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ARTICLE INFO ABSTRACT
Keywords: The deep-sea is rapidly losing oxygen, with profound implications for marine organisms. Within Eastern
Oxygen minimum zones (OMZs) Boundary Upwelling Systems, such as the California and the Benguela Current Ecosystems, an important question

Otolith microchemistry

Deep-sea fish

Hypoxia

Eastern boundary upwelling systems (EBUS)

is how the ongoing expansion, intensification and shoaling of Oxygen Minimum Zones (OMZs) will affect deep-
sea fishes throughout their lifetimes. One of the first steps to filling this knowledge gap is through the devel-
opment of tools and techniques to track fishes’ exposure to hypoxic (<45 pmol kg™), low-temperature (~4-10°C)

and low-pH (~7.5) waters when inhabiting OMZs. Here, we examine if the otoliths of deep-sea fishes living in
OMZs exhibit distinct patterns of elemental and isotopic composition, which could be used to monitor their
exposure history to severely hypoxic and low-pH waters. We hypothesize that the unique biogeochemistry of
OMZs (i.e., low-oxygen, low-pH, and the presence of dissolved elements) will impart unique elemental and
isotopic signatures upon the otoliths of both long-lived and short-lived deep-sea fishes living within it. We
analyzed the otoliths of six deep-sea fish species from three OMZ regions: the Southern California Bight and the
Gulf of California in the Northeast Pacific Ocean, and the Namibian shelf in the Southeast Atlantic Ocean. Three
complementary techniques were applied: laser ablation inductively coupled plasma mass spectrometry, sec-
ondary ion mass spectrometry and scanning X-ray fluorescence microscopy. We observed that deep-water OMZ-
dwelling fishes spanning a range of life-history traits (e.g., longevity, maximum size, growth rate, parental in-
vestment and thermal history inferred by §'80) exhibited a common elemental fingerprint (with respect to Sr:Ca,
Mn:Ca, Ba:Ca, Cu:Ca and Mg:Ca) when compared to a shallow-water marine fish from better-oxygenated waters.
Our findings suggest that the underlying mechanism for the common elemental fingerprinting of otoliths of OMZ-
dwelling fishes is attributed to the unique biogeochemistry found on the margins of these highly productive
upwelling systems as well as the physiological constraints resident organisms are perennially exposed to,

including low oxygen, pH and temperature conditions.
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1. Introduction
1.1. The rapid loss of oxygen in the global oceans

Ocean deoxygenation is the loss of oxygen (O3) in the ocean (Keeling
and Garcia, 2002; Keeling et al., 2010) and is driven by global warming
and excess nutrient inputs (Breitburg et al., 2018). This phenomenon has
resulted in the loss of 77 billion metric tons, or approximately 2% of the
O, content in the open ocean since the 1960s (Schmidtko et al., 2017), as
well as the development of hypoxic zones in more than 500 coastal sites
across the globe (Breitburg et al., 2018; Pitcher et al., 2021).

Global warming is likely the primary cause of continuing deoxy-
genation in the open ocean and deep-sea basins. The increase of tem-
perature decreases seawater solubility of O, and it increases
stratification in the upper ocean, reducing the supply of Oy to the
ocean’s interior (Sarmiento et al., 1998; Keeling and Garcia, 2002).
Global warming can also increase aquatic microbial, plant and animal
respiration processes, which can lead to further reductions in dissolved
oxygen levels. Models forecast declines in the global ocean O, inventory
between 1 and 7% by the end of this century, mainly due to reduced
transport of O, into the ocean interior (Keeling et al., 2010). This is
expected to alter ocean productivity, biogeochemical cycles, marine
habitats, and marine biodiversity (Keeling and Garcia, 2002; Stramma
et al., 2012; Breitburg et al., 2018).

These predictions are particularly concerning for regions known as
Oxygen Minimum Zones (OMZs). These permanent midwater features
occur at approximately 100-1500 m, mainly along the Eastern Bound-
ary Upwelling Systems (EBUS), where there is high primary productivity
in surface waters, high carbon export to the deep, and slow advection of
oxygen-rich deep-currents (Wyrtki, 1962). OMZs are defined by oxygen
concentrations <20 pmol kg ! in the Pacific and Indian Oceans and <45
pmol kg! in the Atlantic Ocean (Gilly et al., 2013). OMZs correspond to
8% of total oceanic area and contain the largest reservoir of hypoxic
waters in the world (Helly and Levin, 2004; Paulmier and Ruiz-Pino,
2009). Immediately above or below an OMZ, there is an oxygen
limited zone (OLZ) characterized by oxygen concentration <60 pmol
kgl in the Pacific and Indian Oceans and <90 pmol kg™! in the Atlantic
(Gilly et al., 2013). The oxygen concentrations commonly observed in
OMZs and OLZs are physiologically challenging for many marine or-
ganisms (60-120 pmol kg™!) (Vaquer-Sunyer and Duarte, 2008), placing
these deep-sea ecosystems as ideal regions to study severe hypoxia.
OMZs are also Carbon Maximum Zones (CMZs), due to their high con-
centrations of dissolved inorganic carbon (DIC) and, as such, can func-
tion as “natural laboratories” to understand the interplay between low
O», low pH and high CO3 (Paulmier et al., 2011). The rapid, ongoing,
and ubiquitous deoxygenation trends in the deep sea increase the need
to identify which regions and marine organisms are most vulnerable to
or tolerant of low oxygen and pH conditions.

1.2. Southern California Bight, Gulf of California, and Namibian shelf
OMZs: unique places to study fish exposure to severe hypoxia

OMZs are not only midwater features; they intercept the shelf and
slope of continental margins to create extensive severely hypoxic sea-
floor habitats (<20 pmol kg!) — an area estimated globally of 1,148,000
km? (Helly and Levin, 2004). In the California Current Ecosystem, the
Southern California Bight (SCB) OMZ occurs from about 450 to 1250 m
depth and is characterized by the presence of low oxygen levels on the
outer continental shelf that are adverse to some demersal and epibenthic
species (Levin, 2003; McClatchie et al., 2010; Sato et al., 2018; Gallo and
Levin 2016; Gallo, 2018) and compress the habitat for midwater fish
(Koslow et al., 2011). Between 1984 and 2006, oxygen declines of up to
~ 2.1 pmol kg! y! (up to 21%) were observed at several stations off the
coast of Southern California and were associated with a shoaling of the
hypoxia boundary (05 ~ 60 pmol kg™) by up to 100 m, particularly in
the nearshore regions (Bograd et al., 2008). These declines were likely

Deep-Sea Research Part I 191 (2023) 103941

driven by the advection of modified source water, such as the California
Undercurrent (Bograd et al., 2015). In the SCB OMZ, we selected species
in which the adult stages are permanently or semi-permanently exposed
to severe hypoxia. Shortspine thornyhead Sebastolobus alascanus and
longspine thornyhead Sebastolobus altivelis are long-lived (Butler et al.,
1995; Kline 1996; Kastelle et al., 2000), have extended pelagic larval
duration (>1 year) (Dorval et al., 2022), and can reside and feed at OMZ
depths of 600-1400 m (Jacobson and Vetter, 1996; Gallo, 2018). Dover
sole Microstomus pacificus are long-lived (Hunter et al., 1990), and
reproduce (Jacobson and Hunter, 1993) and feed on benthic in-
vertebrates inside OMZs (Pearcy and Hancock, 1978; Gallo, 2018).
Lastly, the rubynose brotula Cataetyx rubirostris is a deep-sea bythitid
with wide distribution in the Eastern Pacific and very little known about
its basic biology and ecology (Hanke et al., 2015).

The Gulf of California OMZ occurs roughly between 100 and 1300 m
depth, with dissolved oxygen concentrations consistently below 22
pmol kgl, and suboxic conditions (i.e., 05 < 5 pmol kg™) present for
more than 500 m of the water column (Zamorano et al., 2007; Hendrickx
and Serrano, 2014; Gallo et al., 2020). The southern Gulf of California
OMZ sits above the outer continental shelf and the upper slope, with
extremely low oxygen concentrations (i.e., Oy < 2 pmol kg'!) that ex-
cludes most invertebrate species (Zamorano et al., 2007; Hendrickx and
Serrano, 2014). A surprising exception is the ophidiid black brotula
Cherublema emmelas, a ligooxyphile (i.e., low-oxygen extremophile) fish
which thrives at Oy ~ 2 pmol kg'1 (Gallo et al., 2019).

About 15,000 km away from the Southern California Bight and the
Gulf of California OMZs (Pacific Ocean), the Namibian shelf OMZ
(Atlantic Ocean) is part of the Benguela Current Ecosystem and occurs
at ~ 100-300 m depth. This ecosystem is characterized as one of the
most extreme marine habitats in the world due to its perennial hypoxic
and anoxic conditions as well as its high hydrogen sulfide concentrations
(Hutchings et al., 2009; Salvanes et al., 2011; Currie et al., 2018). In this
geologically mature shelf upwelling system, the bearded goby Suf-
flogobius bibartus exhibits remarkable adaptations to the extreme envi-
ronmental conditions (Salvanes et al., 2011; Salvanes and Gibbons
2018) and acts as a keystone species, coupling the inhospitable benthic
environment with the pelagic system above (Utne-Palm et al., 2010;
Currie et al., 2018). Since all these deep-sea species from distant ocean
basins reside in OMZs, their otolith chemistries can be influenced by
similar environmental (e.g., low oxygen, temperature, pH) and physio-
logical (e.g., feeding on similar prey items, low metabolism) factors
(Hiissy et al., 2020).

As a contrast to the deep-sea fishes from OMZs, the giant sea bass
Stereolepis gigas occupies shallow waters from 3 to 40 m in kelp forests
and nearshore rocky reefs of the Northeast Pacific and Gulf of California
and is a long lived (~ 76 years), slow-growing and late mature species
(Fitch et al., 1971; Hawk and Allen, 2014; Ramirez-Valdez et al., 2021).
Therefore, its otolith chemistry is expected to reflect, at least moder-
ately, the water chemistry, oxygen, temperature, and prey items of
surface waters (Elsdon and Gillanders, 2002; Walther and Thorrold,
2006; Walther et al., 2010).

The expansion of deep hypoxic zones is expected to alter the range of
the distributions and decrease the biodiversity of fishes in these areas
(Levin et al., 2009; Stramma et al., 2010, 2012; Salvanes et al., 2015;
Gallo and Levin, 2016; Gallo et al., 2020). Overall, demersal fish have
higher oxygen requirements than benthic invertebrates (Vaquer-Sunyer
and Duarte, 2008), potentially making them more vulnerable to deox-
ygenation trends. While ecological sampling methods such as trawls or
remotely operated vehicles (ROVs) can shed light on community-level
patterns, often fine-scale data on how individual fish interact with
hypoxic areas is lacking. Identifying tools that can track low oxygen, pH
and temperature conditions during fishes’ lifetimes can help fill this gap.
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1.3. Low oxygen, pH and temperature exposure in OMZ-CMZ fish —
looking at otolith chemistry patterns

Chemical analysis of fish otoliths — the calcium carbonate structures
that grow periodically throughout the life of a fish — could help to un-
derstand fish exposure to hypoxic conditions (Limburg et al., 2011,
2015), low pH (Levin et al., 2015; Paulmier et al., 2011) and cold waters
characteristic of OMZs-CMZs (Devereux, 1967; Gerringer et al., 2018).
For example, Limburg et al. (2011) reconstructed hypoxia exposure in
1-year-old cod (Gadus morhua) using Mn:Ca ratios, which are potentially
bioavailable due to the redox dynamics induced by low-oxygen condi-
tions in nursery sites of the Baltic Sea. Such hypoxia exposure has con-
sequences for cod growth and weight (Limburg and Casini, 2018).
Furthermore, Mn:Ca ratios work as a reliable proxy for hypoxia exposure
in several other fish species spanning a range of habitat salinities (e.g.,
Lake FErie, Baltic Sea, and the Gulf of Mexico) (Limburg et al., 2015).
Currently, understanding of how OMZs-CMZs environments affect
otolith microchemistry remains largely unexplored in open-ocean, deep
sea environments.

The elemental composition of otoliths, especially for elements that
are redox-sensitive, such as iron (Fe) and manganese (Mn), and which
are likely bioavailable inside OMZs (Johnson et al., 1996; Morford and
Emerson, 1999; Hopkinson and Barbeau, 2007), have the potential to be
used as proxies for hypoxia exposure in deep-water OMZ fish. Temper-
ature is understood to interact with oxygen and CO; to set tolerance
limits of fish (Portner, 2001, 2021) and oxygen isotopes (5'%0) can allow
the reconstruction of the thermal history of deep-sea fishes when living
in OMZs-CMZs conditions (Gerringer et al., 2018). Therefore, elemental
and isotopic analysis can shed light on how hypoxia, hypercapnia (i.e.,
excess of COy in the blood) and temperature interactively affect
deep-water OMZ-dwelling fish.

We hypothesize that the unique biogeochemistry of OMZs-CMZs (i.
e., low-oxygen, low-pH, low temperature, and bioavailable elements)
will impart distinctive elemental and isotopic signatures upon the oto-
liths of both long-lived and short-lived fishes. Unlike previous studies,
which focused on species from coastal areas, enclosed seas and inland
lakes (Limburg et al., 2011, 2015; Altenritter et al., 2018), our analysis is
the first to look for elemental proxies of exposure to hypoxia waters in
open ocean, deep-sea fishes. The goals of this study are to: (i) compare
the otolith chemistry of OMZ-fishes from distant ocean basins, the
Northeast Pacific and Southeast Atlantic; (ii) identify trace and minor
elements as proxies for exposure to severe hypoxia in fully marine fishes
(<20 pmol kg! in the Pacific, and <45 pmol kg™! in the Atlantic); and
(iii) reconstruct the thermal history of these species when inhabiting
OMZs using oxygen isotope ratios (520). We also explore the use of
trace elements as environmental proxies for warm waters during marine
heatwaves, such as the Northeast Pacific 2013-2015 warm-water
anomaly, referred to as “the Blob” hereafter (Bond et al., 2015). We
anticipate that finding new proxies for oxygen, pH and temperature,
which act in tandem in deep-sea fishes from OMZs - relatively far from
terrigenous influences known to affect the chemistry of otoliths — will be
fundamental for understanding how individual fish respond to the
continuing deoxygenation, acidification and warming of global oceans.

2. Material and methods
2.1. Regional settings

In the North Pacific Ocean, the elements Ba, Sr, Cu, Zn and Fe have a
nutrient-like vertical profile, being depleted in the euphotic zone and
enriched with depth (Johnson K.S., 2021; MBARI Periodic Table of El-
ements in the Ocean). Manganese is particularly interesting in this
ocean, as it shows a subsurface maximum (~ 500-1500m) at low oxygen
concentrations (Johnson et al., 1996). In coastal upwelling areas,
modern sediments have higher concentrations of organic material often
enriched with redox-sensitive trace metals. In the Southern California
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Bight, the organic matter and trace elements in seawater derive largely
from primary production (upwelling events), natural oil seepage, do-
mestic and industrial discharges, dust deposition, and coastal erosion
(Dailey et al., 1993). In the South Atlantic Ocean, off the Namibian shelf,
the sediments on the modern shelf are comprised primarily of organic
matter, diatomaceous silica and calcium carbonate, and the distribu-
tions of Cu, Pb and Zn follow the distribution of organic matter and are
enriched in the diatom ooze because of coastal upwelling, while Ba tends
to increase towards the slope, away from the diatom ooze (Calvert and
Price, 1983). Namibian shelf is also part of the Benguela Upwelling
System, where there are high concentrations of dissolved trace metals,
including Fe, Co, Mn, Cd, Ni and Cu, and subsurface (200-500 m) fluxes
of Fe are higher than surface (0-200 m) fluxes (Liu et al., 2022). Other
elements, such as Sr appears relatively constant throughout the water
column in the Atlantic Ocean (Johnson K.S., 2021).

2.2. Fish collection

Deep-sea fishes were obtained from three OMZs; the Southern Cali-
fornia Bight (SCB), the Gulf of California (GOC), and the Namibian shelf
(Fig. 1). Species collected in SCB included the Dover sole Microstomus
pacificus (n = 18), shortspine thornyhead Sebastolobus alascanus (n =
10), longspine thornyhead Sebastolobus altivelis (n = 8), and rubynose
brotula Cataetyx rubrirostris (n = 8). These specimens were collected
during several research cruises from 2014 to 2016 using otter trawls at
depths between 198 and 1280 m along the continental margin (Gallo,
2018). In the GOC, two black brotula Cherublemma emmelas were
collected using the Doc Ricketts remotely operated vehicle (ROV) in
2015 at the depth of 793 and 854 m (see Gallo et al., 2020 for sampling
details). Off Namibia, bearded goby Sufflogobius bibartus (n = 24) were
collected during a cross-shelf cruise in 2012 using demersal and pelagic
trawls at depths from 74 to 280 m (see Salvanes et al., 2018 for sampling
details). Bearded gobies belong to a family where males exhibit alter-
native mating tactics: territorial males, which have large body sizes,
large sperm duct glands (SDGs) and small testes, and sneaker males,
which have small body sizes, with no or small SDGs and large testes
(Salvanes et al., 2018). The bearded gobies were defined in each mating
tactic by the visual inspection of the gonads and SDGs, following
Utne-Palm et al. (2013). As a contrast to conditions experienced in these
deep-sea habitats, we also obtained a shallow-water species captured at
depths <30 m, the giant sea bass Stereolepis gigas (n = 10), which pre-
sumably do not live in an oxygen depleted and low pH environment.
These specimens were collected off Baja California in 2017 by the
commercial and recreational Mexican fishery fleet (Ramirez-Valdez
et al., 2021). The selection of deep-sea fish from different OMZs and one
shallow-water fish offer interesting contrasts of how distinct oxygen and
pH levels affect otolith chemical patterns.

We obtained total length (TL), fork length (FL), total weight (TW),
and the right and left sagittae otoliths for each specimen for subsequent
chemical analysis. Otolith chemistry, including minor and trace ele-
ments and isotopic composition, was quantified using several in-
struments (Supplementary Table S1).

2.3. Laser ablation inductively coupled mass spectrometry (LA-ICPMS) —
minor and trace elements

We quantified minor and trace elements in all fish otoliths except one
black brotula individual (n = 79) using laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS) at the College of Envi-
ronmental Science and Forestry at Syracuse, NY. This consisted of a 198-
nm laser ablation unit (ESI) connected to an Elan DRc quadrupole mass
spectrometer. All otoliths were immersed in epoxy resin Crystal Clear
(East Coast Resin), dried for 48 h, and transversally sectioned to about
0.5 mm width. For all the species, except the Dover sole, laser transects
spanned from the otolith core to the edge. For the Dover sole otoliths, we
selected only the blind-side otoliths as they are in close contact with the



L.M. Cavole et al.

Deep-Sea Research Part I 191 (2023) 103941

A)

B Biack brotula

. Dover sole

A Giant sea bass

A Shortspine thornyhead

A Longspine thornyhead
A . Rubynose brotula

0 150 300 Km /\
N

S Y

C) A\ Bearded goby
A
A
Windhoek
AA
A
0 150 300 Km A
I | N

Fig. 1. A) Fish collection sites in the Pacific and Atlantic ocean basins. B) Northeast Pacific: Dover sole, shortspine thornyhead, longspine thornyhead and rubynose
brotula (Southern California Bight, U.S.), black brotula (Gulf of California, Mexico), and giant sea bass (west coast of Baja California peninsula, Mexico). B) Southeast

Atlantic: Bearded goby (Namibian shelf).

hypoxic sediment, and the laser transects extended from edge to edge,
crossing the core (Supplementary Fig. S1). We used a UHP He carrier gas
mixed with a flow rate of 800 ml min™ through the ablation cell. This
was mixed with Ar gas flowing at approximately 1 L min™ to transport
the ablated material from the otolith’s surface into the plasma of the
ICPMS, where the elements were then quantified. Radio Frequency (RF)
power was 1200W. ThO/Th was monitored in the Daily Performance
Report. The oxide levels were below 4.1% during our runs.

The LA-ICPMS operating parameters for the laser were: 90% power,
10 Hz pulse rate, with an ablation spot size of 35 pm (for smaller otoliths
of bearded goby, rubynose brotula and black brotula), 50 pm (for me-
dium size otoliths of Dover sole) and 75 pm (for larger otoliths of
thornyheads and giant sea bass), translated across the surface of the
otoliths at 5 pm s! (bearded goby, rubynose brotula, black brotula and
Dover sole) or 10 pm s (shortspine thornyhead, longspine thornyhead
and giant sea bass) scan speed. Transects were pre-ablated to further
reduce potential sample contamination. A 40-s washout before and after
each sample was run to collect background counts.

We collected data on 10 analytes: lithium (7Li), boron (uB), mag-
nesium (24Mg), calcium (43Ca), manganese (SsMn), copper (65Cu), zinc
(GGZn), rubidium (85Rb), strontium (Sf’Sr), barium (138Ba), and lead (*°8
Pb). An in-house standard of CaCOg pellet (Limburg et al., 2015), NIST
612 and MACS-3 (USGS, 2013) were used as standards and were run
after every 3-5 otoliths. The trace elements concentrations were
analyzed as ratios with 43Ca (Me/Ca, where Me represents a trace
element), and data were converted to concentration ratio based on
measurements of the NIST 612 standard. We determined a correction
factor by dividing measured NIST 612 glass ratios by the mean Me:Ca
ratios (ppm) reported in Jochum et al. (2011), (Supplementary
Table S2). The measured Me:Ca in our otoliths were then multiplied by
the correction factor to standardize measurements and account for daily
instrumental drift. Elemental ratios are presented in mmol mol™! (Sr, Mg
and Mn) or pmol mol™! (Li, B, Cu, Zn, Rb, Ba, and Pb). The mean relative
standard deviation (%RSD) for NIST-612 glass during our experiment
were: "Li, 17.5%; 1B, 23.3%; 2*Mg, 22.1%; **Ca, 15.5%; >°Mn, 13.1%;
5Cu, 13.8%; %6Zn, 23.3%; 5°Rb, 17.3%; %°sr, 11.2%; 1%Ba, 14.5%; 2°8
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Pb, 15.14% (n = 16). The precision was based on MACS-3 values and
generally ranged from 5% to 10% for 7L, 24Mg, 43Ca, S5Mn, %0sr, 13%Ba,
and 208Pb, and from 10% to 15% for 11B, %5Cu and 07Zn (n = 22).

2.4. Scanning X-ray fluorescence microscopy (SXFM) — 2D elemental
maps

We analyzed otolith thin sections by scanning x-ray fluorescence
microscopy (SXFM) (n = 15) at the Cornell High Energy Synchrotron
Source (CHESS) in Ithaca, NY (Supplementary Table S1). This method is
based on the use of high-energy X-rays generated by a synchrotron, as
described in Limburg et al. (2011). In summary, a monochromator
produces a 16.1 keV X-ray beam that is uniformly focused on a spot from
18 to 100 pm, contingent to the resolution desired and the area of the
otolith surface. We collected data on bromine, calcium, strontium, zinc,
and iron using a fluorescent X-ray coupled with a Vortex silicon drift
detector and added an aluminum foil to lessen calcium counts (a major
element in otoliths) and increase sensitivity to the trace elements of
interest. The data collected were calibrated based on an in-house stan-
dard prepared with compressed otolith powder (Limburg et al., 2011).
Spectral analysis was performed by using a Python multichannel
analyzer - PyMCA (Solé et al., 2007) and software developed at CHESS to
visualize the mass fractions of elements and generate 2D elemental
maps. Two-D elemental maps allow us to increase the confidence of
elemental patterns observed in the LA-ICPMS, that is, whether a certain
element is periodically incorporated within the otolith structure.

We compared the elemental maps of fish collected before and after
“the Blob” (Bond et al., 2015) to test for a potential anomalous chemical
signal at the edge of the otolith. This event reduced the primary pro-
ductivity of surface waters, resulting in dramatic changes in the distri-
bution and biomass of several marine species from Alaska to Baja
California (Cavole et al., 2016) and potential indirect effects in the
deep-sea community. We hypothesize that the Blob’s anomalously warm
waters at the surface of the ocean reduced primary productivity and
subsequently reduced midwater bacterial respiration, leading to
increased oxygen concentration in the OMZs.

2.5. Secondary ion mass spectrometry (SIMS) — fish thermal history
reconstruction using otolith 5180

In situ 5'80 values were measured from the core of the otolith (larval
stage) to the edge (adult stage) using secondary ion mass spectrometry
(SIMS) representing at least one individual of each species (Supple-
mentary Table S1). We selected ten otoliths for §'%0 isotope analysis,
eight of which were also analyzed for trace elements. The trace element
profiles of these samples can be found in the Zenodo data repository: 10.
5281/zenodo.7250071. Otoliths were cleaned in methanol and mounted
on epoxy resin in aluminum rings together with reference materials for
isotope measurements. Samples were polished progressively using sili-
con carbide grinding papers (600, 800, 1200 grit sizes) to flatten the
otolith surface to the pm scale. Polished sections were sonicated in
methanol, dried, and gold coated. Otolith sections were examined
visually with optical microscopy (Olympus BX51, USA). Pictures were
taken at 100, 200 and 400x total magnification using transmitted and
reflected light to assist in location of analytical spots for the isotope
measurements at the otolith’s surface.

Oxygen isotope compositions across the otolith sections were
measured using the Cameca IMS-1290-HR ion microprobe at the W.M.
Keck Foundation Center for Isotope Geochemistry, UCLA, during two
analytical sessions (May-2019, Nov-2019). A Cs™ primary ion beam of
~2nA (Nov-2019) or ~3 nA (May-2019) was rastered (5 x 5 pmz) over
the sample surface (Gaussian beam, ion probe pits of ~10 pm). A
normal-incidence electron flood gun was used for charge compensation.
Following 30 s (May-2019) or 45 s (Nov-2019) of pre-sputtering and
subsequent beam centering routines, measurements were made by
simultaneously collecting °0~ and 80~ using 2 F cups in the
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multicollection detector array. Data were acquired in 6 (Nov-2019) or
10 (May-2019) cycles; counting time for each of the cycles was 10 s.
Mass resolving power was set to 2500 for both sessions.

To correct for instrumental mass fractionation (IMF) and to monitor
instrumental drift, in-house reference materials (Joplin calcite, 5180 =
5.8%o and optical calcite & 180 — 11.1%0 (Shiao et al., 2017), relative to
Vienna Standard Mean Ocean Water (VSMOW)) were measured
throughout the analytical sessions. The average isotope ratio of the
reference material measured throughout that day was used to correct for
IMF when no instrumental drift was detected over the course of 24 h.
However, in the case where instrumental drift was observed, a
standard-unknown-standard bracketing approach was applied. The
reproducibility (2 standard deviation) of 5'80 values of reference ma-
terials was: Joplin calcite, 0.4%., over two days; optical calcite,
0.3-2.0%o.

Measurement errors are given as 2¢ and reflect both the in-spot
measurement precision (2 standard error) for each analysis and the
reproducibility (2 standard deviation) of standard measurements on the
analysis day. Data are reported as & values in parts per thousand (permil;
%o) relative to VSMOW, (Eq. (1)).

180

lﬁo.mmp[e

8o -1 (€]
16ovsmow

"0 =1000

The thermal history for each fish was calculated using equations (2)
and (3) stated in Hyie et al. (2004). In order to obtain the oxygen isotope
ratios in seawater (alsoseawater), we used the outermost 520 values for
each otolith, which were assumed to reflect the near-bottom water
temperature recorded by CTD-O, sensors (Sea-Bird Scientific, Bellevue,
WA, USA) at the time of the fish capture. For the giant sea bass, the
temperature at the time of fish collection was estimated based on the
World Ocean Atlas 2018 database (Supplementary Table S1):
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(Hgie et al., 2004)

The oxygen isotope ratios in seawater (6]8053awater) were assumed to
vary relatively little between shallow and deep OMZ waters and are
relatively stable over the short time periods considered here. In the
Southern California Bight, for example, 5'20 values are between —0.08
and 0.08%o for shallow waters (<200 m) and between —0.01 and 0.02%o
for deep waters (200 to 1300 m) (Grossman, 1984; Schmidt et al., 1999).
Therefore, any larger changes in §'%0 would be mainly attributed to
differences in water temperature and not due to oxygen isotope varia-
tion in seawater. For example, we know that longspine thornyhead
larvae occupy shallower waters (~22-23°C) for an extended pelagic
duration before juveniles settle in the OMZ (~4-7°C). This temperature
difference would be equivalent to a change of ~ 5%o in the 5'%0 values,
which is much greater than the range of !0 values observed for the
water masses they occupy (£0.16%o).

We replicated %0 values at points at similar distances from the
core, and the general trend of increasing 5'0 values was consistent for
both growth axes. We estimated the age of long-lived species (thorny-
heads, Dover sole, giant sea bass) by counting annual rings (Hunter
et al., 1990; Kline, 1996; Allen and Andrews, 2012) and in short-lived
species (bearded goby, rubynose brotula and black brotula) by count-
ing daily growth increments. For the daily growth increments, otolith
sections were examined using transmitted light microscopy at 400x
magnification and the microscope focus was frequently adjusted to
discriminate daily rings from subdaily rings (Campana and Jones,
1992). We then aligned each otolith §!%0 analytical spot with its
respective calendar date. Data analyses for thermal history
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reconstruction were performed using R (R Core Team, 2015) and figures
were generated using the package ggplot2 (Wickham, 2016) and ggpubr
(Kassambara, 2020).

2.6. Statistical analysis

2.6.1. Principal coordinate analysis

Using a Principal Coordinate Analysis (PCoA), we first tested
whether the otolith elemental composition over the lifetime of our fishes
(average Me:Ca ratios) enabled discrimination among taxonomic groups
(seven species) and/or collection site (Namibian shelf, Southern Cali-
fornia Bight and Gulf of California for deep-sea OMZ fishes and surface
waters off the Peninsula of Baja California for the giant sea bass). Sec-
ondly, we tested whether the otolith elemental composition close to the
edge of the otoliths (at 300 pm from the edge for the bearded goby,
rubynose brotula and black brotula, at 500 pm from the edge for the
thornyheads and Dover soles, and at 1000 pm from the edge for the giant
sea bass) and the environmental conditions measured at the time of fish
capture (temperature, oxygen, and salinity) enabled discrimination
among taxonomic groups and/or collection site. Edge distances were
chosen to represent the last 1-2 years of growth and were selected
depending on the size of the analytical spot (by LA-ICPMS) and the
stability of the elemental material at the edge of each otolith. The var-
iables were standardized using the square root of the average Me:Ca,
prior to computing the distance matrix. A dissimilarity matrix was
constructed based on the “Gower” method (Gower, 1966). In order to fit
Me:Ca ratios onto an ordination plot, we projected the points into vec-
tors that have maximum correlation with corresponding trace elements,
using “envfit” function (vegan Package in R). Confidence intervals (CI) of
95% were used to assess the overlap between species or sampling areas
and to better visualize group separation or overlap between the
species-region combinations; the further the distance between two
groups, the greater the dissimilarity.

2.6.2. Flow duration curves to determine the duration of hypoxia events in
fish life

We performed an analysis known as “flow duration curve” (fdc) to
assess the history of hypoxia recorded in each otolith. This analysis is
used in hydrology to calculate the frequency of occurrence of stream-
flow discharges in a hydrologic time series (Vogel and Fennessey,
1994). The fdc analysis can be adjusted to the elemental time-series data
on otolith transects (e.g., obtained with LA-ICPMS) to estimate fish
exposure to hypoxia based on chosen Mn:Ca thresholds (Limburg et al.,
2015). We calculated the concentration exceedance curves (cumulative
distribution functions) of otolith Mn:Ca ratios for all fishes using the
“fdc” function (hydroTSM Package in R). The “fdc” allowed us to esti-
mate the percentage of data (i.e., the time-series for Mn:Ca in otolith
transects) that exceed a certain threshold for Mn:Ca, which is assumed to
correspond to the duration of hypoxia exposure experienced by a fish in
its natural environment. Two values were tested to represent hypoxia
thresholds; 0.01 mmol mol! Mn:Ca, based on the hypoxia threshold
used for coastal species (Limburg et al., 2015), and 0.0001 mmol mol!
Mn:Ca, considering Mn concentrations in OMZ waters, which is ~1,
000-10,000 below those observed in coastal dead zones such as the
Baltic Sea. We also chose our hypoxia thresholds based on the biology of
the deep-sea fishes. Dover sole and shortspine thornyhead inhabit
non-hypoxic shallow waters on the shelf before migrating downslope
into the OMZ as they get older (Hunter et al., 1990; Jacobson and
Hunter, 1993; Jacobson and Vetter 1996). This contrasts to longspine
thornyhead, which settle directly into the OMZ (Jacobson and Vetter,
1996; Love et al., 2002). As the adults of the deep-sea fishes analyzed
herein have centers of abundance within OMZs (Gallo et al., 2016), they
are exposed to severely hypoxic conditions during most of their life-
times, and therefore, our chosen hypoxia thresholds should be able to
reflect these hypoxic patterns.
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2.6.3. Kruskal-Wallis test

We performed a non-parametric Kruskal-Wallis test by rank since
most of our elemental data (Me:Ca) were not normally distributed
(Supplementary Fig. S2). We tested whether there was a significant
difference in average Me:Ca ratios among deep-sea fishes from the
Southern California Bight OMZ (Dover sole, shortspine thornyhead,
longspine thornyhead, rubynose brotula), the deep-sea bearded goby
from the Namibian shelf OMZ, and the shallow-water giant sea bass off
Pacific Baja California waters. We focused our analysis on the elements
that were significantly different between the deep-sea fishes and the
shallow-water giant sea bass, but we also presented results for the ele-
ments that were most similar between the groups (Supplementary
Fig. S3).

2.6.4. Regression analysis of Mn:Ca ratios and fish size/age

To test for the potential influence of fish size or age on manganese
incorporation into otoliths, we fitted a linear model to predict Mn:Ca
(mmol mol'l) average lifetime ratios from fish size (mm) and/or esti-
mated age (years) for each species (bearded goby, Dover sole, shortspine
thornyhead, longspine thornyhead, rubynose brotula and giant sea
bass):

Mn:Ca ~ fish size/age * Species

We included an interaction term (*), which is equivalent to dividing
the data into species and fitting a linear model for each species group
separately and performed linear regressions using the function “Im” in R.
Significance levels were assessed using alpha <0.05 (Supplementary
Fig. S4).

2.6.5. Temporal analysis of Mn:Ca ratios

To examine potential temporal patterns in recent Mn:Ca ratios (i.e.,
otolith edge), we analyzed the deep-sea fishes from SCB OMZ by
collection year (2014, 2015 and 2016) and the bearded goby from
Namibia OMZ and the giant sea bass off Baja California per month of
collection, as these fish were collected in a single year in 2012 and 2017,
respectively. To test whether the averages of Mn:Ca ratios are signifi-
cantly different over time, we performed a one-way analysis of variance
(Anova) for each species using the function “aov” in R, where:

Mn:Ca ~ time (year/month)

Overall, manganese ratios were relatively stable over time for all
species (p > 0.05), and therefore no further analysis was conducted to
separate temporal and spatial influences on elemental patterns (Sup-
plementary Fig. S5).

3. Results

3.1. Similar patterns of minor and trace elements in otoliths from Oxygen
Minimum Zones (LA-ICPMS)

Deep-sea fish species from Oxygen Minimum Zones (OMZs) in
Southern California Bight (Dover sole, thornyheads, rubynose brotula),
Namibia (bearded goby) and Gulf of California (black brotula) exhibited
similar lifelong otolith microchemistry (Fig. 2A). These species were
living under hypoxic (<60 pmol kg ™! in the Pacific, and <90 pmol kg™t in
the Atlantic) and severely hypoxic conditions (<20 pmol kg in the
Pacific, and <45 pmol kg™! in the Atlantic) during most of their lifetimes
(Supplementary Table S1). For example, the bearded goby, Dover sole
and rubynose brotula overlapped their otolith microchemistries (95%
confidence level) (Fig. 2A) and were correlated with the manganese (Mn
55) vector. Strontium and manganese were generally higher in OMZ fish
(irrespective of location) than in the giant sea bass from shallower,
better oxygenated waters in the Northeastern Pacific (Fig. 3A and B).

When we incorporate the environmental factors (e.g., temperature,
oxygen, and salinity) obtained at the time of fish collection, and consider



L.M. Cavole et al.

Principal Coordinate Analysis of fishes based on lifelong otolith elemental ratios
o
8
Bearded goby
Dover soles
- | v Giant Sea Bass
. © . 4 Longspine thornyhead
o ® Rubynose brotula
?\. = Black brotula
~ - Shortspine thornyhead
N o2
~ s
<<
S -
O 3
a 1
o
S
T
T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 02 0.3 0.4
PCoA | (32.37%)
B Principal Coordinate Analysis of fishes based on
edge otolith elemental ratios and environmental data at the time of fish capture
o |
S
Bearded goby
P Dover soles
. see v Giant Sea Bass
= - = 4 Longspine thornyhead
o Ca 2 ] ® Rubynose brotula
8 s - = Black brotula
P N Shortspine thornyhead
o TONA S ®
= o A L]
- o
<<§ /v \ nity
o /o v_ & |
a g /v vv Mg2a \ 66
T [ ¥ cudd? Mnss
o | bxydery
< N temperature
v
T T T T

-0.4 -0.2 0.0

PCoA | (32.03%)

0.2 0.4

Fig. 2. Principal Coordinate Analysis (PCoA) of otolith microchemistry data for
deep-sea fishes (bearded goby, Dover Sole, thornyheads, rubynose brotula,
black brotula), and shallow-water fish (giant sea bass). Each symbol represents
one fish. Environmental vectors (red arrows) are included to indicate: (A) re-
lationships between trace element ratios (Me:Ca) averaged over the lifetime of
the fish (i.e., core-to-edge otolith transect) and PCoA axes, and (B) relationships
between trace element ratios (Me:Ca) at the edge of the otoliths and environ-
mental factors at the time of fish collection (e.g., temperature, salinity and
oxygen) and PCoA axes.
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only the chemistry incorporated at the edge of the otoliths, we obtained
similar results (Fig. 2B), but observe a larger separation between the
demersal fish from the SCB OMZ and the bearded gobies from the
Namibian OMZ, driven mainly by differences in temperature and oxygen
at the time of collection (i.e., longer red arrows in Fig. 2B). The shallow-
water giant sea bass is distinct from all the other species (Fig. 2A and B).
This species does not live in perennial oxygen-depleted areas, and usu-
ally experiences oxygen concentrations above 200 pmol mol™ (Table 1),
although hypoxic events might occur within areas shallower than 50 m
in certain years, particularly associated with red tides (Clements et al.,
2020). Magnesium and copper ratios tend to be higher for the giant sea
bass otoliths than for the deeper water fish from the SCB, the GOC, and
the Namibian shelf OMZs (Fig. 3 C, H).

3.2. Higher hypoxia exposure in deep-sea fishes from Oxygen Minimum
Zones (LA-ICPMS and SXFM)

Flow duration curves (fdc) were used to calculate the duration of
hypoxia exposure based on the Mn:Ca otolith transects obtained with the
LA-ICPMS. Using a hypoxia threshold of 0.01 mmol mol! Mn:Ca (Fig. 4)
(similar to the hypoxic thresholds used for coastal species by Limburg
et al., 2015), we found that only the bearded gobies from Namibia and
the black brotula from the GOC have experienced severe hypoxia
exposure (Table 2). Using a lower hypoxia threshold of 0.0001 mmol
mol™ Mn:Ca (Fig. 4), we observed that most of the deep-sea fishes spend
most of their lives under hypoxic conditions (Table 2). Conversely, it
appears that the giant sea basses we sampled experienced hypoxia only
during at about 22% of their lifetimes. When examining the duration of
hypoxia exposure among individuals, the fish that appears to have
experienced the most prolonged exposure to hypoxia were the black
brotula from the GOC (oxygen concentration = 1.7 pmol kg'l; Gallo
et al., 2019), and two female bearded gobies from the northern stations
of Namibia (oxygen concentration = 23.56 pmol kg™1). These females are
noted in Fig. 3A as outliers for average Mn:Ca ratios (~ 0.04 mmol
mol D).

The giant sea bass had lower otolith Mn:Ca and Sr:Ca and higher Cu:
Ca and Mg:Ca ratios than the OMZ-fishes from the Southern California
Bight and the Namibian shelf (Wilcoxon test p < 0.005) (Fig. 5). Fishes
from the Southern California Bight OMZ also exhibited lower otolith Mn:
Ca than the bearded gobies from Namibian OMZ (Wilcoxon test p <
0.005). The other elemental ratios were relatively similar among groups,
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Fig. 3. Elemental ratios for marine fish species. Each dot represents the average elemental ratio (Me:Ca) over the fish lifetime (i.e., core-to-edge otolith transect). The
blue dots correspond to fishes from the Southern California Bight OMZ, the purple dot is one black brotula specimen collected with a ROV from the Gulf of California
OMZ, the red dots are the bearded gobies off the Namibian shelf OMZ, and the green dots are the shallow giant sea bass off the Baja California Peninsula.
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Fish (n = 79) used for the quantification of trace and minor elements of otoliths using LA-ICPMS and the respective environmental data (depth, temperature, oxygen,
and salinity) obtained from a CTD-O at the time of fish collection. Environmental data for the giant sea bass samples were obtained using the World Ocean Atlas 2018

database.
Common name Scientific name n Year of Location Depth(m) T (°C) 0, (umol kg™)  Salinity
collection (psu)
Longspine Sebastolobus 8 2014-2015 Southern California Bight OMZ 475-1280  4.09-6.71 8.17-19.28 34.17-34.46
thornyhead altivelis
Shortspine Sebastolobus 10  2014-2015 Southern California Bight OMZ 339-878 4.41-8.11 7.38-44.39 34.15-34.45
thornyhead alascanus
Dover sole Microstomus 18  2014-2016 Southern California Bight OMZ 198-1115 4.22- 8.17-92 34-34.46
pacificus 10.17
Rubynose brotula Cataetyx rubirostris 8 2014 Southern California Bight OMZ 607-705 5.39-5.43 8.29-8.43 34.39
Black brotula Cherublemma 1 2015 Gulf of California OMZ 793 6.02 1.73 34.54
emmelas
Bearded goby Sufflogobius 24 2012 Namibia shelf OMZ 74-280 9.73- 21.75-150.96 34.76-35.32
bibartus 13.56
Giant sea bass Stereolepis gigas 10 2017 Pacific coast of Baja California — shallow 30 13.70- 65.29-255.08 33.34-33.78
waters <30 m depth 20.46

Flow duration curves of otolith Mn:Ca time-series for seven fish species
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Fig. 4. Mn:Ca (mmol mol™) exceedance curves for Dover sole, bearded goby,
rubynose brotula, black brotula, shortspine thornyhead, longspine thornyhead
(deep-sea fish from Oxygen Minimum Zones) and giant sea bass (shallow-water
fish) above 0.01 mmol mol™* Mn:Ca ratios (dotted green line) and above 0.0001
mmol mol! Mn:Ca ratios (dotted red lines) hypoxia thresholds. Exceedance
curves are calculated as measurements of Mn:Ca above a chosen Mn:Ca
threshold, divided by the core-to-edge otolith transects.

Table 2

Maximum Mn:Ca ratios (mmol mol™") and the estimated duration of hypoxia for
deep-sea fishes from Southern California, Gulf of California and Namibia OMZs
and the shallow-water giant sea bass off Baja California Peninsula. The duration
of hypoxia is defined as the percentage of time the Mn:Ca ratios along the otolith
transect exceeded a chosen hypoxia threshold, meaning that these individuals
were exposed to hypoxic conditions in their environment.

Species n max Mn: Duration of hypoxia
Ca Hypoxia threshold Hypoxia threshold
(>0.01 mmolmol™?) (> 0.0001 mmol mol’
h

Longspine 8 0.00234 0% 87.37%
thornyhead

Shortspine 10  0.00185 0% 63.11%
thornyhead

Dover sole 18  0.00987 8.86% 100%

Rubynose 8 0.0101 10.70% 100%
brotula

Black brotula 1 0.0129 77.77% 100%

Bearded goby 24 0.0394 31.44% 100%

Giant sea bass 10  0.0012 0.07% 22.02%

except for Ba:Ca, which was higher for SCB deep-sea fishes, and Rb:Ca
and Li:Ca, which were higher for bearded gobies from the Namibian
shelf OMZ (Supplementary Fig. S3).

Potentially related with fish exposure to severe hypoxic conditions,
two-D elemental maps of Fe:Ca were measured using SFXM and were
higher outside the core region of longspine thornyheads (LST; Fig. 6),
corresponding to adult stages after settlement in deep waters (~ 600 m),
although very low concentrations for this element make visualization
challenging. Out of eight bearded gobies analyzed, one individual
(#3269), a territorial male (identified by its morphological features)
collected at 280 m depth and 23.53 pmol kg in Namibian waters,
showed higher Fe:Ca and Zn:Ca at the core of the otolith (Fig. 6). The
longspine thornyheads, shortspine thornyheads, Dover soles and the one
black brotula from the Pacific Ocean also presented well-defined Zn:Ca
rings in their otoliths, suggesting this element is incorporated periodi-
cally into the otolith crystal structure.

3.3. Fish size and age are not correlated to Mn:Ca ratios in otoliths (LA-
ICPMS)

Average lifetime manganese to calcium (Mn:Ca) did not increase
with fish size (mm) or age (year) for any of the deep-sea OMZ fishes or
the shallow-water giant sea bass (Supplementary Fig. S4), suggesting
that this element might respond more to environmental variations than
endogenous controls for the species analyzed.

3.4. Potential effects of the “blob” warm-water anomaly in the otoliths of
deep-sea fishes (SXFM)

Two-D elemental maps allowed us to observe fine-scale patterns in
environmental conditions throughout the lifetime of deep-sea fish,
including potential changes during “the Blob” (Fig. 6). We observed
subtle differences at the edges of the otoliths of the longspine thorny-
head, shortspine thornyhead and Dover sole collected in July 2014
(“Pre-blob LST 705 m”; “Pre-blob SST 705 m”; “Pre-blob Dover sole 698
m”) compared to specimens collected in September 2015 (“Post-blob
LST 703 m”; “Post-blob SST 703”; “Post-blob Dover sole 703 m™)
(Fig. 6). For example, Br:Ca and Zn:Ca tend to be higher at the edge of
the otoliths collected after “the Blob”.

Longspines collected before and after the “Blob” showed high Sr:Ca
after the settlement stage (otolith core), suggesting that adults consis-
tently live in high salinity and deep waters, regardless of this phenom-
enon. Based on Sr:Ca ratios, the shortspine thornyhead collected after
the “Blob” was potentially living deeper than the individual collected
before the “Blob”, while the opposite pattern was observed for the Dover
soles (Fig. 6), suggesting individual variations in behavior and vertical
ontogenetic patterns.
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Fig. 5. Boxplot of a Kruskal-Wallis test of Me:Ca (mmol mol™ or umol mol™) otolith ratios between the bearded gobies from the Namibian shelf OMZ, demersal
species from the Southern California Bight OMZ and the giant sea bass from surface waters off the peninsula of Baja California (<30 m deep). A global Kruskal-Wallis
p-value is provided at the top of the graphic, as well as pairwise comparisons p-values based on the Wilcoxon test.

Black brotula cusk eel, caught by ROV

Fig. 6. Two-D elemental maps of otolith sections from OMZ-dwelling fishes
analyzed by SXFM. Bromine to calcium (Br/Ca), strontium to calcium (Sr/Ca),
zinc to calcium (Zn/Ca) and iron to calcium (Fe/Ca) maps are presented for a
shortspine thornyhead (SST), longspine thornyhead (LST) and Dover sole
collected in the Southern California Bight before and after the Northeast Pacific
2013-2015 “Blob”, for a black brotula collected in the Gulf of California and for
a bearded goby collected on the Namibian shelf. (*color should be used).

3.5. Deep-sea fishes live in cold waters characteristic of Oxygen Minimum
Zones (SIMS)

The thermal history reconstruction based on otolith §'%0 values
allowed us to: (1) assess whether temperature drove the elemental
composition patterns of fish otoliths from the NE Pacific and SE Atlantic
OMZs (Fig. 2); (2) infer at which life stages, and for how long, the deep-
sea fishes were living at cooler temperature ranges typical of the rele-
vant OMZs; and (3) examine patterns of ontogenetic migration for the
deep-sea species and the shallow-water giant sea bass.

Overall, the relative changes in seawater temperatures calculated
across each fish’s otolith (representing lifetime archives) were sulffi-
ciently pronounced to produce distinct otolith 5'20 signatures. The §'%0
values ranged from 28.4 to 36.3%o relative to VSMOW for all deep-sea
fish, and from 27.9 to 31.8%. for the giant sea bass (Table 3). The
standard errors (20) of individual point measurements ranged from
4+0.31 to & 0.94%o. The highest values for otolith §'80, which corre-
spond to lower habitat temperatures and OMZs-CMZs residency, were
consistently observed for all deep-sea fish, except for rubynose brotula
(Fig. 7). Fishes from OMZs generally exhibited otolith 5'%0 patterns that
suggest a pelagic larval phase in warmer, shallower waters, followed by
a progressive ontogenetic vertical migration into colder, deeper waters.
For example, the longspine thornyhead may have experienced high
temperatures at the larval stage (~ 23 °C), before settling at greater
depths in colder waters (~ 5 °C), where it remained for the rest of its life
(Fig. 7A). This pattern was less prominent for the Dover sole, rubynose
brotula and black brotula, since they seem to be moving more frequently
in the water column at younger ages, before being consistently exposed
to cooler conditions as adults within the OMZ (Fig. 7B, D-F). The
shortspine thornyhead showed a thermal history that suggests cyclical
movements up and down the continental margin throughout its rela-
tively long ontogeny (40 years) (Fig. 7C, Table 3). Off the Namibian
shelf, we analyzed two bearded goby otoliths that exhibited markedly
distinct habitat temperature trends. The bearded goby #3081 was a
sneaker male that underwent a large temperature variation of almost
18 °C (Fig. 7G), whereas the bearded goby #3044, a female, appears to
have been exposed to much smaller temperature variation (~10 °C)
(Fig. 7H). The thermal history reconstruction for two giant sea bass
specimens (Fig. 7I and J) revealed a similar trend to that of the short-
spine thornyhead of recurrent changes in depth, although the giant sea
bass do not appear to live in the deep OMZs of the Southern California
Bight (~ 400-1200 m depth).

4. Discussion
4.1. Similar elemental composition in fish otoliths from distant OMZs

Our results suggest that fishes that live in OMZs from the NE Pacific
and SE Atlantic oceans experience similar environmental and physio-
logical conditions that are reflected in distinctive minor and trace
elemental composition in their otoliths (Fig. 2). It is possible that the
biogeochemistry of the OMZs-CMZs waters modulates the amount of
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Thermal history reconstruction for 10 marine fish individuals. Depth (m), temperature (°C), dissolved oxygen (pmol kg'l) and salinity (psu) at the time of collection are
provided for each specimen. 5'80 values (%o vs. VSMOW) for seawater were estimated based on outermost spot and temperature at the time of fish collection. Lengths
(L, cm) are standard length for shortspine and longspine thornyheads, Dover soles, rubynose brotula and black brotula and total length for bearded gobies and giant sea
bass. Total weight (TW, g) and age in years or days are provided for each individual. Spots are the number of isotope values measured along the otolith transect. The

range of 5'0 values (%o vs. VSMOW) recorded in the otoliths and their respective estimated lifetime temperatures are provided.

Species Fish ID Depth T (°C) Oy (pmol kg~ Salinity 8%y, L (cm) TW (g) Age Spots 5% Estimated T
(m) P Q) otolith 0
Longspine #951 951 4.46 12.30 34.34 —1.06 20.2 217.69 34 yrs 31 28.4-33.3 1.5-25.0
thornyhead
Shortspine #703 703 5.59 9.76 34.36 0.89 31.10 591 40 yrs 18 32.5-35.4 1.3-14.5
thornyhead
Dover sole #1116 1115 4.22 11.05 34.47 0.39 30.7 471.76 30 yrs 14 31.8-34.2 4.2-15.5
Rubynose brotula #705 705 5.39 8.30 34.39 2.65 10.9 7.24 13 yrs 13 32.7-36.3 5.3-22.3
Black brotula #732 793 6.02 1.74 34.54 0.33 15.1 14.38 272 15 31.4-34.1 4.4-16.8
days
Black brotula #737 854 5.13 4.12 34.52 0.94 20.1 52.59 330 13 32.1-34.8 4.0-16.4
days
Bearded goby #3081 280 10.93 23.53 34.97 —0.72 8.80 5.3 2yrs 21 28.5-32.1 8.3-26.2
Bearded goby #3044 280 10.93 23.53 34.97 —0.01 10.2 3.8 3yrs 14 30.9-33.2 7.0-17.5
Giant sea bass #170506 30 16.65 239.90 33.36 —0.96 172 140000 41 yrs 41 28.0-31.8 8.7-27.6
Giant sea bass #170606 30 13.82 224.51 33.78 -1.77 195 117000 44 yrs 37 27.9-31.2 7.7-23.4
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Fig. 7. Thermal history reconstruction for fishes based on 5'%0 values from otoliths (red line). For all fishes, SIMS spots were aligned with the corresponding
calendar date estimated at an annual or daily resolution. Blue rectangles indicate the temperature ranges characteristic of OMZs-CMZs in each ecosystem. The giant
sea bass is a shallow-water species, such that its estimated temperature is consistently outside the OMZ temperature range (blue rectangles).

minor and trace elements dissolved in seawater as well as fishes’ phys-
iological responses to extreme hypoxia. Indeed, the California and
Benguela Current Ecosystems are two of the four major Eastern
Boundary Upwelling Systems (EBUS) in the world (Mackas et al., 2006;
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Chavez and Messié, 2009). EBUS are very productive systems (Carr,
2002), with OMZs-CMZs characterized by similar biogeochemical
mechanisms (remineralization processes leading to high DIC and low
O,) (Paulmier et al.,, 2011) and by similar redox mechanisms that
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regulate the bioavailability of metals such as iron, copper, and manga-
nese (Morford and Emerson, 1999; Hopkinson and Barbeau, 2007; Liu
et al.,, 2022). Indeed, strontium, barium, iron, and zinc have a
nutrient-like profile in the Pacific Ocean (Johnson K.S., 2021; MBARI
Periodic Table of Elements in the Ocean) and this trend was also
observed in the otoliths of long-lived deep-sea fishes (Fig. 6; Supple-
mentary Fig. S1). Iron is enriched at subsurface waters (200-500 m) in
the Benguela Current Ecosystem, and this element was detected in the
otolith of a bearded goby (Fig. 6).

Patterns of lifetime elemental composition in otoliths (i.e., core-to-
edge) were markedly similar among the Dover sole Microstomus pacif-
icus from the Southern California Bight (SCB), the bearded goby Suf-
flogobius bibartus from the Namibian shelf and the black brotula
Cherublemma emmelas from the Gulf of California (Fig. 2A), despite
having different life-history traits. Off the coast of California, Dover sole
can grow to ~ 50 cm in length, live up to 58 years (estimated), and
reproduce at 640-1000 m (Hunter et al., 1990). The bearded gobies are
endemic to west Africa (South Africa to southern Angola), occur from
the shore to 400 m depth (Staby and Krakstad, 2006), are short-lived (6
years) (Melo and Le Clus, 2005), and undergo diel vertical migrations
between the hypoxic and anoxic seabed and shallower, more
oxygen-rich midwaters (Utne-Palm et al., 2010). The abundance of
bearded gobies seems to increase with the decrease in oxygen concen-
tration (Salvanes et al., 2015). The black brotula analyzed herein was
caught in the lowest oxygen concentrations measured in this study (O2
= 1.73 pmol kg'!), and individuals were frequently observed with their
heads buried in the sediment (Gallo et al., 2019). Black brotulas are
present in high densities in the southern Gulf of California (Zamorano
et al., 2014), are short-lived (i.e., 5 years) (Morales-Azpeitia et al.,
2018), and are dominant members of the demersal fish community
under the most hypoxic conditions (Gallo et al., 2020). The trace ele-
ments measured in the black brotula otolith for Cu, Zn, Pb, Mn seem to
correspond to the concentrations observed in the tissues of myctophid
fish from the GOC (Figueiredo et al., 2020), suggesting similar physio-
logical, ecological, and environmental factors in the mesopelagic layer.

Notably, the bearded gobies on the Namibian shelf, and the Dover
soles from Southern California Bight, appear to associate with microbial
mats on the ocean floor. For the bearded goby, fatty acid and stable
isotope signatures in tissues have revealed that the diatom- and bacteria-
rich sulphidic sediments play an important role in their diet (Van der
Bank et al., 2011). In the California Current Ecosystem, frequent
remotely operated vehicle (ROV) observations of Dover sole resting on
microbial mats at methane seeps at depths ~ 720-1020 m (Grupe et al.,
2015; Levin et al., 2016) indicate that they can withstand suboptimal
conditions and potentially feed on benthic invertebrates adapted to
these microhabitats. Although the mechanisms driving the common
elemental fingerprints are unclear, the close contact of Dover sole and
bearded goby with the substrate might influence their otolith micro-
chemistry similarly.

The shortspine thornyhead Sebastolobus alascanus and longspine
thornyhead Sebastolobus altivelis displayed similar elemental signatures
to one another (Fig. 2A and B). These species are sympatric as adults in
the northeast Pacific and overlap at depths of 600 to 1000 m. Sebasto-
lobus species have long lifespans, estimated to be over 100 years in the
shortspine thornyhead and over 45 years in the longspine thornyheads
(Butler et al., 1995; Kline, 1996; Kastelle et al., 2000). Lastly, the
rubynose brotula, Cataetyx rubirostris, a small deep-sea bythitid whose
population dynamics and ecological role have remained relatively un-
known in the North Pacific Ocean (Nielsen et al., 1999; Gibbs, 1999),
presented similar otolith chemistries to the bearded gobies from the
South Atlantic Ocean (Fig. 2A).

All the deep-sea fishes had otolith chemistry significantly different
from the giant sea bass, Stereolepis gigas. The giant sea bass occurs within
relatively shallow waters up to ~ 30 deep (Ramirez-Valdez et al., 2021).
At this depth, oxygen and pH conditions vary, but values are consistently
higher than those found for our deep OMZ fishes (Table 1). Despite the
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similarity of otolith chemistry among fishes from two EBUS and the one
black brotula from the Gulf of California OMZ (Fig. 2), much uncertainty
remains in understanding these complex ecosystems. Both the California
and the Benguela EBUS have marine sediments produced by a reduced
dilution of planktonic and skeletal materials, since the coastal region is
arid or semi-arid and perennial rivers are few or absent, and by the
deposition of organic material with a short transport time from surface
waters to the seabed (Calvert and Price, 1983). Of note, the bioavail-
ability of trace elements that can be incorporated into benthic organisms
depends not only on the presence of the trace elements in the seabed, but
also on the physicochemical characteristics of the near-bottom water
and redox condition of the depositional environment. Water oxygen
content, for example, can change the oxidation state of metals and
release them back into the water column (Abshire et al., 2020; Bennett
and Canfield, 2020). Furthermore, physiological aspects (e.g., feeding,
gas exchange, growth, reproduction, and metabolism) are important
factors influencing the chemistry and morphology of otoliths (Kalish
1989; Esbaugh et al., 2012 Sturrock et al., 2014, 2015; Kwan and
Tresguerres, 2022), and could be responsible for unique elemental
patterns found in OMZ-CMZs, particularly for those elements that bind
into the otolith organic matrix, such as P, Cu, and Zn (Hiissy et al., 2020)
or elements that can biomagnify in tissues, such Cu, Zn, Cd and Pb
(Figueiredo et al., 2020).

Following this rationale, we hypothesize that the unique biogeo-
chemistry of OMZs, along with similar physiological constraints related
to low oxygen, pH and temperature conditions, have jointly played an
important role in the final uptake of elements in these deep-sea fish
otoliths.

4.2. Manganese as a proxy for hypoxia in fish. Does it work for deep-sea
species?

In the search for suitable elemental proxies for hypoxia exposure in
fish, manganese is currently the most promising (Limburg et al., 2011,
2015). Manganese is bioavailable from the substrate to the water col-
umn under low oxygen conditions and has been found to occur at
relatively high concentrations in the Baltic Sea cod Gadus morhua, Baltic
flounder Platichthys flesus, winter flounder Pseudopleuronectes americana,
alewife Alosa pseudoharengus, Atlantic croaker Micropogonias undulatus,
and yellow perch Perca flavescens (Limburg et al., 2011, 2015; Alten-
ritter et al., 2018; Limburg and Casini, 2018). Compared to these estu-
arine and coastal species of the Atlantic Ocean, we only detected high
ratios of manganese in the otoliths of the bearded gobies (Namibia) and
the one black brotula (Gulf of California OMZ) whereas all other
deep-sea fishes from Southern California OMZ had much lower average
Mn:Ca in their otoliths (Supplementary Table S3). These lower than
expected Mn:Ca values may be due to the lower concentrations of
manganese in the Southern California Bight. At the northern range of the
SCB OMZ (35°N) between 400 and 1000 m, manganese concentrations
are extremely low at approximately 1.25 nM, which is around 10,000
times lower than in the Baltic Sea (Johnson et al., 1992). Therefore, it is
important to take into consideration the background concentrations of
trace elements in coastal ecosystems and enclosed seas vs. open OMZs. In
our case, this is especially relevant for SCB, where fishes were collected
between 200 and 1280 m depth, relatively far from terrigenous input of
Mn, in comparison with shallow coastal bays, estuaries and lagoons
(Johnson et al., 1992; van Hulten et al., 2016). Despite low Mn:Ca ratios
observed for all fishes in this study, all OMZ specimens still exhibited
higher Mn:Ca than the shallower giant sea bass (Figs. 3A and 5), which is
an unexpected result, since the concentration of manganese in surface
waters off California (2-2.5 nM), where the giant sea bass reside, is twice
as much as the waters within its OMZ (1-1.25 nM) (Johnson et al.,
1992). This suggests that both elemental bioavailability and background
concentrations must be considered when interpreting otolith patterns.

In order to detect exposure to hypoxia in deep-sea species, the value
chosen for the Mn:Ca hypoxia threshold may need to be lower than that
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used for nearshore coastal, estuarine and enclosed sea species (e.g.,
Baltic Sea, Gulf of Mexico). Use of both of our low (0.0001 mmol mol™h)
and higher (0.01 mmol mol ™) Mn:Ca thresholds for hypoxia suggested
that black brotula, bearded gobies, rubynose brotulas and Dover soles
are the species experiencing the most hypoxic conditions in their
respective deep-sea environments (Fig. 4). For the bearded gobies, four
females experienced hypoxia during most of their lifetimes. These fe-
males were captured at 23.56 pmol kg™! of O, indicating that they may
be particularly exposed to hypoxia in Namibian waters. This seems to
contradict previous behavioral studies that indicate that females are
“free” to undertake diel vertical migrations and thus visit more
oxygenated upper waters than territorial males (Skrypzeck et al., 2014;
Salvanes et al., 2018).

4.3. Other elements as proxies for hypoxia in fish. Does it work for deep-
sea fish?

Other elements analyzed by LA-ICPMS that follow a similar trend to
that of manganese were strontium and barium (Figs. 3-5; Supplemen-
tary Figs. S1-S3). Barium has a nutrient-like profile distribution in the
ocean, being scavenged and of low concentration in surface waters and
exported and enriched in deep and cold waters, rich in nutrients (Bru-
land and Lohan, 2004), and therefore, might exist in higher concentra-
tions within the OMZs than in surface waters. Strontium correlates with
salinity and tends to be incorporated into otoliths in proportion to
ambient concentrations. In the deep sea, cold and high salinity waters
sink, and might explain the significantly higher concentrations of this
element in our deep-sea OMZ fishes.

The SXFM analysis (2D elemental maps) of sectioned otoliths showed
interesting results (Fig. 6), complementary to the ones obtained with the
LA-ICPMS transects (Fig. 3). For example, 2D elemental maps for Sr:Ca
in the shortspine thornyhead (SST), longspine thornyhead (LST), and the
Dover sole showed an increasing trend from core to edge (Fig. 6), being
potentially related to the fishes’ ontogenetic migration from surface
waters (low salinity/warmer) to deeper waters (higher salinity/colder).
Interestingly, we also observed Fe:Ca in the otolith of a bearded goby
territorial male, suggesting that it has incorporated the reduced iron
(Fe™2) after its larval stage. Together with Fe:Ca, a structurally similar
Zn:Ca outer core ring suggests that this goby had spent a few weeks
under very low oxygen waters. Iron and zinc elemental ratios show
promise for tracking low oxygen exposures of OMZ-dwelling fishes as
their concentrations increase from around 500 to 2000 m in the Pacific
Ocean (Johnson K.S., 2021) and iron is high between 200 and 500 m in
the Benguela Current Ecosystem in the Eastern South Atlantic Ocean
(Liu et al., 2022), but increased instrumental resolution in otolith
mapping (i.e., dwell-time/pixel) and water elemental analysis are
needed to extensively test these relationships.

4.4. Which elements could be a proxy for fish exposure to low pH waters
in OMZs-CMZs?

OMZs are also Carbon Maximum Zones (CMZ) and have naturally
low pH waters because microbial respiration produces carbon dioxide
(CO2) and carbonic acid (H2CO3) while consuming oxygen, causing pH
and oxygen levels to covary in these systems (Brewer and Peltzer, 2009;
Paulmier et al.,, 2011). In the search for differences in elemental
composition at different pH levels, Moreau et al. (1983) observed that
manganese, zinc and strontium were 1.6, 1.3 and 1.2 higher in the
opercula and scales of brook trout Salvelinus fontinalis in acidified lakes
(pH 5.2-5.5) than in nonacidified lakes (pH 6.8-7.0). We observed
higher ratios of manganese and strontium for the OMZ fishes (Figs. 3-5),
which coincides with Moreau et al. (1983) observations. In our study,
this indicates that the giant sea bass were encountering consistently
higher pH waters (pH = 8.1) than the deep-sea fish caught in the OMZs
(pH = 7.5) (Alin et al., 2012). Controlled experiments investigating the
effect of pH and pCOy on otolith chemistry are scarce, limited to a
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diadromous species (Martino et al., 2017), early life stages (Munday
et al., 2011; Hurst et al., 2012) and with the measurement of the trace
elements B, 238U, %5Cu, %*Na, "Li, 25Mg, 43Ca, °Mn, %8Sr and '*%Ba.
Overall, these studies did not detect significant variation in elemental
concentrations between ambient and elevated pCO, treatments. Our
analysis suggests that strontium, manganese, and zinc may work as in-
dicators of fish exposure to low-pH and low-O; typical of OMZs-CMZs,
but future experimental work is necessary to test the elemental-pH de-
pendency. This is relevant as there is an ongoing and rapid pH decrease
over the past 30 years in the SCB, at rates of 0.001-0.0015 yr'! at 500 m
depth (Meinvielle and Johnson, 2013).

4.5. Could marine heat waves alter the chemistry of otoliths?

The differences observed at the edge of fish otoliths collected before
and after “the Blob” are intriguing, especially for the redox sensitive
element bromine (Fig. 6). “The Blob” was a superficial phenomenon that
affected water temperatures down to ~ 100 m deep (Bond, et al., 2015).
Therefore, its potential effects on OMZ fishes would be through direct
pathways, such as reducing vertical transport of trace metals to the
depths, potentially affecting the bioavailability of trace metals (e.g.,
scavenging) and indirect pathways that affect oxygen levels and/or food
availability at depth. For example, during the Blob, primary productivity
at the surface was reduced (Gomez-Ocampo et al., 2018), which would
decrease microbial remineralization process and thus increase O, levels
inside the upper OMZs, similar to what occurs during El Nino years
(Mogollén and Calil 2017). Indeed, oxygen levels were higher in 2015,
at least down to ~ 100 m deep (Brodeur et al., 2019). Reductions in
phytoplankton biomass in surface waters likely also reduced food inputs
to deeper habitats, potentially affecting the metabolism of higher tro-
phic levels, including thornyheads. How the interaction of elevated
oxygen levels and reduced food sources interactively affected the
chemistry of deep-sea fish otoliths remains unclear and could be the
focus of future research.

4.6. Thermal history reconstruction based on 5 120

Using otolith 5'80 ratios, we reconstructed the thermal history of six
deep-sea fishes and the giant sea bass. Although our sample sizes are
small and results should be interpreted with caution, this study offers a
first assessment of their ontogenetic movements and thermal histories,
which had never been estimated before. This is mainly because of the
impracticability of tagging deep-sea fish, which can suffer barotrauma,
or because large species are often hard to find due to their low popu-
lation sizes, such as occurs for the giant sea bass. In addition, tagging
methods cannot track individuals for long periods of time (e.g., many
decades) while otolith 5'%0 can provide this finer temporal resolution.

The thermal histories of our species were considerably different,
especially for the bearded gobies from Namibia and the demersal fish
from SCB, suggesting that indeed low oxygen and pH waters typical of
OMZs-CMZs (blue rectangles on Fig. 7) led to the resemblance of their
otolith elemental composition (Fig. 2A).

Although shortspine and longspine thornyheads support a commer-
cially important fishery, there is limited information about their ecol-
ogy, growth rates, movement patterns, life histories and capacity to
withstand fishing pressure (Jacobson and Vetter, 1996; Pearson and
Gunderson, 2003; Echave, 2017). Longspine thornyheads are oviparous
and produce gelatinous egg sacs that float to the surface waters where
hatching and larval development occurs at warmer water temperatures.
Juveniles of longspines remain in surface waters for approximately 20
months, prior to their settlement at depths between 600 and 1200 m
deep (Moser, 1974; Wakefield, 1990); as adults, they are OMZ special-
ists, found only in deep waters (600-1400 m) (Jacobson and Vetter,
1996). Accordingly, the thermal history reconstruction for the longspine
thornyhead showed a clear ontogenetic vertical migration into the cold
waters of the Southern California Bight OMZ (Fig. 7A).
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The shortspine thornyhead, conversely, is believed to settle at
approximately 100 m depth on the shelf and perform a relatively steady
ontogenetic migration into deeper waters (Moser, 1974; Jacobson and
Vetter, 1996). However, previous research has debated its main centers
of abundance at shallower waters at 180-440 m (Moser, 1974) or at
deeper waters at 600-1000 m (Jacobson and Vetter, 1996). The esti-
mated habitat temperature herein reconciles both views, as this species
can remain for longer periods of time either at shallower or deeper
depths, and its thermal history reconstruction was variable, suggesting
at least three major migrations into different water depths for this in-
dividual (Fig. 7C).

The estimated habitat temperature for the Dover sole (Fig. 7B)
agreed with the known life-history strategy for this species; they are
born in shallow waters of the continental shelf and, as they grow, they
gradually move down the continental slope into deeper waters to
reproduce (Jacobson and Hunter, 1993).

The short-lived specimens observed were the black brotulas from the
Gulf of California (<1 years), the bearded gobies (~ 2 to 7 years) from
the Namibian shelf and the rubynose brotulas (~ 10 years) from
Southern California Bight. Information on population dynamics is scarce
for the black brotulas and rubynose brotulas (Gibbs, 1991; Moral-
es-Azpeitia et al., 2018; Gallo et al., 2019), despite their incredible
abilities to withstand hypoxic and conditions closer to anoxia. The
rubynose brotula is believed to spend its larval and juvenile stages in the
deep scattering layer (300-500 m deep) before moving to the benthos
(>800 m) as adults (Gibbs, 1991, 1999). This assumption does not
match our temperature data (Fig. 7D), which indicated that this species
undergoes an ontogenetic migration from surface into deeper waters.
The two black brotulas presented similar ranges of habitat temperature
from around 4 °C to 16.5 °C (Fig. 7E and F). These temperature ranges
match recent data that reflect the occurrence of eggs and larvae in
surface waters and juveniles and adults up to ~ 1000 m depth
(Zamorano et al., 2014). This species likely plays a crucial ecological
role, since its larvae have been reported as among the most abundant
during an extensive exploration of the continental slope off the Mexican
Pacific margin (Zamorano et al., 2014). Recently, both the black brotula
and rubynose brotula were observed at 1,097 and 2,000 m around
Vancouver Island, in British Columbia, Canada (Hanke et al., 2015),
revealing how little we still know about the basic biology of these spe-
cies, as their depth ranges are still unknown. Future studies should
expand the analysis of Mn and §'%0 in black brotula otoliths to under-
stand how the interaction of low oxygen and temperature conditions
affect the ecology of the species.

Bearded gobies reproduce on the seabed in nests, usually during
spring and summer in the southern hemisphere. Territorial males are
assumed to remain at the bottom for parental care of the eggs longer
than females and sneaker males. Experiments have demonstrated that
territorial males cared for egg clutches for at least six days at 17 °C
(Skrypzeck et al., 2014), whereas assumed sneakers that have similar
morphology of females (Salvanes et al., 2018) would be “free” to un-
dertake diel vertical migrations and thus visit better oxygenated upper
waters. After hatching, larvae and juvenile are pelagic and abundant in
the upper 50 m layer, experiencing between 16 and 22.5 °C in the north
of Namibia (O’Toole, 1978). As the juveniles grow and mature, they
move further offshore to the seabed to reproduce, usually under very
low oxygen conditions (Salvanes et al., 2015; Salvanes and Gibbons,
2018). This life-history strategy agrees with the thermal history recon-
structed based on otolith §!%0 values (Fig. 7G and H). Intriguingly, we
also observed a much higher temperature exposure for the sneaker male
(#3081) (Fig. 7G). This individual was born during the strong Benguela
Nino in 2010/2011. This event began in November 2010, lasted five
months, and peaked in January 2011, resulting in monthly water tem-
peratures anomalies up to 4 °C above the average (Rouault et al., 2018).
This El Nifio imparted the lowest otolith 5'80 values and highest
reconstructed temperatures of up to ~ 25 °C on this male’s otolith
(#3081). The female goby (#3044) was mature at the time of collection
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(3 years old) and her otolith did not indicate such an anomalous warm
pattern, suggesting that it may remain closer to the substrate, perhaps to
reproduce under low temperatures and oxygen conditions. This is also
supported by the highest Mn:Ca ratios observed for two female gobies
(Fig. 3A).

The giant sea bass were the oldest individuals analyzed, thus
allowing the reconstruction of habitat temperature back to the early
1970s (Fig. 7I and J). Specimen #170506 showed a maximum temper-
ature (~ 27°C) in the year 1983, while the specimen #170606 exhibited
maximum temperatures in the years 1999 and 2011. These patterns
were potentially associated to the very strong El Nino events of 1983 and
1997/98. These individuals were caught off the coast of Guerrero Negro,
in Baja California Sur (Mexico), where local fishermen have observed
individuals in shallower bays, which can explain the relatively warm
temperatures for some years in the otolith record. Overall, the thermal
history of the giant sea bass appears to be more variable than the deep-
sea OMZ fishes, suggesting that these sea giants might endure long lat-
itudinal migratory movements between USA and Mexico waters (Bald-
win and Keiser, 2008; Gaffney et al., 2007), and/or experience variable
water oxygen isotopic composition and ambient temperature linked to
upwelling pulses (Sautter and Thunell, 1991; Low et al., 2021).

Reconstructing the thermal histories of these fishes can provide a
baseline for future comparisons of fish exposed to warmer ocean con-
ditions due to climate change. Because the deep-sea fish analyzed here
are believed to be less mobile after they settle in the OMZ, their adult
stages may accurately reflect the environmental temperatures, pH, and
low oxygen conditions characteristic of the deep sea.

5. Conclusion

This research extends previous otolith studies of elemental proxies in
hypoxic estuaries and enclosed seas to open ocean and deep-sea settings.
Deep-sea fishes from different ocean basins (i.e., the Northeast Pacific
and the Southeast Atlantic) and with different life-history traits (such as
longevity and thermal histories estimated by §'%0) exhibited similar
elemental composition in their otoliths driven largely by Sr:Ca, Mn:Ca,
Ba:Ca, Cu:Ca and Mg:Ca ratios. These deep-sea fishes have in common
the extremely low oxygen conditions they have experienced for most of
their lives beneath waters marked by high levels of primary productiv-
ity. We hypothesize that the Oxygen Minimum Zones and Carbon
Maximum Zones associated with the EBUS have a unique biogeochem-
istry that can affect otolith chemistry in similar ways. Our results suggest
manganese, strontium, and zinc as potential tracers for oxygen and pH in
deep-sea fishes, with higher Me:Ca ratios in otoliths associated with
lower oxygen and pH waters in OMZ-CMZs. Individual thermal histories
based on §'80 are shown to offer insight into deep-sea fish exposures to
low oxygen and pH. New proxies for hypoxic and acidic water condi-
tions are particularly needed in economically important EBUS such as
the Southern California Bight, where dissolved oxygen and pH have
been decreasing for the past 30 years, and the Namibian shelf, where
warming trends and intensification of upwelling winds can expand the
already massive hypoxic and sulphidic waters of the continental shelf.
We encourage further work to examine applicability of our findings in
other deep-sea basins and hypoxic settings.
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