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Abstract

Oxygen minimum zones in the open ocean are predicted to significantly increase in volume over the coming decades as a
result of anthropogenic climatic warming. The resulting reduction in dissolved oxygen (DO) in the pelagic realm is likely to
have detrimental impacts on water-breathing organisms, particularly those with higher metabolic rates, such as billfish, tunas,
and sharks. However, little is known about how free-living fish respond to low DO environments, and therefore, the effect
increasing OMZs will have cannot be predicted reliably. Here, we compare the responses of two active predators (bigeye
tuna Thunnus obesus and yellowfin tuna Thunnus albacares) to DO at depth throughout the eastern Pacific Ocean. Using
time-series data from 267 tagged tunas (59,910 days) and 3D maps of modelled DO, we find that yellowfin tuna respond
to low DO at depth by spending more time in shallower, more oxygenated waters. By contrast, bigeye tuna, which forage
at deeper depths well below the thermocline, show fewer changes in their use of the water column. However, we find that
bigeye tuna increased the frequency of brief upward vertical excursions they performed by four times when DO at depth
was lower, but with no concomitant significant difference in temperature, suggesting that this behaviour is driven in part by
the need to re-oxygenate following time spent in hypoxic waters. These findings suggest that increasing OMZs will impact
the behaviour of these commercially important species, and it is therefore likely that other water-breathing predators with
higher metabolic rates will face similar pressures. A more comprehensive understanding of the effect of shoaling OMZs on
pelagic fish vertical habitat use, which may increase their vulnerability to surface fisheries, will be important to obtain if
these effects are to be mitigated by future management actions.
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Introduction

Anthropogenic climatic warming is driving increases in
the volume and extent of oxygen minimum zones (OMZs),
as well as increases in sea surface temperatures (SST), the
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combination of which is likely to threaten the functioning
of marine ecosystems (Diaz and Rosenberg 2008; Stramma
et al. 2008b; Keeling et al. 2010; Gruber 2011; Breitburg
et al. 2018). Recovery of dissolved oxygen (DO) levels are
predicted to be so long that the changes occurring at present
are considered to be effectively irreversible in human time-
scales (Gruber 2011). Open-ocean OMZs have increased
in extent over the last 60 years, with a quadrupling in the
volume of anoxic water (Schmidtko et al. 2017; Breitburg
et al. 2018). The northern and equatorial Pacific Ocean has
seen the largest reductions in DO over the last 50 years, with
approximately 40% of the global loss of oxygen occurring in
this region (Schmidtko et al. 2017). Higher sea temperatures
have increased stratification and reduced oxygen solubility
which, with the upwelling of low DO water, have resulted
in these increases (Levin 2018). Increased primary produc-
tivity in surface layers has raised the quantity of organic
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matter available for sub-surface microbial respiration, which
further depletes mesopelagic DO concentrations (Diaz and
Rosenberg 2008; Breitburg et al. 2018). Consequently, in the
eastern equatorial regions of the Atlantic and Pacific Oceans,
there are extensive OMZs that exist within the depth range of
100-900 m that overlap both horizontally and vertically with
marine predator hotspots (Karstensen et al. 2008; Czeschel
et al. 2012; Queiroz et al. 2016, 2019; Olivar et al. 2017,
Vedor et al. 2021b). These OMZs are likely to increase in
volume further, with reductions in global dissolved oxygen
of up to 7% predicted by 2100 (Schmidtko et al. 2017) with
potentially serious consequences for marine life (Stramma
et al. 2008b). Hypoxia has been shown to have far-reach-
ing effects not only on a wide range of taxa, but also to be
consistently detrimental to almost all biological processes,
such as survival, growth, development, and reproduction
(Sampaio et al. 2021). While mitigation of these problems
through the reduction in CO, emissions is therefore essen-
tial, it is also vital to gain an understanding of how expand-
ing OMZs will impact marine ecosystems if measures are to
be implemented to avoid or reduce these effects.

Two processes combine to reduce the volume of suitable
habitat above OMZs. First, as the OMZ expands, it forces
deoxygenated water into shallower layers of the water col-
umn, thus reducing the volume from below. Simultane-
ously, rising sea surface temperatures reduce the volume
of preferred habitat from above. This compression reduces
the vertical extent of habitable water column for fishes and
other organisms above the mesopelagic OMZ (Prince and
Goodyear 2006; Prince et al. 2010; Stramma et al. 2010,
2011; Vedor et al. 2021b). Consequently, as the depth at
which organisms experience hypoxia shoals, those with
higher oxygen demands will be forced into a narrowing vol-
ume of cooler, better oxygenated water. Fishes may become
habitat compressed and therefore become more vulnerable
to fishing effort from surface longlines for example (Vedor
et al. 2021b). Alternatively, fish might be displaced horizon-
tally to areas outside the volume occupied by the OMZ if
the hypoxic tolerance of prey species, such as euphausiids,
myctophids, or squid (Trubenbach et al. 2013; Seibel et al.
2016; Olivar et al. 2017), is greater than that of the predators
(e.g., tunas or sharks) which may affect foraging opportuni-
ties (Vetter et al. 2008; Breitburg et al. 2018).

Highly active, water-breathing marine predators, such as
tunas, billfish, and sharks with high oxygen requirements,
are likely to be most affected by changes in the distribution
of low DO in the oceans (Brill 2007; Gilly et al. 2013).
Consequently, bigeye tuna (Thunnus obesus; hereafter BET)
and yellowfin tuna (Thunnus albacares; hereafter YFT) are
appropriate species to test for the effect of low DO as they
have relatively high metabolic rates among fish with con-
sequently high O, demands and are therefore likely to be
more sensitive to low DO (Bernal et al. 2017). Istiophorid
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billfish, for example, are known to exhibit very different ver-
tical movements with respect to DO, foraging in shallower
water in the eastern tropical Pacific which is characterised
by low DO at depth, and foraging in deeper waters in the
western tropical Atlantic where DO is higher (Prince and
Goodyear 2006). Furthermore, both tuna species are com-
mercially important, together making up about 35% of the
total global tuna catch (ISSF 2020). Therefore, understand-
ing the importance of expanding OMZs to these species has
implications not only for marine ecology but also for tuna
fisheries management and food security (Baez et al. 2018).

The BET and YFT studied here exhibit vertical move-
ments that result in different distributions of time-at-depth.
Both species typically perform normal diel vertical migra-
tion (nDVM), moving to deeper water to forage during the
day, with BET diving to around 200-300 m and YFT to
around 50-150 m (Schaefer et al. 2009; Schaefer and Fuller
2010). Consequently, both species are likely to encounter
low DO water which might act as a physiological or behav-
ioural boundary to their vertical movements and foraging
opportunities. There are considerable differences between
BET and YFT, not only in the vertical habitat occupied,
but in their physiological adaptations to both temperature
and oxygen (Bernal et al. 2017). Given that BET spend
the majority of the daytime in low DO waters when for-
aging at depth (Leung et al. 2019), well below the com-
monly accepted hypoxic threshold of 63 pmol/l (Breitburg
et al. 2018), it is expected that BET would have adapta-
tions specific to low DO and lower temperatures at depth
(Bernal et al. 2017). Indeed, BET have better control over
the thermoregulation of red muscle tissue by being able to
selectively route blood through two vascular heat exchang-
ers, varying the extent to which metabolic heat is retained
in swimming muscles (Bernal et al. 2017). The heart mus-
cle of BET has also been shown to have higher tolerance
of low temperatures than that of YFT (Bernal et al. 2017).
These adaptations provide greater tolerance to low tempera-
tures, allowing BET to forage during the day well below the
thermocline in water as cold as 7 °C. By contrast, YFT are
generally restricted to warmer waters above the thermocline
(Bernal et al. 2010). Furthermore, BET have been shown
to have a higher blood—oxygen-binding affinity than YFT
or skipjack tunas (Katsuwonus pelamis) (Lowe et al. 2000;
Bernal et al. 2017). While studies using archival tag data
confirm that YFT spend less time in hypoxic waters, they
do not show the expected behavioural responses to low DO
(such as increased swimming speed to improve ventilation)
until DO reaches levels as low as 75 umol/l and are able to
survive hypoxic conditions for over 3 h (Bernal et al. 2017).
These findings suggest that responses to low DO by BET
and YFT are variable and depend on thermal habitat or prey
distributions as well as hypoxia for determining times spent
above and below the thermocline. For example, it is known
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that BET and YFT favour different forage taxa, with BET
consuming more fish and squid and YFT having a greater
preference for crustaceans (Menard et al. 2006) and this dif-
fering prey preference could also contribute to the observed
differences in water column occupancy.

Many studies have identified distinct vertical habitats for
BET and YFT, and laboratory studies have revealed toler-
ances for temperature and DO (for reviews see Bernal et al.
2010; Leung et al. 2019). However, it is poorly understood
to what extent actual DO levels in the open ocean may affect
the vertical movements and behaviour of populations of BET
or YFT, such that a representative overview of responses
may be obtained. Although it is expected that low DO will
affect the time spent at depth by each species, a comprehen-
sive analysis of vertical movements in response to DO will
help inform the effects expanding OMZs will have on these
tunas and how this may later affect foraging opportunities
and the vulnerability to surface fisheries.

In this study, we investigate the extent to which dissolved
oxygen levels at a range of depths may constrain the verti-
cal space use of bigeye and yellowfin tuna. We do so by
identifying changes in the occupancy of the water column
from tuna electronically tagged in throughout the eastern
Pacific Ocean (EPO). Clearly, experimental modification of
DO profiles in the ocean is not possible, but we are able to
analyse vertical movements and behavioural responses of the
tuna in terms of the extent of the water column used in con-
trasting areas of high and low DO at depth. We hypothesise
that YFT will respond more markedly to low DO than BET
and that occupancy of the water column by YFT, but not
BET, will be shallower where DO at depth is lower. To test
this, our approach was to first determine threshold depths at
which vertical occupancy changed in relation to low DO at
foraging depths. Having identified thresholds for each spe-
cies, we then used these to select areas (1-degree grid cells)
where vertical occupancy of the water column differed and
analyse DO and temperature at a range of depths to deter-
mine the likely drivers for the differing occupancy.

Additionally, BET are known to perform periodic vertical
ascents to shallower waters while foraging at depth. These
ascents (upward vertical excursions) are thought to allow
rewarming after time spent in deeper, colder water (Schaefer
et al. 2009; Schaefer and Fuller 2010). However, we also
hypothesise here that these ascents into water with higher
DO concentrations may enable faster physiological recovery
from time spent in low DO waters. Therefore, we analysed
vertical excursions in relation to DO at foraging depths, to
test the hypothesis that the number of vertical ascents will be
greater where DO at depth was lower. Finally, both species
have been observed in numerous studies to perform occa-
sional very deep dives (e.g., Schaefer et al. 2007; Schaefer
and Fuller 2010; Fuller et al. 2015). Typically, these take the
form of bounce dives (where little time is spent at depth) and

reach depths of over 1800 m for BET and 1600 m for YFT.
The purpose of these dives in tuna and many other species,
for example blue sharks Prionace glauca and whale sharks
Rhincodon typus (e.g., Brunnschweiler et al. 2009; Queiroz
et al. 2012) is yet to be determined. We therefore analysed
the occurrence of these dives in relation to DO at depth,
to investigate whether DO concentrations at depth drive or
inhibit these events.

Methods
Summary

This study used high-resolution depth time-series data from
92 BET and 175 YFT tagged in the Eastern Pacific Ocean
(EPO) in 2000 and between 2003 and 2005 (BET) and 2002
and 2011 (YFT). Light-based geolocation estimates were
modelled with the unscented Kalman filter (uKFSST) which
incorporates remotely sensed SST fields to derive most prob-
able daily locations (Lam et al. 2010). Dissolved oxygen
(DO) throughout the water column within 1-degree grid
cells was determined from modelled DO datasets (Coperni-
cus Marine Services, CMEMS, https://www.copernicus.eu).
From time-at-depth (TAD) profiles, time activity profiles,
and prior research (Schaefer and Fuller 2002, 2010; Musyl
et al. 2003; Schaefer et al. 2007; Matsumoto et al. 2013),
it was clear that both species are active at depth during
daylight hours and, therefore, it is over these times that the
interaction with DO was probably occurring. Consequently,
nighttime activity was excluded from the analysis, and from
the daytime time-at-depth profiles, the depths at which most
time was spent were determined for both species as 300 m
for BET and 100 m for YFT.

Depth time-series data and light level geolocation posi-
tions were merged for 92 BET and 175 YFT tracks, to pro-
duce a 3D track for each individual with the resulting data
being loaded into an SQL Server data base for subsequent
analysis. To first identify the overall response (in terms of
the TAD profiles) of the fish to different levels of DO at
depth, a 1-degree grid was defined over the study area, and
in each occupied grid cell, the mean DO at the putative for-
aging depths of 300 m for BET and 100 m for YFT was
determined. Using these DO levels, the grid cells were sepa-
rated into the upper and lower 10th quantiles, to represent
two extremes of DO concentration potentially encountered
by tagged tunas. By comparing time-at-depth plots pro-
duced from within these two sets of grid cells, differences
in vertical habitat use between high and low DO areas were
determined. In both species, depth thresholds were identified
where occupancy of specific depths differed in low DO areas
and, thus, a behavioural response to low DO was detected.
Because the thresholds at which a behavioural response
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was identified differed markedly from the depth at which
DO concentrations were used to separate grid cells, we then
used the response threshold depths to further investigate the
response to DO and temperature at a range of depths. To do
so, we identified areas (sets of 1-degree grid cells) where
the tuna spent more time above or below these response
thresholds, separating them again into the upper and lower
10th percentiles. We then analysed depth time-series loca-
tions within these areas to compute correlation coefficients
between the time spent below the response threshold depths
and DO concentrations and temperature. By doing so, we
were able to relate occupancy of the water column with DO
and temperature at a range of depths. These relationships
were further investigated using Generalised Additive Models
(GAMs). For BET, we also analysed the number of vertical
excursions from depth to surface waters the tuna performed
in relation to DO and temperature, to test the hypothesis that
DO, as well as temperature, was a driver for these charac-
teristic movements. Finally, we investigated the occurrence
of exceptional deep dives in reference to high and low DO
grid cells.

Tagging

Full details regarding the materials and methods utilised in
the capture, tagging, and release of the fish are given by
Schaefer and Fuller et al. (2002, 2007, 2009, 2010). BET
tuna were captured, tagged, and released while associated
with both drifting fish aggregating devices (dFADs) and
moored oceanographic buoys in the equatorial EPO between
02°12 S and 2°00’'N and between 94°42" and 95°29'W, dur-
ing 15-22 April 2000, March—May 2003, 2004, and 2005.
Tagging was conducted on the chartered FV Her Grace,
a 17.7-m, 99 gross-t, United States west-coast-style live-
bait pole-and-line vessel. YFT were captured, tagged, and
released along the coast of Baja California, Mexico between
23°18 N and 31°45'N and between 110°20" and 118°24'W
during November 2002—November 2008, and areas sur-
rounding the Revillagigedo Islands, Mexico between 18°19
N and 19°20'N and between 110°54" and 114°45'W during
February 2006-May 2011. Tagging was conducted aboard
the US flagged passenger carrying fishing vessels FV Royal
Star and FV Shogun, both home-ported in San Diego, Cali-
fornia. The archival tags used were model Mk7 and MK9
manufactured by Wildlife Computers (Redmond, WA)
(Wildlife Computers, 2002), LTD_2310 and LTD_2350
manufactured by Lotek Wireless, Inc., St. John’s, Newfound-
land, Canada (Schaefer and Fuller 2016). The total weight
of the tags in air is about 3240 g. Tags were designed for
implantation into the peritoneal cavity of the fish, so that
the sensor stalk protrudes outside the fish through an inci-
sion in the abdominal wall. A label, printed in Spanish, with
information about reporting the recovery of the tag and the
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associated reward (US$250) was encased in the epoxy of the
main body of the instrument.

Preparation of data

For BET, 92 geo-located tracks with daily position locations
were available for analysis; the light level geolocation and
modelling process is described fully in Schaefer and Fuller
(2009). For YFT, 175 geo-located tracks were available giv-
ing a total of 267 tracks in this study. Details of these tracks
are given in the Supplementary information, Tables S1 and
S2.

Dive time-series were recorded with sampling intervals
ranged from 4 s to 4 min, so to standardise the data, all
tracks were interpolated to 4-min intervals. This stand-
ardisation was verified in a sensitivity test (Supplementary
and Figure S1). The daily position locations and the dive
time-series data were then merged by interpolating the daily
position locations linearly at 4-min intervals, to match the
times in the depth time-series. The time of each location
(originally recorded in UTC) was then converted to local
time using the estimated longitude, with 15 degrees of lon-
gitude corresponding to a difference of 1 h. To remove from
the analysis those days where the fish were known to be
associating with floating Fish Aggregation Devices (FADs)
and also to remove any post-tagging behavioural anoma-
lies, we removed the first 14 days of data from every track.
Prior analysis of the BET tracking data reveals days through-
out the tracks where the tuna exhibit what is referred to as
‘surface-oriented’” behaviour and it is possible that on those
days, the fish were associated with FADs. However, as these
behaviours occurred when the fish were beyond observation,
FAD association could not be objectively confirmed as the
sole cause of the occupancy of shallower waters and, there-
fore, it was concluded that these days should not be removed
from the analysis. To confirm that this choice did not unduly
affect the work, a sensitivity analysis was performed (see
Supplementary Analysis and Figures S2, S3, S4 and S5) that
showed no significant differences. Consequently, the more
conservative route of retaining these days was taken.

Following the merge of the position and depth data,
additional environmental data were collated, so that each
datum comprised track name (ID), date, latitude, longitude,
depth, temperature, DO, bathymetric depth, and mixed layer
depth. All data were written to an SQL Server database to
allow selection of data for later analysis. Temperature data
were recorded by the tag along with depth; DO and mixed
layer depth were obtained from 3D statistical models from
Copernicus Marine Services (CMEMS, https://marine.coper
nicus.eu/); bathymetry was obtained from the Gebco 30 s
product (GEBCO_2014 Grid, version 20,150,318, www.
gebco.net). All the analysis performed in this study began
by selecting the required sub-set of data from the database
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(e.g., all locations from selected 1-degree grid cells) into
CSV files that were imported into Excel (Microsoft Cor-
poration) or SigmaPlot (Systat Software, San Jose, CA) for
further analysis.

Determining changes in vertical habitat use
in response to low DO

For this preliminary analysis, daytime Time at Depth (TAD)
plots (i.e., between the local times of 06:00 and 17:00),
together with example dive time-series plots showing depth,
temperature, and DO, were used as a guide to the depth
at which DO was likely to be important for each species.
It was hypothesised that the lower bound of the daytime
depth where DO will be lower is more likely to represent
a possible boundary at which the DO concentration could
influence behaviour; consequently, 300 m was selected as a
depth towards the lower edge of the vertical activity range
of BET, while, for YFT, a value of 100 m was selected. DO
concentrations at these depths (from the mean 2005 dataset)
were then determined for all occupied 1-degree grid cells,
and using these values, grid cells in the 10th and 90th per-
centiles were selected to represent the two extremes of mod-
elled DO ‘encountered’. For BET, there were 336 occupied
grid cells, from which we selected 33 locations for the upper
and lower percentiles; for YFT, there were 443, giving 44
locations for each. The geographic ranges of these cells were
used to select locations from the depth time-series data and
generate time-at-depth plots corresponding to high and low
DO locations. From these TAD plots, we identified depth
thresholds for BET and YFT at which there were significant
differences in occupancy of shallower waters between the
low and high DO locations.

Determining the response to DO and temperature
from behavioural depth thresholds

The behavioural depth thresholds (see previous section)
were then used to identify areas where DO at a range of
depths (i.e., at depths other than the specified depth used
previously) might be affecting behaviour. We therefore ana-
lysed all occupied 1-degree grid cells in the study area by
comparing DO concentrations and temperatures at a range of
depths between locations where most time was spent above
or below the behavioural depth thresholds for each species.
To do so, all daytime depth records (i.e., between 06:00 and
17:00 local time) were extracted for each occupied grid cell
and the times above and below the threshold depths previ-
ously identified were calculated. Using these proportions of
time, the grid cells in the upper and lower 10th percentiles
were selected. From these grid cells, differences between
the upper and lower 10th percentiles of grid cells were com-
puted for DO and temperature at depths of 50, 100, 150, 200,

250, and 300 m together with the median and maximum
daily dive depths and the bathymetric depths. To test the
hypothesis that DO at depth was a driver for the observed
change in the distribution of time-at-depth, correlation coef-
ficients (Pearson’s r) were computed between the proportion
of time spent below the threshold and the DO concentra-
tions, temperatures, mixed layer depth, median depth, and
bathymetric depth for all grid cells. As the response to DO
might not be linear, we also developed Generalised Addi-
tive Models (GAMs) to investigate the relationships between
time spent below the depth threshold and DO and tempera-
ture at a range of depths as described in more detail below.

Analysis of BET vertical excursions

Vertical excursions in BET, from depth, to warmer surface
waters are well known and have been observed in many stud-
ies. Vertical excursions have been hypothesised to allow the
animal to rewarm after spending usually around an hour in
colder deep water (Schaefer and Fuller 2002; Musyl et al.
2003). To investigate the extent to which low DO at depth
might be a driver for vertical excursions, the number of
upward vertical excursions performed between the local
times of 06:00 and 17:00 in the one-degree cells with the
lowest and highest 10th percentiles of DO were compared.
The analysis was extended to compare the number of verti-
cal excursions between the 10th-90th, 20-80, 30-70, and
40-60 percentiles, to identify the level to which DO might
be a driver for vertical excursions.

Analysis of the occurrence of exceptional deep dives

To investigate whether the frequency and depth of excep-
tional deep dives was influenced by low DO, we compared
deep dives that occurred in the 10th and 90th percentile grid
cells for DO at 300 or 100 m for BET and YFT, respectively.
We selected dives deeper than 500 m for BET and deeper
than 250 m for YFT.

GAM analysis

A range of Generalised Additive Models (GAMs) were
developed, using the R mgcv package (Wood 2011), to
investigate non-linear relationships in more detail. Response
variables (e.g., time-at-depth, median depth, and maximum
depth) were computed from all locations within each occu-
pied 1-degree grid square. Because the chosen response
variables were not necessarily normally distributed, the first
step determined the appropriate distribution for each model
(e.g., Gaussian, Log Gaussian, and Gamma). Second, the
environmental variables being considered exhibit strong col-
linearity, or more properly for GAMs, concurvity (Gu et al.
2010), with, for example, DO at 300 m being strongly related
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to DO at 250 m. To reduce this problem in the models, a
preliminary analysis was performed to determine the most
significant depth for DO and temperature for each response
variable, with subsequent compound models using these
single values (e.g., Temperature at 50 m and DO at 200 m).
While SST likely does exhibit concurvity with shallow tem-
peratures and DO concentrations, SST has been used as an
indicator of water column conditions (Vedor et al. 2021a)
and was therefore included. For all response variables a
number of uni- and multi-variate models were developed.

To complement the large-scale spatial analysis described
above, GAMs were used to analyse responses to DO and
temperature from individual time-series data. Daytime (local
time 06:00 to 17:00) locations were selected from the time-
series data to provide date, depth, latitude, and longitude
which were used to provide, for each day and individual,
the maximum daily dive depth, average dive depth and,
for BET, a count of the number of vertical excursions per-
formed. Because the occasional very deep dives performed
by both species were considered to be outside of normal
vertical occupancy, dive locations with depths > 500 m
were excluded from the analysis. This could not be done for
the spatial analysis, as nearly all grid cells had maximum
depths > 500 m. For each individual day, the location was
used to derive DO and temperature at depths of 50, 100,
150, 200, 250, and 300 m as well as sea surface tempera-
ture (SST), to provide the environmental variables for the
modelling. To allow for the error fields inherent in the light
level geo-located positions, environmental variables were
computed as a mean value from a 1-degree area centred on
the location. The unique track identification number was
included in preliminary models to assess the effect of indi-
vidual variation, as was body (fork) length. Thus, the GAM
analysis was performed using both spatial (large scale) and
individual (detailed) data.

Results
Geographic distribution of tagging data

The most probable tracks by individuals of the two spe-
cies occupied two distinct areas of the EPO. The tracks of
both species extended over large areas and a broad range of
depths, although it was evident that some YFT exhibited a
more coastal distribution around Baja California (Fig. 1).

Behavioural thresholds for DO response analysis
We determined depths at which low DO might affect behav-

iour as being 300 m for BET and 100 m for YFT (Figs. 2,
3, 4). Using these values, we then selected grid cells where
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modelled DO at these depths was in the upper or lower 10th
percentile (Figs. 5 and 6).

Changes in vertical habitat use in response to low
DO

The resulting TAD plots identified discontinuities in the
time-at-depth between the high DO and low DO areas
(Figs. 7 and 8). For BET, 7.8% more time is spent above
20 m when DO is high (p <0.001, signed-rank test), 12.6%
more is spent between 20 and 55 m when DO is low
(p<0.001, signed-rank test), and 5.3% more time is spent
below 55 m when DO is higher (p <0.001, signed-rank test).
YFT spend 16.8% more time-at-depth below 43 m when DO
is higher (p=0.012, signed-rank test) and 14% more time
between 10 and 43 m when DO is low (p <0.001, signed-
rank test).

Using these depth thresholds (55 and 43 m for BET and
YFT, respectively), we then selected grid cells where occu-
pancy of depths below the threshold was in the 10th and
90th percentiles (Figs. 9 and 10).

Summary of DO and temperature levels
encountered

To examine the extent to which the tunas were exposed to
low DO, the DO values for all daytime (06:00 to 17:00 local
time) locations were used to produce time-at-DO histograms
with DO binned at 5 pumol/l (Fig. 11). BET spent 49.2% of
their time in low DO waters below the hypoxic threshold
of 63 umol/l, while YFT spent much less time in low DO
waters, remaining above 200 umol/l for 85.5% of their time.
However, it is also clear that YFT do visit hypoxic waters
and are on occasion exposed to DO levels as low as BET, but
for a much shorter time, spending only 3.5% of their time-
at-DO below 63 umol/l. The amount of time each species
spent at different water temperatures was also determined
(Fig. 12). YFT spent 59.8% of their time in waters warmer
than 20 °C, while BET spent 53.6% of their time in cooler
waters below 15 °C, with both temperatures reflecting the
times spent at different depths by the two species. Therefore,
YFT spent more time in higher DO and higher tempera-
tures, but it is not clear whether it is temperature or DO that
restricted their daytime depth distribution.

Responses to DO and temperature

Here, we compare bathymetry, DO, and temperature at a
range of depths between grid cells where the tunas were
spending more or less time below the behavioural depth
thresholds (55 m for BET, 43 m for YFT). For clarity, we
refer to areas where more time is spent above the threshold
as ‘shallow’ and where more time is spent below as ‘deep’.
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Fig. 1 Distribution of depth time-series locations in the study area. Orange is YFT, blue is BET, and DO is the average for 2005 (umol/l) at

100 m. A 5-degree grid is superimposed

For BET we found that in the upper 10th percentile of grid
cells (deep areas), 90% of their time was spent below 55 m,
whereas in the upper 10th percentile of grid cells (shallow),
76% of time was spent above 55 m. The grid cells selected
in these 10th percentiles therefore represent two extremes of
occupancy of the water column, as confirmed by the median
depths being 197 and 49 m in the deep and shallow areas,
respectively.

Overall, we found that for BET DO was lower at depths
of 50 and 300 m; however, these differences were not sig-
nificant and correlations between time spent below 55 m and
DO were weak and not significant at any depth (Figs. 13,
14, Supplementary Table S3,). In contrast, for YFT at all
depths, DO was significantly higher and was positively and
significantly correlated with time spent below 43 m.

Differences and correlations for both species with tem-
perature were lower (Figs. 13, 14, Supplementary Table S4),
particularly for BET where the greatest difference was at

50 m (— 5.25%) and none of the differences were significant.
Correlations were also weak and only significant at depths
below 150 m. For YFT, while differences in temperature
were smaller than found with DO, temperatures were all
higher in deep areas. Correlations between time spent below
43 m and temperature were all positive and significant up
to 150 m, which represents the limit of most of the vertical
occupancy.

We found significant differences in median and maxi-
mum daily depths between the deep and shallow areas for
BET (Supplementary Table S5), with maximum depth in
deep areas being 806 m compared to 289 m in shallow
areas. Median depth in deep areas was also greater at 174 m
compared to 42 m and correlations between time below 55
and median and maximum depths were also positive and
significant. We also computed correlations between the
median depth in each location and DO at depths from 50 to
300 m (Supplementary Table S6). For BET, there was no

@ Springer



55 Page8of22

Marine Biology (2024) 171:55

Fig.2 TAD for daylight hours
of 06:00-17:00 local time.
BET spend significantly more
than YFT time at depths where
DO reaches hypoxic levels
(<~63 umol/L (Breitburg et al.
2018)

Fig.3 Tuna depth time-series
showing water temperatures
experienced. Plots show 7 day
depth time-series for BET 1102
2003 and YFT 0490916 with

a heat map of temperatures as
recorded by the tags. BET spent
more time in deeper colder
water, while YFT range con-
tinuously between 25 and 100 m
with occasional dives to 100 m
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Fig.4 Tuna depth time-series
showing O, levels experi-
enced. Plots show 7 day depth
time-series for BET 1102 2003
and YFT 0490916 with a heat
map of O, computed from the
modelled O,. Although BET
spent more time-at-depth, YFT
experience equally low levels
of O,
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is the annual mean at 100 m for 2005. Legend shows DO in pmol/l

significant correlation at any depth; however, for YFT, there
were similar and significant positive correlations between
median depth and DO at all depths analysed, suggesting that
median depth increases with increasing DO at depth.

BET vertical excursions

The analysis of time-at-depth in low DO grid cells showed
that BET spent significantly more time above 55 m (20%,
p<0.001 Mann—Whitney Rank Sum Test). To test whether
BET perform more upward vertical excursions and conse-
quently spend more time in shallower, more oxygenated
waters when DO at depth is low, we counted the number of
vertical excursions in the upper and lower 10th percentile of
grid cells for each individual. We found significantly more
vertical excursions per individual in low DO areas (Table S7,
Fig. 15; low DO median 41.25, high DO median 19.33,
p=0.005, Mann—Whitney Rank Sum test). There was no
significant difference in temperature between high and low
areas (low DO median temperature 19.61, high DO median
temperature 20.91, p=0.374). Extending the analysis, we
also compared the number of vertical excursions between
grid cells in the 80th v 20th, 70th v 30", and 60th v 40th
percentile pairs. Figure 15 (and Supplementary Table S7)
shows that there were significantly more vertical excursions
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up to the 60—40 division of grid cells, but no significant
differences in temperature, confirming that it was not only
at the extremes of DO concentrations where low DO was
associated with an increased number of vertical excursions.

To test the hypothesis that body size (fork length) is
negatively correlated with the number of vertical excur-
sions, a Pearson product moment correlation was performed
which showed a negative correlation with rr=—0.503,
slope =— 0.009. The associated scatter plot (Supplemen-
tary Figure S2), however, revealed two distinct clusters
of points, where the BET tagged in 2000 appeared to be
a different cohort to those tagged in years 2003-2005. A
Mann—Whitney rank sum test comparing the length of the
two groups confirmed this difference (Table S8, p <0.001),
and consequently, the two groups were analysed sepa-
rately, revealing similar, positive correlation coefficients of
r2=0.351, slope =0.003 and *=0.356, slope =0.004 for
BET 2003-2005 and BET 2000, respectively (Supplemen-
tary Figure S3, Table S8).

Occurrence of exceptional deep dives
For BET, we found more and significantly deeper deep dives

in the lower 10th percentile of DO grid cells (p <0.001,
Mann—Whitney Rank Sum Test, Supplementary Table S9).
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where occupancy above 55 m is in the upper 10th percentile are
shown in white; those in the lower 10th are shown in black. Back-

For YFT, however, while there were more deep dives in low
DO grid cells, there were significantly deeper dives where
DO was higher (p =0.015, Mann—Whitney Rank Sum Test).
However, for YFT, the sample size was considerably smaller
than with BET (only 47 dives in total, compared to 710 for
BET). To test whether, where DO at 300 m was low, DO
at deeper depths might be higher, we plotted mean DO at
depths up to 2000 m in each low DO and high DO grid cell.
However, this showed no difference in DO concentrations
below about 400 m (Supplementary Figure S6).

Generalised additive modelling results

In all the detailed analysis models, where individual values
were computed from time-series data for maximum daily
depth, average daily depth, and, for BET, daily number of
vertical excursions, the model that included the track ID as
a random factor, to account for individual variation, proved
to be the better model (Table 1). The implication is that in
all these cases, individual variability has a greater effect on
the response variable than either temperature or DO. These
results are presented in full in the OSM.

GAM analysis of the spatially derived metrics (derived
from grid cell locations) resulted in much higher percentages
of deviance explained, and consequently, these models were
explored in more detail (Table 1).
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ground is mean DO from 2005 at 300 m. There is no clear pattern to
the distribution of locations in relation to DO concentrations at 300 m

BET model outputs

For time spent below 55 m, DO at 100 m explained the
most deviance at 5.9%. DO at 300 m was the second high-
est scoring DO variable with 5.67% deviance explained.
As these two values were close and much higher than the
next best (DO150 at 1.72%), both DO100 and DO300 were
used together with SST and temperature at 300 m in the
multi-variate models. The model selected by AIC, included
DO100, DO300, and SST, and explained 18.9% deviance.
The model combining DO100, DO300, SST, and Temp300
explained slightly more deviance (19.7%), but the additional
parameter resulted in a lower wAIC value (Supplementary
Tables S28, S29 and S30). However, the plot of the GAM
model (Supplementary Figure S18) shows a complex rela-
tionship with no clear trend.

For BET maximum depth, DO at 150 m and tempera-
ture at 200 m were selected as the most important depths
for the analysis, explaining 19.6 and 26.5% of deviance,
respectively. However, DO at 100 m explained 16.6%, and
temperature at all other depths explained between 17.4 and
25.4%. Therefore, although the model selected by AIC was
DO150+ Temp200 + SST, explaining 59.7%, it is clear that
temperature at all depths is probably important for maxi-
mum depth. The GAM plots (Supplementary Figure S20)
do not show clear trends, however, rather indicate complex



Marine Biology (2024) 171:55

Page 130f22 55

35930'N
30°30'N
25930'N

20930'N

) Upper
@ Lower

DO @ 100 m
(umol/l)

B -0
B 113
[ 175
[ ] 238
300

139°30'W 134°30’

129°30'W

124°30'W

Fig. 10 YFT upper and lower 10th percentile grid cells. Grid cells
where occupancy above 43 m is in the upper 10th percentile are
shown in white; those in the lower 10th are shown in black. Back-
ground is mean DO from 2005 at 100 m. Unlike with BET, there is

relationships. Maximum depth appears to peak at DO con-
centrations of around 135 umol/l, while increasing tempera-
ture appears to reduce the maximum depth (Supplementary
Tables S31, S32 and S33).

For BET mean depth, the most important depths for DO
and temperature were DO300 and Temp150, respectively.
In both cases, the deviance explained by these factors was
considerably more than factors at other depths. The model
selected by AIC, includes DO300, Temp150, and SST,
explaining 14.7%. The effect of all variables was complex,
however. Over the range of most observations, increasing
DO reduces average depth, as does SST. With Temp150,
average depth is at a maximum at around 13.75 °C, although
the difference between minimum and maximum depths is
minimal (~80 to~ 100 m). Overall, average depth is not
greatly affected by temperature or DO (Supplementary
Tables S34, S35 and S36).

DO at 150 m and temperature at 50 m were the most
import factors for the number of BET vertical excursions
observed in each grid cell, accounting for 38.1 and 41.3%

119°30'W

114°30'W  109°30'W  104°30'W

a pattern to the distribution of locations in relation to DO concentra-
tions at 100 m, with more cells in the lower 10th percentile in high
DO areas and more of the upper 10th percentile cells in lower DO
areas

of the deviance, respectively (Supplementary Tables S37
and S38). However, other depths were also important for
both DO and temperature. For DO, the depths of 100 and
200 m accounted for 23.2 and 20.7% of deviance and for
temperature all depths of 150 m and below accounted
for at least 32% of the deviance. SST was also found to
account for 45.3% of the deviance and the model selected
by AIC included DO, Temperature, and SST, accounting
for 71.6% of the deviance (Supplementary Table S39).
The plots (Supplementary Figure S24) suggest that the
number of vertical excursions exhibits a strong peak at
lower temperatures (~23.5 °C), which then tails off. The
effect of DO shown in the plot exhibits a strong peak at
about 110 umol/l; however, below ~ 90 umol/l, there is a
fairly constant lower rate, rather than an increase, which
might be expected if low DO is driving vertical excur-
sions. Despite the relatively high value of 71% of deviance
explained, there is no clear relationship evident in any of
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Fig. 11 Daytime time-at-DO. 30 4 | 30
BET (green) spent most of their
active time in hypoxic water,
while YFT (orange) spent
almost all their time in DO
concentrations > 200 pmol/I. 25 1 25
BET also spend time at
relatively high DO concentra-
tions > =200 pmol/Il. Solid red — —
reference line is the 63 pmol/l © 204 20 ©
hypoxic threshold. Data ° °
are from daytime locations, _§ _§
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Fig. 12 Daytime time-at-
temper.ature. BET (green) spent 250 250
more time at low temperatures
than YFT (orange), reflecting
time spent in cooler deeper
water below the thermocline
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the plots of the variables involved. DO at all depths con-
tributes at least 9% of the deviance explained; however,
again, there is no clear relationship evident in any of the
plots shown in supplementary Figure S25.
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YFT model outputs

For time spent below 43 m, DO and temperature at 150 m
explained 34.6 and 39.9% of deviance, respectively, mak-
ing them the most significant variables. DO at all depths
below 150 m accounted for ~30% deviance and temperature
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Fig. 13 Differences in DO and temperature. Difference in DO con-
centration and temperature between the upper and lower 10% of
1-degree grid cells based on time spent below the depth thresholds
of 55 m (BET) or 43 m (YFT). For YFT, there are significant differ-

at 100 m accounted for 34.5% deviance, suggesting that DO
and temperature throughout the water column are impor-
tant, rather than at specific depths. SST alone accounted for
19.3% and the model selected by AIC included temperature
at 150 m and SST, accounting for 50.2% deviance. There
was a clear increase in time below 43 m with increasing
temperatures at 150 m (Supplementary Figure S27). The
relationship with SST is more complex, with an apparent
peak at just over 20 °C. There is a clear relationship between
time below 43 m and DO concentrations, with time below
increasing sharply once DO exceeds 150 pmol/l.

For maximum depth, DO and temperature at 100 m are
the most important factors, accounting for 24.5 and 4.09%
of deviance, respectively. DO at 150 m might also be impor-
tant, accounting for 17.1%. SST accounts for slightly more
deviance than temperature at 100 m (5.1%) and the model
selected by AIC includes DO and SST, accounting together
for 28.4% deviance. The plots (Supplementary Figure S29)
indicate peaks in max depth at DO concentrations around
200 umol/l and temperatures around 23 °C.

For mean depth, DO and temperature at 150 m were
the most important factors at 27.3 and 42.7% deviance
explained, respectively. However, for DO, all depths below
150 m explained at least 20% deviance and temperature at
100 m explained 38%. Generally, % deviance explained
by all depths was higher than with other metrics. SST
explained 21.4% and the selected model included tem-
perature and SST, explaining 44.1% of deviance. The plots

300

T T T T T T

50 100 150 200 250 300

Depth (m)

ences with DO being consistently higher in deep regions. For BET,
there is no clear pattern. For YFT, the differences in temperature are
smaller than the differences in DO and show a reduction with increas-
ing depth. For BET the differences in temperature are negligible

(Supplementary Figure S31) show that above DO concen-
trations of 150 umol/l, average depth increases markedly.
Above 10 °C average depth also increases steadily. The SST
plot is more complex, with a peak in average depth at just
over 20 °C.

Discussion

Here, we investigated the extent to which DO concentrations
at depth act as a limiting factor in BET and YFT daytime
depth distributions by analysing observed vertical distribu-
tions (time-at-depth) with DO and temperature at a range of
depths. Determining the role of low DO in shifting fish dis-
tributions is important as, in many geographical regions, the
distribution of both BET and YFT overlaps known oxygen
minimum zones (OMZs) (Schaefer et al. 2007; Schaefer and
Fuller 2009), where biological and hydrographic processes
combine to produce hypoxic regions at depth (Stramma et al.
2008a).

Previous studies (e.g., Schaefer et al. 2009) have shown
that when in the equatorial eastern Pacific, BET are able to
stay for prolonged periods at depth, tracking the deep scat-
tering layer (DSL) only performing brief vertical excursions
to shallower, warmer and better oxygenated waters. YFT
were found to be searching at similar depths close to the
DSL for similar prey items, but spend little time-at-depth,
instead tending to perform repetitive bounce dives between
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Fig. 14 Box plots of DO and temperature above and below the behav-
ioural depth thresholds. From these plots, it is clear that the differ-
ences in both DO and temperature are much greater for YFT. In
particular, DO values are much greater at all depths below 50 m in

deep cold, low DO waters and shallower, warmer and better
oxygenated waters (Schaefer et al. 2009). This difference in
behaviour is likely because YFT lack some the physiological
adaptations of BET, such as transactional heat transfer, that
allows BET to retain heat in swimming muscles (Holland
et al. 1992; Boye et al. 2009).

The analysis of time-at-DO performed here showed that
there was a clear difference between BET and YFT, with
BET spending 28% of their time-at-DO concentrations
below the proposed 63 pmol/l hypoxic threshold (Breitburg
et al. 2018) and 68% of their time below 200 umol/l, while
YFT spend 85% of their time above 200 pmol/l. This dif-
ference in time-at-DO could simply result from differing
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deep areas. For BET, the reverse is true, with DO values being lower
in deep areas. For YFT, in deep areas, temperatures are also higher,
whereas for BET, the differences are very small

patterns of vertical space use, driven by different foraging
strategies and target prey species, rather than by limitations
imposed by low DO. For example, BET characteristically
dive to depths of around 250 to 300 m to forage on verti-
cally migrating prey close to the deep scattering layer, such
as myctophids, with fish comprising a greater proportion
of the diet than in YFT (Menard et al. 2006). YFT, how-
ever, although increasing their average depth during day-
time hours, restrict most of their activity to above 200 m,
(Schaefer et al. 2009; Schaefer and Fuller 2010; Matsumoto
et al. 2013; Fuller et al. 2015) where crustaceans such as
pelagic red crab (Grimothea planipes) are more important
prey items than with BET (Menard et al. 2006). As a result
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Fig. 15 Number of vertical excursions per individual observed in
low and high DO (10th-90th, 20th—80th, and 30th—70th percentiles,
respectively) 1-degree grid cells

of these foraging behaviours and prey preferences, the time-
at-DO and time-at-temperature profiles differ considerably
between the two species.

By analysing the time-at-depth profiles from areas (sets of
1-degree grid cells) at the two extremes of DO concentration
at depths relevant to the probable foraging depths of the two
species, we were able to identify clear threshold depths at
which behaviour changed between high and low DO areas.
Interestingly, the threshold depths we identified differed
from the depths at which we used the DO concentration to
separate the 1-degree areas. For BET, we used DO at 300 m
and found behavioural thresholds at 55 and 185 m, while for
YFT, we used DO at 100 m and found a threshold at 43 m.
These differences between the depth used to define low and

Table 1 Summary of GAM analysis results

high DO areas, and the depths at which changes of behaviour
were observed suggest that behavioural responses to DO in
the water column are complex and that the fish are not sim-
ply limited by a particular oxycline. It is also possible that
the actual DO levels experienced by the fish might be more
heterogeneous than represented in the modelled DO used
in the study, a possibility that future work using a tag that
measures DO in situ on tagged fish, would help to explore.
By then categorising grid cells by the time spent above
and below these behavioural thresholds, we were able to
analyse the response to DO in relation to environmental
variables at multiple depths, without specifying DO levels
or hypoxic thresholds directly. This is important, as com-
paratively little is known about physiological responses to
hypoxia in free-living fish and setting thresholds and expec-
tations a priori could bias the results. Our results confirmed
that there was a much stronger correlation between time-
at-depth and DO concentrations for YFT than for BET. At
all depths, DO was significantly higher in areas where YFT
spent more time below the observed 43 m threshold and con-
versely, in regions where DO at depth was low, YFT spent
significantly more time above 43 m, which is as expected if
YFT are avoiding areas and depths where DO concentrations
were low. We also showed that, for YFT, the median depth
was positively correlated with DO concentrations at depth,
further supporting either the avoidance of low DO water, or
the preference for high DO water, in this species. The results
from the GAM analysis support these findings, with DO at
150 m accounting for 35% of deviance in time spent below
43 m and DO at 100 m being the most important factor in
determining maximum depths reached (24.5% of deviance).
For average depth as well, DO at 150 m explained 27% of

Detailed response variable Best distribution Best model % deviance
BET daily vertical excursions Gamma (link =identity) s(Track, bs=re) 23.7
BET daily maximum depth Gaussian s(Track, bs=re) 8.6
BET daily average depth Gaussian (link=1log) s(Track, bs=re) 21.5
YFT daily maximum depth Gaussian (link =identity) s(Track, bs=re) 16.7
YFT daily average depth Gamma (link =inverse) s(Track, bs=re) 25.6
Spatial response variable

BET time below 55 m Gaussian s(SST) +s(DO100) +s(DO300) 18.9
BET maximum depth Inverse Gaussian (link=1/, pz) s(DO150) 4 s(Temp200) + s(SST) 59.7
BET average depth Gamma (link =identity) s(DO300) 4+ s(Temp150) + s(SST) 14.7
BET vertical excursions Gamma (link =inverse) s(DO150) 4+ s(Temp50) +s(SST) 71.6
YFT time below 43 m Gaussian (link=log) s(Temp150)+s(SST) 50.2
YFT maximum depth Inverse Gaussian (link =1/, uz) s(DO100) +s(SST) 28.4
YFT average depth Gamma (link =inverse) s(DO150) 4+ s(Temp150) + s(SST) 44.7

Detailed response results are those derived from analysis of the depth time-series data. Spatial response results are those derived from the data
selected from the 1-degree grid cells. Daily response variables were derived for each individual track using locations between the hours of 06:00
to 17:00 local time (Pacific Time, UTC-08:00 h or Mountain Standard Time, UTC-07:00 h depending upon tuna position; see Methods). Spatial
response variables were computed from each occupied 1-degree grid cell, again between the hours of 06:00 and 17:00
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the deviance and there was a clear increase in average depth
at DO concentrations above 150 umol/l. We can conclude
that DO likely represents a limiting factor for YFT vertical
distributions throughout their vertical range, and that, as a
result, expanding OMZs are likely to cause shifts in YFT
horizontal and vertical distributions in those geographic
regions where they overlap.

BET, by contrast, show no clear shift in vertical distribu-
tion in relation to DO below depths of around 55 m; instead,
there was a trend of decreasing DO at depth in the areas
where BET spent more time below 55 m. This is the oppo-
site of what would be expected if BET were avoiding low
DO, suggesting that the DO concentration was less impor-
tant in driving vertical habitat use. BET continued to forage
at depth, even at hypoxic DO concentrations, as evidenced
by the time-at-DO analysis performed here. Similarly, in the
analysis of time spent above and below the second threshold
identified of 185 m, we again found no significant differ-
ences in DO or temperature at any depth. In the GAM analy-
sis, DO at 100 m explained 5.9% of deviance for time below
55 m, and was shown to be as important as temperature at
300 m or SST, which explained 5.13 and 5.92%, respec-
tively. In combination, DO at 100, temperature at 300 and
SST explain 18.9% of the deviance, which suggests that,
together, these factors are likely important drivers of the
vertical distributions observed. However, the relationship
between DO and time below 55 m in the GAM plots was
complex and no clear trend emerged. For maximum and
average depths as well, the GAM analysis found DO to be
the most important factor, but again, the plots did not show
a clear trend, as seen with YFT, instead showing a peak at
low DO, which could simply be the result of deeper diving
encountering lower DO concentrations.

For both species, the GAM analysis provided no unequiv-
ocal relationships between any measured behaviour (e.g.,
maximum depth) and any environmental factor investigated,
despite the level of deviance explained suggesting otherwise
in some cases (e.g., BET vertical excursions at 71%). To
identify changes in behaviour associated with differing DO
at depth, it was necessary to compare the extremes of DO
(10th and 90th percentiles), which suggests that while dif-
ferences were identified between species, the relationship
between these changes in behaviour and environmental fac-
tors are complex and are confounded with many other fac-
tors, of which individual variation plays a significant role.
In the analysis of individual time-series data, individual
variation, possibly influenced to some extent by the differ-
ing sizes (fork lengths) of the fish, obscured any other rela-
tionships. Intra-specific variation of this nature can often
confound the determination of drivers of behaviour and,
consequently, many studies (including this one) resort to
larger scale approximations from averages or aggregations
of population level data (Lubitz et al. 2022).
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For a high oxygen demand predator like BET to for-
age at such low DO concentrations, some adaptations
to low DO are expected. Some of these are known to be
physiological, such as BET haemoglobin having higher
oxygen affinity than either yellowfin or skipjack tunas
(Lowe et al. 2000; Mislan et al. 2017). Further, their spe-
cific blood chemistry has been shown to release more O,
when the blood is warmed when re-entering muscle tissue
than either yellowfin or skipjack tunas, releasing more O,
where it is most in demand (Lowe et al. 2000). None-
theless, when ambient DO is at hypoxic concentrations,
well below 63 umol/l, O, stored in blood haemoglobin or
muscle myoglobin, will eventually be depleted and oxygen
debt will be incurred. Consequently, we hypothesised that
the characteristic upward vertical excursions performed
by BET when foraging would provide an opportunity to
replenish blood oxygen, as well as rewarming the body.
If this were the case, then we would expect there to be
an increase in the number of upward vertical excursions
in areas where DO is lower and, indeed, our results sup-
ported this hypothesis. BET performed four times as many
upward vertical excursions in the lowest DO areas com-
pared to the highest DO areas; however, we found no con-
comitant significant difference in temperature. By extend-
ing the analysis to compare areas where the difference in
DO was less (e.g., to 60—40th percentiles), we found that
the number of vertical excursions was still significantly
different; however, we found no significant difference in
temperature between these areas. These results suggest
that in areas where DO is below the 40th percentile, DO
likely becomes a more important driver of upward verti-
cal excursions, with a principal function being to replen-
ish blood oxygen. Interestingly, the GAM analysis found
temperature in shallow (50 m) water to be more important
than temperature at depth, explaining 41% of deviance,
and with more vertical excursions being performed when
surface waters were cooler. As the extent of rewarming
that will occur in cooler shallow waters will be less than
when the shallow water is warmer, but with cooler water
typically having higher DO which will replenish blood
O,, these results conform to our hypothesis. DO at depth
(150 m) was also found to be important, explaining 38%
deviance, but here the modelling suggested that more ver-
tical excursions were performed when DO was higher.
Again, however, the GAM does not necessarily identify
causal relationships and it is possible that more activity
took place when DO at depth was higher, possibly because
prey was more abundant. More activity would likely result
in an increase in the number of upward vertical excursions
to repay an oxygen debt, as increased activity will consume
more oxygen; however, at the same time, the increased
activity would contribute to maintaining body tempera-
ture, through the warming of muscle tissue. Consequently,
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we propose, based on these results, that activity at depth
was limited more by DO than by temperature, at least for
the individuals in the habitats analysed.

It was noted by Brill (2007) that the prolonging of the
repayment of oxygen debt by low ambient DO, following
exercise, might limit habitat suitability, and therefore, lev-
els of DO at depths shallower than the activity depth may
also be important to both species. The results presented here
appear to support this idea. DO was found to be lower at
all depths in locations where the tunas shifted to shallower
depths and, for both species, the depth at which a change in
behaviour was noted was shallower than the depth at which
DO concentrations were used to identify high and low DO
areas. The effect of body size (fork length) on the number of
vertical excursions performed did not, in this case, support
the hypothesis that the increase in thermal inertia resulting
from an increase in body size would reduce the number of
vertical excursions performed. While the initial investigation
seemed to confirm this, it was evident that pooling the data
obscured differences between tunas tagged in 2000 com-
pared to later years. Analysing each cohort of fish separately
showed that both groups shared a similar response, with
increasing body length resulting in a small increase in the
number of vertical excursions (3 to 4 more per day per metre
of body length). It is possible that this small increase results
from an increase in size-specific post-prandial O, consump-
tion (specific dynamic action, SDA) related to consumption
and processing of a meal (Fitzgibbon et al. 2007; Fitzgib-
bon and Seymour 2009). For example, southern bluefin
tuna (Thunnus maccoyii) were found to increase swimming
speed depending on the meal size consumed, leading to an
increase in ventilation across the gills, presumably to coun-
ter the increase in O, consumption resulting from higher
SDA (Fitzgibbon et al. 2007). However, this would only be
the case if the meal consumed was proportionally larger in
comparison to body size. Another factor that could lead to
larger fish performing more vertical excursions in low DO
waters is that, although increased body size acts to retain
body heat, the same is not true for oxygen, with larger bodies
requiring more oxygen; thus, while larger fish will tend to
stay warmer, this would only increase their oxygen require-
ments. It is most likely that both temperature and oxygen act
in concert to determine the specific threshold at which an
individual is forced to abandon foraging and ascend to shal-
lower, warmer, oxygen enriched waters to recover, before
diving again.

It was interesting and somewhat contrary to expecta-
tions that the number and depth of exceptional deep dives
for both species was found to be greater in regions where
DO at 100 m (for YFT) or 300 m (for BET) was lower.
DO concentrations at the depth of the deep dives were
found to be slightly but significantly lower for deep dives
performed in low DO areas, which given the significantly

deeper dives is expected (Table S10). However, this does
suggest that the tunas are not diving to below the OMZ.
This analysis has unfortunately not added to our under-
standing of why species such as tuna perform these excep-
tionally deep dives, and this remains an interesting ques-
tion for further research.

A limitation of our study was that we could not deter-
mine from these observations whether the tunas were
shifting to shallower, DO enriched waters because of their
own physiological limitations or preferences, or whether
they were following the shifting distributions of prey spe-
cies. Work in the tropical and equatorial Atlantic suggests
that the typical mesopelagic prey species of BET, such
as myctophids, phosichthyids, and gonostomatids (Ber-
trand et al. 2002a; Schaefer and Fuller 2009; Karuppasamy
et al. 2011) may be tolerant of low DO and able to migrate
through OMZ regions along with other prey taxa and to
remain at depth (Olivar et al. 2017). Therefore, the behav-
iour of BET might represent physiological preferences and
limitations. For YFT it might be that the preferred prey
species of YFT (juvenile fish and crustaceans) do have a
lower tolerance of low DO, and that the vertical distribu-
tion of YFT more closely reflects that of its prey (Bertrand
et al. 2002b). A further limitation pertains to the scale and
nature of the modelled DO used here, and in the positional
accuracy of the estimated tuna locations. The modelled
DO at a scale of 0.25-degree (~25 km) represents a large-
scale homogenous gradient of DO which very likely differs
from the nature of actual DO experienced by the tunas,
where micro-scale eddies and currents will contribute to
increased heterogeneity. This problem of scale is exac-
erbated by the errors in location accuracy resulting from
the light level geolocation, which can be as much as 1
degree of longitude and 2 degrees of latitude (Lam et al.
2010). Consequently, it is not possible at present to study
in detail the responses of individual fish, and therefore, a
larger scale spatial analysis, despite its limitations, was
more appropriate.

Nonetheless, the results here suggest that if OMZs
increase in volume or shoal to shallower depths, as
expected due to further climate-driven deoxygenation,
then the habitat occupied by tuna, especially YFT, will
also be shifted and compressed, potentially altering their
susceptibility to capture, regardless of whether it is the
tunas’ DO intolerances or that of their prey that drives the
shifts. While tunas represent the higher end of metabolic
oxygen demand in water-breathing marine predators, it
is likely that many other important marine apex preda-
tors, such as marlin, sailfish, and lamniform sharks having
high metabolic rates, will be similarly affected by low DO
as has been shown recently for ectothermic blue sharks
(Vedor et al. 2021b).
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Conclusions

Both species respond to low DO in different ways. BET do
not significantly adjust their depths in response to lower
DO; however, they do increase the number of upward
vertical excursions they perform, which reduces the time
available for foraging. YFT, on the other hand, forage in
shallower depths when DO is lower; however, whether this
is because of YFT’s physiological intolerance of lower
DO or a response to hypoxia-induced shifts in prey dis-
tributions remains to be determined. With climate-driven
decreases in DO at depth, YFT are likely to shift their
depth and possibly horizontal distribution as a result.
There is also the further possibility that if YFT shift their
vertical distributions to shallower depths, this could make
them increasingly vulnerable to capture by commercial
fishing vessels, particularly purse-seines.

For BET, while activity depth is less likely to be
affected, the increased number of upward vertical excur-
sions will reduce time spent at depth and increase time
spent in shallower water. As with YFT, if BET spend more
time at shallower depths, then there could be an increased
susceptibility to capture by longlines or purse-seines.
BET might also be affected as a result of prey species’
responses to lower DO; if prey species are forced into
shallower, more oxygen-rich water then this habitat com-
pression could benefit BET and reduce the impact due to
increased vertical excursions. Again though, this would
place BET in shallower water where susceptibility to cap-
ture might be increased. There could therefore be multiple
detrimental effects on survival and reproductive capacity
for both species, exacerbating the existing impacts from
industrialised fishing. The increased occupancy of shal-
lower waters predicted here should be accounted for in
stock assessments as well as in mitigating their increased
vulnerability to fishing. Future research would benefit con-
siderably from tagging studies using a tag that can measure
DO in situ, so that the actual DO concentration encoun-
tered by the fish could be determined. Not only would
the fish be acting as oceanographers, providing accurate
information on the heterogeneity of DO at depth, but the
data would allow actual DO tolerances and preferences to
be determined, thus making a significant contribution to
our understanding of the impact of expanding OMZs on
marine ecosystems.
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tary material available at https://doi.org/10.1007/s00227-023-04366-2.

Acknowledgements The bigeye tuna archival tag data sets utilized in
this study were obtained from tagging experiments made possible by
the generous financial support of Japan Fisheries Agency and the Tai-
wan Fisheries Agency. The yellowfin tuna archival tag data sets utilized
in this study were obtained from tagging experiments made possible

@ Springer

by the Tagging of Pacific Pelagics (TOPP) program, the owners, crew,
and passengers aboard the FV Royal Star and FV Shogun, and permits
provided by the Government of Mexico.

Author contributions Conceptualization: NEH and DWS. Data cura-
tion: DWF and KMS. Formal analysis: NEH. Funding acquisition:
DWS. Project administration: DWS. Resources: DWF and KMS.
Software: NEH. Supervision: DWS. Writing—original draft: NEH.
Writing—review and editing: DWF, KMS, and DWS.

Funding Funding for data analysis was provided by a UK Natural
Environment Research Council (NERC) Discovery Science Grant (NE/
R00997/X/1) and a European Research Council Advanced Grant (ERC-
AdG-2019 883583 OCEAN DEOXYFISH), both to D.W.S. D.W.S.
was supported by a Marine Biological Association Senior Research
Fellowship.

Data availability The datasets generated during and/or analysed dur-
ing the current study are not publicly available as they are owned and
archived by the Inter-American Tropical Tuna Commission, but are
available from the corresponding author on reasonable request.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval All fish were captured and handled following the
guidelines outlined by the National Institutes of Health (NIH), inter-
national guiding principles for biomedical research involving animals
(NIH 2012).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baez JC, Pascual-Alayon P, Ramos ML, Abascal FJ (2018) Tropical
tunas: global warming and food security, an overview. Rev Biol
Mar Oceanogr 53:1-8

Bernal D, Bernal D, Sepulveda C, Brill R (2010) The eco-physiology
of swimming and movement patterns of tunas, bill fishes, and
large pelagic sharks. In: Domenici PK, Kapoor BG (eds) Fish
locomotion, an etho-ecological perspective. Science Publishers,
Enfield, USA

Bernal D, Brill RW, Dickson KA, Shiels HA (2017) Sharing the water
column: physiological mechanisms underlying species-specific
habitat use in tunas. Rev Fish Biol Fish 27:843-880. https://doi.
org/10.1007/s11160-017-9497-7

Bertrand A, Bard FX, Josse E (2002a) Tuna food habits related to
the micronekton distribution in French Polynesia. Mar Biol
140:1023-1037. https://doi.org/10.1007/s00227-001-0776-3


https://doi.org/10.1007/s00227-023-04366-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11160-017-9497-7
https://doi.org/10.1007/s11160-017-9497-7
https://doi.org/10.1007/s00227-001-0776-3

Marine Biology (2024) 171:55

Page210f22 55

Bertrand A, Josse E, Bach P, Gros P, Dagorn L (2002b) Hydrologi-
cal and trophic characteristics of tuna habitat: consequences on
tuna distribution and longline catchability. Can J Fish Aquat Sci
59:1002-1013. https://doi.org/10.1139/f02-073

Boye J, Musyl M, Brill R, Malte H (2009) Transectional heat transfer
in thermoregulating bigeye tuna (Thunnus obesus)-2D heat flux
model. J Exp Biol 212:3708-3718. https://doi.org/10.1242/jeb.
031427

Breitburg D, Levin LA, Oschlies A, Grégoire M, Chavez FP, Conley
DJ, Gargon V, Gilbert D, Gutiérrez D, Isensee K, Jacinto GS, Lim-
burg KE, Montes I, Naqvi SWA, Pitcher GC, Rabalais NN, Roman
MR, Rose KA, Seibel BA, Telszewski M, Yasuhara M, Zhang J
(2018) Declining oxygen in the global ocean and coastal waters.
Science 359:7240. https://doi.org/10.1126/science.aam7240

Brill R (2007) A review of temperature and oxygen tolerance studies of
tunas pertinent to fisheries oceanography, movement models and
stock assessments. Fish Oceanogr 3:204-216. https://doi.org/10.
1111/5.1365-2419.1994.tb00098.x

Brunnschweiler JM, Baensch H, Pierce SJ, Sims DW (2009) Deep-
diving behaviour of a whale shark Rhincodon typus during long-
distance movement in the western Indian Ocean. J Fish Biol
74:706-714. https://doi.org/10.1111/.1095-8649.2008.02155.x

Czeschel R, Stramma L, Johnson GC (2012) Oxygen decreases and
variability in the eastern equatorial Pacific. ] Geophys Res-Oceans
117:0148-0227. https://doi.org/10.1029/2012jc008043

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences
for marine ecosystems. Science 321:926-929. https://doi.org/10.
1126/science.1156401

Fitzgibbon QP, Seymour RS (2009) Postprandial metabolic increment
of southern bluefin tuna Thunnus maccoyii ingesting high or low-
lipid sardines Sardinops sagax. J Fish Biol 75:1586-1600. https://
doi.org/10.1111/j.1095-8649.2009.02385.x

Fitzgibbon QP, Seymour RS, Ellis D, Buchanan J (2007) The energetic
consequence of specific dynamic action in southern bluefin tuna
Thunnus maccoyii. J Exp Biol 210:290-298. https://doi.org/10.
1242/jeb.02641

Fuller DW, Schaefer KM, Hampton J, Caillot S, Leroy BM, Itano DG
(2015) Vertical movements, behavior, and habitat of bigeye tuna
(Thunnus obesus) in the equatorial central Pacific Ocean. Fish Res
172:57-70. https://doi.org/10.1016/j.fishres.2015.06.024

Gilly WF, Beman JM, Litvin SY, Robison BH (2013) Oceanographic
and biological effects of shoaling of the oxygen minimum zone.
In: Carlson CA, Giovannoni SJ (eds) Annual review of marine
science, vol 5. Annual Reviews, Palo Alto, pp 393-420

Gruber N (2011) Warming up, turning sour, losing breath: ocean bio-
geochemistry under global change. Philos Trans R Soc Math Phys
Eng Sci 369:1980

Gu H, Kenney T, Zhu M (2010) Partial generalized additive models:
an information-theoretic approach for dealing with concurvity and
selecting variables. ] Comput Graph Stat 19:531-551. https://doi.
org/10.1198/jcgs.2010.07139

Holland KN, Brill RW, Chang RKC, Sibert JR, Fournier DA (1992)
Physiological and behavioral thermoregulation in bigeye tuna
(Thunnus obesus). Nature 358:410—412. https://doi.org/10.1038/
358410a0

ISSF (2020) Status of the world fisheries for tuna. ISSF Technical
Report 2020-12

Karstensen J, Stramma L, Visbeck M (2008) Oxygen minimum zones
in the eastern tropical Atlantic and Pacific oceans. Prog Oceanogr
77:331-350. https://doi.org/10.1016/j.pocean.2007.05.009

Karuppasamy PK, Raj CML, Muraleedharan KR, Nair M (2011) Myc-
tophid and pelagic shrimp assemblages in the oxygen minimum
zone of the Andaman Sea during the winter monsoon. Indian J
Geo-Mar Sci 40:535-541

Keeling RF, Kortzinger A, Gruber N (2010) Ocean deoxygenation in
a warming world. Annu Rev Mar Sci 2:199-229. https://doi.org/
10.1146/annurev.marine.010908.163855

Lam CH, Nielsen A, Sibert JR (2010) Incorporating sea-surface tem-
perature to the light-based geolocation model TrackIt. Mar Ecol
Prog Ser 419:71-84. https://doi.org/10.3354/meps08862

Leung S, Thompson L, McPhaden MJ, Mislan KAS (2019) ENSO
drives near-surface oxygen and vertical habitat variability in the
tropical Pacific. Environ Res Lett 14:12. https://doi.org/10.1088/
1748-9326/abl1c13

Levin LA (2018) Manifestation, drivers, and emergence of open ocean
deoxygenation. In: Carlson CA, Giovannoni SJ (eds) Annual review
of marine science, vol 10. Annual Reviews, Palo Alto, pp 229-260

Lowe TE, Brill RW, Cousins KL (2000) Blood oxygen-binding charac-
teristics of bigeye tuna (Thunnus obesus), a high-energy-demand
teleost that is tolerant of low ambient oxygen. Mar Biol 136:1087—
1098. https://doi.org/10.1007/s002270000255

Lubitz N, Bradley M, Sheaves M, Hammerschlag N, Daly R, Barnett A
(2022) The role of context in elucidating drivers of animal move-
ment. Ecol Evol 12:19. https://doi.org/10.1002/ece3.9128

Matsumoto T, Kitagawa T, Kimura S (2013) Considerations on
diving patterns of bigeye tuna (Thunnus obesus) based on
archival tag data. Fish Sci 79:39-46. https://doi.org/10.1007/
$12562-012-0571-8

Menard F, Labrune C, Shin YJ, Asine AS, Bard FX (2006) Oppor-
tunistic predation in tuna: a size-based approach. Mar Ecol-Prog
Ser 323:223-231

Mislan KAS, Deutsch CA, Brill RW, Dunne JP, Sarmiento JL (2017)
Projections of climate-driven changes in tuna vertical habitat based
on species-specific differences in blood oxygen affinity. Global
Change Biol 23:4019-4028. https://doi.org/10.1111/gcb.13799

Musyl MK, Brill RW, Boggs CH, Curran DS, Kazama TK, Seki MP
(2003) Vertical movements of bigeye tuna (Thunnus obesus) asso-
ciated with islands, buoys, and seamounts near the main Hawaiian
Islands from archival tagging data. Fish Oceanogr 12:152-169

NIH (2012) International guiding principles for biomedical research
involving animals. National Institutes of Health

Olivar MP, Hulley PA, Castellon A, Emelianov M, Lopez C, Tuset
VM, Contreras T, Moli B (2017) Mesopelagic fishes across the
tropical and equatorial Atlantic: biogeographical and vertical
patterns. Prog Oceanogr 151:116-137. https://doi.org/10.1016/j.
pocean.2016.12.001

Prince ED, Goodyear CP (2006) Hypoxia-based habitat compression
of tropical pelagic fishes. Fish Oceanogr 15:451-464. https://doi.
org/10.1111/j.1365-2419.2005.00393.x

Prince ED, Luo J, Phillip Goodyear C, Hoolihan JP, Snodgrass D,
Orbesen ES, Serafy JE, Ortiz M, Schirripa MJ (2010) Ocean
scale hypoxia-based habitat compression of Atlantic istiophorid
billfishes. Fish Oceanogr 19:448—462. https://doi.org/10.1111/j.
1365-2419.2010.00556.x

Queiroz N, Humphries NE, Noble LR, AnM S, Sims DW (2012)
Spatial dynamics and expanded vertical niche of blue sharks
in oceanographic fronts reveal habitat targets for conservation.
PLoS One 7:32374

Queiroz N, Humphries NE, Mucientes G, Hammerschlag N, Lima
FP, Scales KL, Miller PI, Sousa LL, Seabra R, Sims DW (2016)
Ocean-wide tracking of pelagic sharks reveals extent of overlap
with longline fishing hotspots. Proc Natl Acad Sci 113:1582—
1587. https://doi.org/10.1073/pnas.1510090113

Queiroz N, Humphries NE, Couto A, Vedor M, da Costa I, Sequeira
AMM, Mucientes G, Santos AM, Abascal FJ, Abercrombie DL,
Abrantes K, Acufia-Marrero D, Afonso AS, Afonso P, Anders D,
Araujo G, Arauz R, Bach P, Barnett A, Bernal D, Berumen ML,
Bessudo Lion S, Bezerra NPA, Blaison AV, Block BA, Bond ME,

@ Springer


https://doi.org/10.1139/f02-073
https://doi.org/10.1242/jeb.031427
https://doi.org/10.1242/jeb.031427
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1111/j.1365-2419.1994.tb00098.x
https://doi.org/10.1111/j.1365-2419.1994.tb00098.x
https://doi.org/10.1111/j.1095-8649.2008.02155.x
https://doi.org/10.1029/2012jc008043
https://doi.org/10.1126/science.1156401
https://doi.org/10.1126/science.1156401
https://doi.org/10.1111/j.1095-8649.2009.02385.x
https://doi.org/10.1111/j.1095-8649.2009.02385.x
https://doi.org/10.1242/jeb.02641
https://doi.org/10.1242/jeb.02641
https://doi.org/10.1016/j.fishres.2015.06.024
https://doi.org/10.1198/jcgs.2010.07139
https://doi.org/10.1198/jcgs.2010.07139
https://doi.org/10.1038/358410a0
https://doi.org/10.1038/358410a0
https://doi.org/10.1016/j.pocean.2007.05.009
https://doi.org/10.1146/annurev.marine.010908.163855
https://doi.org/10.1146/annurev.marine.010908.163855
https://doi.org/10.3354/meps08862
https://doi.org/10.1088/1748-9326/ab1c13
https://doi.org/10.1088/1748-9326/ab1c13
https://doi.org/10.1007/s002270000255
https://doi.org/10.1002/ece3.9128
https://doi.org/10.1007/s12562-012-0571-8
https://doi.org/10.1007/s12562-012-0571-8
https://doi.org/10.1111/gcb.13799
https://doi.org/10.1016/j.pocean.2016.12.001
https://doi.org/10.1016/j.pocean.2016.12.001
https://doi.org/10.1111/j.1365-2419.2005.00393.x
https://doi.org/10.1111/j.1365-2419.2005.00393.x
https://doi.org/10.1111/j.1365-2419.2010.00556.x
https://doi.org/10.1111/j.1365-2419.2010.00556.x
https://doi.org/10.1073/pnas.1510090113

55 Page22of 22

Marine Biology (2024) 171:55

Bonlfil R, Bradford RW, Braun CD, Brooks EJ, Brooks A, Brown
J, Bruce BD, Byrne ME, Campana SE, Carlisle AB, Chapman
DD, Chapple TK, Chisholm J, Clarke CR, Clua EG, Cochran
JEM, Crochelet EC, Dagorn L, Daly R, Cortés DD, Doyle TK,
Drew M, Duffy CAJ, Erikson T, Espinoza E, Ferreira LC, Fer-
retti F, Filmalter JD, Fischer GC, Fitzpatrick R, Fontes J, Forget
F, Fowler M, Francis MP, Gallagher AJ, Gennari E, Goldsworthy
SD, Gollock MJ, Green JR, Gustafson JA, Guttridge TL, Guzman
HM, Hammerschlag N, Harman L, Hazin FHV, Heard M, Hearn
AR, Holdsworth JC, Holmes BJ, Howey LA, Hoyos M, Hueter
RE, Hussey NE, Huveneers C, Irion DT, Jacoby DMP, Jewell
OJD, Johnson R, Jordan LKB, Jorgensen SJ, Joyce W, Keating
Daly CA, Ketchum JT, Klimley AP, Kock AA, Koen P, Ladino
F, Lana FO, Lea JSE, Llewellyn F, Lyon WS, MacDonnell A,
Macena BCL, Marshall H, McAllister JD, McAuley R, Meyer
MA, Morris JJ, Nelson ER, Papastamatiou YP, Patterson TA,
Pefiaherrera-Palma C, Pepperell JG, Pierce SJ, Poisson F, Quin-
tero LM, Richardson AJ, Rogers PJ, Rohner CA, Rowat DRL,
Samoilys M, Semmens JM, Sheaves M, Shillinger G, Shivji M,
Singh S, Skomal GB, Smale MJ, Snyders LB, Soler G, Soria M,
Stehfest KM, Stevens JD, Thorrold SR, Tolotti MT, Towner A,
Travassos P, Tyminski JP, Vandeperre F, Vaudo JJ, Watanabe
YY, Weber SB, Wetherbee BM, White TD, Williams S, Zarate
PM, Harcourt R, Hays GC, Meekan MG, Thums M, Irigoien X,
Eguiluz VM, Duarte CM, Sousa LL, Simpson SJ, Southall EJ,
Sims DW (2019) Global spatial risk assessment of sharks under
the footprint of fisheries. Nature 572:461-466. https://doi.org/10.
1038/s41586-019-1444-4

Sampaio E, Santos C, Rosa IC, Ferreira V, Portner HO, Duarte CM,
Levin LA, Rosa R (2021) Impacts of hypoxic events surpass those
of future ocean warming and acidification. Nat Ecol Evol 5:311-
321. https://doi.org/10.1038/541559-020-01370-3

Schaefer KM, Fuller DW (2002) Movements, behavior, and habitat
selection of bigeye tuna (Thunnus obesus) in the eastern equatorial
Pacific, ascertained through archival tags. Fish Bull 100:765-788

Schaefer KM, Fuller DW (2009) Horizontal movements of bigeye tuna
(Thunnus obesus) in the eastern Pacific Ocean, as determined
from conventional and archival tagging experiments initiated
during 2000-2005. Inter-Am Trop Tuna Commis Bull 24:191-247

Schaefer KM, Fuller DW (2010) Vertical movements, behavior, and
habitat of bigeye tuna (Thunnus obesus) in the equatorial east-
ern Pacific Ocean, ascertained from archival tag data. Mar Biol
157:2625-2642. https://doi.org/10.1007/s00227-010-1524-3

Schaefer KM, Fuller DW (2016) An introduction to fish migration. In:
Morais P, Daverat F (eds) Methodologies for investigating oceano-
dromous fish movements: archival and pop-up satellite archival
tags. CRC Press, Boca Raton, USA, p 315

Schaefer KM, Fuller DW, Block BA (2007) Movements, behavior,
and habitat utilization of yellowfin tuna (Thunnus albacares)
in the northeastern Pacific Ocean, ascertained through archi-
val tag data. Mar Biol 152:503-525. https://doi.org/10.1007/
$00227-007-0689-x

Schaefer KM, Fuller DW, Block BA (2009) Vertical movements and
habitat utilization of skipjack (Katsuwonus pelamis), yellowfin
(Thunnus albacares), and bigeye (Thunnus obesus) tunas in the
equatorial eastern Pacific Ocean, ascertained through archival tag

@ Springer

data. In: al JLNe (ed) Tagging and tracking of Marine Animals
with electronic devices. Reviews: Methods and Technologies in
Fish Biology and Fisheries, pp 121-144

Schmidtko S, Stramma L, Visbeck M (2017) Decline in global oce-
anic oxygen content during the past five decades. Nature 542:335.
https://doi.org/10.1038/nature21399

Seibel BA, Schneider JL, Kaartvedt S, Wishner KF, Daly KL (2016)
Hypoxia tolerance and metabolic suppression in oxygen minimum
zone euphausiids: implications for ocean deoxygenation and bio-
geochemical cycles. Integr Comp Biol 56:510-523. https://doi.
org/10.1093/icb/icw091

Stramma L, Brandt P, Schafstall J, Schott F, Fischer J, Kortzinger A
(2008a) Oxygen minimum zone in the North Atlantic south and
east of the Cape Verde Islands. J Geophys Res-Oceans. https://
doi.org/10.1029/2007jc004369

Stramma L, Johnson GC, Sprintall J, Mohrholz V (2008b) Expanding
oxygen-minimum zones in the tropical oceans. Science 320:655—
658. https://doi.org/10.1126/science.1153847

Stramma L, Schmidtko S, Levin LA, Johnson GC (2010) Ocean oxygen
minima expansions and their biological impacts. Deep-Sea Res
Part I-Oceanogr Res Papers 57:587-595. https://doi.org/10.1016/j.
dsr.2010.01.005

Stramma L, Prince ED, Schmidtko S, Luo J, Hoolihan JP, Visbeck
M, Wallace DWR, Brandt P, Kortzinger A (2011) Expansion of
oxygen minimum zones may reduce available habitat for tropical
pelagic fishes. Nat Clim Chang 2:33-37. https://doi.org/10.1038/
nclimate1304

Trubenbach K, Pegado MR, Seibel BA, Rosa R (2013) Ventilation rates
and activity levels of juvenile jumbo squid under metabolic sup-
pression in the oxygen minimum zone. J Exp Biol 216:359-368.
https://doi.org/10.1242/jeb.072587

Vedor M, Mucientes G, Hernandez-Chan S, Rosa R, Humphries N,
Sims DW, Queiroz N (2021a) Oceanic diel vertical movement pat-
terns of blue sharks vary with water temperature and productivity
to change vulnerability to fishing. Front Mar Sci. https://doi.org/
10.3389/fmars.2021.688076

Vedor M, Queiroz N, Mucientes G, Couto A, Costa Id, Santos Ad,
Vandeperre F, Fontes J, Afonso P, Rosa R, Humphries NE, Sims
DW (2021b) Climate-driven deoxygenation elevates fishing vul-
nerability for the ocean’s widest ranging shark. Elife 10:e62508.
https://doi.org/10.7554/eLife.62508

Vetter R, Kohin S, Preti A, McClatchie S, Dewar H (2008) Predatory
interactions and niche overlap between mako shark, Isurus oxyrin-
chus, and jumbo squid, Dosidicus gigas, in the California current.
Calif Coop Ocean Fish Invest Rep 49:142-156

Wood SN (2011) Fast stable restricted maximum likelihood and mar-
ginal likelihood estimation of semiparametric generalized linear
models. J R Stat Soc Ser B-Stat Methodol 73:3-36. https://doi.
org/10.1111/1.1467-9868.2010.00749.x

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/s41586-019-1444-4
https://doi.org/10.1038/s41586-019-1444-4
https://doi.org/10.1038/s41559-020-01370-3
https://doi.org/10.1007/s00227-010-1524-3
https://doi.org/10.1007/s00227-007-0689-x
https://doi.org/10.1007/s00227-007-0689-x
https://doi.org/10.1038/nature21399
https://doi.org/10.1093/icb/icw091
https://doi.org/10.1093/icb/icw091
https://doi.org/10.1029/2007jc004369
https://doi.org/10.1029/2007jc004369
https://doi.org/10.1126/science.1153847
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.1038/nclimate1304
https://doi.org/10.1038/nclimate1304
https://doi.org/10.1242/jeb.072587
https://doi.org/10.3389/fmars.2021.688076
https://doi.org/10.3389/fmars.2021.688076
https://doi.org/10.7554/eLife.62508
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/j.1467-9868.2010.00749.x

	Highly active fish in low oxygen environments: vertical movements and behavioural responses of bigeye and yellowfin tunas to oxygen minimum zones in the eastern Pacific Ocean
	Abstract
	Introduction
	Methods
	Summary
	Tagging
	Preparation of data
	Determining changes in vertical habitat use in response to low DO
	Determining the response to DO and temperature from behavioural depth thresholds
	Analysis of BET vertical excursions
	Analysis of the occurrence of exceptional deep dives
	GAM analysis

	Results
	Geographic distribution of tagging data
	Behavioural thresholds for DO response analysis
	Changes in vertical habitat use in response to low DO
	Summary of DO and temperature levels encountered
	Responses to DO and temperature
	BET vertical excursions
	Occurrence of exceptional deep dives
	Generalised additive modelling results
	BET model outputs
	YFT model outputs

	Discussion
	Conclusions
	Acknowledgements 
	References




