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TELEMETRY CASE REPORT

First autonomous recording of in situ 
dissolved oxygen from free-ranging fish
Daniel M. Coffey* and Kim N. Holland

Abstract 

Background: Biologging technology has enhanced our understanding of the ecology of marine animals and has 
been central to identifying how oceanographic conditions drive patterns in their distribution and behavior. Among 
these environmental influences, there is increasing recognition of the impact of dissolved oxygen on the distribution 
of marine animals. Understanding of the impact of oxygen on vertical and horizontal movements would be advanced 
by contemporaneous in situ measurements of dissolved oxygen from animal-borne sensors instead of relying on 
environmental data that may not have appropriate spatial or temporal resolution. Here, we demonstrate the capabili-
ties of dissolved oxygen pop-up satellite archival tags (DO-PATs) by presenting the results from calibration experi-
ments and trial deployments of two prototype tags on bluntnose sixgill sharks (Hexanchus griseus).

Results: The DO-PATs provided fast, accurate, and stable measurements in calibration trials and demonstrated high 
correlation with vertical profiles obtained via traditional ship-borne oceanographic instruments. Deployments on 
bluntnose sixgill sharks recorded oxygen saturations as low as 9.4 % and effectively captured the oceanography of the 
region when compared with World Ocean Atlas 2013 values.

Conclusions: This is the first study to use an animal-borne device to autonomously measure and record in situ dis-
solved oxygen saturation from non-air-breathing marine animals. The DO-PATs maintained consistency over time and 
yielded measurements equivalent to industry standards for environmental sampling. Acquiring contemporaneous 
in situ measurements of dissolved oxygen saturation alongside temperature and depth data will greatly improve our 
ability to investigate the spatial ecology of marine animals and make informed predictions of the impacts of global 
climate change. The information returned from DO-PATs is relevant not only to the study of the ecology of marine 
animals but will also become a useful new tool for investigating the physical structure of the oceans.
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Background
Advances in biologging and biotelemetry technolo-
gies have enhanced our understanding of the ecology of 
marine animals and have been central to identifying how 
oceanographic features influence their distribution and 
behavior [1–3]. Given the changes in ocean conditions 
that are predicted to occur in coming decades, under-
standing the interplay between physical and biological 
phenomena is becoming increasingly important [3, 4]. 
Data obtained from biologging devices (tags) attached to 
free-ranging animals have the significant advantage that 

they are recorded at a scale and resolution that are per-
tinent to and contemporaneous with the movement and 
behavior of the tagged animal [2, 5]. Moreover, data col-
lected by modern biologging sensors are often equivalent 
to industry standards for environmental sampling [2, 3, 
5].

It is becoming increasingly clear that dissolved oxy-
gen concentrations have a significant impact on the dis-
tribution of marine animals—especially in the vertical 
dimension [6–11]. However, even some species with high 
metabolic demands seem to have remarkable abilities to 
penetrate waters with low oxygen concentrations [12–
15]. Our understanding of the impacts of oxygen concen-
trations on species distribution and of how animals deal 

Open Access

*Correspondence:  dcoffey@hawaii.edu 
Hawaii Institute of Marine Biology, University of Hawaii at Manoa, PO 
Box 1346, Kaneohe, HI 96744, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40317-015-0088-x&domain=pdf


Page 2 of 9Coffey and Holland  Anim Biotelemetry  (2015) 3:47 

with hypoxic conditions would be significantly advanced 
by contemporaneous in  situ measurements of dissolved 
oxygen obtained from animal-borne sensors [2, 13, 16, 
17]. Currently, dissolved oxygen properties of waters 
inhabited by tracked animals are obtained from ship-
based measurements [12, 15, 18], autonomous measur-
ing platforms [19], and model-derived climatological data 
[7, 13, 14, 20], which may not have appropriate spatial 
or temporal resolution. Therefore, animal-borne sen-
sors have the potential to reveal fine-scale habitat selec-
tion strategies that would not otherwise be apparent. 
Enhanced information on how behaviors are influenced 
by water column dissolved oxygen profiles will also help 
define possible barriers to movement and improve pre-
dictions of potential shifts in distribution associated 
with climate change [7, 21]. In addition, the concept of 
‘animals as oceanographers’ has gained considerable 
traction and incorporating oxygen-sensing abilities into 
tags carried by fishes would represent a significant step 
forward in using free-ranging animals to collect physi-
cal oceanographic data. Here, we present the results of 
the first successful deployment of fish-borne tags capa-
ble of measuring and recording in situ dissolved oxygen 
saturations.

Over the past decade, pop-up satellite archival tag 
(PAT) technologies have facilitated an enhanced under-
standing of spatial ecology and environmental prefer-
ences for a number of large marine animals [11, 22, 23]. 
Here we demonstrate the capabilities of a prototype dis-
solved oxygen pop-up satellite archival tag (DO-PAT) by 
presenting the results from calibration experiments and 
trial deployments on bluntnose sixgill sharks (Hexanchus 
griseus). The bluntnose sixgill shark is a vertically migrat-
ing species that represents an ideal platform for test-
ing the ability of animal-borne tags to sample dissolved 
oxygen gradients over a wide range of depths and tem-
peratures [18]. Our results indicate that the information 
returned from DO-PATs is capable not only of advancing 
the study of the physiological ecology of marine animals 
but also of becoming a useful new tool for investigating 
the physical structure of the oceans [24–27].

Methods
Dissolved oxygen pop‑up satellite archival tag (DO‑PAT)
The DO-PAT consists of a pop–up satellite archival tag 
(Mk10-PAT, Wildlife Computers, Redmond, WA, USA) 
equipped with a micro dissolved oxygen probe (Loligo 
Systems, Tjele, Denmark) (see Additional file  1). The 
DO-PAT is 170  mm in length with a central tag body 
diameter of 20 mm attached to a 60-mm float at its wid-
est point and the micro dissolved oxygen probe extends 
16 mm from the float with a diameter of 12 mm. The tag 
has a total weight of 85 g in air. The DO-PAT measures 

and archives pressure, temperature, and dissolved oxy-
gen saturation at a user-designated interval. For these 
deployments, we sampled these parameters at a rate 
of once per second. The micro dissolved oxygen probe 
comprises a small (12 mm × 27 mm), temperature self-
compensating galvanic cell oxygen sensor. The galvanic 
cell consists of a metal cathode suitable for the electro-
lytic reduction of oxygen, a lead anode, and electrolyte 
solution. The galvanic cell and electrolyte solution are 
isolated from the environment by a thin, semipermeable 
membrane. As dissolved oxygen diffuses across the mem-
brane, the sensor utilizes the linear relationship between 
oxygen saturation and electric current passing between 
the cathode and anode. Percent oxygen saturation is the 
amount of dissolved oxygen compared to the theoretical 
100  % saturation for any given temperature and depth. 
Therefore, a thermistor for temperature compensation 
is included in the electrode circuitry. Salinity also has an 
effect on oxygen saturation but to a lesser extent. Salin-
ity in Hawaii fluctuates by approximately 1 PSU from the 
surface to 1000 m (Hawaii Ocean Time-series, HOT [28]) 
and therefore has a negligible effect in the present study. 
A 10-bit analog-to-digital converter encodes the sensor 
output voltage (mV) with values scaled from 0 to 1023. 
These output values were stored in the data archive of 
the tag. Sensor output values obtained from the tag were 
subsequently converted to percent oxygen saturation 
using a linear calibration derived from a 100  % oxygen 
saturated environment. The sensor has a manufacturer-
specified measuring range of 0–200  % with accuracy 
within ±1 % of the measured value. The membrane and 
electrolyte solution were replaced prior to each use and 
the micro dissolved oxygen probes were calibrated before 
deployment and after recovery.

Calibration experiments
Calibration of dissolved oxygen saturation measured by 
two DO-PATs was conducted by comparing their per-
formance with a YSI 6600 V2 data sonde (YSI Incorpo-
rated, Yellow Springs, OH, USA) in a sealed water table. 
Dissolved oxygen saturation was controlled by bubbling 
of nitrogen or oxygen gas at a constant temperature 
(27.9 ± 0.2 °C) and salinity (34.84 ± 0.06 ppt). Potential 
sensor drift was determined by placing the DO-PATs and 
the YSI data sonde in an open circuit, flow-through water 
table over a 13-day period. Oxygen saturations recorded 
by the DO-PATs and the sonde were compared to deter-
mine if there was any systematic bias or drift in the micro 
dissolved oxygen sensor. The effect of orientation on the 
oxygen probe was evaluated by altering the sensor angle 
(0°, 90°, and 180°) relative to the direction of flow.

To evaluate performance in the field, the DO-PATs 
were attached to a conductivity-temperature-depth 
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(CTD) recorder (SBE 17plus V2, Sea-Bird Electron-
ics, Bellevue, WA, USA) equipped with a SBE 43 dis-
solved oxygen sensor (Sea-Bird Electronics, Bellevue, 
WA, USA). Two vertical water column CTD profiles to 
150 and 500  m of depth were conducted off Honolulu 
Harbor, Oahu, Hawaii (21.28°N, 157.87°W). Since dis-
solved oxygen measurements need to be taken dur-
ing transit through a vertical oxygen and temperature 
gradient, the response time for the sensor to come into 
equilibrium with the ambient environment is a critical 
factor. To assess tag response time and evaluate whether 
corrections should be applied to oxygen saturation data 
subsequently acquired from free-ranging animals, meas-
urements from both DO-PATs were synchronized with 
the CTD and then observed over successive 1-s time off-
sets relative to the CTD for a range of 0–60 s. The DO-
PATs and CTD were compared by taking the absolute 
difference in oxygen saturations measured at a range of 
depths.

Field trials with sharks
Following calibration testing, the DO-PATs were 
deployed on two bluntnose sixgill sharks (HG1, HG2) 
in September and November 2014. Sharks were cap-
tured using demersal longlines set off Kaneohe Bay, 
Oahu, Hawaii (21.46°N, 157.80°W) (for additional details 
of longline fishing methods see Holland et al. [29]). The 
DO-PATs were attached to the sharks by a 15-cm seg-
ment of 136 kg monofilament line (300 lb test Extra-hard 
Hi-catch, Momoi Manufacturing, Kobe, Japan) coated 
with heat shrink tubing connected to a urethane dart 
(47 mm × 13 mm) inserted into the dorsal musculature 
and were programmed to detach from the study ani-
mal and float to the surface after a period of 90 h. Once 
at the surface, DO-PATs make repeated transmissions 
to the Argos satellite system that allows the position of 
the tag to be estimated. These same Argos transmis-
sions were used as a homing beacon to facilitate physi-
cal recovery of the tags. The comparatively short 90-h 
deployments were chosen to minimize the potential 
distance traveled by the tagged animals and thereby 
maximize chances of tag recovery for post hoc analysis 
and calibration. Following recovery, the archived envi-
ronmental data (recorded at 1-s intervals) were used to 
construct time series profiles of depth, temperature, and 
dissolved oxygen saturation. There was some noise asso-
ciated with the oxygen data from the first tag deployed 
(probably due to an intermittently faulty sensor compo-
nent), which required the application of a local regression 
(LOESS) smoothing algorithm with a 5-s window to the 
oxygen saturation data using MATLAB (The Mathworks 
Inc., Natick, MA, USA). This method reduces the influ-
ence of outliers by using a weighted linear least-squares 

average with a second-degree polynomial model. This 
algorithm was not needed for the data from the second 
tag deployed. Vertical profiles of oxygen saturation were 
generated for each 90-h deployment by averaging all of 
the values recorded for each 1 m depth bin. These pro-
files were compared with data from the nearest World 
Ocean Atlas 2013 (WOA13) [30] sampling site (21.5°N, 
157.5°W—see Additional file  2). The WOA13 provides 
global, 1° gridded, objectively analyzed climatological 
fields of environmental parameters. However, due to the 
limited availability of local seasonal and monthly WOA13 
climatological data, we compared the DO-PAT data with 
WOA13 annual percent oxygen saturation (statistical 
mean) across WOA13 standard depth levels from the 
surface to maximum depth encountered by the sharks.

Results
Dissolved oxygen calibration
In sealed water table tests, the DO-PAT and YSI data 
sonde oxygen saturation measurements were very simi-
lar and displayed a strong linear relationship. Correlation 
analysis resulted in coefficient values (r) ranging from 
0.994 to 0.998; slopes ranged from 0.99 to 1.02; intercepts 
ranged from −1.60 to 2.55. Furthermore, there was no 
evidence of any systematic bias or drift in the DO-PAT 
oxygen saturation data over a period of 13 days (see Addi-
tional file 3). The mean difference (±standard deviation) 
between DO-PAT and YSI data sonde oxygen saturation 
data over time was 0.3 ± 4.4 %. In addition, sensor ori-
entation had no effect on oxygen measurements except 
when rotated 180° relative to the direction of flow (i.e., 
‘looking backwards’). This resulted in a decrease of per-
cent oxygen saturation of 2.7 ± 0.6 % relative to the YSI 
data sonde. Since DO-PATs are towed behind the animal 
with the sensor facing forward, this effect does not pre-
sent a problem for field studies (see Additional file 1).

The oxygen saturation measurements from the DO-
PAT compared well with the CTD vertical profiles 
(Fig. 1). The mean absolute difference between the DO-
PATs and the CTD was minimal (2.4 ± 1.0 %), approxi-
mately consistent with the manufacturer’s reported 
accuracy of ±1 %. Furthermore, a comparison of oxygen 
saturation recorded from the CTD and DO-PATs demon-
strated no time lag characteristic for the micro dissolved 
oxygen probe over a range of delay offsets from 0 to 60 s.

Field deployments on sharks
Both DO-PATs were retrieved after their scheduled 90-h 
deployments, providing a total of 180 h of archival data 
from two bluntnose sixgill sharks (Table 1). The pop-up 
locations were 36.84 and 18.65  km from the points of 
release. Atypical vertical behavior occurred for a period 
of several hours following release before both animals 
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established a regular diel vertical migration behavior 
pattern during which they encountered a wide range of 
physical water properties. For purposes of illustration, 
we show the results from the second deployment (HG2), 
which ranged between daytime depths of 687  m and 
nighttime depths of 274 m (Fig. 2). During these behav-
iors, in  situ measurements from the tags indicated that 
this shark inhabited waters with oxygen saturations as 
low as 9.4 % (Fig. 3).  

The LOESS smoothing algorithm effectively reduced 
the noise from the first deployment (HG1), resulting in 
the removal of outliers corresponding to <1 % of the entire 
archival oxygen record. The in  situ data collected by the 
sharks were used to construct water column oxygen pro-
files between the surface and approximately 700 m depth. 

However, because the sharks did not move shallower than 
200 m during the 90 h deployments, the oxygen values for 
depths shallower than 200 m were obtained from meas-
urements made during the sharks’ initial descents follow-
ing release and during the ascent of the tags when they 
detached from the animals and floated to the surface. The 
vertical profiles of oxygen saturation derived from DO-
PATs were very similar to the vertical dissolved oxygen 
stratification recorded by the WOA13 (Fig.  4). Dissimi-
larities between the DO-PAT and WOA13 station data 
are to be expected due to the differences in time scale 
and the temporal separation between when the DO-PAT 
and WOA13 profiles were generated. Post-deployment 
calibrations of oxygen saturation demonstrated no sys-
tematic drift in oxygen sensor performance. We therefore 
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Fig. 1 Vertical profile comparison of oxygen saturation derived from CTD to DO-PAT

Table 1 Summary of DO-PAT deployments on bluntnose sixgill sharks (Hexanchus griseus)

TL total length, distance straight-line distance between tagging and pop-up location, O2
S oxygen saturation

a Refers to temperature range regularly utilized by the sharks. Maximum temperature experienced by the tags ranged from 26.5 to 27.3 °C at the sea surface
b Refers to oxygen saturation range regularly utilized by the sharks. Maximum oxygen saturation experienced by the tags ranged from 100 to 104.7 % at the sea 
surface

Shark ID Sex TL (cm) Tagging date Pop‑up date Pop‑up location Distance 
(km)

Max depth (m) Temperature 
range (°C)a

O2
S range 

(%)b

HG1 M 317 8 Sep 2014 12 Sep 2014 21.56°N, 157.43°W 36.84 693 5.6–18.2 12.5–84.7

HG2 F 425 7 Nov 2014 11 Nov 2014 21.37°N, 157.63°W 18.65 687 5.05–17.95 9.4–77.3
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conclude that the DO-PATs accurately recorded oxygen 
saturations at depths between the surface and 700 m for 
the duration of their deployments.

Discussion
This is the first study to use an animal-borne device to 
autonomously measure and record in situ dissolved oxy-
gen from non-air-breathing marine animals and the first 
to do so using PAT technology. Priede et al. [31, 32] were 
the first to use a biotelemetry device for measuring ambi-
ent dissolved oxygen from free-ranging fish (sea trout, 
Salmo trutta) but these were acoustic transmitters that 
required a “chase boat” to follow the animal and record 
the transmitted data. Svendsen et  al. [16] evaluated the 
performance of a modern acoustic dissolved oxygen 
transmitter equipped with the same micro dissolved oxy-
gen sensor utilized in this study. Overall, their results 
demonstrated that the device was highly accurate over 
temperatures ranging from 10 to 30 °C and supported the 
use of the micro dissolved oxygen sensors in biotelem-
etry. Lefevre et al. [33] expanded on this by instrument-
ing striped catfish (Pangasianodon hypophthalmus) with 
acoustic dissolved oxygen transmitters (Thelma Biotel, 
Trondheim, Norway) in a small-scale, aquaculture pond.

Bailleul et  al. [17] recently presented oxygen profiles 
from tags deployed on southern elephant seals (Mirounga 
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leonina) and acquired using oxygen optodes (Aanderaa 
Data Instruments AS, Nesttun, Norway) incorporated 
into Argos CTD-SRDL tags (Argos-linked Conductivity-
Temperature-Depth-Satellite Relayed Data Loggers, Sea 
Mammal Research Unit, University of St. Andrews, Scot-
land). Oxygen concentrations (μmol l−1) measured by the 
seals were consistent with those obtained from a concur-
rent ship survey. However, there was an offset of meas-
urements in the upper mixed layer and after a period of 
30  days there was temporal drift of the oxygen sensors. 
The offset of measurements in the mixed layer was most 
likely a result of the slow response time of the optode’s 
thermistor [17, 34–36].

The galvanic cell oxygen probe utilized in this study is 
ideally designed for biologging applications where small 
size, durability, and negligible power supply are crucial. 
In addition, the oxygen probe provided fast, accurate, 
and stable readings and were easily maintained. The DO-
PATs reliably tracked changes in dissolved oxygen satu-
ration during calibration trials and CTD vertical profiles. 
Comparison of these data with the requirements of the 
Argo-Oxygen program reveals that the accuracy of the 
sensors is within the recommended range [35]. Impor-
tantly, comparisons with WOA13 values demonstrate 
that the tags effectively captured the oceanography of 
the region in terms of oxygen profiles between the sur-
face and depths of up to 700 m. The current results from 

two bluntnose sixgill sharks empirically demonstrated 
their ability to inhabit waters with very low oxygen con-
tent, which is consistent with the findings of Comfort and 
Weng [18] using data ascertained from HOT and World 
Ocean Database 2009 [37]. Because oxygen saturations 
can now be recorded contemporaneously with the behav-
ior of the tagged animal, we believe this technology will 
lead to many future insights into the interplay between 
dissolved oxygen and the physiological ecology of marine 
animals—especially if accelerometry data are collected in 
synchrony with the oxygen data [3, 15].

In this study, measurements of dissolved oxygen satu-
ration recorded by the DO-PAT were only available when 
the tag was physically recovered. This approach allowed 
post-recovery recalibration to assess the reliability of the 
collected data [24, 38]. However, tags capable of record-
ing in  situ oxygen saturations will probably find their 
maximum utility by transmitting environmental data 
remotely from free-ranging animals that are not recap-
tured or when the tag is not otherwise physically recov-
ered. This scenario would allow data to be collected from 
a wider range of species, for longer deployment periods 
and from remote locations [5, 17, 26, 38, 39]. To accom-
plish this, future iterations of oxygen-sensing tags will 
need to utilize well-established data compression tech-
nologies for Argos transmission [39, 40] that will allow 
telemetry of oxygen profiles paired with light-based [41, 
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42] or GPS-based [43] geolocation estimates. The lim-
ited rate of data transfer through Argos satellites and 
tag energy constraints may not allow all data points to 
be transmitted [44]. Therefore, a subset of representa-
tive depth points with corresponding temperatures and 
dissolved oxygen saturations may need to be selected 
from the high-resolution archival record. Profiles could 
be selected for transmission using predefined depths or 
a broken-stick point selection algorithm [45, 46]. Since 
calibration coefficients may change during longer deploy-
ments, it may be advantageous to transmit the raw out-
put values from the oxygen sensor so that the conversion 
to percent oxygen saturation can be calculated post hoc. 
Future integration of in  situ salinity measurements [47] 
together with pressure, temperature, and dissolved oxy-
gen saturation would allow on-board computation of 
actual dissolved oxygen concentrations.

The DO-PATs used in this study maintained con-
sistency over time and made measurements that are 
equivalent to industry standards for environmental sam-
pling. If sensors (i.e., tags) are not recovered, they can-
not be recalibrated and hence require long-term stability 
[26]. In absence of regular ship-based measurements to 
check for sensor drift over time, the problems of possi-
ble long-term sensor drift may be obviated if the animals 
occasionally enter the upper mixed layer of the ocean 
where oxygen saturation is typically close to equilibrium 
with the atmosphere (i.e., 100  % saturation). If this is 
the case, appropriate corrections could be made to data 
recorded after these “recalibration” events. However, in 
more dynamic environments physical and biological pro-
cesses may cause departures from equilibrium resulting 
in cycles of under- and supersaturation. An alternative 
is to look for oxygen trends at great depths, where we 
expect fairly stable values in oceanic regions with weak 
horizontal environmental gradients [48, 49]. For example, 
an Autonomous Profiling Explorer float (APEX, Teledyne 
Webb Research, North Falmouth, MA, USA) equipped 
with a SBE IDO electrochemical dissolved oxygen sensor 
(formerly SBE 43, Sea-Bird Electronics, Bellevue, WA, 
USA) deployed near a HOT site demonstrated very little 
sensor drift over a period of 3 years near the sea surface 
and at 2000 m [35]. The IDO sensor operates on the same 
principle as the galvanic cell used in the current experi-
ments; thereby, demonstrating the promise of long-term 
stability of remote measurements of dissolved oxygen 
across a large vertical gradient.

Future laboratory and field experiments will evalu-
ate sensor drift over longer deployments and other fac-
tors such as biofouling [50] and electrode ‘fatigue’ may 
have to be addressed in order to maximize the longev-
ity of deployments [17, 36]. Lefevre et al. [33] used only 

the first 4–5  days of oxygen data due to the develop-
ment of biofilm over the sensor membrane but in the 
current study, there was no biofilm on the oxygen probe 
membrane after each of the 90-h deployments on free-
ranging sharks or when the tags were placed in an unfil-
tered, open circuit, flow-through water table for a period 
of 13  days. Whereas long-term deployments would be 
desirable for incorporation of data into oceanographic 
databases, from the perspective of the behavioral ecol-
ogy of marine fishes, many important questions can be 
answered with deployments ranging from days to weeks.

We believe that the results from the current experi-
ments indicate that DO-PATs attached to marine animals 
can be used to gather detailed oceanographic informa-
tion of high temporal and spatial resolution. Further-
more, animal-borne in  situ measurements of dissolved 
oxygen would overcome the spatial, temporal and cost 
limitations of using traditional ship-borne measurements 
in support of biologging studies [4, 26, 51]. Because the 
in  situ data are recorded contemporaneously and at 
scales appropriate to the animal’s behavior and at loca-
tions chosen by the animal, these tags have the potential 
of revealing the circumstances under which oxygen limits 
distribution and whether animals have evolved mecha-
nisms to exploit fine-scale features in the oxygen struc-
ture of the oceans [26, 52].

The inclusion of dissolved oxygen saturation meas-
urements from animal-borne sensors could also play 
an important role in the study of global climate change 
[38]. Climate models driven by global warming condi-
tions predict an overall decline in oceanic dissolved 
oxygen concentration and a consequent expansion of 
the oxygen minimum zone (OMZ) as a result of greater 
stratification, reduced ventilation below the thermocline, 
and decreased solubility at higher temperatures [53–55]. 
Currently, our limited knowledge of physiological and 
behavioral responses of individual species hinders mod-
eling efforts on the effects of declining global oxygen or 
expanding OMZs on ecosystems [10]. For example, shoal-
ing of the OMZ upper boundary may result in an expan-
sion of habitat for hypoxia-tolerant species and a resulting 
vertical compression of habitat for those that reside above 
the OMZ [6, 9, 10, 53]. Vertical habitat compression will 
probably impact species with high oxygen requirements 
such as billfishes, tunas, and sharks [6, 8, 9]. Furthermore, 
the impacts of temperature and dissolved oxygen con-
centrations on marine organisms are inextricably linked 
[6] and reemphasizes the value of DO-PATs that obtain 
measurements of dissolved oxygen saturation alongside 
temperature and depth data. These measurements will 
greatly improve our ability to investigate the spatial ecol-
ogy of marine animals in light of global climate change.
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Conclusion
This study is the first to demonstrate that DO-PATs are 
able to autonomously collect and record dissolved oxy-
gen data of a quality suitable for oceanographic studies. 
As such, this technology has the potential to play a major 
role in improving ocean-observing capabilities [5, 26, 
44]. Oxygen-sensing tags such as those described here 
can enable major advances in understanding the distri-
bution, behavior, and physiological ecology of marine 
animals in relation to their dynamic physical environ-
ment [2, 5, 27].
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