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Abstract

In the Eastern Tropical North Pacific Oxygen Minimum Zone (ETNP-OM?Z), fish larvae undergo development
amidst highly variable dissolved oxygen environments. As OMZs expand, understanding the implications of
low-oxygen environments on fish development becomes increasingly relevant for fisheries management and
ecosystem modeling. Using horizontal zooplankton tows to track five oxygen levels (oxic [200 ymol/kg], hyp-
oxic [100 pmol/kg] suboxic [10 ymol/kg], anoxic [<1 ymol/kg], and deep [10 umol/kg at ~ 1000 m depth]), this
study analyzed the three-dimensional distribution of fish larvae and adults across the ETNP-OMZ. Results rev-
ealed a wide midwater anoxic core, extending from Costa Rica to Baja California, that was almost devoid of fish
larvae (< 1 larvae/1000 m®). Early larval stages primarily inhabited the oxic and hypoxic levels above the core,
while postflexion and transformation stages occurred across a wider oxygen gradient, including the deep level
below the anoxic core. Epipelagic species (e.g., Auxis sp.) were predominantly found in the surface oxic level,
whereas coastal-demersal species (e.g., Bregmaceros bathymaster, Ophidion spp.) were prevalent in the hypoxic
level above the core. Meso-bathypelagic species (e.g., Diogenichthys laternatus, Cyclothone spp.) were present
throughout the study area, including below the anoxic core as transformation larvae and juveniles. These find-
ings indicate that a vertical expansion of anoxic waters in OMZs could further constrain the habitat of epipe-
lagic species, while also affecting the ontogenic vertical movements of meso-bathypelagic species.

Oxygen Minimum Zones (OMZs) are typically found at
intermediate depths of the open ocean, where dissolved oxy-
gen (DO) concentrations reach low enough values

(< 44 ymol/kg) to cause hypoxic stress on marine organisms.
In general, OMZs are formed when water mass ventilation is
insufficient to resupply DO consumed by aerobic respiration
(Karstensen et al. 2007; Stramma et al. 2008; Paulmier and
Ruiz-Pino 2009; Tiano et al. 2014). The Eastern Tropical
North Pacific Oxygen Minimum Zone (ETNP-OMZ) is the
largest and most oxygen-depleted OMZ in the world
(Karstensen et al. 2007; Kwiecinski and Babbin 2021). The
midwater core of the ETNP-OMZ reaches anoxic conditions
(< 1 ymol/kg, below detection limits for common oxygen
measuring techniques) in which aerobic respiration is no lon-

*Correspondence: gutijuan@oregonstate.edu; Isvelasc@ipn.mx

Additional Supporting Information may be found in the online version of
this article.

Author Contribution Statement: |GGB contributed with formal ana-
lyses, methodology, data curation, and writing-original draft preparation.
LSV contributed with conceptualization, supervision, and writing-review
and editing. SPAJR contributed with methodology, formal analysis, and

validation of fish larvae ID. MAA contributed with funding acquisition,
supervision, and resources. SMM contributed with onboard methodology
and Guatemala permits. SCC contributed with onboard methodology,
plotting, and Costa Rica permits.

ger viable (Tiano et al. 2014). This anoxic core is vertically
bounded by ventilated warm surface waters above and cold
deep-waters below (Margolskee et al. 2019).


https://orcid.org/0000-0002-4183-3290
https://orcid.org/0000-0001-7842-6886
mailto:gutijuan@oregonstate.edu
mailto:lsvelasc@ipn.mx
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.12594&domain=pdf&date_stamp=2024-06-24

Gutiérrez-Bravo et al.

The upper core boundary is separated from the oxic surface
mixed layer by a sharp pycnocline-associated oxycline, where
oxygen decreases rapidly over a few tens of meters in depth
(Fiedler and Talley 2006; Karstensen et al. 2007). The lower
core boundary sees a more gradual change from anoxic
(~ 700 m depth), to deep suboxic (1-10 ymol/kg, ~1000 m
depth), and hypoxic (10-100 ymol/kg) waters (Fiedler and
Talley 2006). These core boundaries serve as habitats for
hypoxia-tolerant mesopelagic species that are crucial to the
ecosystem function of the ETNP (Wishner et al. 2013, 2018;
Sutton et al. 2017).

Increasing deoxygenation due to climate change has been
documented in the already oxygen-depleted OMZs (Oschlies
et al. 2017; Sanchez-Velasco et al. 2019). Ocean surface
warming is causing ocean deoxygenation and expansion of
OMZs because not only are gases less soluble in warm waters,
but also a warmer, less-dense mixed layer prevents mixing and
ventilation of subsurface waters (Oschlies et al. 2018). These
factors have caused a decrease in net oxygen concentrations
and a shoaling of the upper core boundary (Espinoza-Mor-
riberén et al. 2021). The response of OMZ organisms to this
deoxygenation trend is not well-resolved in current climate
models (e.g., Archibald et al. 2019; Busecke et al. 2022; Siegel
et al. 2023). Small changes from hypoxic to suboxic or anoxic
conditions may change ecosystem structure by affecting
highly sensitive groups like fish larvae (Sanchez-Velasco
et al. 2019). Accordingly, it is necessary to improve the current
knowledge of key OMZ ecosystem components.

One poorly understood but economically relevant aspect of
OMZ ecosystems is how fish communities are responding to
deoxygenation. Because hypoxic stress affects the metabolism
and growth of fish, low DO can greatly reduce fish habitat
quality (Abdel-Tawwab et al. 2019). For example, in the East-
ern Tropical North Atlantic OMZ, billfishes (Xiphiidae and
Istiophoridae) and tunas (Scombridae) have contracted their
vertical distribution due to shoaling hypoxic waters (Stramma
et al. 2012). In the ETNP-OMZ, evidence suggest that expan-
ding hypoxic waters are increasing the habitat of hypoxia-
tolerant mesopelagic fish species and reducing the habitat of
the epipelagic fish species (Olson et al. 2014; Stewart
et al. 2018). These reports suggest that an expansion of low-
oxygen waters could detrimentally affect fish populations.

However, comprehensive studies (Gallo and Levin 2016)
highlight that OMZ fish assemblages are more tolerant to hyp-
oxia than previously thought. For example, the bristlemouth
Cyclothone spp., possibly the most abundant vertebrate genus
on Earth (Sutton et al. 2010), was abundant at DO concentra-
tions as low as ~ 2 ymol/kg in the lower core boundary of the
ETNP-OMZ (Wishner et al. 2013, 2018; Maas et al. 2014). In
contrast, a poorly understood aspect of OMZ ichthyofauna is
their larval development. The mortality rates in early larval
stages impact the recruitment of juveniles into adult
populations (Hjort 1914), so a suitable larval habitat is neces-
sary to maintain optimal population sizes (Houde 1987,
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2008). The smaller body size of fish larvae reduces the time
they can withstand anaerobic respiration (Nilsson and
Ostlund-Nilsson 2008). Moreover, early larval stages with
undeveloped fins (preflexion and flexion larvae) have less
effective swimming styles, while later stages with developed
caudal and pectoral fins (postflexion and transformation
larvae) have greater swimming speeds (Walsh et al. 1989;
Moser 1996; Voesenek et al. 2018). For these reasons, early lar-
val stages may be ill-suited to inhabit the hypoxic environ-
ments around the anoxic core, compressing their habitat
toward the oxic surface. In contrast, late-stage larvae and juve-
niles may exploit the hypoxic and anoxic core boundaries,
and even cross the anoxic core. If deoxygenation results in a
vertical expansion of the anoxic core, early larval survival
could be compromised, and recruitment of meso-bathypelagic
species could decrease. Therefore, it is necessary to understand
how fish undergo their larval development in and around
hypoxic and anoxic environments.

Studies focusing on fish larvae distributions in OMZs are
scarce and mostly restricted to the upper ~ 200 m of the water
column. A multiyear time-series in the California Current
showed a 63% decrease in abundance of midwater fishes
(e.g., Cyclothone spp. and Vinciguerria lucetia) related to deoxy-
genation (Koslow et al. 2011). More recent studies have
focused on fish larvae distribution and DO gradients in the
OMZ off Mexico. Davies et al. (2015) highlighted the high lar-
val abundance of the East Pacific codlet (Bregmaceros
bathymaster) in upwelled suboxic waters. Sanchez-Velasco
et al. (2019, 2022) detected a larval fish species assemblage
(e.g., frigate tuna Auxis spp.) restricted to oxic waters, and
other assemblages (e.g., Diogenes’ lanternfish Diogenichthys
laternatus) with highest abundance in hypoxic to suboxic
waters. At the entrance of the Gulf of California, Gutiérrez-
Bravo et al. (2022) reported that a strongly stratified water col-
umn may favor the northward expansion of the subsurface
larval fish assemblage dominated by D. laternatus.

Studies with deeper sampling protocols have described the
distribution of fish larvae and other zooplankton groups in or
below the anoxic core of the ETNP-OMZ. Wishner et al. (2013,
2018) found that in the Costa Rica Thermal Dome (CRTD),
where the anoxic core ranged from 300 to 500 m depth, zoo-
plankton below the thermocline accounted for ~ 50% of total
biomass. Contrastingly, off central Mexico, where the anoxic
core ranged from 150 to 700 m depth, > 75% of the integrated
zooplankton biomass was restricted to the thermocline
(< 150 m depth). Maas et al. (2014) found that myctophid lar-
vae were constrained to the mixed layer as preflexion larvae,
and only later stages (> 22 mm) ventured into the anoxic core
during daytime. They also report a diverse adult fish assem-
blage, dominated by Cyclothone spp., below the OMZ lower
boundary, at DO >9 umol/kg. These reports hint that
OMZ-resident species utilize the DO gradients of the core
boundaries differently through their development. However,
the distribution of life stages is still unclear.
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By using horizontal plankton tows to track specific
oxypleths across a broad geographical area, this research ana-
lyzed the distribution of fish larvae (by species and larval
stages) and juveniles in relation to DO concentrations across
the ETNP-OMZ. We expected to encounter higher larval abun-
dances in the oxic mixed layer, distinct larval assemblages
across the upper and lower OMZ boundaries, and a relatively
high abundance of juvenile mesopelagic fish in the lower
boundary. Moreover, we expected to observe epipelagic spe-
cies to be vertically restricted to the oxic surface through their
development, and meso-bathypelagic species to present verti-
cal shifts in distribution as they develop into juveniles.

Methods

Satellite images

Daily, L4-processed satellite data were obtained for sea sur-
face temperature (SST, 0.5° resolution), sea level anomaly
(SLA, 0.25° resolution), and surface Chlorophyll a (Chl g;
4 km resolution) for the duration of the sampling period
(December 24, 2021 to January 21, 2022) (Generated using
E.U. Copernicus Marine Service Information; SST: https://doi.
0rg/10.48670/moi-00165 SLA: https://doi.org/10.48670/moi-
00149 Chlorophyll: https://doi.org/10.48670/moi-00279). The
temporal average of the data was calculated and mapped using
MATLAB.

On board sampling

An oceanographic survey was performed onboard the RV
Sally Ride from Puntarenas, Costa Rica to San Diego, USA.
Forty-nine CTD-rosette stations and eight nighttime
MOCNESS tows (Multiple Opening-Closing Net and Environ-
mental Sensing System; Wiebe et al. 1985) were conducted
along the cruise track. Equipment of the CTD-rosette included
a SeaBird SBE9 + CTD and recently calibrated Seapoint-
Fluorescence and SBE 43-DO sensors. The MOCNESS was
equipped with 10 nets of 1 m?® mouth opening and 333 ym
mesh size, a SeaBird SBE9 + CTD, a SeaBird SBE 43 DO sensor,
and flow meter and angle sensors.

The MOCNESS tows were performed at locations of particu-
lar biological interest (Fig. 1), such as the CRTD (M1), San Jose
submarine canyon (M2), the center (M3, MS), and borders
(M4, M6) of two anticyclonic eddies (abbreviated ACE-1 and
ACE-2), and across the northern portion of the OMZ
(M7 and MS).

Using manufacturer software (SBE Data Processing), CTD
data were filtered and aligned. CTD-rosette data was binned to
1 m depth and MOCNESS data was binned to 10 s. Conserva-
tive Temperature and Absolute Salinity were calculated. CTD-
rosette data were used to construct hydrographic sections,
while MOCNESS sensor data were used to describe the envi-
ronmental conditions of zooplankton samples.

The MOCNESS tows were performed at 1.5-2 knots net
speed and at 40°-50° net angle. A horizontal net tow strategy
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was followed to sample selected DO concentrations
(oxypleths) in five sampling levels: (1) the oxic level
(~ 200 ymol/kg, near surface), (2) the hypoxic (~ 100 ymol/
kg), and (3) suboxic (~ 10 umol/kg) levels in the upper core
boundary, (4) the anoxic core level (< 1 umol/kg, at the center
of the anoxic core), and (5) the deep level (~ 10 ymol/kg in
the lower boundary below the anoxic core). The remaining
five MONCESS nets were opened during transitions between
target depths and were not used for this study. This horizontal
sampling protocol allows for discrete, punctual sampling
events, but cannot provide continuous, vertically integrated
abundances as oblique tows would (Wiebe et al. 2015). An
example of the configuration of horizontal sampling levels
along the water column is shown in Fig. 2.

The oxic, hypoxic, and suboxic levels were sampled for
~ 10 min (~ 500 m® filtered volume). The deep and anoxic
levels were sampled for ~ 20 min (~ 1000 m? filtered volume)
to obtain sufficient sample material. Due to time constraints
and to eliminate any differences between stations caused by
the phase of diel vertical migration, all the net deployments
were performed during nighttime. Hence, the sampling results
reflect nighttime distributions only.

Sample handling

Gelatinous organisms, nonplanktonic groups and excess
water were removed from the samples after they were
retrieved from the cod ends. The samples were preserved with
Ethanol 96%. At least two ethanol changes were performed
during the cruise and a third was performed on land.

Zooplankton biovolume was measured by the displacement
method (Steedman 1976) and standardized to mL/1000 m® by
dividing the zooplankton displacement volume (mL) by the
volume of water filtered by the net (m3).

Fish larvae and juveniles were separated and counted under
a stereoscope. Fish larvae were identified to the most specific
taxonomic level possible, using specialized bibliography
(Evseenko 1990; Moser 1996; Aceves-Medina et al. 1999,
2003; Evseenko and Shtaut 2000; Richards 2005; Jiménez-
Rosenberg et al. 2006; Gonzdlez-Navarro et al. 2013; Silva-
Segundo et al. 2021). The larval stages (preflexion, flexion,
postflexion, and transformation) were defined according to
Moser (1996). Preflexion and flexion larvae were considered
“early larval stages” as they both lack fully developed fins. Lar-
val abundances were standardized to larvae/1000 m> and were
considered absolute abundances.

Juveniles and adults were separated, counted, and identi-
fied to family level, except for the Gonostomatidae, that were
represented entirely by the genus Cyclothone. Adult abun-
dances were standardized to fish/1000 m®. Because the
increased swimming ability of adult fish could affect fishing
efficiency, abundances were considered relative, and should
not be compared with the absolute abundances of fish larvae.

The hydrographic and biological data will be uploaded to
the BCO-DMO repository under the project “Collaborative
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Fig. 1. Study area. Colored background indicates surface Chl a (mg/m?) averaged for the duration of the cruise. Red diamonds indicate MOCNESS Sta.
(M1-M8). Yellow Circles indicate CTD stations. Light gray contours encircle a 15 cm positive SLA, indicative of anticyclonic eddies (ACE). The 25°C and

28°C isotherms are highlighted as blue and red contours, respectively.

research: Multiyear autonomous measurement of N-loss in the
ETNP ODZ”, and are also available by email request.

Statistical analysis

The DO range sampled by each net was calculated. Nets
that sampled at less than half or more than double the desired
DO value were excluded from the analyses that compared
sampling levels.

The mean and standard deviation of zooplankton biomass
and larval abundance were calculated for each sampling level.
A battery of non-parametric Kruskal-Wallis and Mann-
Whitney tests (Campbell et al. 1970) were performed to assess
the significance of differences in biovolume and larval abun-
dance among levels. Olmstead Tukey tests were used to clas-
sify species as dominant, constant, occasional, and rare
according to their larval abundance and frequency of occur-
rence (Sokal and Rohlf 1995) in each sampling level. The adult
habitats of the most abundant species were consulted in
FishBase (Froese and Pauly 2010). A Chi-squared test
(Villarroel del Pino 2018) was conducted to determine if the
distribution of larval development stages was independent of
the sampling level. Two canonical correspondence analyses
(CCA, Ter Braak 1986; Dixon 2003) were conducted to better
understand the variations of species and larval development

stages in relation to environmental variables (DO, Conserva-
tive Temperature, Absolute Salinity, Biovolume).

Results

Satellite images

A synoptic view of the satellite data is shown on Fig. 1.
Chlorophyll a data shows eutrophic (>0.5 mg/m®) surface
waters in coastal waters, along the wind jets of Tehuantepec
and Papagayo, and in the CRTD. Oligotrophic conditions
(~0.1 mg/m3) are seen in oceanic waters, particularly in
ACE-1 and ACE-2. The warmest (> 28°C) waters were observed
along the Central American and Mexican coasts, and in ACE-1
and ACE-2. The coldest (< 25°C) waters were present north of
~ 20° latitude, and in localized pockets at the CRTD and the
Tehuantepec wind jet. Strong currents were observed seaward
of the wind jets and around ACE-1 and ACE-2.

Hydrography

The mixed layer depth varied along the cruise track, as seen
by conservative temperature and the 24 kg/m® isopycnal
(Fig. 3a). Near Costa Rica (hydrographic stations before M1),
the mixed layer was ~ 35 m depth. At the CRTD (Sta. M1), the
mixed layer was < 10 m depth. Near Guatemala (Sta. M2-M4),
the mixed layer sunk to > 40 m depth, reaching 75 m within
the ACE-1 around Sta. M3. The mixed layer shoaled to ~ 25 m
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Fig. 2. Vertical configuration of the five sampling levels. Sta. M5 is used
as an example. The vertical profile of DO (umol/kg) is shown by gray cir-
cles. The depth and DO of each sampling level (oxic, hypoxic, suboxic,
anoxic, and deep) is indicated by color-coded diamonds. The distinct ver-
tical sections in the profile are color-shaded (mixed layer as green, upper-
lower core boundaries as blue, and anoxic core as red).

in the Tehuantepec wind jet. Off central Mexico, the mixed
layer expanded to ~ 60 m depth, with a maximum depth of
~ 130 m inside the ACE-2. In the northern Sta. M7 and MS,
the mixed layer depth remained ~ 60 m.

The vertical extent of the oxic layer (between the surface
and the 100 ymol/kg oxypleth) roughly followed the 24 kg/
m? isopycnal (Fig. 3b). Off Central America, the oxic layer
expanded to ~ 75 m depth around the ACE-1, and contracted
to 10 and 20 m depth in the CRTD and the Tehuantepec wind
jet, respectively. Off central Mexico, the oxic layer was thicker
(~ 120 m). North of Sta. M7, the oxic layer expanded deeper
than the 24 kg/m® isopycnal and reached DO values
> 200 pmol/kg.

The hypoxic (100-10 gmol/kg) and suboxic (10-1 ymol/kg)
layers in the upper core boundary were not associated to
isopycnal surfaces. The hypoxic layer reached its greatest verti-
cal extent (250m) around the CRTD. Then, it gradually
shoaled to ~ 50 m depth in the Tehuantepec wind jet, where
its extent decreased to ~ 30 m. The hypoxic layer remained
~ 30 m thick in the stations off central Mexico, but gradually
expanded again in the northern section of the study area,
reaching > 300 m depth north of Sta. M8. The vertical extent
of the suboxic layer was also greater in the CRTD and south of
Tehuantepec (~ 100 m) than off central Mexico (~ 30 m).
Broad (100-200 vertical m) suboxic intrusions were observed
in the peripheries of ACE-1 and ACE-2.

Larval fish stages in the ETNP-OMZ

Anoxic waters gradually shoaled from 350 to 200 m
depth between Sta. M1 and M4, and reached their
shallowest extent (100 m depth) off central Mexico. The
deepest extent of anoxic waters also increased from Sta. M1
(550 m) to Sta. M4-M7 (~ 850 m), resulting in anoxic waters
extending vertically for 750 m off central Mexico. However,
at Sta. M8, the anoxic core had contracted to 250-600 m
depth and was discontinuous, with a suboxic intrusion
between 340 and 470 m. Anoxic waters disappeared at the
last hydrographic station (25°N).

In the lower core boundary, a deep suboxic layer (1-
10 ymol/kg) of ~ 200 m thickness was observed. DO concen-
trations > 10 pmol/kg below the anoxic core were seen at the
southern and northern sections of the cruise track.

MOCNESS sampling strategy

The five sampling levels generally followed the desired
oxypleths and the desired horizontal sampling strategy
(Table 1). Abrupt vertical oxygen gradients and the lagged
depth control of the MOCNESS tow caused DO values to be
less than half or more than double the desired values in 7 out
of 40 nets (M1-Oxic, M1-Hypoxic, M6-Hypoxic, M3-Suboxic,
Me6-Suboxic, M7-Suboxic, and M8-Anoxic). DO also varied
within each individual net tow (Supporting Information
Data S1).

Zooplankton biovolume and larval abundance

In general, zooplankton biovolume decreased gradually
from the oxic to the anoxic level, and increased again at the
deep level (Fig. 3a, Supporting Information Data S2). Notably,
the zooplankton biovolume of the suboxic level was greater
than that of the deep level, although both levels sampled at
10 pmol/kg oxypleth.

A total of 3732 fish larvae were counted. Larval abundance
is shown in Fig. 3b and Supporting Information Data S2.
There were significant differences in larval abundance
between oxygen sampling levels (Kruskal-Wallis test,
P <0.001). High larval abundances (>200 larvae/1000 m?>)
were observed in the oxic and hypoxic levels. Moderate larval
abundances were observed in the deep and suboxic levels
(17 and 7 larvae/1000 m®, respectively). The lowest larval
abundances were observed in the anoxic level (<1
larvae/1000 m?).

Zooplankton biovolume and larval abundance also varied
between stations (Fig. 3). Sta. M2 (San Jose canyon), M4 and
M6 (edges of ACE-1 and ACE-2) had the highest zooplankton
biovolumes and larval abundances, while M3 and M5 (centers
of ACE-1 and ACE-2) had lower zooplankton biovolume and
larval abundances. Sta. M2-M4, near the Central American
coasts, generally had higher zooplankton biovolume and lar-
val abundances than Sta. M5-M7 off the coast of central
Mexico.
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Fig. 3. Hydrographic sections of Conservative Temperature (a, 0-300 m depth) and DO (b, 0-1000 m depth) along the cruise track. The x axis indi-
cates traveled distance. The y axis indicates depth. The dashed red lines indicate the 24 kg/m? isopycnal. Zooplankton biovolume (mL/1000 m?, panel a)
and larval abundance (larvae/1000 m?, panel b) are indicated by bubble size, and sampling level is indicated by bubble color. X symbols indicate zero
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Fish larvae community structure

The total fish larvae taxonomic richness was 92 taxa. The
sampling levels with highest species richness were the oxic
(64 taxa) and hypoxic (49 taxa) levels. The 11 most abundant
taxa (presented on Table 2) accounted for 89.5% of the total
larval abundance. The adult habitats of the 11 taxa in Table 2
were mesopelagic (5 taxa), demersal (3 taxa), epipelagic
(2 taxa), and bathypelagic (1 taxon).

The three most abundant species D. laternatus
(Myctophidae), Benthosema panamense (Myctophidae) and
V. lucetia (Phosichthyidae) were of mesopelagic adult habitat.

The Olmstead-Tukey analyses performed on each sampling
level highlighted patterns in taxon distribution (Table 2).
Opisthonema spp. (Clupeidae), Dormitator latifrons (Eleotridae),
Diaphus pacificus (Myctophidae), and Auxis spp. (Scombridae),
were dominant only in the oxic level. Ophidion spp.
(Ophidiidae) and B. bathymaster (Bregmacerotidae) were

dominant only in the hypoxic level. Benthosema panamense and
V. lucetia were dominant in the oxic and hypoxic levels.
Diogenichthys laternatus was dominant in the hypoxic and deep
levels. No species were dominant in the suboxic and anoxic
levels, but D. laternatus and V. lucetia were constant in both,
and Cyclothone spp. was constant in the anoxic and deep levels.

The distribution of the two most frequently occurring spe-
cies, D. laternatus and V. lucetia, is shown in Fig. 4. The distri-
bution of all other dominant species is presented as
Supporting Information Data S3, S4, and S5. D. laternatus, the
most abundant species overall, was distributed across all five
sampling strata (ranging from 15 to 1027 m depth) and
showed a preferential habitat for hypoxic waters. V. lucetia
also showed a wide depth range (15-999 m) but was more
abundant in the upper oxic and hypoxic levels, with very low
abundances (<1 larvae/1000 m®) in the remaining deeper
levels and a preferential habitat for oxic waters.
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Larval fish stages in the ETNP-OMZ

Table 1. Depth (m) and DO (umol/kg) of individual net tows and sampling levels. Bold values indicate nets with major discrepancies
(less than half or more than double the desired DO values) that are excluded from the mean and standard deviation (SD).

Upper boundary Lower B
M # Oxic Hypoxic Suboxic Anoxic Deep
Avg. (range) Avg. (range) Avg. (range) Avg. (range) Avg. (range)

Depth
M1 14 (16-0) 38 (40-38) 241 (248-237) 525 (527-521) 827 (834-820)
M2 14 (15-0) 32 (33-31) 175 (176-175) 547 (549-546) 1004 (1008-998)
M3 29 (46-0) 69 (70-68) 198 (199-198) 550 (553-547) 1033 (1037-1026)
M4 23 (25-0) 51 (55-49) 282 (285-279) 529 (532-528) 996 (999-991)
M5 26 (30-0) 124 (125-122) 145 (146-145) 549 (550-547) 983 (990-975)
M6 20 (31-0) 80 (92-70) 112 (112-111) 492 (497-486) 992 (998-985)
M7 26 (32-0) 56 (57-54) 122 (125-120) 590 (597-587) 978 (981-974)
M8 23 (34-0) 132 (133-131) 187 (188-185) 416 (425-409) 886 (897-879)

Mean 23 77 206 540 962

SD 4.6 37 49 28 65

DO
M1 104 (92-156) 29 (22-49) 8 (6-12) 0.2 (0-0.5) 11 (10-13)
M2 217 (213-225) 77 (69-83) 8 (8-10) 0.3 (0-1.1) 8 (7-9)
M3 204 (197-212) 65 (61-75) 22 (21-24) 0.2 (0-0.7) 8 (7-9)
M4 201 (194-212) 92 (76-99) 9 (8-10) 0.2 (0.1-0.3) 7 (6-7)
M5 201 (200-203) 105 (80-123) 7 (6-7) 0.2 (0-0.4) 7 (6-8)
M6 204 (201-206) 86 (34-136) 0.3 (0.2-0.4) 0.3 (0-0.8) 9 (8-9)
M7 202 (195-204) 125 (116-133) 0.2 (0-0.4) 0.3 (0-1.2) 8 (6-11)
M8 224 (222-227) 82 (70-92) 10 (6-15) 1.5 (0-5.2) 9 (8-10)

Mean 207 91 8.4 0.2 8.3

SD 8.7 20 1.2 0.1 1.1

Table 2. Characterization of dominant species: Adult habitats (E: epipelagic, M: mesopelagic, B: bathypelagic, D: demersal), average
larval abundance (Avg. Ab.), Frequency of Occurrence (F.O., %), weighted mean and range of DO (umol/kg) and depth (meters) and
Olmstead-Tukey hierarchies (D: dominant, C: constant, O: occasional, R: rare, X: zero abundance).

Olmstead-Tukey hierarchies

Species Hab Avg.ab. F.0.% DO (range) Depth (range) Oxic  Hypoxic  Suboxic Anoxic Deep
D. Laternatus M 856 65 73 (0.2-224) 134 (15-1027) C D C C D
B. Panamense M 221 17.5 194 (8.2-217) 24 (15-999) D D R X R
V. Lucetia M 422 52.5 186 (0.2-224) 47 (15-999) D D C C R
Opisthonema spp. E 78 17.5 216 (201-217) 15 (15-29) D X X X X
D. Pacificus M 77 25 165 (0.3-224) 48 (25-588) D C R R X
D. Latifrons D 58 27.5 194 (9-224) 27 (15-279) D C R X X
Auxis spp. E 20 15 208 (201-217) 24 (15-30) D X X X X
Opbhidion spp. ) 7 7.5 79 (65-217) 34 (15-69) R D X X X
Cyclothone spp. B 9 17.5 4 (1.5-9) 648 (145-1027) X X R (0] C
Syacium spp. D 3 7.5 211 (201-217) 18 (15-28) C X X X X
B. Bathymaster M 5 12.5 76 (8.2-204) 69 (28-175) R D R X X

Cyclothone spp. showed a strong preference for deep, cold,
suboxic waters. With a mean DO concentration of 4 (1.5-9)
umol/kg, the lowest for all the species by more than an order
of magnitude, this species was observed below the OMZ

anoxic core at all stations.

Some trends in species distribution were observed along
the study area, particularly in the oxic and hypoxic levels. In
general, Sta. M2-M4 (Central America) had higher larval abun-
dances and taxonomic richness than Sta. M5-M7 (Mexico),
further off the coast. Taxonomic richness at Sta. M2-M4 was
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Fig. 4. Distribution of the most frequently occurring fish larvae, D. laternatus (top) and V. lucetia (bottom). The x axis indicates distance traveled. The y
axis indicates depth. DO is shown on logarithmic color scale. The red dashed line indicates the 24 kg/m? isopycnal. Larval abundance (larvae/1000 m?) is
indicated by bubble sizes, while sampling level is indicated by bubble color. X symbols indicate zero abundance.

49 taxa in the oxic level and 33 taxa in the hypoxic level,
while at Sta. M5-M7 taxonomic richness decreased to 29 taxa
in the oxic level and 20 taxa in the hypoxic level. Dominant
species B. panamense and Ophidion spp. were present only at
Sta. M2-M4, while other dominant taxa were present through-
out the sampling area.

Distribution of developmental stages

Early (preflexion plus flexion) and postflexion stages were
the most abundant developmental stage, accounting for 34%
and 51% of the total standardized larval abundance, respec-
tively. The transformation stage accounted for 15% of the lar-
val abundance.

The chi-squared test results (XZg 702 = 141.06, p <0.001)
indicated that the distribution of larval stages was dependent
on oxygen sampling level. Over 85% of the standardized
abundance of early stages was in the oxic level, and early

stages were almost absent from the suboxic, anoxic, and deep
levels. Postflexion and transformation stages were also most
abundant in the oxic and hypoxic levels, but were also present
in the suboxic, anoxic, and deep levels, although at lower
abundances (Fig. 5).

The distribution of larval development stages varied with
the adult habitat of each species (Fig. 6). All the larval develop-
ment stages of epipelagic species (Auxis spp. and Opisthonema
spp.) were restricted to the oxic level. Early and postflexion
stages of demersal species (D. latifrons, Syacium spp.) were dis-
tributed in the oxic and hypoxic levels. Early stages of meso-
pelagic species (D. laternatus, B. panamense, V. lucetia,
D. pacificus, and B. bathymaster) were most abundant in the
oxic level, while postflexion stages were most abundant in
the hypoxic level, with a modest mean abundance (14 lar-
vae/1000 m®) in the deep level. The sole bathypelagic taxon
Cyclothone spp. was only present as transformation larvae,
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Fig. 6. Mean larval abundance of developmental stages across the five sampling levels. Error bars indicate standard error.

with highest abundances in the deep level and in M8-Anoxic,
where DO = 1.5 (0-5.2) ymol/kg.

Distribution of juveniles and adults

A total of 515 fish juveniles and adults were caught. The
highest relative abundances (mean =+ standard error) were
observed in the hypoxic (35.6 + 14.6 fish/1000 m?®), deep
(26.7 + 4.3 fish/1000 m?), and oxic (17.2 + 5.2 fish/1000 m?)
levels, while the suboxic and anoxic levels had a mean abun-
dance of <1 fish/1000 m®. The distribution of the most
abundant fish families, Gonostomatidae (Cyclothone spp.),
Myctophidae, and Phosichthyidae are shown in Fig. 7.
Gonostomatidae were most abundant in the deep level
(24.6 + 4.6 fish/1000 m®). Myctophidae were more abundant
in the hypoxic level (14.3 + 6.4 fish/1000 m?), but were also
present in the oxic and deep levels. Phosichthyidae were most
abundant in the hypoxic (5.2 + 3.4 fish/1000 m®) and oxic

(5.2 £ 3.4 fish/1000 m®) levels, and were absent from the
anoxic and deep levels.

Fish larvae ecological relations

The CCA explained 55.9% of the variance in development
stages’ distribution, and 37.9% of the variance in dominant
species. The most explanatory variable in both CCAs was DO.

The CCA results on larval development stages (Fig. 8a)
show a transition from a positive correlation with DO, conser-
vative temperature, and biovolume in early stages to a nega-
tive correlation in the postflexion and transformation stages.

The CCA results on dominant species (Fig. 8b) showed that
Cyclothone spp., D. laternatus, B. bathymaster, and Ophidion
spp. were negatively correlated with DO and temperature, but
positively correlated with Absolute Salinity. In contrast, Auxis
spp., D. latifrons, B. panamense, Syacium spp., and Opisthonema
spp. were positively correlated with DO, Conservative

ISUIIIT SUOWIO)) dANLI) dqedorjdde oY) £q paUIdAOS oI SI[ONIR Y (SN JO SINI 10J A1IqIT SUI[uQ) AJIAN UO (SUOTIPUOD-PUB-SULID) W00 AJ[1M"AIRIqI[auI[Uo//:sdNY) SUuonIpuo)) pue sud I, aY) 39S “[$707/90/S7] U0 Areiqr auruQ A3[IA YINOWLIR( SHOSNYOLSSBIA JO ANSIAIUN £q $6ST 1 0U[/Z00T 0 1/10p/wod Kopim Areiqrourjuo-sqndosey/:sdiy woiy papeo[umo( ‘0 ‘06SS6£61



Gutiérrez-Bravo et al.

Temperature, and zooplankton biovolume. D. pacificus and
V. lucetia were negatively correlated with biovolume.

Discussion

Our results revealed important aspects of the three-
dimensional distribution of fish larvae and juveniles in rela-
tion to DO gradients across the ETNP-OMZ, from 0 to 1000 m
depth and from the CRTD to the Southern California Current,
during hours of darkness. The oceanographic characteristics of
this extensive region were variable, but the presence of a wide
anoxic core in the intermediate water triggered characteristic
ecological responses in the larval fish community. Although
this study was based on only nocturnal samples, the findings
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Fig. 7. Mean abundance of juvenile and adult fish of the most abundant
families (Gonostomatidae, Myctophidae, and Phosichthyidae) across the
five sampling levels. Error bars indicate standard error.

Larval fish stages in the ETNP-OMZ

indicated that vertical DO structure is a determinant factor in
the distribution and survival of fish larvae.

Oxygen variability in the ETNP-OMZ

Despite the great distance that existed in sampling stations,
the oxygen variability along the cruise track describes the
anatomy of the OMZ anoxic core from the south (Costa Rica
Dome) to the north (Southern California Current). Our results
highlighted the high hydrographic variability, possibly due to
mesoscale processes, between the CRTD and the Gulf of
Tehuantepec, and indicated that the understudied Central
American coasts were more oxygen-depleted than what is
reported in climatologies (Garcia et al. 2019) and recent inter-
polations based on climatological means (Kwiecinski and
Babbin 2021). The World Ocean Atlas Garcia et al. (2019) pre-
sents minimum values of ~ 3 ymol/kg and waters < 10 ymol/
kg only below 400 m depth. We observed an anoxic core
(< 1 ymol/kg) from 200 to 800 m depth across the warm
waters southeast of the Tehuantepec wind jet. This discrep-
ancy highlights the need for more direct measurements in this
understudied region.

The shallow (~ 100 m) anoxic core observed off central
Mexico (between 16°N and 20°N) and its subsequent vertical
contraction between 20°N and 23°N display how intrusions
from the California Current in this northern boundary of the
OMZ increase subsurface oxygen content (Cepeda-Morales
et al. 2013). The suboxic intrusion observed at 340-470 m
depth around Sta. M8 is an example of the deep intrusions
that are statistically described by Kwiecinski and Babbin
(2021), and corroborated here.

Horizontal distribution of fish larvae

Considering that all biological samples were collected at
night, the community of fish larvae is comparable between
stations. The high larval fish abundances at Sta. M2 (e.g., 999
larvae/1000 m* at the oxic level), dominated by the neritic
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Fig. 8. CCA results for larval development stages (a) and dominant species (b).
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Opisthonema spp. and the mesopelagic B. panamense, was con-
sistent with the location proximal to shore and in San Jose
submarine canyon, a geological feature of high biological
activity (Quintana-Rizzo et al. 2021).

The high larval abundance of Sta. M4 (1111 larvae/1000 m®
at the oxic level), comprised mostly of B. panamense, a species
of eutrophic-water affinity (Davies et al. 2015; Gutiérrez-Bravo
et al. 2022) is consistent with its location in the
high-chlorophyll frontal current on the edge of ACE-1. The
biological variability between Sta. M2 and M4 is in line with
the habitat diversity due to high mesoscale activity between
the CRTD and Tehuantepec during winter (Fiedler and
Lavin 2017).

The most abundant species in Sta. M5 (center of ACE-2)
was V. lucetia, comprising 47% of the total larval abundance
in the station. This agrees with reports of the species being
dominant in thick oligotrophic mixed layers (Davies
et al. 2015; Gutiérrez-Bravo et al. 2022). Contrastingly, the
most abundant species in the shallow hypoxic conditions of
Sta. M6 (edge of ACE-2) were the myctophids D. laternatus
(34%) and D. pacificus, comprising 34% and 15% of the total
larval abundance in the station (15%).

The northern Sta. M7 and M8 had relatively low zooplank-
ton biovolume (< 150 mL/1000 m?®), high larval abundances
(> 100 larvae/1000 m®) of V. lucetia in the oxic level and
D. laternatus in the hypoxic level, and absence of tropical spe-
cies observed in southern stations. These characteristics are
similar to the previously described “Transitional-California
Current” larval fish habitat (Leon-Chavez et al. 2015), in
agreement with the subtropical nature of the northern limit of
the ETNP-OMZ.

Vertical distribution of dominant species

The nighttime larval distribution of the dominant species
in this study may have described a shallower distribution
range, depending on the species’ vertical migration patterns.
However, our sampling strategy compared nocturnal abun-
dances exclusively for the first time, unlike most previous
studies of fish larvae at the entrance of the Gulf of California
(e.g., Davies et al., 2015; Sanchez-Velasco et al., 2019; Gutiér-
rez-Bravo et al., 2022) where diurnal and nocturnal abun-
dances are compared indiscriminately.

From these previous studies, it was known that epipelagic
species, namely Auxis spp., were restricted to the warm oxic
layer (Sdnchez-Velasco et al. 2019). This study showed that
epipelagic species undergo their whole larval development in
this layer.

Bregmaceros bathymaster was abundant in coastal hypoxic
waters, consistent with previous reports (Davies et al. 2015).
On the other hand, D. laternatus observed a wide vertical
distribution across the sampling area, corroborating its use as
bioindicator of anoxic subsurface environments in the ETNP-
OMZ (Sutton et al. 2017; Reygondeau et al. 2018). Though
both B. bathymaster and D. laternatus thrive in low-oxygen
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environments, they display distinct ecological adaptations:
B. bathymaster is abundant in shallow hypoxic conditions
related to coastal upwelling, while D. laternatus is abundant in
subsurface suboxic to anoxic conditions related to strong
stratification.

The distribution of demersal species Ophidion spp. and
D. latifrons in hypoxic waters was unexpected and in contrast
with the hypoxia-restricted demersal flatfish Syacium spp.
Ophidion spp. and D. latifrons are coastal species that inhabit
soft-bottom habitats, sometimes in brackish water (Robertson
and Allen 2008), where hypoxic conditions are common
(Breitburg et al. 2018). Our results indicated that, while some
demersal species inhabit solely in the oxic mixed layer, other
hypoxia-tolerant species can inhabit deeper layers during their
larval phases.

Finally, the high abundances of transformation larvae and
adults of Cyclothone spp. in the lower core boundary agree
with previous reports (Wishner et al. 2013; Maas et al. 2014)
of a resident zooplankton community with the highest bio-
mass observed at DO ~ 2 ymol/kg below the anoxic core, com-
prised of Cyclothone spp. and Gennadas spp. shrimp. In this
biomass peak, Maas et al. (2014) report Cyclothone spp.
(>22 mm) abundances of 1700 ind./1000 m®, while we
observed abundances of ~ 24 adults/1000 m?. It appears that
the abundance of this bathypelagic taxon varies sharply along
the lower core boundary, and high-abundance layers are pre-
sent at specific oxypleths. Further sampling effort, with a fine
vertical resolution, is required to resolve the distribution pat-
terns of this lower core boundary community.

Trends in larval fish development

There is a generalized trend of hypoxia avoidance during
the first preflexion and flexion larval stages, followed by
greater hypoxia tolerance during later larval stages. This pat-
tern can be attributed to the superior capacity of larger organ-
isms to withstand an anaerobic metabolism for extended
periods of time (Nilsson and Ostlund-Nilsson 2008). However,
the sharp decrease in larval fish abundance observed in
the suboxic and anoxic levels indicates that most fish larvae,
even in advanced larval stages, do not live at DO levels
< 10 ymol/kg, with some exceptions like Cyclothone spp. and
D. laternatus.

This increased hypoxia tolerance of late larval stages can
serve species differently: for mesopelagic species, like
B. panamense, V. lucetia, and Diaphus pacificus, the enhanced
hypoxia tolerance may allow diel vertical migrations into
aphotic depths safe from visual predation during daytime. For
species that appear to cross the anoxic core, like D. laternatus
or Cyclothone spp., the increased hypoxia tolerance may also
allow them to prey on the bathypelagic zooplankton of the
lower core boundary. Comparing daytime and nighttime dis-
tributions of larval stages would differentiate between these
vertical movements of larvae across the anoxic core and its
boundaries.
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Ecological and management implications

Despite the small number of biological sampling stations
and CTD casts in a wide region of the Pacific, our results sug-
gest a greater oxygen depletion than what is reported in previ-
ous studies (Fiedler and Talley 2006; Garcia et al. 2019;
Kwiecinski and Babbin 2021). As larval fish abundances
decreased sharply in the suboxic (< 10 larvae/1000 m®) and
anoxic (< 1 larvae/1000 m?) levels, a detrimental effect on fish
abundance is expected if deoxygenation trends continue.

The vertical distribution of fish larvae responded to the DO
gradients, and varied by development stage and by the spe-
cies’ adult habitat. Therefore, a vertical expansion of anoxic
and suboxic waters could disrupt the current vertical zonation
of species and development stages. Epipelagic species of com-
mercial importance (i.e., Auxis spp., Opisthonema spp.) would
be vertically restricted to a shoaling oxic layer throughout
their development (e.g., Sanchez-Velasco et al., 2019). Meso-
pelagic species would also be displaced to shallower depths,
increasing habitat overlap with epipelagic taxa and implying a
restructuring of the larval fish community. Contrarily, bathy-
pelagic species would be displaced to greater depths, hamper-
ing their vertical movements and the carbon-exporting
linkage between the epipelagic and bathypelagic ecosystems
(Archibald et al. 2019). This evidence illustrates a critical pano-
rama for the pelagic fish of the ETNP-OMZ and the associated
ecosystem functions and fisheries productivity.

Conclusion

This study was supported by few sampling stations in a
wide geographic region, with sample collection occurring only
during nighttime. However, we consider our findings highly
relevant.

The OMZ anoxic core was almost devoid of fish larvae, with
abundances of <1 larvae/1000 m®. This feature constrained
the habitat of all stages of epipelagic larvae (Auxis spp.), and
early stages of mesopelagic larvae (B. panamense). It appears
that only late larval stages and juveniles of mesopelagic
(D. laternatus) and bathypelagic (Cyclothone spp.) species can
cross the anoxic core. Although some species (e.g., Ophidion
spp., B. bathymaster) were abundant in the hypoxic environ-
ment of the upper core boundary, fish larvae appear to be less
tolerant to suboxic (< 10 ymol/kg) conditions than inverte-
brate zooplankton groups. With the observed trends of deoxy-
genation, our results indicate that a vertical expansion of
anoxic waters would detrimentally affect the development
and community structure of fish in the ETNP, with
unpredictable effects on fisheries and ecosystem function.

Data availability statement

The hydrographic and biological data will be uploaded to
the BCO-DMO repository under the project “Collaborative
research: Multiyear autonomous measurement of N-loss in the
ETNP ODZ” upon project completion.
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