovina et al., 2001; Kimura & Tsukamoto, 2006; Bakun, 2007; Netburn & Koslow,

2018) Another possible mechanism distinguishing the northern and southern ctostierbe

the strain of this current causing micronekton to disperse within the southern cluster, whereas
organi sms may aggregate more densely along th
also play a role in backscatter variability as oxygeniglgstessure generally increases to the

south in the eastern area. However, oxygen does not appear to be driving the strong differences

we observe between the southern and northern clusters (Supplementary Fig. S4).

TheNorth Equatorial Currerftows westwardacross the North Pacific Ocean, lying
roughly between8 8 ¢ Neparatirjhe tropic andthe subtropical gyreln the eastern

Pacific Ocean, the NEC does exhibit seasonal variability, generally strengthening and shifting
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northward between OctobendJanuary and weakening and shifting southward between March
and Augus(Liu & Zhou, 2020) It is possible that pelagic communities in our eastern study area
could exhibit different distributions and DVM behaviors as the NEC shifts location and intensity
throughout the yeanr that the apparent froassociated communities might follow the shifting

current. Further research would be necessary to determine such patterns.

The clustering results at both frequencies within the eastern area suggest that ephemeral
oceanographic féares such as midcean eddies can influence the vertical structure of
epipelagic communities on the scale of days to weeks. The NEC, a more constant feature in this
region, appears to be the dominant influence on daytime mesopelagic community stratture th
overshadows potential changes induced by the anticyclonic eddy passing through. While daytime
clusters at 38 kHz were predominantly separated by latitudinal differences in mesopelagic
backscatter strength, it is worth noting that focusing only on tpen2b0 m of 38 kHz daytime
data results in clusters very similar to those at 200 kHz, characterized by slightly shatiow
deeper scattering layers prior to and during the anticyclonic eddy, respectively. This suggests
that it is primarily shallow scating layers that are responding to the eddy, including
mesopelagic organisms residing near the surface at night, and that mesopelagic communities at
depth are more strongly influenced by the NEC during the times of our observations. Time lags
in productivty generation and this production reaching higher trophic levels means that the eddy
may further influence communities at depth the longer it remains in théeage®ella Penna &
Gaube, 2020)Overall, the latitudinal variability across the eastern area associated with the NEC
confers a community or density shift of mesopelagic scattering layers that acoustically
dominated most changes induced by the eddy at deeper depths. This impliesN&ECth

boundary may act as a steadier driver of aggregation or assemblage shift for mesopelagic fauna
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in this area compared to the ephemeral anedagendent patchiness induced by anticyclones,
perhaps providing more consistent foraging opportunitiesdtagic predators and commercially

important fishegOlson et al., 1994; Polovina et al., 2001b)

A limitation to the analyses presented here is that we rely primarily on surface
environmental data as proxies for broader oceanographic phenontgntotexplain variability
in acoustic backscatter across depths. While these proxies are useful and have been used in other
studieg(e.g. Proud et al., 2017; Escobdores ¢ al., 2018) they do not allow us to determine
the exact mechanisms driving variability in micronekton dynamics at depth and thus we are left
to hypothesize. We did include degttnatified midwater oxygen measurements, as oxygen was
previously foundad have a strong influence on DVM behaviors across the eastern Pacific Ocean
at a broad scal@erelman et al., 2021lowever, these data are climatological &ns difficult
to disentangle the true influence of oxygen at smaller spatiotemporal scales witheut high

resolutionin situmeasurements.

3.5.4 Future work and changing ocean conditions

Our observations highlight the significant interactions betweesostale oceanography
and micronekton communities. Yet many questions remain unaddressed, inchurditigese
features influencing faunal abundance and density or community composition? What physical
properties of eddies and fronts across depths are gllr@se community responses? How do
other trophic levels respond to these features in the eastern Pacific Opean®ng work will
accompany our acoustic studies in the eastern survey area and provide more insight into the
pelagic organisms present ingliegion Future oceanographic measurements across depths,

including temperature and oxygen profiles, and simultaneous trawl and acoustic sampling would
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help unveil the underlying mechanisms driving behavioral responses of pelagic fauna and greatly

aid inthe interpretation of acoustic data to begin addressing these questions

Eddies and fronts in the open ocean contribute to the patchiness and heterogeneity of
pelagic communities and are used by organisms in many ways. These features can provide
favorablespawning and larval habitat, such as for the Japanese Eel in the western Pacific
(Kimura & Tsukamoto, 2006nd for numerous pelagic predatory fishes in the northern Gulf of
Mexico (Lindo-Atichati et al., 2012)Many mobile species, including commercially important
fishes, aggregate at fronts and eddies to feed or use them as migration pé&thgvadison et
al., 1994; Polowna et al., 2001; Kai & Marsac, 201@onsequently, these features are often
targeted by commercial fisheries, including in various parts of the eastern Pacific Ocean
(Polovina et al., 2001b; Liu et al., 2008 well as in other ocean bas{egy. Arur et al., 2020)
Mesoscale oceanography evidently supports numerous ecosystem functions and has socio
economic influences in the pelagic ocean. However, it is unclear whether the frequency or
locations of these features might change in the future. In the eastern Rddigs are
influenced by trade wind$alacios & Bograd, 2005; Lindatichati et al., 202Q)These winds
have been suggestamchange with increasing global temperatidswman, 2013 and
references thereinyvhich may in turn influence eddy dynamics in the region. A southward shift
of the NEC n the western Pacific has also been observed in recent déCheesand Wu,

2012) whichsuggests that such a shift could potentially occur upstream in the eastern Pacific,
though climatic shifts of major fronts and the NEC in the eastern Pacific are poorly known.
Understanding the interactions between mesoscale features and pelagic cormmayiteslp us

understand how organisms will respond to these and other changing ocean conditions.
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3.6 Conclusion

At the broadest scale, the dynamics of pelagic communities vary strongly across the
eastern Pacific Ocean in relation to changes in midwetggen availability and surface
productivity. However, at the scale of several hundred kilometers, we find that mesoscale
oceanography plays a significant role in the-ttagay behaviors of pelagic communities.
Though ephemeral, midcean eddies appearkie very common features in and around our
survey areas and may regularly influence pelagic organisms along their paths. Equatorial
currents such as the NEC may act as a more constant feature or boundary along which pelagic
communities aggregate, althouteir location and strength does shift seasonally and is heavily
influenced by eddy activityMesoscale features have major roles in aggregation and predator
prey interactions, provide spawning habitat, and are often targets fesdagtisheries. Natura
variability from these features is crucial to understand in order to distinguish between changes
driven by anthropogenic activities and natural variabilliye effects of these phenoména
along with other potentially relevant factors influencing theéezasPacific Ocean such as
hurricanes and the El Nifio Southern Oscillation (ENS®ust be considered when defining
Afaverage ecosystem conditionsod as patchiness
some of the first remote sampling of petagommunity dynamics and coupled oceanographic
measurements across the remote eastern Pacific Ocean, and the first study to use Saildrones to
survey micronekton. Further work in this area would considerably enhance our interpretations of
the observationsrpsented in this study. Examining the interactions between mesoscale features
and pelagic fauna may help us understand how these communities will respond to changing
ocean conditions, including anthropogenic activities and climed#ted shifts, and the
implications of these changes for commercial fisheries and broader ecosystem services.
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Supplementary Table S1Echo sounder settings for the western and eastern area surveys. All acoustic data was
collected by Saildrones mounted with Simrad WBT mini (EK80) fisheries echo sounders.

Setting Western area Eastern Area
Frequency 38 kHz 38 kHz / 200 kHz
Beam Type Split Split / Single
Power 500 W 500 W/ 250 W
Pulse Duration 2048¢s 1024¢s

Ping Interval 1.5 sec 2.25 sec

Canonical Analysis of Principal Coordinates (CAP)

CAP analysis is a constrained ordination which aims to find axes in predictor space that

best explain variation in the multivariate respoffsederson and Willis, 2003Euclidian

distance matrices calculated from the scaled acoustic data were used in CAP analyses. To

identify important environmental predictorge assessed the loadisigengthof each

environmental variable on significant CAP axes

The daytime CAP for the western survey area accountetb¥orof the total variance in

the daytime acoustic data, with the first two axes accounting for 42% oft#hedaance

(Supplementaryig. S2). CAP1 accounted for 30% of thetal variability in the daytime
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acoustic data and showed a strong correlation between salinity and midwater pO2. The
environmental predictor loadings indicated that CAP1 has strong vegatirelations with SST,
salinity, and pO2 (Supplementary Table S2). This axis primarily separates the NW cluster from
the other three clusters. CAP2 accounted for 12% diothévariability in the dataset and is

largely an axis of chlorophyll and extalinity variation that influenced acoustic vertical

structure. This axis mainly separates the NE, SE, and SW/C clusters from each other.
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Supplementary Figure S2Daytime Canonical Analysis of Principal Components (CAP) for the western survey

area. Eah point represents one day colored by acoustic data clusters. Arrows indicate environmental predictors:
chlorophyll (satellite), SSTir{ situ), salinity (n situ), and mean midwater pQclimatology).

Supplementary Table S2Environmental predictor loangs for the daytime CAP analysis of the western survey
area. Predictors with moderate or strong loadings on either of the first two CAP axes are shown in bold.

Environmental Predictor CAP1 (30%) CAP2 (12%)
SST -0.642 -0.236
Salinity -0.685 0.692
Satellite Chlorophyll -0.399 -0.859
Midwater pQ -0.776 0.562
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The nighttime CAP analysis accounted for 45% of the total variance in the nighttime
acoustic data (Supplementary Fig. S3). CAP1 explained 3abe abtalvariance and likewise
revealeda strong correlation between surface salinity and midwater pO2. Based on loadings,
CAP1 had strong negative correlations with salinity and midwater pO2 and a moderate negative
correlation with lunar illumination (Supplementary Table S3). CAP2 explainedoi 8¢ total

variance and had strong correlations with SST and satellite chlorophyll.
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Supplementary Figure S3. aNighttime Canonical Analysis of Principal Components (CAP) for the western
survey area. Each point represents one night colored by acoustic data dygexplots showing environmental
variables that are significantly different between clusters bas&dilaoxon ranksum tests: salinityirf situ), SST
(in situ), and mean midwater pQclimatology).

Supplementary Table S3Environmental predictor loadings for the nighttime CAP analysis of the western survey
area. Predictors with moderate or stronglings on either of the first two CAP axes are shown in bold.

Environmental Predictor CAP1 (30%) CAP2 (13%)
SST -0.264 0.787
Salinity 0.922 -0.113
Lunar lllumination -0.533 -0.410
Midwater pQ -0.871 -0.043
Satellite Chlorophyll -0.064 0.666
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The daytime CAP analysis for this area accounted for 54% of the total variance in
daytime acoustic data (Supplementary Fig. S4). The first two axes accounted for 32% and 16%
of the totalvariance, respectively, but CAP1 related most to the southern and northern cluster
separations. Based on predictor loadings, this axis had a strong negative correlation with satellite
chl-a and a moderate positive correlation with SST (Supplementary $dpl#idwater pO2,
satellite chlorophyll, and surface salinity had strong and moderate positive correlations with

CAP2. This axis accounted for extra variation within each cluster but was not as influential in the

southern and northern cluster distincgon
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Supplementary Figure S4Daytime Canonical Analysis of Principal Components (CAP) for the eastern survey
area. Each point represents one day colored by acoustic data clusters. Arrows indicate environmental predictors:
chlorophyll (satellite), SSTir{ situ), salinity {n situ), and mean midwater pQclimatology).
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Supplementary Table S4Environmental predictor loadings for the daytime CAP analysis of the eastern survey
area. Predictors with moderate or strong loadings on either of the first twax@&Rire shown in bold.

Environmental Predictor CAP1 (32%) CAP2 (16%)
SST 0.551 -0.639
Salinity -0.028 0.567
Satellite Chlorophyll -0.679 0.626
Midwater pQ 0.148 0.856

The nighttime CAP analysis for this area explained 85% of thevat@nce in nighttime
acoustic data, and 84% of ttegal variance was accounted for by CAP1 (Supplementary Fig.
S5). This axis had a strong negative correlation with salinity and a strong positive correlation
with SST, as well as moderate negative coti@ia with midwater pO2 and satellite chlorophyll

based on predictor loadings (Supplementary Table S5).
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Supplementary Figure S5Nighttime Canonical Analysis of Principal Components (CAP) for the eastern survey
area. Each point represents one night ealdsy acoustic data clusters. Arrows indicate environmental predictors:
chlorophyll (satellite), SSTir{ situ), salinity (n situ), lunar illumination, and mean midwater p@limatology).

107



Supplementary Table S5Environmental predictor loadings for the nighttime CAP analysis of the eastern survey
area. Predictors with moderate or strong loadings on the first CAP axis are shown in italics or bold, respectively.

Environmental Predictor CAP1 (84%)
SST 0.958
Salinity -0.803
Lunar illumination 0.310
Satellite Chlorophyll -0.529
Midwater pQ -0.575
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Supplementary Figure S6 K-means clustering results of 200 kHz acoustic dab®m) in the eastern survey
area.a,d) Maps of the daytime and nighttime survey tracks with each day/night colored by its resulting cluster: B =
broad; | = interiorb,e) Mean (+ 95% CI) vertical prdés of backscatter proportion for each daytime/nighttime
cluster. This metric is shown as it was used in the clustering analysiean (+ 95% CI) vertical profiles of area
backscatter strengthfdor each daytime/nighttime cluster.
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SupplementaryFigure S7.Mean (£95% CI) shipboard CTD profiles collected within the southwest portion of the
eastern survey area just before (red) and during (blue) the arrival of an anticyclonia)&agtgperatureb)
salinity, c) fluorescenceandd) oxygenbetween €200 m.
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Supplementary Figure S8.SSH map depicting the presence of four large anticyclones on 31 March 2021
propagating westward from the coast of Central America, just as the eddy furthest to the west began to influence the
eastern survey area.
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CHAPTER 4

Multiple survey methods provide an integrated assessment of
pelagic communities in the eastern Pacific Ocean

In prep asPerelman, J.N., Assad, &, Ladroit, L., EscobaFlores, P., Lindsay, D., Bergman,
L.A., Drazen, J.CMultiple survey methods provide an integrated assessment of pelagic
communities in the eastern Pacific Ocean
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4.1 Abstract

Pelagic habitats are inherently difficult to sputlie to their inaccessibility and the
dynamic nature of opeocean environments. The eastern Pacific Ocean is one such habitat
whose watecolumn biology remains poorly sampled, despite the presence of an expanding
oxygen minimum zone (OMZ) andch@mergirg deepsea mining industry across much of this
region. Every sampling approach has biases and singileod surveys may overlook important
components of the communities they target. Here, we provide an integrated assessment of
micronekton assemblages1000 m) across two sites and two seasons using Saildrone active
acoustics, shipboard MOCNESS trawls and ROV video footage. Together these puoveles
the mostcomprehensivemulti-methodevaluation of micronektowertical distributions and
migratory behaiorsin the remote eastern Pacific Oceardate We determinedhat primary
scattering layers occurred between-Z00 m (day) and above 100 m (night), but micronekton
abundance and biomass from trawl catch were often greatest below 700 mcdliestionsand
video footage greatly expanded thieserveddepth range of theelatively shallow micronekton
distributions suggested by surfdoased acoustic profiles. We identified several common gas
bearing fish taxa, from dissections of tras@ught fshes, as the most likely contributors to
acoustic backscatter: small melamphaids, myctophids, sternoptychids, and phosichthyids.
Acoustic and trawl data showed simig@asonalrendsintegrated over 1000 mvith greater total
backscatter, abundance, andrbass during the spring compared to fall surveys. However,
seasonal and sHgpecific variability in the vertical distributions of these metrics differed
between acoustic and trawl data. These techniques each propgantperspectives of
micronektoncommunities and highlight theeed forintegrating information from multiple

sampling approaches to gain a holistic understanding of pelagic ecosystems.
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4.2 Introduction

Characterizing an expansive ecosystem such as the pelagic ocean is a challenging task, as
these habitats lie far from land and are dynamic in space and time. Numerous tools exist with
which to sample biological communities throughout theewablumn. Active acoustics, net
sampling, and optical surveys are common approaches used to study the distributions and
taxonomic composition gielagiccommunities, though each higsstrengths and limitations

Active acoustic techniques are valuablelsdor assessing the behavior and vertical
migration patterns of pelagassemblaged hrough the identification and characterization of
sound scattering layers (aggregations of pelagic fauna observed using echo sounders), one can
observe the depth andestgth(i.e. proportion)of vertical migration and changes in backscatter
intensity agndicators ofchanges in micronekton and zooplankton biomass. Acoustics often
allow for broader and more extensive surveys than physical sampling, which can be liraited d
to cost, equipmerdvailability, sample processing tirendaccessibility. Such surveys have
been used to estimaggobal mesopelagic fish bioma@sgoien et al., 2014)create a global
mesopelagic biogeographgnd predict future changes in biom@soud et al., 2017However,
like any survey method, acoustics has its biases and limitations.

Standalone acoustisurveyscan be difficult to interprdbecause backscattéoes not
easily translatéo organisnsize or abundanca deeper depthBassett et al., 2020fgspecially
for narrowband surveysindonly certain organisms may be reson@et have a considerably
amplified acoustic signaBt a given frequency and degibavison et al., 2015alishes and

siphonophores with gas inclusions (suborder Physonectae) reflect acoustic energy at their
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resonant frequency mucehorestrondy than nongas bearing organisms and thus can dominate
acoustic signalBarham, 1963; Stanton et al., 1998; Proud et al., 20183 is because the
density contrast between a gas and fluid is far greater than that between fluid an@.gssue
Simmonds & MacLennan, 2009Resonance of swibladdered mesopelagic fishes has been
found to be particularly strong at frequerscie O  3(Rlosér Etal., 2002)which are the
frequencies commonly used for shipboard mesopelagic subeegsisehese lower frequency
sound waves reach greater depths. Given the complexities of interpreting acousiidsdaggy
usefulto combire observations from several sampling technigogsovide a moreéhorough
understanding of pelagic ecosystems

Trawl sampling with nets is aommon strategy to evaluate the species composition and
spatial distribution of pelagic faurfa.g. Sutton et al., 2010; Olivar et al., 20I)awls are often
combined withacoustic surveyg.g. De Robertis et al., 2019; Escobtores et al., 2019jo
allow for identification,and estimation chbundance and biomafes acousticallyobserved
organismsSome nvestigation®f micronekton assemblages and their spatial distributions have
used this combined travelcoustics approach. In some cases, changes in abundance and vertical
distribution have been found responsiblevfariation in acoustic backscatt@r.g. Boswell et al.,
2020) while in other cases, backscatter differences have been attributed to changes in
community composition (e.@Annasawmy et al. 201®ornan et al. 2019Pornan et al. (2019)
used trawl and acoustic data to evaluate previous reports that mesopelagic fish biomass
(determined acoustically) decreases with latitude towards Artatety. Proud et al., 2017)
They founda change in mesopelagic community composition from largehplgagiered to non
gas bladdered fishes in the Southern Ogcesner than a change in bioma&nce norgas

bearing fishes are much weaker acoustic targets, these fishes arendiegctablat lower
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frequenciegi.e. 38 kHz). Such studies highlight the importance of ground truthing acoustic
surveys with othesampling methods, though biases in all survey techniques must be considered.

One caveat of combined trawl and acoustic sampling is that unless an echo sounder is
mounted directly on trawl nets and lowered to dépth. Underwood et al., 2020) does not
ensonify the exact same organistofiected bynets being towed behind a ship. Thus, corent
sampling with hulmounted echo sounders and trawls relies on the assumption that the
communities being sampled by each gear type are the same. Avoidance of nets bybiglely
fauna further causes all net sampling techniques to be selectivairnhsi catct{Kaartvedt et
al., 2012; Sutton, 2013and gelatinous organisms aasily damaged or extruded from nets and
therefore typically underrepresentechetfChoy et al., 201;/Hetherington et al2022) Despite
these biases, trawl sampling can add significantly to our interpretations of acoustic surveys when
comparisons between the two are applied cautiously.

While nets often provide good observations of Hawdied fauna in pelagic systems,
video surveys from submersibles or remotely operated vehicles (ROVSs) offer a method for
observing the more fragile gelatinous organisiestroyedy trawls(e.g. Youngbluth et al.,
2008; Raskoff et al., 2010ROVsalso provide a different perspectigefishes and other taxa
Suchsurveys nordestructiveandallow for in-situ obsenations of feeding and swimming
behaviordRobison, 2004; Choy et al., 201T)ke nets, ROVs are likely subject to avoidance by
highly mobile organisms, as well asganismssensitive to lighand nois€Widder et al., 2005)
Nonethegss, whernthese sampling toolreimplemented together theanoffer a more holistic
perspectivef communitydistributions andlynamicsin pelagicecosystemsHowever, multiple
techniques are rarely employed concurrently &rlgerspective is particularly important when

attempting to characterize the faunal distributions of poorly studied regions.
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One such region is the offshore eastern Pacific Ovelagrepelagic habitaremains
largely understudied despite unique oceanography and a growing interest-sedbeg mining
across much of this aréBrazen et al., 2020Most characterizations of micronekton and their
behavors in the eastern Pacific have occurred near the coasts of North and Central America,
primarily in the California Current and Costa Rica Dome regions, respecte:glyEvsenko &
Shtaut, 2005; Maas et al., 2014; Netburn & Koslow, 20d4&)ch are strongly influenced by
upwelling and high productivity. Thapper water column of theastern Pacifics substantially
structuredby theeasterntropical Pacific Oxygen Minimum Zone (OMZ), an extensive area of
hypoxic midwaters thaiffects thevertical structue of mesopelagic communiti€siedler and
Talley, 2006;Maas et al., 2014Notably, the eastern tropical Pacifiasone of the most intense
OMZs in the open ocegaulmier& Ruiz-Pino, 2009) which, like other OMZ regions, appears
to be expandingStrammeet al., 2008) Extending westward to the waters south of Haéivtiis
extreme hypoxia is believed to exatrong influencen the diel vertical migrations (DVM)
and community composition of micronekton and zooplanki@ishner et al., 2013; Sutton et al.,
2017; Perelman et al., 202 owever, opportunistic shipbod acoustic dataas previouslyhe
only available resource with which to evaluate the behaviors of pelagic organismglasross
remoteregion

The aim of this work is tassespatterns obundanceyertical distributionand DVM
of micronekton using mitiple approaches to account for ttiéerent perspectives and biasds
each method. By evaluating thgssternausingactive acoustics, MOCNESS trawls, and ROV
surveys, this research seeks to build from previous acoustic observations to greatde
understanding of pelagic community dynamics in the remote eastern Pacific Ocean. Here, we

compare patterns of acoustiadikscattewith abundancebiomassand broad community
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compositionfrom trawl surveysas well aglepth distributions of certain taxa from ROV footage,
and investigate their similarities and differend&® highlight the potentiahfluenceof the

OMZ andseasonality on micronekton dynamics in this location. Our reisigitdight the
importance of utilizing multiple techniques when characterizing pelagic ecosyeatehtise

different perspectives of op@tean assemblagtsat each provides

4.3 Materials and Methods
4.3.1Data collection

All sampling occurred during two dedicated pelagic baseline surveys in the licensed
mining exploration area NORD (~200 x 100 km), located in the eastern Pacific Ocean (Fig. 1
The expeditions took place during the spring and fall of 2021 and targeisite¢srelevant to
future mining plansSite 1 near the southwest end of NGRIandSite 2 in the northeast corner
of NORI-D. The seafloor depth in this region is > 4000 m and no benthic features extend up into

the upper 1000 m where pelagic samplingusced.
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Figure 1.a) Map of the NORID licensed mining exploration area including sites 1 and 2 wdiepelagic
sampling(acoustics, trawl, ROVccurred during the spring and fall of 20B) Mean (+ se) oxygen profiles from
CTD casts duringpring (blue) and fall (red) surveys highlighting the strong OMZ below ~70/@0the top 100 m

of the water column. The abyssal seafloor depth at this site is below 4®¢frizontal dashed lines mark the
boundaries of MOCNESS trawl! depth strata. Graghetd line indicates the deeper surface trawl strata boundary for
the Spring Site 1 Survey due to a slightly deepened oxycline.

4.3.2Acoustic Data

Active acoustic data was collected using Saildrone uncrewed surface vehicles (USV)
during two surveys in MareApril 2021 and OctobeNovember 2021. The USVs were mounted
with Simrad WBT Mini (EK80) fisheries echo sounders with E&880018C transduceré
2m). Data was collected in CW mode at883®l 200kHz (500 W250 Wpower, 102&s pulse
duration, 2.25 s ping interval) from the surface to 10080 mdepth respectivelyin transects
acrossSite 1 andSite 2. We focus primarily on 38 kHz backscattersafficient acoustic energy
penetrates to the depths of maivl depth.Prior to each survey, the echo sounders were
calibrated followingDemer efal. (2015)with a 38.1 mm tungsten carbide sphere. Survey speeds
averaged 2 knots, and the number of days spent within each site varied betvéegay4 due
to strong currents and variable wind conditions.

Upon completion of each survey, we analyzedustic data in ESP3, an opsource
fisheries acoustics data processing softwaagroit et al., 2020)leveloped at the National
Institute of Water and Atmospheric Research (NIWA). We used the methédanuis &

Garrison (1982Jo calculate sound speed and signal absorption, removed bad pings and dropouts
due to surface aeration or internal instrument nibisgugh visual scrutiny of echograms, and
implemented the ESP3 background noise removaligign (De Robertis and Higginbottom,
2007)with a signalto-noise threshold of 3 d& dB for 200 kH). The upper 10 m of data was
removed to avoid interference from surface aeration. We then categorized raw acoustic files as

either day or night (excluding £ 2 hours around sunrise and sunset to avoid migration signals)
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and echo integrate8B kHzareabackscatters) in 50 m x 1 km binss, profiles (0-1000 m)
were averaged for each day and nigimally, we evaluated the frequency respor{sas.
Escobaiflores et al., 2019)f shallow daytime scattering layers (< 100 m) that were captured by
both 38 and 200 kHz backscatter to hypothesize thestgpscatterers likely present (i.e. fluid
like vs. gashearing organisms).
4.33 MOCNESS trawls

Shipboard biological sampling was conducted aboard/iiveMaersk Launcher
simultaneously with Saildrone acoustic surveys. Using & Muttiple Opening/Closing Net
Environmental Sensing System (MOCNESS) equipped sixBmm meshets, we performed
three dajime and three nighime tows at each of the two sites within NGRIfrom the surface
to 1500m during eackeasonasurvey.One net was towed open to depth and each of the five
subsequent ascending nets sampled a specific depth ir{iétiedle et al., 1985)The depths for
each net tow were selected based on OMZ bound&igsl,) andpreliminaryacoustic
backscatter from the Saildrone, as defined in Table 1. Since oxygen availalsilgiramg driver
of vertical distributions in OMZ region(®.g. Maas tal., 2014) the depths of Net 4 and Net 5
differed between the two sites by ~20 m to account for slight differences in the upper oxycline
during the spring 2021 survey. Both sites had the same upper oxycline during the fall survey (70
m). For thepurposes of comparing trawl and acoustic data, we focus here on the upper 1000 m
(Nets 25). Abundance and biomass were standardized by volume and depth &hdrace
presented per fiof surface oceaimmediately upon completion of each trawl, samplese
sortedto family or genus at sea and stored in 10% formalin or 95% ethanol for further
identification in the labGelatinous material was excluded from quantitative analyses as trawl

induced damage made it difficult to identify and enumerate thesmisrmgs(e.g.Hetherington et
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al., 2022) Small zooplanktoife.g. copepods, pteropodsgre also excluded as these were not
guantitatively sampled by the 3 mm mesh. A detailatrenation of the micronekton
community from these samples is the subject of another paper (Assadheprap) and only

broad metrics are utilized in the present study.

Table 1.MOCNESS depth strata defined for each station within NDRStrata shown in black were included in
this study.

Net # Site 1 spring | Site 2 springBoth | Depth Strata
sitesfall
Net 2 1006-700m 1006-700m Lower oxycline
Net 3 700-450m 700-450m OMZ core
Net 4 450-90m 450-70m StrongDVM based on Saildrone
Net 5 90-O0m 70-0m Upper oxyclinéepipelagic

4.3.31 Swim BladderDissections

Mesopelagic fishes were subsampled from N@lique tow; 81500 m)after each tow
for swim bladder evaluationStandard length (SL) and wet weight (WW, using a metion
compensated scale) were recorded immediatelyqagstire at sea, and weught to evaluate
the full range of sizes observed for eé@konas much as possiblEollowing the methods of
Dornan et al. (2019¥ish were dissected under a dissecting microscope and examined for the
presence or absence of a swim bladder. If present, the swim bladder was removed and gently
ruptured in a contaimeof seawater to assess whether it wasfijad. Fish were then categorized
as having no swimbladder, a ¢dked swimbladder, or a negas (i.e. lipid)filled swim bladder.
If the swim bladdewas visiblyruptured,it was assumed to have undergone tratonaand
characterized as géiled. Only fishes identified to have a gilled swim bladder were

considered to bgasbearing (GB fish). All trawdcollected fishes were subsequently categorized
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as either GB fish or neGB fish based on dissection resul$ter swim bladder classification,
specimens were preserved in 10% formalin and further species identificaslopléze in the
lab. We used the results of these dissections to categorize micronekton broadly into four
categories: GB fish, neGB fish, Crustacea, and Cephalopodlé swim bladder dissection data
can be found in Supplementary Table S1.
4.34 ROV Surveys

Day and night ROV video surveys were condudigdhe ROVOdysseugPelagic
Research Servicefom the surface to 1500during the spring expeditiohe main video
camera was a pdiit-unit-mounted Mini Zeus 4K (Insite Pacific Inc.) with a 1/Z8h Exmor R

CMOS sensor and a 20X Optical Zoom lens (4.4 mm to 88.4 mm). The horizontal and vertical

angles of view in water were 124.1e and 93.

Multi SeaCam cameras (model IPMSC05, DEEPSEA Power & ght) were mounted with
their centers 106hm apart on a fixed bracket and facing forwdrde video from these cameras
was streamed to the ship and recorded as QuickTime .mowPfdskcruise reannotation was
done using a video annotation plugin to Squidle+ (SquidVidPro, GreyBits Engineering) running
on a GreyBitsBox (Greybits Engineering) systénganisms were identifiet thelowest
taxonomic levepossiblefrom this video foadgeand observed depthscorded. These surveys
provide observational support for the vertical distributionsbies andyelatinous taxaHere we
focus on observations of GB fishes amitl eventually assegshysonecsiphonophoref0-1000
m), as theseaka are the most likely contributors to 38 kHz backscatter. For these taxa, we
present the observed daytime and nighttime depth ranges from sldwnifmin), oblique
vertical ROV transects conducted in day/night pairs.

4.35 Data Comparisons and Statistis
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Although acoustic, trawl, and ROV sampliwgreall performed during the same
expeditions, the data were only roughly concurrent in space anteicaeisaot all operations
could occursimultaneouslyTherefore, to comparaicronekton dynamicacross datasets we
useddaytime and nighttime averages from each site during each of the two expeditions for a total
of 8 comparisonbetween acoustic and trawl survégssites x 2 seasons x 2 times of day). We
compared acoustic badetter to MOCNESS abundance, biomass, and broanekton
composition as well aso ROV observationgp evaluate their similarities and differences.
Together these various surveysvide the first comprehensiveulti-methodassessment of
micronektonbehaviors in the remote eastern Pacific OcBare to the presence of a strong
anticyclonic eddy during part of the spring survey (Perelman et @view), only acoustic and
trawl data that were both collected either before or during the eddy werereahbpanaintain
oceanographiconsistency.

Total area backscatter, trawl abundance and biomass were compared between seasons
using KruskalWallis rank sum test§.o evaluate vertical distributiodifferencesetween all
sites andseasons, we used permidgatl multivariate analyses of variance (PERMANOVA,;
O0vegano6inRB Ardérsorg 2001as wellas pairwise PERMANOVA tests to rank which
sites and seasons were most different from each. dtbethese analyselsackscatter,
abundance, and biomasghin each depth strata were scaled to propostidriotal daily/nightly
values and Euclidian distandestweernthese standardized values were ugtarwise
PERMANOVA tests for trawl data had lostatistical power with only three tows per day/night
within each site for a given season, so we ranked site/season pairs based on effect sizes to

evaluate them in relative terms.
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4.4 Results
4.4.1 Acoustic data: Scattering layer characteristics and DVM bhaviors

The 38 kHz data consistently indicated stroiagtimescattering layerbetween ~250
500 m depth throughout the survey ardasng the spring and falvith consistently strong
backscatter around 3@mM0Om (Fig.2, 8d. Surfacescattering layers were also present in the
upper ~100 m during the day and were much stronger at night. Mesoslatjering layers
were strongt migratory, with strong DVM signals visible each ddiffuse nonmigratory
scattering layers present betweé®9-400 m during the spring surveys (Fig),&and thin
nighttime layers appearing around 2280 m during the fall Site 1 survey (Fig).2Deeper,
weak nonmigratory layers were sometimes visible around 800 m, particularly in Site 1 during the
fall survey(Fig. 2). We occasionally observed very subtle vertical migrations to depths below
1000 m during continuous sampling between the survey sites (Fithdugh these scatterers
were very weak (or dispersed) at deeper depths (Big-@rther, we obserdeseveral strong
reverse (nighttime) DVM signals during the fall survey, particularly when the Saildrone was
caught in a strong westwaflbwing current (primarily the North Equatorial Countercurrent) just
east of the survey sites (Figy) 2

We evaluatedhe frequency responses of daytime scattering layers in the upper 200 m, as
these layers were shallow enough to be captured by both 38 and 200 kHz acoustic signals (Fig.
3). Nearly all of these shallow daytime layers had a stronger response and grelatessiais at
38 kHz. However, occasional thin, secondary shallow layers were observed with much stronger

responses at 200 kHz and were largely undetectable at 38 kHz. (e.g).Fig. 3
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Figure 2. (ad) Echograms (.000 m) from various points throughout tBaildrone acoustic surveys showing

strong daytime DVM signals within the upper 500 m. Color scale shows volume backscattering, or Sv (d.re 1 m
a) Spring survey example showing diffuse nonmigratory scattering layers betwed0@@fb) Fall Site 1 survey
example showing a deep nonmigratory layer around 800 m and shallow nighttime layers around) Za0l m.

survey example showing a subtle deep D¥%ilyhal to depths below 1000 ). Fall survey example showing a

strong reverse (nighttime) DVM signal, including part of the upward migrating layer branching off to join a
downward migration from the surface.
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Figure 3: Echograms (€200 m) showing daytie shallow scattering layers,($IB re 1 m') ande)their
corresponding frequency responses at 38 and 200a§83: Apr 2021 (Spring Site 1b) 13 Mar 2021 (Spring Site
2),¢) 18 Nov 2021 (Fall Site 13) 29 Nov 2021 (Fall Site 2). The second (green) frequency respogkse in
corresponds to a thin scattering layer appearing below the main layer at 200 kHz.

4.4.2MOCNESS trawls: Composition, abundance, and biomass distributions

A total of 54,500individual micronekton specimens were collected from the day and
night 10nf MOCNESS trawls between the twarvey sites and two seasofbe relative
abundances and biomass of dominant taxa are presented in Figures 4 and 5, respectively. Fishes
in the gens Cyclothonedominated abundance at deeper depths, particularly below 700 m, and
largely appeared nonmigratory. Biomass was generally more evenly distributed across taxa at all
depths. Other seemingly common nonmigratory taxa below 450 m included fishedamily
Neoscopelidae, Serrivomeridae, and Nemichthyidae and several crustaceamtaxgs(ds,
carideans). The dominant fishes found in the middle and shallow depth strata were myctophids,

melamphaids, sternoptychids (particularly spring), andiphtig/ids (particularly fall).
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Numerougmigratory mesopelagiishes mainly small melamphaidandmyctophidswere
collectedwith crustaceanwithin the OMZ core(450-700m) during the dag but most of these
fishes migrated above 450 mraght. However,drger adulmelamphaid were only caught
within and below the OMZ at night and appeared to be nonmigrddonyng the fall surveys, we
additionally caught small and juvenile melamphaids in theId® m depth strata in similar
abundances during daytimedanighttime trawls (i.e. these appeared nonmigratdvg) further
observed high abulances of euphausiidsd juvenile sergestids during the spring trawl surveys
in the 70/90-450m stratum durindpothdaytime and nighttime trawlsyith some ofthese
organsmsmigrating up above 70/90 m at night

During the spring surveys, total micronekton abundance was highest in the430/80
depth strata followed by 760000 m strata (Fig.a8 but during the fall surveys abundance was
highest in the 700000 mstrata (Fig. 4). Micronekton biomass was always highest in the- 700

1000 m strata (Figss67b).
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Figure 4. Mean relative abundance of micronekton tg&a= Crustacean; F = Fish) within each depth sulatang
a) Spring daytime and) nighttime trawlsurveys ana) Fall daytime and) nighttime trawl survey€ach circle
represents the means of three tows for a given depth strata.

Figure 5. Mean relativebiomassof micronekton taxdC = Crustacean; F = Fish) within each depth stlatinga)
Spiing daytime andb) nighttime trawl surveys ang) Fall daytime andi) nighttime trawl surveysach circle
represents the means of three tows for a given depth strata.
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