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1.  INTRODUCTION

Climate change is leading to warming ocean tem-
peratures, decreasing pH, decreasing oxygen con-
centrations, and decreasing primary production
(Bopp et al. 2013, Pörtner et al. 2014, Breitburg et al.
2018, IPCC 2019), including in the deep sea (Mora et

al. 2013, Sweetman et al. 2017). Consequently, there
is a critical need to understand organismal and eco-
system sensitivities to climate variables.

On continental margins, steep natural gradients in
climate-relevant variables exist with depth. By sam-
pling communities across spatial and vertical physico -
chemical gradients of interest, researchers can ex -
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amine how environmental conditions correlate with
differences in community patterns (Levin & Sibuet
2012, Gallo & Levin 2016). This approach, termed the
natural laboratory approach, can also allow for the
identification of important thresholds, both for com-
munity metrics and for individual species, which can
later be tested using manipulative, controlled labora-
tory experiments and applied to predictive climate
change models (Sperling et al. 2016).

The broad range of hydrographic conditions in the
Gulf of California (hereafter referred to as the Gulf)
make it an ideal study system to explore the relation-
ship between climate variables and the structure of
marine communities. Conditions change from a warm,
oxygen-rich environment in the northern Gulf to cold
and severely hypoxic in the southern Gulf. These
regions decouple the relationship between environ-
mental temperature, oxygen, and depth across rela-
tively short latitudinal (~1126 km) and depth (~1400 m)
ranges. In comparison, similar changes in environ-
mental conditions do not occur even across a much
larger latitudinal range from northern Washington
State to the Pacific tip of Baja California. 

Gulf ichthyo fauna are composed of a mixture of
northern and southern Eastern Pacific species, as
well as a number of both widespread and endemic
species (Walker 1960, Hastings et al. 2010). Several
studies have described shallow-water and shelf fish
communities (Walker 1960, Thomson & Eger 1966,
Thomson et al. 2000, Hastings et al. 2010) as well as
deep-sea midwater fish communities (Lavenberg &
Fitch 1966, Robison 1972, Brewer 1973, De la Cruz-
Agüero & Galván-Magaña 1992) in the Gulf. How-
ever, the ecology of the deep-sea demersal fish com-
munity remains virtually undescribed except in sev-
eral valuable Spanish language references (López-
Martínez et al. 2012, Del Moral-Flores et al. 2013,
Mejía-Mercado et al. 2014, Zamorano et al. 2014).

Understanding how oceanographic conditions
affect species distributions and community structure
is a key goal of ecological studies, and is especially
timely now that environmental conditions are rapidly
changing due to human activities. In this study, we
sought to differentiate the explanatory power of ‘sta-
tic’ variables such as depth, latitude, and benthic
substratum type from ‘climate-relevant’ variables
such as temperature, oxygen, and primary produc-
tion that are changing with climate (Bopp et al. 2013,
Pörtner et al. 2014, IPCC 2019). If climate-relevant
variables are highly correlated with existing commu-
nity trends, then deep-sea communities may show
strong responses to changing environmental condi-
tions in the future.

Depth, latitude, temperature, oxygen, food input
(i.e. primary production and carbon flux), and ben-
thic habitat type all have the potential to influence
the structure of deep-sea demersal fish communities
in the Gulf. Hydrostatic pressure, directly related to
depth, may explain depth zonation trends due to
pressure adaptation limits across species (Carney
2005, Brown & Thatje 2014). However, temperature
is considered by some to be most strongly associated
with species zonation (Carney 2005), due in part to
the strong influence of temperature on metabolic
rates. Temperature and diversity may also be related,
since warmer temperatures influence diversity by
allowing a greater range of energetic lifestyles
(Clarke & Gaston 2006). In the Barents Sea, tempera-
ture and depth were both found to be significant
explanatory variables for trends in demersal fish den-
sity and diversity, with density positively related and
diversity negatively related to temperature (Johan-
nesen et al. 2012).

Oxygen minimum zones (OMZs) are known to in-
fluence the composition and diversity of demersal
fish communities (Gallo & Levin 2016); however, re-
search for the Gulf of California is limited. Along the
west coast of the USA, demersal fish catch and spe-
cies richness exhibited significant and positive rela-
tionships with near-bottom oxygen concentrations
(Keller et al. 2015). Keller et al. (2017) observed an
apparent threshold effect under hypoxic conditions,
where small decreases in oxygen were associated
with large decreases in total catch and species rich-
ness. Oxygen conditions found in the southern and
central Gulf are extremely low and known to exclude
most invertebrate species (Zamorano et al. 2007,
Hendrickx & Serrano 2014). On average, demersal
fish have been found to have higher oxygen require-
ments than benthic invertebrates (Vaquer-Sunyer &
Duarte 2008), so we hypothesized that most demersal
fish will be excluded from suboxic benthic environ-
ments (O2 < 5 µmol kg−1) in the Gulf, where the core
of the OMZ intercepts the continental margin.

In this study, we made use of strong hydrographic
differences in the Gulf to assess the relative power of
environmental variables in explaining variation in the
composition, density, and diversity of deep-sea dem-
ersal fishes. We hypothesized that ‘climate-relevant’
variables will have higher explanatory power than
‘static’ variables in explaining community trends.
The objectives of this research were to (1) describe
the bathymetric and latitudinal zonation of the deep-
sea demersal fish community in the Gulf; (2) identify
which environmental variables best explain variance
in fish community composition, density, and diver-
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sity, and identify threshold responses if they exist; (3)
determine if demersal fish are absent from suboxic
benthic habitats in the Gulf; and (4) consider the
response of the fish community to future conditions
projected by climate models for the Gulf.

2.  MATERIALS AND METHODS

2.1.  The Gulf of California

The Gulf of California exhibits some of the world’s
greatest environmental extremes, including large
seasonal temperature fluctuations, a pronounced
OMZ, and an extreme tidal range in the upper Gulf
(Roden 1964, Álvarez-Borrego 1983). Large differ-
ences in temperature and oxygen between the north
and south were first described in 1939 (Sverdrup
1941). Due to widespread upwelling of nutrient-rich
water, the Gulf is also a very productive body of
water (Espinosa-Carreón & Escobedo-Urías 2017).
The oceanography of the Gulf has been extensively
re viewed (Roden 1964, Álvarez-Borrego 2010) and is
briefly described as it relates to this study.

Alluvial deposits from the Colorado River filled the
northern Gulf, resulting in a relatively shallow,
smooth concave seafloor (Moser et al. 1971). The Sal-
sipuedes Basin (also known as the Ballenas Channel)

is a deep basin in the northern Gulf. It is character-
ized by high temperatures, salinities, and oxygen at
great depths due to mixing by strong tidal currents
and isolation from the rest of the deep Gulf by a sub-
marine ridge (Sverdrup 1941, Roden 1964, Álvarez-
Borrego 1983). Due to the isolation of the Salsipuedes
Basin, dramatic differences in temperature and oxy-
gen are evident compared to the same depths south
of the submarine ridge (Sverdrup 1941, Roden 1964).

The southern Gulf has one of the most extreme and
thick OMZs in the world, with severely hypoxic con-
ditions (O2 < 22.5 µmol kg−1) extending from shallower
than 100 m to deeper than 1200 m. Conditions in the
core of the OMZ, defined as the depth stratum within
the OMZ where the lowest oxygen levels are observed,
are nearly anoxic (Hendrickx & Serrano 2014).

2.2.  Data collection

In 2015, the Monterey Bay Aquarium Research
Institute (MBARI) Gulf of California research cruise
on the R/V ‘Western Flyer’ used the remotely oper-
ated vehicle (ROV) ‘Doc Ricketts’ to conduct 8 dives
at 5 locations to study benthic and demersal commu-
nities: Salsipuedes Basin, San Pedro Mártir Basin,
Isla Tortuga, Cerralvo Trough, and Cabo Pulmo
(listed north to south) (see Fig. 1, Table 1). The ROV
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Fig. 1. (A) Locations of the 8 dives conducted with the remotely operated vehicle ‘Doc Ricketts’ in the Gulf of California. Inset:
location of the Gulf of California relative to the US and Mexican Pacific coastline. Dive locations are indicated as points and
color-coded by region (red: northern; turquoise: central; gray: southern). The 2 points in the central region represent 4 dives,
but nearby locations make these independent dives difficult to see (Table 1). Dives were conducted upslope from depths of
~1400−200 m. The 200 and 1500 m isobaths for the Gulf of California are also shown. Representative water column profiles for
(B) temperature and (C) oxygen are shown for Dives 733 (red, northern), 731 (turquoise, central), and 738 (gray, southern) to 

demonstrate differences in oceanographic conditions among the 3 regions
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was equipped with a suite of sensors (temperature,
conductivity, pressure, transmissometer, fluorometer,
oxygen op tode, and Clark oxygen electrodes) that
recorded continuously during all dives. High-defini-
tion video from the ROV was continuously recorded,
including parallel lasers to provide a spatial scale in
images. The video footage was annotated post-cruise
using the Video Annotations and Reference System
(VARS) (Schlining & Stout 2006). With the use of the
ROV, 40 fish specimens were collected to aid in spe-
cies identification of the fish species observed. Spec-
imens were immediately frozen or preserved in
either ethanol or formaldehyde and were identified
by H. J. Walker at the Scripps Institution of Oceanog-
raphy Pelagic Vertebrates Collection.

2.3.  Species identification

Fish species observed in ROV images, as well as
collected specimens, were identified using the fol-
lowing keys: Bradbury (1999) for ogcocephalids;
Nielsen et al. (1999) for ophidiiformes; Springer (1979)
for scyliorhinids; Walker & Rosenblatt (1988) for batra-
choidids; and Fischer et al. (1995a,b) for other eastern
tropical Pacific species. Although the identification of
collected specimens was definitive, it is likely that
some cryptic species observed only in video images
may not have been identified correctly. Species rich-
ness from video analysis should thus be considered
conservative, and the true number of unique species
is likely somewhat higher. To reduce error in species

annotations, species identifications were double-
checked by 2 authors. All collected specimens were
deposited in the Scripps Institution of Oceanography
Vertebrates Collection. A master guide of all ob -
served demersal fish species is provided in Supple-
ment 1 at www.int-res.com/ articles/ suppl/ m637p159_
supp1.pdf, and images of fishes captured by the ROV
are provided in Fig. S1 in Supplement 2 at www. int-
res.com/ articles/ suppl/ m637p159_supp2.pdf.

To confirm species identifications, collected speci-
mens were sequenced for molecular identification.
From each specimen that had been frozen or fixed in
95% ethanol, a section of underlying white muscle
(~5−10 mg) was excised from the dorsal area.
Ethanol-preserved samples were first washed sev-
eral times with molecular-grade water to remove
excess ethanol. A Chelex preparation was used to
break down the tissues and release DNA (Walsh et
al. 2013). This included adding 180 µl of a 10%
Chelex solution to each tissue sample, vigorously
vortexing the samples twice for 30 s, boiling samples
at 100°C on a hot plate for 10 min, and then placing
on ice. A 1 µl aliquot was collected from each ex -
traction and used in a PCR reaction. The mitochon -
drial cytochrome oxidase c subunit 1 gene (CO1) and
16S ribosomal rRNA gene were amplified for molec-
ular identification of collected specimens; primer
se quences are provided in Text S1 in Supplement 2.
Following amplification, an aliquot was run out on a
gel, and the remaining PCR product was cleaned using
a Sephadex G50 fine spin column and then quan -
tified on a Nanodrop spectrophotometer. Samples

Region/                                                 Start             Start         Annotated No. of fish   Depth       Temperature   Oxygen range   Salinity 
  Dive         Date         Location       latitude (°)   longitude (°)   dive time    transects   range (m)      range (°C)        (µmol kg−1)         range

C/731   21 Mar 15         Isla           27.384269   –111.872958   4 h 20 min         7        1012−1358      3.28−4.58         6.48−18.96    34.55−34.59
                                      Tortuga
C/732   22 Mar 15         Isla           27.400906   –111.872560   9 h 01 min         12         200−952       4.70−12.96        1.22−40.18    34.54−34.88

                                      Tortuga
N/733   23 Mar 15   Salsipuedes    28.614186   –112.893840   2 h 16 min         0         737−1505     11.27−11.73      30.79−39.40   34.79−34.82

                                        Basin
C/734   24 Mar 15   San Pedro     28.353634   –112.348216   8 h 05 min         12         200−919       6.19−12.98        1.30−29.01    34.54−34.87

                                  Martir Basin
N/735   25 Mar 15   Salsipuedes    29.053637   –113.261312 10 h 33 min       10        196−1081     11.56−14.29      25.48−91.98   34.80−35.02

                                        Basin
C/736   26 Mar 15   San Pedro     28.395416   –112.392707   9 h 26 min         16         377−854        6.20−9.84         1.30−28.57    34.54−34.73
                                Island North
S/737   28 Mar 15     Cerralvo     24.216883   –109.786416   6 h 29 min         10         295−959       4.80−11.14         0.52−6.22     34.50−34.72

                                      Trough
S/738   29 Mar 15        Cabo         23.419939   –109.348321   9 h 55 min         21        200−1274      3.72−12.12        0.39−21.96    34.48−34.78
                                      Pulmo

Table 1. Region, dive, date, location, annotated dive time (elapsed bottom time), number of fish transects, and environmental infor-
mation for each of the 8 Gulf of California remotely operated vehicle dives analyzed in this study. Dives were conducted in the
northern (N), central (C), and southern (S) Gulf of California; location coordinates correspond to the beginning of each dive. Envi-
ronmental ranges represent minimum and maximum values encountered for each parameter during the total annotated dive period

https://www.int-res.com/articles/suppl/m637p159_supp1.pdf
https://www.int-res.com/articles/suppl/m637p159_supp1.pdf
https://www.int-res.com/articles/suppl/m637p159_supp2.pdf
https://www.int-res.com/articles/suppl/m637p159_supp2.pdf
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were sequenced by Retrogen. Recovered sequences
were manually edited in Sequencher and compared
to other sequences in NCBI GenBank using BLAST
searches.

2.4.  Transect design

Video footage (60 h) was collected during all dives
and analyzed for fish observations. As the ROV tran-
sited upslope from depths of ~1400−200 m, standard-
ized ~100 m long benthic transects were conducted
for quantitative analyses of fish density, diversity,
and community composition. Transects were not con-
tiguous and were separated by ~100 m between tran-
sect lines. Parallel red lasers, 29 cm apart, illumi-
nated images to indicate spatial scale. A total of 88
transects (~7−21 dive−1) were conducted (Table 1).
No quantitative transects were obtained during Dive
733 in the Salsipuedes Basin due to extremely strong
current conditions and poor visibility, but noteworthy
qualitative observations are reported. Median tem-
perature, median oxygen, and median depth were
reported for each transect and used for the analysis.

The area traversed for each transect was deter-
mined by its length (usually 100 m) and its width,
which varied somewhat along each video transect.
Transect length was determined by calculating the
distance between the start and end coordinates of
each transect, using the hypotenuse cumulative dis-
tance formula. For each transect, several screenshots
were taken to represent the field of view for that
transect. Screenshots were then used to calculate the
horizontal field of view in ImageJ (National Institutes
of Health) based on the known distance between
laser points (29 cm). Field of view was averaged
across all images for a given transect and multiplied
by the distance traversed to calculate transect area.
The average (±SD) horizontal field of view for all
transects was 3.57 ± 0.72 m, and ranged between
2.31 and 6.37 m. Fish densities (fish m−2) were calcu-
lated for all transects by dividing the number of fish
observed in each transect by the area traversed. Fish
were counted if they were within the image frame
when they passed the lasers (midpoint of the frame),
or if they were initially within the image frame but
darted out in reaction to the ROV. However, fish
behavioral avoidance or attraction to the ROV was
rare, similar to other ROV studies (Ayma et al. 2016).

In addition to the environmental data collected by
sensors on the ROV, an estimate of food input and
benthic substrate type were determined for each
transect. Benthic substrate type was determined by

estimating the percentage of benthic surface covered
by hard (e.g. rock) and soft (e.g. sand) substrate for
each transect based on the ROV video. Food input for
each transect was estimated in the following way. For
each transect location, mean net primary productiv-
ity (NPP), seasonality of NPP, mean chlorophyll a (chl
a) concentration, and euphotic depth were deter-
mined as in the supplemental information of Snel-
grove et al. (2018). Export particulate organic carbon
(POC) flux was then calculated using mean NPP, the
seasonality of NPP, and export depth (ROV dive
depth subtracting euphotic depth) according to Lutz
et al. (2007). The average export POC flux was calcu-
late for each transect with a search radius of 13 km
over the gridded flux data (5 arc-minute resolution).

2.5.  Data analysis and statistics

For each transect, fish community composition,
density, and diversity were determined. Shannon-
Wiener diversity (H ’ln) was calculated as a metric of
community diversity. We used SIMPER in the multi-
variate statistical analysis software package PRIMER
v.6 (Clarke & Gorley 2006) to evaluate differences in
community composition both within and between
regions using a Bray-Curtis similarity matrix on
square-root transformed fish count data. SIMPER
was also used to assess contributions of specific taxa
to community similarity across regions. ANOSIM in
PRIMER v.6 was used to conduct pairwise tests of sig-
nificance across regions. Dives were categorized as
northern (Dives 733 and 735), central (Dives 731, 732,
734, and 736), or southern (Dives 737 and 738) in
accordance with the biogeographic province regions
identified by the Macrofauna Golfo project (Brusca &
Hendrickx 2010, Hastings et al. 2010).

To visualize differences in community similarity
and how these related to environmental variables,
we used a non-metric multidimensional scaling
(nMDS) ordination technique based on a Bray-Curtis
dissimilarity matrix, using square-root transformed
fish count data from each transect (n = 87), using the
statistical package ‘vegan’ (Oksanen et al. 2017) in R
v.3.6.0 (R Core Team 2019). To describe relationships
between differences in community composition and
environmental variables and test for breaks in com-
munity structure, we employed a multivariate re -
gression tree (MRT) analysis (De’ath 2002) on square-
root transformed fish count data from each transect
(n = 87), using R packages ‘mvpart’ (De’ath 2014) and
‘MVPARTwrap’ (Ouellette & Legendre 2013). We in -
cluded 7 environmental variables as predictors of
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community structure: median temperature, median
dis  solved oxygen, median bottom depth, latitude,
sur face NPP, export POC flux, and percent hard
substrate.

Generalized additive models (GAMs) (Hastie &
Tibshirani 1986) were used to explore the relation-
ship between environmental variables (median tem-
perature, median dissolved oxygen, median bottom
depth, latitude, surface NPP, export POC flux, and
percent hard substrate) and the density (fish m−2) and
diversity (H ’ln) of demersal fish communities. Salinity
only ranged between 34.5 and 35.0 and was not
included in the model. To meet the assumptions of
normality, density data were first log transformed.
One transect with zero fish density was modified to
0.00001 fish m−2. No transformation was used for
diversity data. The R package ‘mgcv’ (Wood 2017)
was used for the GAM analyses, and thin plate
regression splines were used to fit the data, with
latitude constrained to a maximum of 5 knots and
NPP constrained to a maximum of 8 knots to prevent
overfitting.

The same model structure was initially applied to
both density and diversity data:

Log(Density) = s(Latitude, k = 5) + s(Temperature) +
s(Oxygen) + s(Depth) + s(POC flux)

+ s(% Hard Substrate) + s(NPP, k = 8)

Shannon’s H ’ln = s(Latitude, k = 5) + s(Temperature)
+ s(Oxygen) + s(Depth) + s(POC flux) 
+ s(% Hard Substrate) + s(NPP, k = 8)

Since temperature and oxygen may also interact due
to the effect of temperature on metabolism (Deutsch
et al. 2015), we also tested a set of models that in -
cluded a tensor product interaction term (ti) between
temperature and oxygen. The model structure for
these was:

Log(Density) = s(Latitude, k = 5) + ti(Temperature) +
ti(Oxygen) + ti(Temperature, Oxygen) + s(Depth) +
s(POC flux) + s(% Hard Substrate) + s(NPP, k = 8)

Shannon’s H ’ln = s(Latitude, k = 5) + ti(Temperature)
+ ti(Oxygen) + ti(Temperature, Oxygen) + s(Depth)
+ s(POC flux) + s(% Hard Substrate) + s(NPP, k = 8)

Variables found to be non-significant (p > 0.05)
were removed when model performance was im -
proved following removal, and a suite of models
was evaluated using the R Package ‘MuMIn’ (Bartoń
2019). Akaike’s information criteria with correction

for small sample size (AICC) and model weights were
used to evaluate all models and select the most parsi-
monious one. Model fit was also evaluated through
percent variance explained (R2 adj) and generalized
cross-validation (GCV). Component plots of the top-
ranked models were visualized using the R package
‘visreg’ (Breheny & Burchett 2017). To identify vari-
able importance, we tested the full suite of models in -
cluding all variable combinations, both with and
without a temperature−oxygen interaction, and then
ranked variables by variable importance weights
(Burnham & Anderson 2002) using the R package
‘MuMIn.’

Since strong threshold responses for both density
and diversity with oxygen concentration have previ-
ously been reported (Sperling et al. 2016, Keller et al.
2017), we used a broken-stick model in the R pack-
age ‘segmented’ (Muggeo 2008) to identify the pres-
ence of thresholds. Threshold responses were identi-
fied when an abrupt change in density or diversity
was observed corresponding to a small change in
oxygen concentration.

2.6.  Climate model projections for the Gulf of
California

To explore projections of benthic climate change,
we used a fully coupled, 3-dimensional (3D) earth
system model, Max Planck Institute’s (MPI) ESM-
MR (Giorgetta et al. 2013), to predict bottom tem -
perature and dissolved oxygen levels under a
con centration pathway RCP8.5 scenario re pre sen -
tative of un checked emissions growth. We chose
MPI-ESM-MR because it has the highest spatial
resolution (802 × 404) among all models within the
Coupled Models Intercomparison Project Phase 5
(CMIP5) and therefore was suitable for our
regional-scale analysis. All climate projection data
were downloaded from the Earth System Grid
Federation (ESGF) Peer-to-Peer (P2P) enterprise
system (https://esgf-node.llnl.gov). Monthly pro-
jected temperatures were first averaged by year,
and then yearly temperature and dissolved oxygen
were averaged between 1951 and 2000 and be -
tween 2081 and 2100. We retained the bottom-
most grids among the depth layers of decadal
averages and then interpolated the raster layers to
10 arc-minute (approximately 0.167 arc-degree)
grids by inverse distance weighting. The interpo-
lated raster layers (georeferenced by latitude and
longitude) were projected to cylindrical equal-area
projection before cell statistics computation (e.g.
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mean, SD). The geostatistical analyses used R pack-
ages ‘raster’ (Hijmans 2016), ‘gstat’ (Gräler et al.
2016), ‘sp’ (Bivand et al. 2013), and ‘maptools’
(Bivand & Lewin-Koh 2017).

3.  RESULTS

3.1.  Environmental differences between the
northern, central, and southern Gulf of California

The oceanography of the Gulf varied dramatically
between the northern and southern region. Profiles
generated from the environmental sensors on the
ROV (Fig. 1) showed that the stations at the southern
end of the Gulf (Cabo Pulmo and Cerralvo Trough)
were characterized by a thick and intense OMZ,
where oxygen levels dropped below 22.5 µmol kg−1

by ~100 m depth and did not recover above these low
levels until ~1250 m. In these locations the OMZ
core, situated between 300 and 700 m, was nearly
anoxic, with oxygen concentrations <1 µmol kg−1.
The lowest oxygen concentration encountered was
0.5 µmol kg−1 during dive 738 off Cabo Pulmo. Tem-
perature de creased with depth and ranged from
~6−14°C in the OMZ. At the central Gulf stations, the
OMZ (O2 < 22.5 µmol kg−1) began at deeper depths
(~275 m) and extended deeper (~1400 m) than at
southern stations. The OMZ core in the central Gulf
was thinner (600−700 m), but still nearly anoxic (<1
µmol kg−1). The temperature profile was similar to
that of southern stations and the temperature range
of the OMZ was ~3−12°C.

In contrast to the southern and central regions, the
northern Gulf was characterized by a warmer, more
oxygenated water column that was well-mixed due to
strong tides that propagate through the narrow, deep
Salsipuedes Basin. Profiles collected during the ROV
dive showed a well-mixed water column below 250 m,
with almost no change in oxygen or temperature be-
tween 250 and 1500 m (Fig. 1). Oxygen concentrations
were >30 µmol kg−1 and temperatures were between
11 and 12°C across this depth range. At 1000 m, tem-
perature was ~7°C warmer and oxygen was ~26 µmol
kg−1 higher in the northern Gulf than at similar depths
in the central and southern Gulf.

Productivity patterns also varied across the Gulf,
with the northern Gulf characterized by higher mean
NPP, higher mean chl a, higher export POC flux, and
a shallower euphotic depth than the southern Gulf;
the central Gulf had intermediate conditions. A
higher proportion of hard substrate was also ob -
served during transects in the northern and central

Gulf than in the southern Gulf. Differences in envi-
ronmental conditions across all transects are visual-
ized in Fig. S2 in Supplement 2.

3.2.  The deep-sea demersal fish community

A total of 48 demersal fish species were observed
during the ROV dives (Table 2, Supplement 1). How-
ever, this number is likely conservative as cryptic
species may have been present that are indistin-
guishable using ROV video footage alone. For exam-
ple, several deep-water macrourid species were
grouped as Macrouridae due to the difficulty of dis-
tinguishing grenadier species in the ROV video
footage. These include Coryphaenoides capito and
Nezumia liolepis, and may include N. convergens
and C. anguliceps (Zamorano et al. 2014).

With the use of the ROV manipulator arm and suc-
tion hose, 40 fish specimens were collected. Based on
the morphological and genetic information, we were
able to confirm that these represented 20 distinct
species (Table 2). We were able to successfully
sequence 70% of the species collected (14/20) for
mitochondrial CO1 gene, but only 30% (6/20) for 16S
ribosomal rRNA gene (16S). We were consistently
unable to sequence the collected macrourids for
either CO1 or 16S: specimens of all 3 macrourid spe-
cies (N. liolepis, C. capito, Coelorinchus scaphopsis)
failed to amplify in the PCR reaction. All high-quality
sequences were deposited in GenBank (MN022242−
MN022262).

3.2.1.  Northern Gulf of California 

High current conditions encountered during Dive
733 in the Salsipuedes Basin allowed only qualitative
observations. The community observed on this dive
was composed of Sebastes cortezi, Eptatretus sinus,
Parmaturus xaniurus, and Hydrolagus colliei. S.
cortezi was observed here at depths deeper than
expected (1126−1448 m).

Quantitative transects for the northern region were
restricted to Dive 735. At the shallowest depths
(200−400 m), the fish community was dominated by
C. scaphopsis (~48%), Pontinus furcirhinus (~22%)
(Fig. 2A), and Physiculus rastrelliger (9%). Several
species were observed across a broad depth range:
E. sinus (390−1080 m), Sebastes spp. (242−1009 m)
including S. cortezi and S. exsul, and Symphurus
spp. (289−1010 m) including S. oligomerus (Table 2).
Shallower than 786 m, the macrourid C. scaphopsis
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Species Dive number Depth range (m) Temp. range (°C) Oxygen range (µmol kg−1)

Bathycongrus macrurus 732, 737, 738 298−544 7.32−11.61 0.65−12.19
Bathypterois sp. 731, 732, 737, 738 863−1356 3.32−5.07 4.12−21.74
Cataetyx rubrirostris 738 1253 3.78 20.31
Cephalurus cephalus 732, 734, 736, 737, 738 494−918 5.34−8.11 0.83−3.17
Cephalurus cephalus 732 716 6.17 1.6
Cherublemma emmelas 732, 734, 736, 737, 738 325−955 4.71−10.46 0.52−7.33
Cherublemma emmelas 732 577 7.31 1.52
Cherublemma emmelas 736 798 6.43 1.43
Cherublemma emmelas 737 853 5.13 4.08
Chilara taylori 732, 734 208−306 11.74−12.90 14.06−27.68
Coelorinchus scaphopsis 734, 735, 736 222−786 9.53−13.20 20.78−60.92
Coelorinchus scaphopsis 734 382 10.65 22.99
Coelorinchus scaphopsis 735 296 12.97 55.67
Coryphaenoides capito 732 921 5.02 4.08
Cottoidea sp. 732 203−260 12.74−12.96 31.89−39.70
Derepodichthys alepidotus 738 1182 3.98 16.57
Dibranchus spp. 731, 732, 737, 738 733−1271 3.66−6.11 1.61−21.74
Dibranchus hystrix 732 922 5.02 3.99
Dibranchus hystrix 737 946 4.81 6.09
Dibranchus hystrix 738 1184 3.96 16.75
Dibranchus spinosus 732, 737, 738 723−1243 3.83−6.06 1.30−19.44
Dibranchus spinosus 738 1126 4.31 11.63
Eknomoliparis chirichignoae 731 1314 3.51 16.4
Eptatretus sinus 732, 733, 734, 735, 736, 737 263−1080 5.01−12.08 2.73−35.02
Eretmichthys pinnatus 731, 737, 738 867−1264 3.74−5.06 4.25−21.39
Gnathophis cinctus 735 285−302 13.16−13.44 60.05−67.47
Gnathophis cinctus 735 285 13.44 67.47
Hydrolagus colliei 733, 735, 736 369−1020 9.50−13.11 19.74−58.62
Lestidiops sp. 732 294 11.87 17.09
Liopropoma longilepis 732, 735 199−261 12.81−13.82 29.42−79.10
Lophiodes caulinaris 732, 734, 735, 738 217−888 10.54−12.07 2.99−29.46
Lycenchelys sp. 1 731, 732, 737, 738 894−1355 3.31−4.88 5.55−21.00
Lycenchelys sp. 738 1184 3.99 16.4
Lycenchelys sp. 2 731, 732, 737, 738 898−1355 3.32−5.03 4.03−21.91
Lycenchelys sp. 2 737 946 4.8 6.07
Macrouridae spp. 731, 732, 734, 735, 736, 737, 738 460−1355 3.33−11.64 0.82−29.94
Merluccius sp. 732, 736 339−457 8.16−11.51 5.29−28.51
Nemichthys sp. 737 411 9.57 0.87
Nettastomatidae sp. 738 1227−1254 3.78−3.87 18.70−20.65
Nezumia liolepis 738 934 4.79 6.51
Opichthus frontalis 735 681 11.81 31.24
Paralabrax auroguttatus 735 217 13.78 76.37
Paraliparis rosaceus 731, 738 935−1348 3.37−4.77 6.51−17.79
Paraliparis rosaceus 738 935 4.77 6.51
Parmaturus xaniurus 733, 734, 735, 736, 738 377−1173 4.11−11.59 1.43−26.60
Parmaturus xaniurus 736 798 6.44 1.43
Physiculus rastrelliger 732, 734, 735, 736, 738 216−483 8.33−13.49 1.08−68.95
Physiculus rastrelliger 732 443 9.08 3.12
Physiculus rastrelliger 735 392 12.09 35.28
Pontinus furcirhinus 732, 734, 735 197−387 10.44−13.86 6.42−79.36
Pontinus furcirhinus 734 333 11.12 24.82
Pontinus sierra 737, 738 202−301 11.05−12.11 1.82−5.08
Pontinus sierra 737 301 11.05 1.82
Porichthys mimeticus 737, 738 223−229 11.56−11.82 3.08−3.69
Porichthys mimeticus 737 250 11.56 3.08
Pronotogrammus eos 734 203−213 12.85−12.88 27.59−27.73
Raja sp. 1 735, 736 300−511 11.99−12.90 33.28−53.32
Raja sp. 2 735 276 13.17 60.79
Sebastes cortezi 733, 734, 735, 736 199−1448 7.26−14.26 1.82−91.12
Sebastes cortezi 736 559 7.65 2.48
Sebastes exsul 735 199−662 11.83−13.86 31.15−79.67
Sebastes macdonaldi 734 232−287 11.98−12.68 26.82−27.34
Serranidae sp. 738 223−227 11.79−11.81 3.21−3.47
Squatinidae sp. 735 291 13.12 59.23
Symphurus spp. 732, 734, 735, 736 224−1010 7.89−12.98 2.69−55.28
Symphurus oligomerus 735 808 11.67 30.33
Synodus sp. 738 212 11.83 3.56
Triglidae sp. 732 264 12.76 33.76
Xeneretmus ritteri 734 383 9.78 13.88
Zoarcidae sp. 731, 738 1160−1348 3.37−4.13 10.07−19.61

Table 2. Demersal fish species observed during remotely operated vehicle dives, along with the dive identification numbers and
observed environmental conditions. Entries in gray represent collected specimens that were identified in the lab and sequenced
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was common in open sandy areas (~50% community
composition) (Fig. 2B). Similar to Dive 733, the deep-
water community (>700 m) here was characterized
by E. sinus (Fig. 2C), S. cortezi (Fig. 2D), P. xaniurus,
and H. colliei. Rare species observed during this dive
included Paralabrax auroguttatus, Gnathophis cinctus,
Ophichthus frontalis, and others shown in Table 2.

3.2.2.  Central Gulf of California

A total of 4 dives (731, 732, 734, and 736) in 2 loca-
tions, near Isla Tortuga and San Pedro Island, were
used to characterize the central Gulf deep-sea
demersal fish community. Unlike the northern Gulf,
E. sinus was absent in deep water, but present shal-
lower (<500 m). P. rastrelliger (~18%) (Fig. 2E),
P. furcirhinus (~16%), Sebastes spp. (~15%), E. sinus
(~15%), and Bathycongrus macrurus (~10%) (Fig. 2F)
dominated the fish community shallower than 500 m.

At intermediate depths (600− 1000 m), the central com-
munity was dominated by Cherublemma emmelas
(~43%) and Cephalurus cephalus (~40%) (Fig. 2G).
The deep-water community (>1000 m) was domi-
nated by Bathypterois sp. (41%) (Fig. 2H), Macro -
uridae (36%), and Lycenchelys spp. (10%). Rarer
species (<10%) included Dibranchus spp., Eknomoli-
paris chiri chignoae, Paraliparis rosaceus, Liopro -
poma longilepis, Sebastes macdonaldi, Xeneretmus
ritteri, Chilara taylori, and others (Table 2). A previ-
ous record of C. taylori from the Gulf was considered
doubtful (Nielsen et al. 1999), but the 3 observations
of C. taylori confirm that this species’ range extends
into the central Gulf.

We observed noteworthy differences in the fish
communities in the central region. During Dive 734,
C. scaphopsis were common members (~36%) of the
shallow (200−400 m) community, but rare (< 5%) dur-
ing Dive 736, and absent in the more southern Dives
731 and 732. There may be a latitudinal break in the
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Fig. 2. Common deep-sea demersal fish species in the (A−D) northern, (E−H) central, and (I−L) southern Gulf of California.
(A,E,I) Species commonly found from 200−400 m; (B,F,J) from 400−700 m, (C,G,K) from 700−1000 m, and (D,H,L) deeper than
1000 m. (A) Pontinus furcirhinus; (B) Coelorinchus scaphopsis; (C) Eptatretus sinus; (D) Sebastes cortezi; (E) Physiculus rastrel-
liger; (F) Bathycongrus macrurus; (G) Cephalurus cephalus; (H) Bathypterois pectinatus; (I) Pontinus sierra; (J) Cherublemma
emmelas; (K) Coryphaenoides capito; (L) Dibranchus spinosus (lower left) and Dibranchus hystrix (upper middle). A variety of
species were selected to give a visual representation of the different species observed in the Gulf. Most of the pictured species
were not restricted to only the region or depth range indicated in this figure, but are shown where they were encountered 

frequently. Lasers (red dots) are provided for scale in each image; distance between lasers: 29 cm
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distribution of C. scaphopsis between 27°−28° N. Dive
736 also differed from other dives in the central region
with a high abundance of E. sinus (~36%), Sebastes
spp. (~31%), P. xaniurus (~11%), and H. colliei (~7%)
observed in shallower areas (300−400 m). Differences
in community composition may be influenced by
the contrasting benthic habitat, primarily a boulder
field, that dominated Dive 736.

While Sebastes spp. are thought to be relatively in -
tolerant of hypoxia (McClatchie et al. 2010), S. cortezi
was observed living in deep-water areas under

severely hypoxic conditions (1.83−7.61 µmol kg−1) in
the central Gulf. To our knowledge, these represent
the lowest oxygen records for a rockfish species.

3.2.3.  Southern Gulf of California 

Dives 737 and 738 in the Cerralvo Trough and off
Cabo Pulmo were used to characterize the southern
Gulf deep-sea demersal fish community. Shallower
than 400 m, this community was dominated by

B. macrurus (38%), Porichthys mimeti-
cus (23%), and Pontinus sierra (~15%)
(Fig. 2I). C. scaphopsis, a very common
member of the shallow-water community
at the more northern sites, was com-
pletely absent in the south. Similarly,
Sebastes spp. were completely absent in
the south. Between 400 and 900 m,
C. emmelas dominated the fish commu-
nity (63%) (Fig. 2J), and co-occurred with
Macrouridae (~19%) and Dibranchus
spinosus (~6%) within the deeper portion
of its depth range (700−900 m). Myc-
tophids and bathylagids were observed
swimming near or crashing into the sea -
floor at depths between 400 and 700 m.
Similar to the central Gulf, the deep-
water community (>1000 m) in the south-
ern Gulf was dominated by Macrouridae
(29%) (Fig. 2K), Bathypterois sp. (~26%),
and Lycenchelys spp. (16%). Rarer spe-
cies included Dibranchus spp. (10%)
(Fig. 2L), Eretmichthys pinnatus (8%),
and D. spinosus (6%).

3.2.4.  Community similarity in the
northern, central, and southern Gulf 

Demersal fish communities differed sig -
nificantly among the northern, central,
and southern Gulf regions (ANOSIM,
Global R = 0.17, p < 0.01; Fig. 3) and
between each regional pair (ANOSIM,
p < 0.01). The northern assemblages
grouped together and were entirely dis-
tinct from southern assemblages. Over-
all, the central Gulf fish community was
the most heterogeneous, with elements
of both northern and southern communi-
ties under similar environmental condi-
tions (Fig. 3). Assemblages in the south-

Fig. 3. Multidimensional scaling plot of Bray-Curtis similarity matrix based
on square-root transformed fish abundance data (2D stress: 0.08). Each
point represents the fish assemblage and counts in a ~100 m long transect;
colors indicate transects from the northern (red), central (turquoise), and
southern (gray) Gulf of California. Dives from different locations are differ-
entiated by shape: red circles: transects from Dive 735 in the Salsipuedes
Basin; turquoise circles: Dives 731 and 732 off Isla Tortuga; turquoise trian-
gles: Dives 734 and 736 off Isla San Martir; gray circles: Dive 737 off Isla
Cerralvo; and gray squares: Dive 738 off Cabo Pulmo. (A) Ellipses represent
grouping by region with 50% confidence limits. Non-metric multidimen-
sional scaling plots are shown with overlain environmental contours that in-
dicate (B) oxygen concentration (µmol kg−1), (C) temperature (°C), (D) 

depth (m), and (E) export particulate organic carbon flux (mg C m−2 d−1)
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Fig. 4. Gulf of California deep-sea demersal fish community composition as a function of environmental covariates based on a mul-
tivariate regression tree (MRT) analysis. (A) MRT for the selected model which explains 63% of the variance in community compo-
sition with 4 covariates (particulate organic carbon [POC] flux, oxygen concentration, depth, and % hard substrate) (RE = 0.367,
CV Error = 0.721, SE = 0.25). The tree shows each split, the variance explained (R2) by each split, the 6 unique communities identi-
fied, and the number of samples that were representative of each community. (B) Multidimensional scaling plot of Bray-Curtis
similarity matrix based on square-root transformed fish count data (2D stress: 0.08) color-coded by community groups identified
by the MRT analysis. Colors correspond to the colors in (A) for each community and convex hulls are drawn to demarcate each
community. Shapes indicate transects from the northern (circles), central (squares), and southern (triangles) Gulf of California. (C)
Relative community composition for each distinct community identified by the MRT analysis. Only 11 dominant species that made
up ≥10% of the community composition for any of the 6 communities are shown, but these 11 species comprise 76−98% of the 6
communities. Species names are abbreviated as follows: Ac: Actinopterygii; Bp: Bathypterois pectinatus; Cc: Cephalurus
cephalus; Ce: Cherublemma emmelas; Cs: Coelorinchus scaphopsis; Es: Eptatretus sp.; Ly: Lycenchelys spp.; Ma: Macrouridae;

Pf: Pontinus furcirhinus; Pr: Physiculus rastrelliger; Sc: Sebastes cortezi; and Sy: Symphurus spp.
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ern Gulf also showed high heterogeneity, though
they were more homogeneous than assemblages in
the central Gulf (Fig. 3).

Using SIMPER, we found that community similarity
was highest (35%) for the northern Gulf, lowest
(15%) for the central Gulf, and intermediate for the
southern Gulf (27%). For the northern sites, S. cortezi
and C. scaphopsis contributed the most (79%) to
community similarity. C. emmelas and Macrouridae
contributed the most to community similarity (55%)
for the southern region. Southern and northern dem-
ersal fish communities had very high average dissim-
ilarity (99%) and only shared 3 species: E. sinus,
Lophiodes caulinaris, and P. rastrelliger. Average
dissimilarity between northern and central commu-
nities was 89%, similar to the dissimilarity between
central and southern communities (88%). The spe-
cies that contributed the greatest to the dissimilarity
between northern and central sites were C. scaphop-
sis and S. cortezi, which were both more abundant in
the northern Gulf. The species that contributed the
greatest to the dissimilarity between the central and
southern sites were C. emmelas and Macrouridae,
which were more abundant in the southern transects.

3.3. Relationship between environmental variables
and demersal fish community composition,

density, and diversity

For the MRT analysis, the selected tree identified
export POC flux, oxygen concentration, depth, and
percent hard substrate as primary drivers explaining
community transition points (Fig. 4). The tree with
the smallest cross-validation relative error (CVRE =
0.654, RE = 0.198) included 17 splits, and the most
parsimonious tree, which was within 1 standard error
of the smallest CVRE value, included 3 splits. We
selected a tree that was intermediate between these
2, which contained 5 splits and 6 leaves (i.e. commu-
nities) (Fig. 4), and explained ~63% of the variance in
community composition (CVRE = 0.721, RE = 0.367).
An oxygen concentration of ~3.5 µmol kg−1 was iden-
tified as an important transition point at 2 splits in the
tree and explained ~29% of the variance in commu-
nity composition. Communities 1 and 2 were present
under higher oxygen conditions and differed by
depth, with S. cortezi and Eptatretus sp. most com-
mon in the deeper community (C1) and P. furcirhinus
most common in the shallower community (C2).
Communities 3, 4, and 5 were present under lower
oxygen conditions; these all had high representation
of C. emmelas and overlapped in the nMDS (Fig. 4B).

However, Community 3 had a more even community
composition, whereas Communities 4 and 5 were
characterized by very high dominance of C. emmelas
(Fig. 4C). Community 6 was distinct from all other
communities (Fig. 4B), was characterized by high
representation of Macrouridae and Bathypterois pec -
tinatus (Fig. 4C), and was present under higher oxy-
gen conditions but lower POC flux (Fig. 4A).

In addition to exploring how community composi-
tion correlated with environmental conditions, we
also examined if environmental conditions explained
trends in fish community density and diversity. Using
GAMs, we found that fish density and diversity ex -
hibited differing responses.

GAMs including a suite of environmental factors
explained up to 75% of the variation in fish community
density. The top-ranked model included temperature,
oxygen concentration, an interaction be tween temper-
ature and oxygen, latitude, mean NPP, depth, and per-
cent hard substrate as covariates (Table 3). Export POC
flux was the only covariate that did not improve model
performance. Models that included a temperature−
oxygen interaction were ranked consistently higher
than others (Table 3) and the 2D component plot
showed that fish density increased with higher tem-
perature and higher oxygen conditions, but decreased
under warmer temperatures (>9.5°C) under suboxic
conditions (O2 < 5 µmol kg−1) (Fig. 5). Depth and lati-
tude both had a negative relationship with density,
with fish density decreasing at deeper depths and at
higher latitudes. In contrast, fish density increased
with mean NPP and percent hard substrate. When
considering combinations of covariates for models
that included a temperature−oxygen in teraction, the
following variables were ranked as most important for
explaining variance in fish density: temperature, the
interaction between temperature and oxygen, lati-
tude, mean NPP, depth, percent hard substrate, POC
flux, and oxygen. If a  temperature− oxygen interaction
was excluded, then oxygen and temperature were
ranked as the most important covariates.

While fish density was affected by a number of
covariates (Fig. 5), the top-ranked model for fish
community diversity only included oxygen and lati-
tude (Table 4) and accounted for 57% of the vari-
ance in fish community diversity. Diversity showed
a strong threshold response to environmental oxy-
gen, with diversity decreasing sharply once oxygen
levels became too low (Fig. 6), and exhibited a non-
linear relationship with latitude, with lower diversity
at mid latitudes in the Gulf (Fig. 6). Unlike for den-
sity, the top model for fish diversity did not include
a  temperature− oxygen interaction, and temperature,
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Equation AICC ΔAICC Weight GCV R2 (adj) p
Lat T Ox T,Ox Z         POC Sub NPP

Log(Density) = s(Lat) + ti(T) 258.73 0 0.781 0.842 0.749 <0.001 <0.001 0.016 <0.001 <0.001    N/A 0.016 <0.001
+ ti(Ox) + ti(T,Ox) + s(Z) + s(Sub)
+ s(NPP)

Log(Density) = s(Lat) + ti(T) 263.21 4.48 0.083 0.895 0.731 0.003 0.003 0.022 <0.001 0.001      N/A N/A <0.001
+ ti(Ox) + ti(T,Ox) + s(Z) + s(NPP)

Log(Density) = s(Lat) + ti(T) 264.57 5.84 0.042 1.058 0.626 <0.001 0.001 <0.001 <0.001 0.003      N/A N/A N/A
+ ti(Ox) + ti(T,Ox) + s(Z)

Log(Density) = s(Lat) + ti(T) 264.91 6.18 0.036 0.978 0.687 0.076 <0.001 0.613 <0.001 N/A       N/A N/A <0.001
+ ti(Ox) + ti(T,Ox) + s(NPP)

Log(Density) = ti(T) + ti(Ox) 265.26 6.53 0.03 0.979 0.687 N/A <0.001 0.527 <0.001 N/A       N/A N/A <0.001
+ ti(T,Ox) + s(NPP)

Log(Density) = s(Lat) + ti(T) + ti(Ox) 267.57 8.84 0.009 1.049 0.649 0.054 0.018 0.108 <0.001 <0.001    0.861 N/A 0.068
+ ti(T,Ox) + s(Z) + s(POC) + s(NPP)

Log(Density) = s(Lat) + s(T) + s(Ox) 268.03 9.3 0.007 1.125 0.588 <0.001 <0.001 <0.001 N/A N/A       N/A N/A N/A
Log(Density) = s(Lat) + s(T) + s(Ox) 269.1 10.37 0.004 1.113 0.606 0.105 <0.001 <0.001 N/A N/A       N/A N/A <0.001
+ s(NPP)

Log(Density) = s(Lat) + s(T) + s(Ox) 270.79 12.06 0.002 1.151 0.584 <0.001 <0.001 <0.001 N/A 0.910      N/A N/A N/A
+ s(Z)

Log(Density) = s(Lat) + ti(T) + ti(Ox) 271.27 12.54 0.001 0.885 0.754 0.003 0.053 0.006 <0.001 <0.001    0.068 0.003 <0.001
+ ti(T,Ox) + s(Z) + s(POC) + s(Sub) 
+ s(NPP)

Log(Density) = s(T) + s(Ox) + s(NPP) 271.91 13.18 0.001 1.120 0.618 N/A <0.001 <0.001 N/A N/A       N/A N/A <0.001

Log(Density) = s(Lat) + s(T) + s(Ox) 271.98 13.25 0.001 1.138 0.604 0.095 <0.001 <0.001 N/A 0.800      N/A N/A 0.002
+ s(Z) + s(NPP)

Log(Density) = s(Lat) + ti(T) + ti(Ox) 272.81 14.08 0.001 1.190 0.563 <0.001 0.035 <0.001 <0.001 N/A       N/A N/A N/A
+ ti(T,Ox)

Log(Density) = s(Lat) + s(T) + s(Ox) 275.14 16.41 0 1.169 0.598 0.199 <0.001 <0.001 N/A 0.857     0.919 N/A 0.023
+ s(Z) + s(POC) + s(NPP)

Log(Density) = s(Lat) + s(T) + s(Ox) 275.36 16.63 0 1.171 0.598 0.098 <0.001 <0.001 N/A 0.770      N/A 0.639 0.002
+ s(Z) + s(Sub) + s(NPP)

Log(Density) = s(Lat) + s(T) + s(Ox) 278.61 19.89 0 1.203 0.592 0.200 <0.001 <0.001 N/A 0.854     0.929 0.633 0.020
+ s(Z) + s(POC) + s(Sub) + s(NPP)

Log(Density) = s(T) + s(NPP) 293.7 34.97 0 1.570 0.371 N/A <0.001 N/A N/A N/A       N/A N/A 0.009

Log(Density) = s(Lat) + s(T) 294.94 36.21 0 1.586 0.371 0.045 <0.001 N/A N/A N/A       N/A N/A N/A

Log(Density) = s(T) + s(Ox) + s(Z) 295.35 36.62 0 1.581 0.385 N/A <0.001 0.154 N/A 0.021      N/A N/A N/A

Log(Density) = s(Lat) + s(T) + s(Z) 296.78 38.05 0 1.614 0.366 0.276 <0.001 N/A N/A 0.329      N/A N/A N/A

Log(Density) = s(T) + s(Ox) 297.86 39.13 0 1.626 0.368 N/A <0.001 0.163 N/A N/A       N/A N/A N/A

Log(Density) = s(Lat) + s(Ox) + s(Z) 298.38 39.65 0 1.596 0.410 <0.001 N/A <0.001 N/A <0.001    N/A N/A N/A

Log(Density) = s(T) 298.98 40.25 0 1.675 0.320 N/A <0.001 N/A N/A N/A       N/A N/A N/A

Log(Density) = ti(T) + ti(Ox) 299.36 40.63 0 1.577 0.439 N/A <0.001 0.402 <0.001 N/A       N/A N/A N/A
+ ti(T,Ox)

Log(Density) = ti(T) + ti(Ox) 300.07 41.34 0 1.618 0.408 N/A <0.001 0.030 <0.001 0.035      N/A N/A N/A
+ ti(T,Ox) + s(Z)

Log(Density) = s(Lat) + s(Ox) 308.33 49.6 0 1.890 0.187 <0.001 N/A 0.001 N/A N/A       N/A N/A N/A

Log(Density) = s(Ox) + s(NPP) 309.01 50.28 0 1.909 0.166 N/A N/A <0.001 N/A N/A       N/A N/A <0.001

Log(Density) = s(POC) 313.91 55.18 0 1.987 0.190 N/A N/A N/A N/A N/A      0.006 N/A N/A

Log(Density) = s(Lat) 317.92 59.19 0 2.112 0.079 0.037 N/A N/A N/A N/A       N/A N/A N/A

Log(Density) = s(NPP) 318.16 59.43 0 2.116 0.081 N/A N/A N/A N/A N/A       N/A N/A 0.031

Log(Density) = s(Z) 323.52 64.79 0 2.255 0.003 N/A N/A N/A N/A 0.262      N/A N/A N/A

Log(Density) = s(Ox) 323.53 64.8 0 2.245 0.036 N/A N/A 0.336 N/A N/A       N/A N/A N/A

Log(Density) = s(Sub) 324.81 66.08 0 2.288 0.000 N/A N/A N/A N/A N/A       N/A 0.934 N/A

Table 3. Generalized additive models evaluated for assessing the relationship between environmental variables and demersal fish
density across 88 transects in the Gulf of California. Models included latitude (Lat), near-bottom temperature (T), near-bottom dis-
solved oxygen (Ox), depth (Z), export particulate organic carbon flux (POC), percent hard substrate (Sub), and mean net primary
production (NPP) as explanatory variables. Certain models also included an interaction between temperature and oxygen (T,Ox).
Models are ordered based on model performance evaluated by Akaike’s information criteria with correction for small sample size
(AICC), with the most parsimonious model (ΔAICC = 0) at the top. Model weight (Weight), generalized cross-validation (GCV),
variance explained (R2 adj), and significance (p-value) of each covariate included in the model are also shown. Covariates that were 

significant ( p < 0.05) are indicated in bold. N/A: not applicable (covariates not included in the model)
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mean NPP, POC flux, depth and percent hard sub-
strate were not found to be significant predictors
(Table 4). Oxygen concentration was ranked as the
most important variable for explaining variance in
fish diversity (weight = 0.99), followed by latitude
(weight = 0.77), and then POC flux, temperature,

depth, mean NPP, and percent hard
substrate, which all had variable im -
portance weights below 0.31.

Since both fish density and diversity
showed nonlinear relationships with oxy-
gen and exhibited threshold responses,
we used a segmented regression model
to identify the oxygen concentration
under which strong changes in fish
 density and diversity occurred. In both
cases, the segmented regression models
identified statistically significant thresh-
olds (p = 0.05 for density and p < 0.001
for diversity). The oxygen threshold for
diversity (7 ± 1 µmol kg−1) was twice as
high as the threshold for density (3 ± 1
µmol kg−1); below these oxygen thresh-
olds, fish density and diversity sharply
declined (Fig. 7).

3.4.  Demersal fish tolerance to
severe hypoxia

Conditions were suboxic (<5 µmol
kg−1) for nearly half (43/88) of the tran-
sects conducted. Despite these severely
hypoxic conditions, demersal fish were
observed during 87 of 88 transects. No fish
were observed along only one transect
located at an intermediate depth (354 m)
off Cabo Pulmo (Dive 738), where condi-
tions were nearly anoxic (O2 = 0.74 µmol
kg−1) and relatively warm (10.15°C).
More than one fish species was present
in 90% of transects. The highest fish den-
sity (3.26 fish m−2) was observed during
Dive 737 in the Cerralvo Trough at 774
m, under cold (5.94°C) and severely hy-
poxic (O2 = 1.61 µmol kg−1) conditions.
Nearby transects also had fish densities
~4 times higher (0.46 fish m−2) than the
average fish density observed across
other transects (0.11 fish m−2), showing
that the Cerralvo Trough supports high
fish densities despite the presence of se-
verely hypoxic conditions.

The ophidiid C. emmelas and the scyliorhinid
C. cephalus consistently occurred under the most
ex treme hypoxic conditions encountered during the
study. Other species were also present in suboxic
communities, including D. spinosus and N. liolepis,
but they were rarer and their distribution extended
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Fig. 5. Component plots for the highest ranked generalized additive model
explaining variance in deep-sea demersal fish density in the Gulf of Califor-
nia. The model that included temperature and oxygen as main effects as
well as an interaction between temperature and oxygen, latitude, mean net
primary production (NPP), depth, and percent hard substrate could explain
75% of the observed variance in fish community density. (A) Fish density as
a function of temperature and oxygen combined; blue: lower fish densities;
red: higher densities; white: temperature−oxygen combinations not encoun-
tered during this study. For the lower 6 component plots (B−G) showing fish
density as a function of environmental covariates, the blue line represents
the expected value with a confidence interval shown in gray, and points
 represent partial residuals for each of the 88 transects, colored by location 

(red: northern, turquoise: central, gray: southern Gulf)



into habitats that were deeper and more oxygen-
rich (Table 2). Therefore, suboxic environments in
the Gulf do not exclude demersal fish, and under
colder temperatures can even support very high
fish densities.

3.5.  Climate change projections for the Gulf of
California seafloor

Under the RCP8.5 scenario, the Gulf seafloor is
projected to ex perience warming to 3.4°C (mean in -
crease 1.08 ± 1.07°C; Fig. 8A) by 2081−2100. The

strongest warming will occur in the northern (2.85 ±
0.52°C), then central (0.87 ± 0.49°C), and finally
southern (0.50 ± 0.68°C) regions of the Gulf. Most of
the Gulf seafloor may additionally experience mod-
est deoxygenation (mean −0.21 µmol kg−1) by
2081−2100. However, with a standard deviation
almost 16 times the mean, spatial variability in dis-
solved oxygen change is expected (Fig. 8B). Region-
ally, dissolved oxygen may decrease up to
11.55 µmol kg−1 at the northern tip of the Gulf near
the mouth of the Colorado River but increase up to
15.85 µmol kg−1 in the Delfín Basin north of the Isla
Ángel de la Guarda. The near-bottom dissolved oxy-
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Equation AICC ΔAICC Weight GCV R2 (adj) p
Lat T Ox T,Ox Z        POC Sub NPP

Diversity (H’ln) = s(Lat) + s(Ox) 69.2 0 0.342 0.123 0.573 0.018 N/A <0.001 N/A N/A       N/A N/A N/A

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 71.18 1.98 0.127 0.125 0.570 0.024 0.452 <0.001 N/A N/A       N/A N/A N/A

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 71.27 2.07 0.121 0.126 0.558 0.071 0.226 <0.001 0.314 N/A       N/A N/A N/A
+ ti(T,Ox)

Diversity (H’ln) = s(Ox) 71.9 2.69 0.089 0.126 0.564 N/A N/A <0.001 N/A N/A       N/A N/A 0.059
+ s(NPP)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 72.59 3.38 0.063 0.127 0.559 0.041 0.138 <0.001 0.398 N/A       N/A 0.211 N/A
+ ti(T,Ox) + s(Sub)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 72.82 3.62 0.056 0.128 0.556 0.056 0.135 <0.001 0.569 0.313      N/A N/A N/A
+ ti(T,Ox) + s(Z)

Diversity (H’ln) = s(Lat) + s(Ox) + s(NPP) 73.33 4.12 0.043 0.126 0.581 0.281 N/A <0.001 N/A N/A       N/A N/A 0.215

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 73.36 4.16 0.043 0.128 0.563 0.022 0.392 <0.001 N/A 0.559      N/A N/A N/A
+ s(Z)

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 73.5 4.3 0.04 0.128 0.563 0.020 0.333 <0.001 N/A N/A       N/A 0.446 N/A
+ s(Sub)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 75.07 5.86 0.018 0.129 0.570 0.296 0.248 <0.001 0.363 N/A       N/A N/A 0.697
+ ti(T,Ox) + s(NPP)

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 75.14 5.94 0.018 0.128 0.582 0.300 0.372 <0.001 N/A N/A       N/A N/A 0.738
+ s(NPP)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 75.51 6.31 0.015 0.130 0.558 0.120 0.080 <0.001 0.239 0.448      N/A 0.356 N/A
+ ti(T,Ox) + s(Z) + s(Sub)

Diversity (H’ln) = s(Ox) 76.25 7.05 0.01 0.134 0.517 N/A N/A <0.001 N/A N/A       N/A N/A N/A

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 76.94 7.74 0.007 0.131 0.570 0.155 0.093 0.002 0.299 0.278     0.319 0.136 N/A
+ ti(T,Ox) + s(Z) + s(POC) + s(Sub)

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 77.86 8.66 0.004 0.131 0.571 0.035 0.111 <0.001 N/A 0.255     0.301 0.139 N/A
+ s(Z) + s(POC) + s(Sub)

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 79.66 10.46 0.002 0.131 0.590 0.252 0.065 <0.001 N/A 0.262      N/A 0.290 0.523
+ s(Z) + s(Sub) + s(NPP)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 79.92 10.72 0.002 0.131 0.591 0.109 0.108 <0.001 0.296 0.278      N/A 0.260 0.131
+ ti(T,Ox) + s(Z) + s(Sub) + s(NPP)

Diversity (H’ln) = s(Lat) + ti(T) + ti(Ox) 82.5 13.3 0 0.134 0.586 0.312 0.328 <0.001 0.554 0.571     0.790 0.244 0.576
+ ti(T,Ox) + s(Z) + s(POC) + s(Sub) 
+ s(NPP)

Diversity (H’ln) = s(Lat) + s(T) + s(Ox) 83.06 13.86 0 0.135 0.586 0.280 0.193 <0.001 N/A 0.449     0.938 0.288 0.551
+ s(Z) + s(POC) + s(Sub) + s(NPP)

Diversity (H’ln) = s(POC) 89.81 20.61 0 0.156 0.449 N/A N/A N/A N/A N/A     <0.001 N/A N/A

Diversity (H’ln) = s(T) 97.44 28.24 0 0.170 0.393 N/A <0.001 N/A N/A N/A       N/A N/A N/A

Diversity (H’ln) = s(Z) 102.27 33.07 0 0.179 0.368 N/A N/A N/A N/A <0.001     N/A N/A N/A

Diversity (H’ln) = s(Lat) 131.32 62.11 0 0.253 0.053 0.171 N/A N/A N/A N/A       N/A N/A N/A

Diversity (H’ln) = s(Sub) 134.21 65.01 0 0.262 0.000 N/A N/A N/A N/A N/A       N/A 0.702 N/A

Diversity (H’ln) = s(NPP) 134.46 65.25 0 0.263 0.000 N/A N/A N/A N/A N/A       N/A N/A 0.850

Table 4. Generalized additive models evaluated for assessing the relationship between environmental variables and demersal 
fish diversity (H’ln) across 88 transects in the Gulf of California. See Table 3 for further details
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gen concentration in the central and southern Gulf is
expected to decline by 0.5 µmol kg−1 on average with
relatively large standard deviations of approximately
2−3 times the mean.

By 2081−2100, oxygen levels across ~14% of the
Gulf seafloor will be lower than 3 µmol kg−1, the
threshold below which fish density was observed to
rapidly decrease (black contour line, Fig. 8B). Simi-
larly, 16% of the Gulf sea floor is expected to have
oxygen conditions below the threshold found to pre-
cede a rapid loss in fish diversity (red contour line,
Fig. 8B). The percentage and coverage of these low-
oxygen areas were found to be almost identical be -
tween the 1951−2000 and 2081−2100 projections,
with little to no change in dis solved oxygen concen-
tration (Fig. 8B). Despite the stability in oxygen condi-
tions, temperatures in these low-oxygen areas are
projected to increase by 0.42 ± 0.16°C (Fig. 8A).

4.  DISCUSSION

This study provided the first descriptions of the
deep-sea demersal fish community in the Gulf of
California ac companied by genetic verification, en -
 viron mental analyses, and climate change projec-
tions. We found that de mersal fish community struc-
ture across the Gulf is highly correlated with
variables that are expected to change with climate
change (i.e. temperature, oxygen concentration, and
primary production). Consequently, demersal fish
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Fig. 6. Component plots for the highest ranked general-
ized additive model explaining variance in deep-sea dem-
ersal fish community diversity (H’ln) in the Gulf of Califor-
nia. The model with (A) oxygen concentration and (B)
latitude explained 57% of the observed variance. Blue
line: expected value; gray shading: confidence interval;
points: partial residuals for each of the 88 transects, col-
ored by location (red: northern; turquoise: central; gray:

southern Gulf)

Fig. 7. Gulf of California deep-sea demersal fish (A) community density and (B) diversity (H’ln) as a function of near-bottom
oxygen concentration. A segmented regression model identified threshold responses of fish density (left) (p = 0.05) and fish
 diversity (right) (p < 0.001) with near-bottom oxygen concentration. Points: individual fish transects; dashed line: the oxygen
threshold identified by the model (rounded to the nearest whole number). The rugplot shows the data distribution of oxygen 

conditions across the 88 transects
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com munities in the Gulf are likely to be vulnerable to
climate change impacts (Table 5).

Latitudinal differences previously de scribed for the
Gulf fish community indicated significant differences
in larval assemblages between the northern and cen-
tral Gulf, with the northern assemblage character-
ized by lower larval abundance and species richness
(Ávalos-García et al. 2003). Overall fish species rich-
ness was reported as being twice as high in the south
as in the north (Hastings et al. 2010). Our results
(Figs. 3−6) lend support to some, but not all, of these

latitudinal patterns. Deep-sea demersal
fish community composition was related
to latitude, with significant grouping by
region and high dissimilarity across
regions (Fig. 3). The first split in the MRT
captured the strong difference in carbon
flux between the northern and southern
Gulf, which corresponds with differences
in community composition (Fig. 4, Fig. S2).
Our results for density trends with latitude
were also consistent with previous stud-
ies, with fish densities higher in the south-
ern than northern Gulf (Fig. 5).

In contrast to Hastings et al. (2010), we
did not find large differences in fish diver-
sity or species richness between the north-
ern and southern Gulf. Previous studies on
biogeographic patterns in the Gulf sug-
gested regional differences in diversity
may be driven partially by the high sea-
sonal temperature variability in the north-
ern Gulf (Roden 1964, Álvarez- Borrego
2010), which likely influences shallower
communities more than the deep commu-
nities (>200 m) studied here. Furthermore,
it is possible that the negative ef fects of
hypoxia on diversity (Fig. 6) in the areas
we studied masked latitudinal trends in di-
versity described by Hastings et al. (2010).

Depth (i.e. hydrostatic pressure) was not a signifi-
cant explanatory factor for demersal fish diversity
(Table 4), but was a predictor of trends in density
(Table 3, Fig. 5) with density declining with increas-
ing depth, and was a predictor of trends in commu-
nity composition (Fig. 4). In areas like the deep Salsi -
puedes Basin, with relatively warm, well- oxygenated
conditions, Parker (1964) noted virtually no stratifica-
tion of macroinvertebrates. We similarly observed
very limited zonation in the Salsipuedes Basin and
found Sebastes cortezi, Eptatretus sp., and Symphu-
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Fig. 8. Projected changes for average (A) seafloor temperature and (B) dis-
solved oxygen concentration between 1951−2000 and 2081−2100 using
the MPI ESM-MR model output for an RCP8.5 scenario. Warm colors: in-
creases; cool colors: decreases; white: no change. Black and red contour
lines: dissolved oxygen concentration of 3.14 and 6.96 µmol kg−1 from
2081−2100, corresponding to the thresholds identified for decreasing fish
density and diversity, respectively. The southern boundary of the northern
Gulf of California is defined as 28° N latitude, the central Gulf is between 

24° and 28° N, and the southern Gulf is between 20° and 24° N

Oxygen Temperature Latitude POC Flux Depth % Hard substrate Mean NPP

Community composition 1 5 6 2 4 3 7
Density 2a 1 3 7 5 6 4
Diversity (H’ln) 1 4 2 3 5 7 6
aFor density, oxygen had high variable importance as an interactive effect with temperature

Table 5. Relative variable importance of the 3 community metrics examined in the study (deep-sea demersal fish community
composition, density, and diversity). Environmental variables are ranked from 1 (most) to 7 (least) in terms of relative impor-
tance. For community composition, variable importance was determined by summing the total variance explained (R2) by each
individual variable in the multivariate regression tree with the smallest cross-validation relative error, which contained 17 splits.
For density and diversity, variable importance was determined using variable importance weights (Burnham & Anderson 

2002). POC: particulate organic carbon; NPP: net primary productivity
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rus spp. occupying a broad depth range (~250−
1000 m). Our results suggest that in margin commu-
nities with observable depth zonation, researchers
should explore if other environmental covariates can
explain the ‘depth-related’ patterns.

Consistent with our results for fish communities,
oxygen levels appear to play a greater role than other
environmental factors (depth, epibenthic tempera-
ture, sediment texture, and organic matter content)
in explaining the density and diversity of molluscan
communities in the Gulf (Zamorano et al. 2007). The
threshold we report for oxygen (O2 ~ 7 ± 1 µmol kg−1)
below which fish diversity declines rapidly is remark-
ably similar to that identified for diversity in Eastern
Pacific macrofaunal communities (7.5 µmol kg−1)
(Sperling et al. 2016).

Our results suggest that fish diversity is a more
sensitive metric to low-oxygen conditions than fish
density. We hypothesize that this difference may be
due to the following succession of hypoxia impacts.
As oxygen concentrations decrease, hypoxia-intoler-
ant fish species are excluded from severely hypoxic
areas, resulting in altered community composition
(Fig. 4) and decreased diversity (Fig. 6). These areas
may then become food-rich refugia from predators,
thereby supporting high densities of the few tolerant
species. OMZ-adapted species often have lower
meta bolic rates (Levin 2003, Seibel 2011, Gallo &
Levin 2016) than hypoxia- intolerant species, and
thus may have lower food requirements, allowing for
the environment to support such high densities. How -
ever, even the most hypoxia- tolerant species experi-
ence metabolic limitation under combinations of cer-
tain temperature and oxygen conditions, leading to a
decline in densities when those conditions are en -
countered (Fig. 5). It should be noted that this study
looked at density and not biomass, and it would be of
interest to examine if fish biomass exhibits similar
response patterns.

Our results indicate the importance of considering
temperature and oxygen to gether when assessing
habitat suitability for fish assemblages. For ex ample,
the only transect we sampled where fish were absent
was relatively warm (10.15°C) and suboxic (O2 =
0.74 µmol kg−1). Since fish were ob served in several
transects with even lower oxygen levels (O2 = 0.52−
0.69 µmol kg−1) but colder temperatures (7.1−9.0°C), it
is likely that the increased metabolic demand in
warmer waters (Deutsch et al. 2015) rendered this
site unsuitable for even the most hypoxia-tolerant
fish species. Similarly, mismatches between oxygen
supply and metabolic demand have been implicated
in the decreased abundance of the eel pout Zoarces

viviparous as water temperatures warmed, though
the oxygen conditions at that study site were much
higher (Pörtner & Knust 2007).

Although benthic substrate was not found to be a
dominant predictor of trends in fish community struc-
ture, we caution that this study was not designed to
examine this factor in detail, and the transect design
(in which multiple habitat types could be sampled by
one transect) may weaken the signal. A more com-
prehensive design exploring habitat variation in
relation to fish community structure may reveal
stronger habitat-related patterns in the Gulf. Simi-
larly, our metrics for food input (mean NPP and car-
bon flux) were based on satellite-derived estimates.
More direct measures of food input and availability
from water column or sediment trap samples could
allow greater resolution be tween these food and fish
patterns. Nevertheless, POC flux was associated with
variation in the composition of fish communities
(Fig. 4), and mean NPP was positively related to fish
densities (Fig. 5).

4.1.  Unique features of the Gulf fish community

A total of 77 demersal fish species have previously
been described living under severely hypoxic condi-
tions (O2 < 22.5 µmol kg−1) (Gallo & Levin 2016). This
study adds an additional 18 species (Table 2), raising
the number of demersal fish species globally known
to live in OMZ conditions to 95 (Table S1 in Supple-
ment 2). This number is likely conservative as many
OMZ margins remain poorly studied, but still small
compared to the global estimate (3000−4000) of spe-
cies richness for deep-sea fishes (Koslow et al. 1997).
Elevated hypoxia tolerance in the pelagic fish com-
munity has also been reported in the Gulf, with high
species richness and abundance of larvae in severely
hypoxic areas (Davies et al. 2015).

While many invertebrates are absent from the Gulf’s
severely hypoxic habitats, tolerant species commonly
occur in the OMZ (Parker 1964, Zamo rano et al. 2007).
However, even hypoxia-tolerant gala theid crabs were
never recorded at oxygen levels below ~2 µmol kg−1

(0.05 ml l−1) in the Gulf (Hendrickx & Serrano 2014).
In contrast, we ob served several demersal fish spe-
cies, including Cher ub lemma emmelas, Cephalurus
cephalus, and Di bran chus spinosus, living in areas
where oxygen content is below 2 µmol kg−1, suggest-
ing that fish in the Gulf may be more hypoxia-tolerant
than most crusta ceans. C. emmelas and C. cephalus
have been pro posed to be ligooxyphiles (low-oxygen
specialists) (Gallo et al. 2019).
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High-density aggregations of invertebrates are com-
mon features of OMZ habitats (Mullins et al. 1985,
Levin 2003, Zamorano et al. 2007, Jeffreys et al. 2012)
and we also observed high-density aggregations of
fish, dominated by C. emmelas, within the OMZ. Fish
densities were highest in the Cerralvo Trough
(~3.26 fish m−2, O2 = 1.6 µmol kg−1), where the local
bathy metry may have additionally enhanced fish den-
sities,butwerealsoelevatedoffCaboPulmo(~0.24fish
m−2, O2 = 1.6 µmol kg−1), suggesting the high-density
feature may be related to the oxygen conditions. Off
Hawai‘i, submarine canyons were found to enhance
the abundance of deep-sea demersal fish; however,
this effect was offset when oxygen concentrations fell
below ~30 µmol kg−1 (0.7 ml l−1) (De Leo et al. 2012).

We observed midwater fish interacting oddly with
the seafloor for as yet unknown reasons. At interme-
diate depths (~400−800 m) in the southern Gulf,
bathylagids and myctophids rapidly swam down and
crashed headfirst into the sediment, before swim-
ming away. This behavior was most common in the
nearly anoxic areas (O2 < 1 µmol kg−1). It is unclear if
the fish were reacting to the ROV lights, feeding on
the sediment, or were physiologically impaired by
the near-anoxic conditions. These interactions were
not observed in either the central or northern Gulf.

4.2.  Study constraints

This study presents a snapshot of the deep-sea
demersal fish community in the Gulf in late March
2015. However, the northern Gulf experiences signif-
icant seasonality, with shallow-water temperatures
spanning 15°C between January and August (Parker
1964). Temporal oxygen variability has also been
described for the deep Salsipuedes Basin (Álvarez-
Borrego 1983) and the southern Gulf (Roden 1964).
The abundance and distribution of midwater and lar-
val fishes in the Gulf are known to vary interannually
and seasonally (Moser et al. 1971, Ávalos-García et
al. 2003, Sánchez-Velasco et al. 2009). Larvae of sev-
eral demersal species included in this study (Coelor-
inchus scaphopsis, Physiculus rastrelliger, C. emmelas,
Pontinus spp., Bathycongrus macrurus, and Symphu-
rus oligomerus) showed seasonal and interannual
changes in abundance in response to La Niña and El
Niño events (Sánchez-Velasco et al. 2004). Whether
the deep-sea demersal fish community also responds
to pronounced environmental variability would be a
valuable area of research in the future — our results
suggest that environmental changes, particularly
oxy  gen and temperature, could have large effects.

This study focused on adult fish that can easily be
observed with the ROV. Consequently, we missed
the early life stages. Studies on larval fish assem-
blages in the Gulf have found clear relationships be -
tween larval assemblages and oceanographic vari-
ables (Ávalos-García et al. 2003, Davies et al. 2015),
and larvae of demersal fish are often captured and
reported in these ichthyoplankton data sets (Moser et
al. 1971). Understanding the influence of environ-
mental variables on these early life stages is also im -
portant in determining how species will fare under
climate change scenarios.

While we did not measure carbonate system para -
meters in this study, pH conditions are highly and
positively correlated with oxygen conditions for the
Gulf (Álvarez-Borrego 1983). Within the core of the
OMZ, where oxygen values are lowest, low pH val-
ues (between 7.63 and 7.66) have been reported
(Gaxiola-Castro et al. 1978). In the central and south-
ern Gulf, the water becomes rapidly undersaturated
with respect to calcite (300 m) and aragonite (70 m)
(Gaxiola-Castro et al. 1978, Álvarez-Borrego 1983).
Since oxygen and pH are highly correlated, we can-
not state that the relationships found between fish
community metrics and oxygen is not also influenced
by carbonate system parameters, and encourage
future studies to explore this relationship.

4.3.  Implications for climate change impacts

Based on climate change projections for 2100, ben-
thic ecosystems in the deep Gulf will likely experi-
ence larger changes in temperature than oxygen.
The limited projected oxygen decline is somewhat
surprising given that the spatial extent of suboxic
areas is expected to be highly sensitive to climate-
driven oxygen loss (Deutsch et al. 2011). This result
may be due to model uncertainty and the difficulty of
capturing small oxygen changes in areas already low
in dissolved oxygen. Despite the limited oxygen de -
cline predicted by the climate model, fish communi-
ties may still experience oxygen stress, as warming
increases metabolic rates and oxygen demand (Pört-
ner et al. 2017). Regional differences in warming are
predicted, with the northern Gulf expected to experi-
ence the most warming, followed by the central and
southern Gulf. The eastern Gulf may also experience
greater warming and oxygen loss than the western
Gulf (Fig. 8). Based on our results, communities in the
central Gulf may be especially vulnerable to climate-
driven metabolic constraints. Currently, oxygen con-
ditions for ~41% of the seafloor in the central Gulf
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are lower than the threshold found in this study to
correlate with decreases in fish diversity (O2 ~ 7 µmol
kg−1), and the central Gulf seafloor is projected to
warm by 0.87 ± 0.49°C by 2100.

Examining the temperature and oxygen niches of
species may offer an opportunity to explore species-
specific vulnerabilities to climate change and possi-
ble metabolic limits on species distributions based
on combined temperature and oxygen stress. C. sca -
phop sis, a shallow-water (220−550 m) gren adier
com mon in the northern and upper central Gulf, is
absent in the southern and lower central Gulf where
severely hypoxic conditions (O2 < 10 µmol kg−1) are
present in shallow (200−500 m) areas. If C. scaphop-
sis is restricted to higher oxygen habitats due to a
high metabolism, the combination of warming and
oxygen loss projected for the northern and central
Gulf may result in significant habitat compression for
this species. The ‘metabolic index’ has been pro-
posed as a mechanistic framework for understanding
marine species distributions, with contemporary dis-
tributions limited to areas where the environmental
oxygen supply is at least 2−5 times greater than the
animal’s resting metabolic oxygen demand (Deutsch
et al. 2015). Relating projected changes in the meta-
bolic index for the Gulf with current environmental
niches for demersal fish species may allow for valu-
able insight into organismal and ecosystem vulnera-
bilities to climate change.

5.  CONCLUSIONS

Oxygen and temperature are highly correlated
with trends in deep-sea demersal fish community
structure in the Gulf of California. Consequently, cli-
mate changes with resulting impacts on the oxygen
and temperature regimes in the Gulf will likely lead
to altered demersal fish community composition,
density, and diversity. Near-bottom oxygen is the
strongest factor explaining variation in demersal fish
community diversity and composition, while temper-
ature has more explanatory power for trends in den-
sity. Warming is projected to be more pronounced for
the Gulf than deoxygenation, and the influence of
warming temperatures on metabolic rates may lead
to additional oxygen stress for fish communities.
Additional factors linked to ocean acidification were
not examined here, but could contribute to cumula-
tive stress on fishes. We found that several demersal
fish species exhibited remarkable hypoxia tolerance;
however, these species currently lack economic
value, while important commercial species, such as

Sebastes macdonaldi, are excluded from severely
hypo xic areas. Coupled observations of community
trends across natural gradients with climate model
projections provided a valuable tool for exploring
ecosystem vulnerabilities to climate change. Addi-
tional laboratory and geochemical proxy approaches
may help to verify the environment−community rela-
tionships documented here and generate further
mechanistic understanding.
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