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ABSTRACT
Animal telemetry is maturing into a viable method for 
observing the ocean as it can be used to monitor both 
environmental conditions and biological metrics along the 
movement trajectories of marine animals. As part of the 
Cormorant Oceanography Project, we have augmented a 
biologging tag with an external fast response tempera-
ture sensor to collect ocean temperature profiles from the 
backs of foraging marine birds. Cormorants dive between 
50 and 250+ times a day to forage for prey so they can 
provide hard-to-match temporal and spatial coverage of 
coastal ocean conditions within their foraging areas. We 
process tag measurements to obtain fundamental ocean-
ographic data (e.g.,  temperature profiles, bottom sound-
ings, surface current measurements). Together, we have 
tracked 17 marine bird species (including two Spheniscus 
penguins spp. and a sea duck), originating from 17 countries 
and foraging along the edges of all major oceans. Tagged 
birds’ distribution included 191 MPAs in 26 countries, offer-
ing a unique ocean monitoring method to complement 
more widely used methods. 

BACKGROUND
Coastal oceans are complex dynamic environments, and 
the neritic zone supports high levels of biodiversity. It is 
these very complexities that make coastal ecosystems 
challenging to monitor at the resolutions required. Coastal 
ecosystems also sustain high human use and impacts, plac-
ing changes in these ecosystems at a nexus for societal 
relevance. Marine spatial planning and coastally located 
marine protected areas (MPAs) are management tools that 
promote the sustainable use of marine ecosystems. While 
most coastal MPAs are too small to encompass the year-
round range of highly mobile megafauna species, small 
MPAs may include portions of individual ranges at key 
periods during the year (Conners et al., 2022). Furthermore, 
understanding the efficacy of an MPA to provide spatial 

protection for a dynamic marine environment requires 
monitoring of changes in both biotic and physical environ-
mental conditions. Marine bird diet composition and demo-
graphic metrics (such as reproductive success and popula-
tion trajectories) are well documented metrics of ecosystem 
health. Though foraging behavior is the process by which 
an animal expends energy to gain energy, it has not often 
been distilled into ocean monitoring variables (e.g., essen-
tial ocean variables [EOVs]; Harcourt et al., 2019). An under-
standing of environmental conditions associated with for-
aging is therefore a powerful ocean monitoring approach 
that can aid in MPA monitoring (McMahon et al., 2021). 

BIOLOGGING AS AN OCEAN MONITORING TOOL 
Animal telemetry, or biologging, has become a viable ocean 
observation tool that can be used to monitor both environ-
mental conditions and biological metrics along the move-
ment paths of animals (overview in Harcourt et al., 2019). 
Larger bodied marine animals provide free- ranging auton-
omous platforms and inherently visit and revisit areas that 
are of importance for meeting self-maintenance and life- 
history needs. Biologging employs miniaturized electronic 
devices to track animal movement and behavior through 
the use of multiple sensors (e.g., GPS, accelerometry, tem-
perature, pressure). These same sensors can be tailored to 
collect relevant data on the marine physical environment. 
Biologging sampling offers fine-scale spatiotemporal reso-
lution, lower costs, and the potential to sample dynamic or 
hard to reach areas (e.g., under sea ice; Ribeiro et al., 2021) 
that are challenging for other currently applied ocean mon-
itoring methods (e.g., shipboard sampling, a single autono-
mous vehicle, moorings, drifters).

The type of environmental data available from biolog-
ging devices depends on the movement capacity and 
behavior of the animal carrying the device. For instance, 
deep diving southern elephant seals (Mirounga leonina) 
have collected temperature and salinity profiles necessary 
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to model deep ocean currents in the Southern Ocean 
(reviewed in McMahon et  al., 2021), while Brandt’s cor-
morants (Phalacrocorax penicillatus) resting on the sur-
face between dives have documented surface currents in 
the Columbia River estuary that subsequently improved 
multivariate bathymetric modeling (Ardağ et  al., 2023). 
Biologgers attached to benthic diving animals includ-
ing seals and cormorants allow mapping of the seafloor 
during animals’ foraging dives (e.g., Padman et al., 2010; 
McMahon et al., 2023), and given how little of the ocean 
floor has been mapped (Tozer et al., 2019), offer a valuable, 
if unconventional, observing method. 

Animal welfare concerns are paramount when applying 
a biologging approach, including species-tailored attach-
ment, placement, and device shape, weight, and overall 
size. Especially for both flying and diving marine birds, tag 
miniaturization is key to accomplishing these goals. Over 
the last few decades, miniaturization has occurred in tan-
dem with increases in the technical capabilities of tags, 
including their power capacities. This allows multiple data 
streams to be collected by one device in order to couple 
animal ecology studies with simultaneous collection of 
high-quality information on the physical and biological 
environment encountered by an individual animal. Flying-
diving marine birds offer multiple environmental sampling 
opportunities, including temperature profiling during dives, 
seafloor mapping from benthic diving species, and surface 
currents and wave metrics collected when birds are rest-
ing on the surface. Furthermore, additional development of 
sensors will enhance the sampling capability of bird-borne 
biologging that could be expanded to other water column 
properties (e.g., fluorescence, pH, salinity) and temperature 
measurements (e.g., air-sea contrast). 

THE CORMORANT OCEANOGRAPHY PROJECT
As part of the Cormorant Oceanography Project, we have 
collaborated with a biologging company, Ornitela (Vilnius, 
Lithuania), to develop a customized external fast response 
temperature sensor to collect ocean temperature profiles 
from the backs of foraging marine birds (Orben et  al., 
2021). Additionally, customized tag programming options 
have allowed us to improve power management by selec-
tively sampling during periods of activity that are both bio-
logically relevant and key for oceanographic monitoring 
(e.g.,  dives and surface drift periods). Specifically, a GPS 
location fix is triggered when the bird resurfaces as the tag 
crosses a 1 m depth threshold. This results in a GPS fix follow-
ing each dive event. Data are transferred at programmable 
intervals over the cell phone network (3G or 4G), allowing 
megabytes of data to be transmitted with each connection. 
Our tagging efforts focused on cormorants and shags to 

ensure good cell phone connectivity, as these species usu-
ally forage within 15 km of the coast and regularly return to 
land to roost at night. Depending on the species, we use 
variations of the tag type to meet the threshold of <3% ani-
mal body mass; however, typically the tag is 26 g (60 mm 
plus a 12 mm sensor housing × 25.7 mm x 15.4 mm) and is 
powered by a battery that is recharged with solar cells 
(Figure 1). For most cormorant species, tags are attached 
with a Teflon backpack harness; however, in some cases, 
tags were attached to feathers for shorter durations with 
Tesa tape (back attachment: Spheniscus penguins spp. and 
sea duck [velvet scoter, Melanitta fusca]; tail attachment: 
European shag [Gulosus aristotelis] and Cape cormorant 
[Phalacrocorax capensis]). 

Tags were customized with an external temperature sen-
sor (TMP117, Texas Instruments, USA; ±0.1°C (maximum) from 
–20°C to +50°C) to measure water temperatures during 
dives. To estimate in situ sampling performance across a 
range of temperatures (10°–24.4°C), we conducted water 
column profiles of tags paired with a calibrated CTD (RBR 
Concerto CTD; Ottawa, Canada) in the Yaquina River and 
Estuary, in central Oregon, at five different sites along the 
estuary with different temperature characteristics. At each 
site, the CTD and biologging tags (n = 33), attached to a 

FIGURE 1. (a) A Brandt’s cormorant (Phalacrocorax penicillatus) carry-
ing a biologging device rests on a piling in the Columbia River Estuary, 
USA. Photo credit: A. Peck-Richardson (b) A biologging tag fitted with a 
fast- response temperature sensor and housing has proven useful. Photo 
credit: A. Peck-Richardson
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stainless steel frame, were lowered on a handline to depths 
ranging roughly from 3 m to 12 m, depending on water depth. 
Sensors were held near the bottom for 10–90 sec and then 
raised to mimic marine bird diving behavior. Five to 10 casts 
were made at each site. We estimated water surface tem-
perature (SST) using the final temperature measurement 
of both CTD and biologging tag (1.58 ± SD 0.52 m depth). 
Resulting SST measurements (n = 1,160) were similar with a 
root-mean-squared difference of 0.21°C. 

GLOBAL MONITORING OF MARINE 
PROTECTED AREAS
Together, we have tracked 17 species (14 cormorants and 
shags, two penguin species, and one sea duck) originat-
ing from 17 countries, and documented marine birds for-
aging along the coasts of all continents except Antarctica 
(Figure 2, as of September 2024). Some of these coun-
tries have well-developed networks of coastal MPAs 
(e.g., Peru, Norway, South Korea, west coast of the United 
States, and Canada), and while these data were col-
lected for more general coastal ocean monitoring, tagged 

birds were found to occur within 191 MPAs in 26 countries 
(UNEP-WCMC, 2024; refined for non-overlapping manage-
ment units). Most MPAs (68%) sampled in our study were 
small (<100 km2), but on average the protected area size 
was 659 ± SD 2,675 km2. The largest MPAs were used by 
Imperial cormorants (Leucocarbo atriceps) and located in 
Patagonia Azul (30,697 km2) and Frente Valdez (19,479 km2) 
in Argentina. The species tracked in Sri Lanka, the Indian 
cormorant (Phalacrocorax fuscicollis) and the little cormo-
rant (Microcarbo niger), did not encounter MPAs. On aver-
age, birds encountered MPAs 115 ± SD 208 km from where 
they were originally fitted with biologging devices; the 
longest distance to an MPA (1,471 km) was traveled by a 
Brandt’s cormorant tagged in the Columbia River Estuary 
and tracked to southern California the following winter. 

The regional distribution of the vulnerable Socotra cor-
morant (Phalacrocorax nigrogularis) within the Arabian 
Gulf, and its tendency for short-distance migratory move-
ments (Muzaffar et al., 2017), presents a case study for how 
this species seasonally uses and consequently can provide 
samples from the physical environment within multiple 

FIGURE 2. Marine bird tracking data from the Cormorant Oceanography Project (2019–2024, colored by species) surrounded by photos of birds tracked. 
Photo credits: Top (left to right): Nina Dehnhard, Julius Morkūnas, JinHee Lee, JinHee Lee, William Kennerley, Mike Johns, Hugo Cliff, Jose Cabello. 
Bottom (left to right): Eleanor Weideman, Eleanor Weideman, Sabir Bin Muzaffar, Gayomini Panagoda, Gayomini Panagoda, Thomas Cansse, 
Edin Whitehead, Victor Pimenta, Flavio Quintana



FRONTIERS IN OCEAN OBSERVING – EARLY ONLINE RELEASE

MPAs. The Arabian Gulf is a shallow estuary that supports a 
uniquely productive tropical ecosystem fueled by nutrients 
supplied by seasonal dust storms and river systems running 
through Iraq and Iran (Piontkovski et al., 2019). Socotra cor-
morants are obligate marine birds and depend on the avail-
ability of schooling prey fishes (e.g., anchovy, sailfin flying 
fish, and blue-stripe sardines), and their movements track 
regional productivity (Muzaffar et al., 2017). From 2019 to 
2023, we fitted Socotra cormorants with biologging devices 
at four colony locations within the Arabian Gulf (Figure 3a). 
Sixty-five birds carried devices for 231 ± SD 146 days, with 
12 birds continuing to transmit data (as of August 2024). As 
expected, the resulting Socotra cormorant distribution was 
along the southern coast of the Gulf; however, individuals 
ranged farther than anticipated and spent time in 16 MPAs 
in Oman, the United Arab Emirates, Qatar, Saudi Arabia, 
Bahrain, and Kuwait (Figure 3a). Thus, the MPAs used by 
individual birds can change seasonally, and the tempera-
tures the birds can be equipped to measure document the 
seasonal cycle of sea surface temperatures in their regions 
(Figure 4a). The number of dives made per day by each bird 

is an ecological variable that integrates prey availability, 
foraging success, and life-history needs (e.g.,  breeding 
stage; Cook et al., 2017), and it offers a metric of MPA use 
throughout the southern Arabian Gulf (Figure 4b), reflect-
ing the cooler temperatures during the breeding period 
when birds tend to dive more frequently. 

CONCLUSION
Our efforts demonstrate that the coastal movements of 
marine diving birds can effectively sample large areas 
while collecting high-quality data via bird-borne biolog-
ging devices. The data derived are already proving useful 
for dynamic coastal ocean models (e.g., Ardağ et al., 2023). 
Systematic deployments in the future will make biolog-
ging devices important additions to global coastal ocean 
observation efforts and provide managers with another 
tool for monitoring ecosystem variables. Capacity build-
ing to use biologging data depends on developing user-
friendly ways to transfer data. Through an automated data 
pipeline, we plan to provide biologging data in near-real 
time as well as archived data products to promote the use 

FIGURE 3. Use of marine protected areas (MPAs) by Socotra cormorants (Phalacrocorax nigrogularis) in the Arabian Gulf. All bird tracks 
are depicted (tan) to show movements between MPAs. Each MPA is delineated by a solid gray line and identified by number. Bird loca-
tions within each MPA are colored by the colony where birds were tagged: Butina (n = 12, yellow), Hawar Islands (n = 44, pink), Judhaym 
Island (n = 8, green), and Siniya Island (n = 1, purple). 
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and reuse of these data streams. Human-wildlife conflict 
is problematic for many species of cormorants, as these 
colonial waterbirds are seen as competitors with fisher-
ies and fish farms, can outcompete other arboreal nesting 
species (e.g., herons, egrets), and are often considered dirty 
due to intense guano deposition. More generally, marine 
birds are one of the most threatened groups of birds. Here, 
six of our 17 study species are listed by the International 
Union for Conservation of Nature as near threatened or 
higher. Biologging is one of many tools that researchers 
can use to provide insights for conservation and manage-
ment. Continued development of high-quality, multi-sensor 
tags, coupled with innovative data distribution pipelines, 
is needed to fully benefit from and apply animal-borne 
sensor technology.
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