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Abstract 

Walruses ( Odobenus rosmarus ) are experiencing rapid habitat change, concomitant with dramatic sea ice declines in the Arc- 

tic. Reduction in sea ice also creates the potential for reduced benthic production and heightened disturbance levels from 

increasing levels of shipping traffic in previously ice-covered areas. These stressors are creating a growing need to monitor 

how walrus populations are responding under the new conditions, through the production of accurate abundance estimates, 

population trend data, and updated distribution information. Most walrus stock assessments rely on counts of walruses at 

their terrestrial haul-out sites, which are spread across the Arctic, limiting the spatial and temporal extent at which they can 

be surveyed with current tools (boats, planes, and drones). Satellite imagery is an emerging monitoring tool that can sam- 

ple anywhere on the Earth’s surface and increase survey frequency. Herein, we lay a roadmap towards monitoring walruses 

from space by discussing: (1) walrus conservation needs; (2) satellite capabilities in relation to walrus monitoring; and (3) 

the current feasibility and future prospects of surveying walruses using space technologies. Satellite imagery has been used 

successfully to detect, and in some cases count walruses, highlighting its potential to be a complementary tool to traditional 

methods for monitoring walrus distribution. Validation studies and initial population assessments demonstrate the potential 

of this new approach. 
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platforms (boats and aircrafts) are logistically limited in the geo- 

graphical and temporal extent that they can cover, and costs limit 

the frequency at which surveys are conducted. Emerging plat- 

forms such as drones are being used increasingly (Boltunov et al. 

2021 , Fischbach et al. 2022 ) but this method also suffers from geo- 

graphic and temporal limitations. Therefore, there is a need to in- 

vestigate complementary alternatives, including use of Earth ob- 

servation satellites (Boltunov et al. 2012 , Zinglersen et al. 2020 , 

Fischbach and Douglas 2021 , Matthews et al. 2022 , Sherbo et al. 

2023 , Cubaynes et al. 2024 ). 

Satellites orbiting the Earth can collect imagery in places that 

have been challenging to monitor historically, and can increase 

survey frequency while being non-intrusive to the animals. Among 

the diversity of satellites collecting data about the Earth’s surface, 

optical satellites are increasingly viewed as a complementary tool 
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Introduction 

Walruses ( Odobenus rosmarus ) range across the circumpolar Arc-

tic. They rely on sea ice for several aspects of their lives, including

resting between foraging trips close to food sources and for giv-

ing birth. On-going declines in their sea ice habitat and other ac-

celerating climate-related threats (e.g. increased shipping traffic in

the Arctic, reduced prey availability) are projected to lead to pop-

ulation declines. Currently, walruses are classified as Vulnerable

on the International Union for Conservation of Nature (IUCN) Red

List (Kovacs 2025 ). Because sea ice is predicted to continue declin-

ing (Rantanen et al. 2022 , Kim et al. 2023 ), it is crucial to enhance

walrus monitoring to provide knowledge necessary for threat miti-

gation and conservation. Abundance and trends remain unknown

across much of the walrus’s range. However, conventional survey
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o monitor marine mammal occurrence and population param-

ters, such as distribution, density and abundance (LaRue et al.

022 , Khan et al. 2023 , Lynch 2023 , Attard et al. 2024 ). For walruses,

here have been a number of recent pilot studies (Zinglersen et al.

020 , Fischbach and Douglas 2021 , Matthews et al. 2022 , Sherbo et

l. 2023 , Cubaynes et al. 2024 , Fischbach et al. 2025 ) following ear-

ier trials (Burn and Cody 2005 , Boltunov et al. 2012 ) to assess the

easibility of using very high ( < 1 m) to medium ( < 10 m) resolution

ptical satellite imagery to detect and count walruses from space.

ynthetic aperture radar (SAR) satellites, which offer the advan-

age of seeing through clouds and darkness, are also being investi-

ated as a tool to monitor walruses (Fischbach and Douglas 2021 ).

hermal infrared satellite sensors might also be an option, but this

echnology has not yet been explored due to the spatial resolu-

ion of sensors in operation, which is currently too low (100 m at

est, Table 1 ). 

As this new field of satellite population monitoring expands,

here is a need to build strong foundations to ensure comparabil-

ty between studies, through standardization, collaboration, and

greement on best practices. Here, we lay out a roadmap towards

urveying walruses using satellite imagery by (1) establishing con-

ervation needs, (2) outlining satellite capabilities, and (3) assess-

ng the current feasibility, future prospects and recommendations

o estimate walrus distribution shifts and population trends. 

alrus conservation challenges and
eeds 

limate change and the rapid decline of sea ice in the Arctic is

redicted to impact several aspects of walruses’ lives. They de-

end on sea ice to give birth and rest, and their main prey—

ivalve molluscs—is also heavily dependent on fall-out from sym-

agic (sea-ice-associated) primary production (Fay 1982 , Born et

l. 1995 , Grebmeier et al. 2006 , Yurkowski et al. 2020 , Keighley et

l. 2021 , Cautin et al. 2024 , Niemi et al. 2024 ). Less summer sea ice

ver the continental shelf is resulting in Pacific walruses ( O. r. di-
ergens ) shifting to land-based haul-out sites, where they may lose

ccess to some prey fields, spend more energy travelling to feed-

ng grounds, and be subjected to crowding and trampling-related

ortality of young animals in the larger herds that are becoming

ore common (Kovacs et al. 2015 , Udevitz et al. 2017 ). Less sea ice

ill likely intensify the exposure of walruses to killer whale preda-

ion and industrial disturbances, such as oil and gas extraction and

hipping, the latter has already risen dramatically across the Arctic

n the last decade (Kryukova et al. 2012 , Aerts et al. 2013 , Hauser

t al. 2018 , Keighley et al. 2021 , PAME 2025 ). As a result, changes in

alrus distribution and population size are expected and need to

e monitored. Their sensitivity to climate-change-induced habi-

at loss is expected to cause population declines throughout most

f their range, potentially more so for Pacific walruses than At-

antic walruses ( O. r. rosmarus; Laidre et al. 2008 , Lowry 2016 , Ko-

acs et al. 2021 ). Modelled projections for Pacific walruses to 2100

upport this assertion, predicting a worsening of the state of the

ubspecies and an increased susceptibility to stressors (Jay et al.

011 ). 

Conservation actions in place and recommended for walruses

nd their habitats include strengthening environmental regula-

ion and oversight of industrialized activities with consideration

f cumulative impacts, protection of important habitats includ-
ing haul-out sites and feeding grounds, and international coopera-

tion on managing populations shared across jurisdictions (Heide-

Jørgensen et al. 2014 , Wiig et al. 2014 , Kovacs et al. 2015 ). In

Canada, Greenland, Russia, and the United States of America, wal-

ruses are culturally, nutritionally, and economically important for

many coastal Indigenous communities, and management of hunt-

ing at levels that can be sustained by walrus populations during

rapid change and in the face of other stressors is also needed

(Heide-Jørgensen et al. 2014 , Wiig et al. 2014 , Kovacs et al. 2015 ). 

The basic population and habitat information needed to inform

such conservation and management actions is currently incom-

plete (Kovacs et al. 2021 ). Of the 13 walrus populations across the

Arctic ( Fig. 1 ), aerial/ship-based surveys suggest that one is in-

creasing and three are stable. The status of the remaining nine is

unknown (Kovacs et al. 2021 ). Walrus habitat use is seasonally dy-

namic, and is currently changing due to rapid losses of their sea ice

habitats (e.g. shifts by Pacific walruses to more land-based haul-

out sites). In Svalbard, walruses are undergoing local expansion as

they recover from heavy over-exploitation in the past (Kovacs et

al. 2015 ). In addition to this dynamism, Arctic coastlines are vast

and monitoring all potential and historic haul-out sites is logisti-

cally virtually impossible using conventional methods. Monitor-

ing distribution shifts and obtaining population abundance and

trends relies on walrus detection and enumeration via either the

detailed delineation of walrus herds, and/or counting of individ-

ual walruses. Walrus surveys usually take place at terrestrial haul-

out sites in summer, when sea ice concentration is at its lowest

and walruses are most likely to haul-out on land. Surveying ter-

restrial aggregations avoids challenges of counting walruses on

sea ice when they are widely dispersed, and allows for interannual

comparisons because walruses tend to return to the same terres-

trial haul-out sites each summer (e.g. Kovacs et al. 2014 , Hammill

et al. 2016 , Kochnev 2019 , Fischbach et al. 2022 , Mikkelsen et al.

2024 ). However, in some cases, walrus stock assessment requires

surveying across extensive ice-covered areas (Heide-Jørgensen et

al. 2014 ). This demands synoptic satellite coverage of vast ma-

rine regions, combined with software capable of detecting wal-

rus herds and ideally enumerating individual walruses. In addition

to providing abundance estimates relevant for specific manage-

ment purposes, such surveys also yield valuable insights into wal-

rus habitat use and key foraging areas. 

Filling knowledge gaps on distribution, population size and

trends, and maintaining a reasonable currency of such informa-

tion is a high priority for effective conservation of walruses (CAFF

2017 ). For assessing overall abundance trends and broad distribu-

tion shifts, monitoring intervals of five years are likely sufficient,

but for populations under immediate threat or significantly de-

pleted, shorter intervals (three years) may be needed. Satellite

technologies offer gr eat potential f or augmenting traditional tech-

niques to monitor walruses and their habitats. 

Satellite capabilities 

What satellites can see: types of sensors 

and spatial resolution 

Earth observation satellites host different types of sensors, each

collecting different information on features present on the Earth’s

surface (i.e. emitted electromagnetic radiation). Here, we focus on
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Table 1 Overview of the differ ent types of satellite sensors with potential applicability for walrus monitoring. A medium spatial resolution is between 100 

and 10 m, a high spatial resolution is below 10 and 1 m, and a very high spatial resolution is below 1 m. Reference for satellite information: eoPortal 2024 . 
H
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ed
iu

m

RADARSAT constellation
Sentinel-1 constellation

1-100 m
5-100 m

1-24 days
6 days

Occurrence
Seasonality
Distribution
Aggregation 

size

Fischbach and Douglas, 2022
Fischbach et al., 2025

S
yn

th
et

ic
 a

pe
rtu

re
 ra

da
r s

en
so

rs

H
ig

h 
to

 v
er

y 
hi

gh

Capella constellation
ICEYE constellation

TerraSAR-X
Umbra SAR constellation

0.25-1.20 m
0.25-15 m
0.25-40 m
0.25-1 m

4.8+ times/day
<1 day
11 days

5+ times/day

Occurrence
Distribution
Aggregation 

size
Count

Abundance

Fischbach and Douglas, 2022
Fischbach et al., 2025

M
ed

iu
m

No examples yet Landsat-8 (TIR sensor) 100 m 8 days Unknown No studies yet

Th
er

m
al

 s
en

so
rs

V
er

y 
hi

gh

No examples yet HOTSAT constellation** 3.5 m 10+ times/day 
(planned) Unknown No studies yet

∗Revisit rate for the equator; it is shorter at higher latitudes, as these satellites travel on a sun-synchronous orbit (European Space Agency 2025 ). 
∗∗ Constellation not in operation yet, due to satellite failure. 
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optical, synthetic aperture radar (SAR), and thermal infrared (TIR)

sensors, because they are expected to be most useful to monitor

walruses ( Table 1 ). 

Optical sensors passively collect information within the visible

range of the electromagnetic spectrum (wavelengths between 380

and 700 nm), sometimes expanding to the near-infrared and short-

wave infrared wavelengths (up to 2.5 μm; Dowman et al. 2012 ,

Rees 2013 ). Most satellite-based walrus studies have used these

types of sensors (Burn and Cody 2005 , Boltunov et al. 2012 , Zin-

glersen et al. 2020 , Fischbach and Douglas 2021 , Matthews et al.
2022 , Sherbo et al. 2023 , Cubaynes et al. 2024 , Fischbach et al.

2025 ), because interpreting the output imagery is intuitive (and

less ambiguous), as it looks similar to what the human eye nor-

mally sees, although this depends somewhat on the spatial reso-

lution used ( Table 1 ), as discussed below. Furthermore, being able

to see the true colour provides additional details, essential in con-

firming that the observed features are walruses (e.g . a cinnamon

brown area or scattered ellipsoids contrasting with their surround-

ings; Table 1 , Fig. 2 ), which is not possible with SAR or TIR sen-

sors. However, a major drawback of optical satellite imagery is that
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Figure 1 Map of walrus distribution range adapted from Cubaynes et al. ( 2026) , showing the different walrus populations and currently known haul-out 

sites for Pacific walruses ( O. rosmarus divergens ; Fischbach et al. 2016 ) shown as triangles and Atlantic walruses ( O. r. rosmarus ; Cubaynes et al. 2026 ) 

shown as points. The Baffin Bay population combines three populations and Hudson Bay–Davis Strait population combines three population too 

(Kovacs et al. 2021 ). The haul-out sites in the northern extant of the Southern Barents Sea population are classed as Atlantic walrus based on Semenova 

et al. 2019 . 
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t cannot see through clouds, and it has potential problems with

aze and low light levels. 

SAR sensors actively measure the surface roughness and can be

elpful to monitor walruses, particularly in cloudy situations and

uring the prolonged periods of darkness that extend throughout

he Polar night in the Arctic, because these sensors are not light-

ependent. They emit a radar pulse, a microwave signal (wave-

engths between 1 mm and 1 m), at intervals that interacts with

he Earth’s surface. The intensity of the backscatter received from

arth is measured by the sensor and used to build images of the
surface roughness, visualized as a brightness gradient (McCand-

less and Jackson 2004 , NASA 2025 ). Walruses can be detected in

SAR imagery ( Table 1 ; Fischbach and Douglas 2021 , 2022 ; Alaska

Science Center 2022 , Fischbach et al. 2025 ). So far, SAR has only

been tested for sites where walruses haul-out on sandy beaches.

Other haul-out substrates need investigation (e.g. rocky shores,

beaches with boulders, etc.). Visually interpreting SAR outputs is

not as intuitive as for optical imagery, and currently it requires val-

idation with information on the ground, comparison with optical

imagery, and/or multiple SAR images of the same location to per-
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25th August24th August3rd August

1st August17th July14th July

1st September 2nd September 10th September

Satellite image © 2024 Planet Labs PBC Satellite image © 2024 Planet Labs PBC Satellite image © 2024 Planet Labs PBC

Satellite image © 2024 Planet Labs PBCSatellite image © 2024 Planet Labs PBC

Satellite image © 2024 Planet Labs PBC Satellite image © 2024 Planet Labs PBC Satellite image © 2024 Planet Labs PBC

Satellite image © 2024 Planet Labs PBC

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2 Timelapse of satellite imagery (PlanetScope satellite imagery, 3–5 m spatial resolution; satellite image © 2024 Planet Labs PBC) for the 

Torellneset walrus haul-out site in Svalbard, Norway, showing how dynamic a haul-out group can be . Tight herds of walruses are outlined in blue and 

visible individual walruses are labelled with a red dot. 
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form image differencing (e.g. walruses move while boulders gen-

erally do not). 

TIR sensors passively measure the energy emitted from Earth,

within the thermal infrared range of the electromagnetic spec-

trum (wavelengths between 2.5 and 12.5 μm). TIR imagery pro-

duces a heatmap of the Earth surface. It is expected that wal-

rus herds could be visible as their heat signature is expected to
be higher than their surroundings, although this remains to be

tested. 

All the sensors listed above provide information at different

spatial resolutions, which will influence the level of detail visi-

ble and the sort of information that can be inferred from the im-

agery produced ( Table 1 ). Here, we split spatial resolution into

three categories: medium (500–10 m), high ( < 10 m to 1 m), and
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ery high ( < 1 m) resolution. At very high spatial resolution (VHR),

ore details are visible, increasing confidence in the detection of

nimals, with potential to assess occurrence, count the number

f walruses, or accurately outline tightly grouped walrus herd to

stimate relative (e.g. area covered) or absolute (area covered x

ensity) abundance (Boltunov et al. 2012 , Zinglersen et al. 2020 ,

ischbach and Douglas 2021 , Matthews et al. 2022 , Sherbo et al.

023 , Cubaynes et al. 2024 , Fischbach et al. 2025 ). For medium and

igh spatial resolutions, single animals will not be visible and as-

essing herd occurrences might be all that is feasible. Even then,

mall groups may be difficult to detect, with observations limited

o groups of walruses above a certain number, likely above 100

nimals (Boltunov et al. 2021 , Fischbach and Douglas 2021 ). Es-

imating abundance with high or medium spatial resolution im-

gery may be feasible in instances where walruses are clumped in

arge groups (likely 1000 + walruses per group), so the area occu-

ied can be measured (relative abundance estimate) and poten-

ially used to estimate an absolute abundance if density estimates

re available (either via a concurrent aerial or drone survey, or for

ell-studied haul-out sites previously recorded densities can be

sed to predict the density in the satellite imagery; Fischbach et al.

025 ). However, the error associated with abundances estimated

rom high or medium spatial resolution imagery will almost cer-

ainly be higher than if using very high spatial resolution imagery.

atellite imagery collection: access, 

emporal resolution and study location 

atellite imagery collection should be planned carefully, with con-

ideration for whether the satellite of interest collects imagery

ontinuously or requires tasking (i.e. requesting for imagery to be

ollected), accessibility (i.e. free or subject to payment), frequency

nd timing of imagery collection, and location of the study area,

s this may limit the scope of a project. Medium spatial resolution

atellites, such as Landsat-8 and 9, and Sentinel-1 and 2, continu-

lly collect imagery and are also accessible to users at no cost (ESA

015 , USGS 2024 ). Some high spatial resolution satellites, such as

lanetScope, take imagery continuously but may come at a cost

f users are not affiliated with a university or an institution that

as a contractual arrangement (Planet 2023 , 2024 ). VHR satellites

sually involve specific tasked image collection, which typically

omes at a cost (Cubaynes et al. 2019 , Attard et al. 2024 ). Costs

ay be lower for a project if it can make use of archival imagery

ather than tasking new imagery, but accessibility is restricted to

he VHR images that were previously collected and there are rel-

tively few in existence currently for known walrus haul-out sites.

 recent large-scale VHR optical satellite imagery collection effort

the Walrus from Space project) has contributed to available im-

ges for Atlantic walrus haul-out sites (for the 2020–2024 period;

WF-UK 2023 ). Additionally, speculative tasking (i.e. when a satel-

ite operator proactively collects imagery over an area of interest

ith no specific purchase commitments) can also lower imagery

osts, as this data can be purchased later when funds become

vailable and at a lower cost once images reach archives. But ac-

uiring imagery in this manner is suboptimal for monitoring pro-

rammes and planning projects. 

The revisit rate of a satellite (or satellite constellation) defines

he frequency at which a haul-out site can be monitored; typi-

ally revisit rates vary from multiple times per day up to a sin-
gle monthly revisit depending on the satellite system ( Table 1 ).

Revisit rates of satellites currently in operation ( Table 1 ) will not

be limiting for surveys that require only one or a few images ev-

ery several years, such as might be used to track broad distribu-

tion shifts. However, most other survey objectives require high fre-

quency imaging of single sites (e.g. haul-out group dynamics, re-

sponse to disturbance) or imaging of multiple sites within a rela-

tively short period (e.g. stock or population abundance). For ex-

ample, imagery collection with temporal gaps greater than a day

or two may miss peak abundance occurrences, which would limit

the utility of the monitoring data (Fischbach et al. 2025 ). In these

instances, revisit rates can be restrictive and combining the use

of differ ent satellites with similar or different capabilities can im-

prove the frequency at which haul-out sites can be monitored.

For instance, collecting imagery from several VHR optical satellites

can increase the temporal coverage and likelihood of acquiring a

suitable image. This approach is being used by the “Walrus from

Space” project (WWF-UK 2023 ). However, this approach comes at

a financial cost, and it may be helpful to complement the collec-

tion of VHR data using freely available lower spatial resolution im-

agery, such as Sentinel-2 imagery. In addition to the sensor revisit

rate, clouds limit the frequency at which a haul-out site can be

imaged by an optical sensor. If cloud cover is a limiting factor in

ensuring suitable temporal coverage, SAR imagery, which can see

through clouds, can be a viable alternative for some studies, with

medium spatial resolution available for free (e.g. Sentinel-1), and

higher spatial resolution coming at a cost (e.g. TerraSAR-X). The

frequency at which a given haul-out site can be imaged is expected

to improve in the future as more satellites come into service, in-

creasing the likelihood of acquiring cloud-free imagery. 

Satellite image collection should be targeted for all known sites

( Fig. 1 ) to achieve good global population coverage for walruses

(and data should be synthesized and openly archived). Coverage

could also be extended to search for new haul-out sites in areas

used by walruses, although this is currently done opportunisti-

cally through manual imagery review and would benefit from au-

tomated systems improving systematic coverage. Known haul-out

sites for Pacific walruses are generally well documented and pub-

licly available (Fischbach et al. 2016 , Fig. 1 ). Known haul-out sites

for Atlantic walruses are not as complete and tend to be regis-

tered in different databases by country—Canada, Greenland and

Norway (Born et al. 1995 , Lydersen 2008 , Higdon 2016 , Hansen et

al. 2018 , Garde and Hansen 2021 ). Therefore, a publicly available

dataset has been created collating all known Atlantic walrus haul-

out sites in one location to facilitate access for satellite image-

based applications (Cubaynes et al. 2026 , Fig. 1 ). 

Satellite imagery collection should take place in the summer

or early autumn to coincide with maximum numbers of walruses

being hauled out on land. Furthermore, summer is well suited

to satellite imagery collection, particularly optical sensors, be-

cause the lack of sunlight in the Arctic from circa mid-October

to mid-March (location dependant) prohibits monitoring. Satel-

lite imagery collection must be timed to match regional terrestrial

haul-out site usage over as short a period as possible to minimize

likelihood of bias due to walrus movements among sites (weather

permitting for optical imagery that gets obstructed by clouds).

This will be impacted by the size of the area monitored, the re-

visit rate of the satellites used, and other factors that may limit im-

agery collection, such as clouds for optical imagery. For the “Wal-

rus from Space” project a one month window per population was
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needed to get cloud-free images of most Atlantic walrus haul-out

sites (WWF-UK 2023 ). Extended time-windows increase the risk of

double counting, given that walruses can move between the im-

aged haul-out sites, which needs to be accounted for when esti-

mating abundance. For large-scale surveys, we recommend that

the largest known haul-out sites (i.e. > 1000 + for Atlantic walruses

and > 10 000 + for Pacific walruses) be prioritized in a batch de-

sign, capturing images from them in a tight time frame. 

Monitoring walruses from space 

Merging walrus conservation needs and Earth observation satel-

lites capabilities, we discuss below the feasibility of monitoring

changes in walrus distribution and population trends, with the

aim that it be used as a guide for future research using satellite

imagery to study walruses. 

Distribution shifts 

Monitoring shifts in walrus distribution requires a priori knowledge

regarding where walruses currently haul-out on land (Fischbach

et al. 2016 , Cubaynes et al. 2026 ) and to survey these known loca-

tions, as well as extending the search to other places where wal-

ruses could be hauled out. Monitoring walruses hauled out on sea

ice would also be helpful to report changes in distribution. How-

ever, the latter is more challenging because this habitat is quite dy-

namic and walruses tend to be dispersed when on sea ice. There-

fore, surveying would have to cover large expanses of sea ice. Spe-

cific terrestrial haul-out sites are more predictable. In practical

terms, walrus distribution shifts can be evaluated by conducting

presence-absence surveys at known terrestrial haul-out sites and

beyond these areas to find new haul-out sites. It is important to

note that newly discovered haul-out sites may be previously un-

known sites rather than newly used sites. Satellites that continu-

ously collect imagery (e.g. Sentinel-2, PlanetScope) could be used

to assess past distribution, within the time-frames of operation

for given satellites (e.g. 2017 for Sentinel-2, and 2016 for Plan-

etScope). 

Concerning methods of detection using satellite imagery, we

recommend using optical satellite imagery due to the higher con-

fidence in the observations. SAR satellites might be helpful if sur-

veying a cloudy region, but it will likely only work for areas with

smooth, flat substrates, such as sand and gravel beaches, where

walruses stand out from the topography. Validation of SAR on var-

ious substrates is needed before this technology can be used sys-

tematically. Medium resolution is enough to detect large haul-out

groups (likely above 1000 walruses; Fischbach et al. 2025 ), but VHR

satellites will be required to detect smaller groups and individu-

als with confidence. Studies that have detected walruses in opti-

cal satellite imagery have used manual interpretation of the im-

agery and focused on known haul-out sites. Artificial Intelligence

(AI) methods are currently under development, which will facili-

tate expanded searches for walruses in new locations. Manual re-

view methods either use one or multiple experts or citizen scien-

tists, who visually detect walruses in images, typically based on

their distinctive colouration and tendency to gather in tight herds

(Boltunov et al. 2012 , 2021 ; Zinglersen et al. 2020 , Fischbach and

Douglas 2021 , Matthews et al. 2022 , Sherbo et al. 2023 , WWF-UK

2023 , Cubaynes et al. 2024 ). When experts are reviewing the im-
agery, we recommend a minimum of two observers. For citizen

science projects, the optimal number of observers remains to be

determined, which is one of the aims of the “Walrus from Space”

project. The benefit of citizen science projects is the potential to

speed up the analysis of large amounts of imagery, but this re-

mains to be verified, as it requires time from the experts before,

during and after the campaign to ensure the task is as engaging

and straightforward as possible, intense advertising to recruit vol-

unteers (LaRue et al. 2020 ), and expert validation of detections. 

The inclusion of information related to the size of the detected

walrus haul-out groups can refine our understandings in distribu-

tion shifts, by looking at changes in areas of importance (those oc-

cupied by large numbers of walruses). This would involve estimat-

ing absolute counts or measuring the area occupied by walruses

hauled out on land, if it is not possible to discern individual ani-

mals (see section below for details on counting walruses in satel-

lite imagery). 

Population trends 

Establishing walrus population trends using satellite imagery will

rely on the ability to detect (see section above) and count wal-

ruses at their terrestrial haul-out sites to build time series of abun-

dance estimates. Methods to count walruses from space will vary

depending on the density of animals at the haul-out site ( Fig. 3 ),

which in turn depends on population size, haul-out terrain, open-

ness of surrounding habitat (Altukhov et al. 2024 ). For sparse haul-

out groups, each individual walrus can be counted (i.e. direct es-

timated count); by placing a point on each animal in the image

to ensure no double-counting. Cubaynes et al. (2024) used this

method and recommended use of a native resolution of 30 cm

or below to produce accurate counts and cautioned against us-

ing AI generated 15 cm resolution imagery, as this uplifting pro-

cess creates artefacts, leading to false detections ( Fig. 4 ). For highly

clumped haul-out groups, when individual walruses cannot be

discerned at currently available satellite imagery resolution, we

recommend drawing an outline around the herd to obtain the area

covered by walruses and multiplying it by the density or range

of published densities for tight groups (estimated from aerial or

drone survey), to get an estimate (Sherbo et al. 2023 , Sauvé et al.

2024 , Fischbach et al. 2025 ). Similar to detecting walruses in satel-

lite imagery, we recommend a minimum of two experts to count

walruses. Initiatives, such as the “Walrus from Space” project, are

testing whether citizen scientists can be used to accurately count

walruses in satellite imagery and whether precision metrics based

on inter-observer variability across a large pool of citizen scientists

could be used to bracket count estimates with appropriate error

(WWF-UK 2023 , Cubaynes et al. 2024 ). 

At present, counting walruses or outlining herd perimeters is

only feasible with VHR satellites and with optical imagery, with

some exceptions for large walrus herds hauling out on sand and

gravel beaches. TIR satellites with VHR capabilities are not yet

available for civil applications. SAR imagery with very high spa-

tial resolution could potentially become useful to enumerate wal-

ruses, but its accuracy and efficiency need to be trialled, particu-

larly for haul-out herds with a few hundred individuals or less, and

for haul-out sites with rocky shores, and sand/gravel beaches with

boulders. It may be feasible to produce estimated counts of wal-

ruses using high and medium spatial resolution imagery, but with

increased uncertainties (Fischbach et al. 2025 ). As uncertainty is
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nherent in estimates of walrus numbers using satellite imagery,

ny research publishing walrus counts from space should be trans-

arent on where the uncertainties arise (e.g. where the outline of a

alrus herd is in a 10 m resolution image). Ideally, all known haul-

ut sites would be monitored, but VHR imagery comes at a cost,

imiting the geographic extent and/or the frequency of surveys. We

herefore suggest identifying a subset of areas for regular count-

ng to document trends, although changes in walrus numbers at

hese chosen sites could be confounded by small scale distribu-

ional changes. 

Estimating the density of walruses in satellite imagery (e.g. low,

edium, or high density) might be feasible using the colour of the

aul-out group. For instance, a haul-out group with a darker brown

olour could mean higher density, as opposed to light brown indi-

ating lower densities. However, a number of variables can affect

alrus body colouration, such as air temperature and how long

alruses have been hauled out. It is well known that walruses that

ave just come out of the water tend be light in colour (grey or

ink), as opposed to walruses that have been hauled out for longer

eriod of time, which can appear reddish brown. Therefore, we

ncourage using an aerial or drone survey, whenever it is possi-
ble to calibrate satellite images, and aim for a near-simultaneous

survey because walrus haul-out groups can be dynamic and the

area occupied can vary within hours (Fischbach and Douglas 2021 ,

Matthews et al. 2022 , Sherbo et al. 2023 , Cubaynes et al. 2024 ). Al-

ternatively, density estimates can be gained from haul-out camera

traps, positioned at high enough vantage point to avoid obscuring

walruses in oblique photos. 

Important considerations when enumerating walruses in satel-

lite imagery include the risk of double counting and the time of day

the image was collected. Ideally, a synoptic survey of the whole

distribution range for the population or stock (for hunt manage-

ment) would be conducted with satellite imagery collected nearly

simultaneously over all known haul-out sites in the surveyed area.

However, this is not feasible in practice, even if using all satellites

in operation. Therefore, to mitigate the risk of double counting,

implementing distance/time buffers between haul-out sites could

be used. In Canada, a buffer of 45 km/day between haul-out sites

has been used as a cut-off for independence of counts between

adjacent sites (Stewart et al. 2014 , Hammill et al. 2016 ), based on

telemetry data showing that this was the farthest distance wal-

ruses are expected to travel in a day. If satellite imagery cannot be
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collected within the distance/time criterion set for adjacent haul-

out sites, alternative correction factors should be employed. The

time of day that a satellite image is captured will impact the num-

ber of walruses counted. For example, early in the morning, calves

tend to shelter near their mother for warmth (Fay 1982 ) and may

not be discernible in satellite imagery. 

Estimating walrus abundance using satellite imagery might re-

quire some adjustments to how we deal with counts for aerial sur-

veys, if we aim to use both methods simultaneously or compare

results directly. Traditionally, only walruses deemed “hauled out”

are counted, defined as those with their back out of the water,

which includes all animals on land and those in shallow water. This

is because tags with wet/dry sensors, placed on the back of wal-

ruses, are used to assess the proportion of walruses on land ver-
sus in the water and later used for adjusting raw counts on land to

estimate abundance. However, this will be difficult to ascertain vi-

sually in satellite imagery and it may be that only walruses on land

should be counted, which will require adjustments in the correc-

tion factors. Currently, most aerial studies use a correction factor

of 0.25–0.30 (i.e. 25%–30% of the walruses are hauled out; Lyder-

sen et al. 2008 , Kovacs et al. 2014 , Hammill et al. 2016 ), although

haul-out proportions are highly variable (Heide-Jørgensen et al.

2014 ) and might change, as walrus modify their hauling out pat-

tern in response to reduced summer sea ice (Born et al. 2021 ). We

therefore recommend continued collection of telemetry data, fo-

cusing on (a) both sexes and all age groups to avoid biases due

to differ ent hauling out patterns (e.g. preference to haul-out on

sea ice instead of land in the summer; Monson et al. 2013 , Ko-

vacs et al. 2014 ), and (b) on regions with sparse telemetry data

(e.g. Franz Josef Land, Russia). Even in data-rich regions, there is

a need to continue tagging animals intermittently to understand

how walruses are responding to climate change, although sensi-

tivities regarding tagging walruses need to be carefully considered

for hunted populations, especially if it involves drugging the ani-

mals, which is not typically supported by Indigenous communities

who rely on walrus for their food security. 

Counting walruses in the water or hauled out on sea ice may

also help overall abundance estimates but they will require their

own correction factors (e.g. proportion of walruses at the surface

vs. those too deep to be visible (or under ice) that could be esti-

mated using tags fitted with a depth sensor) and an increase in

the spatial coverage of the surveys, which is already a limiting fac-

tor. There will be instances where counting walruses on sea ice

will be preferable to counting walruses on land, such as in regions

where sea ice is present year-round (e.g. east coast of Ellesmere

Island, Canada) during the summer given walrus’s preference for

this habitat, or to survey winter use of polynyas. In these situa-

tions, the capabilities of satellite imagery to survey larger regions

than is possible with aerial surveys could be complementary. 

Next steps 

Further development is needed to detect, count, and estimate

abundance of walruses in satellite imagery. We provide detailed

recommendations for future work in Table 2 . Future directions for

monitoring walruses from space include: 

a. continuing to investigate the application of freely available

medium resolution (e.g. Sentinel-2) and low-cost high resolu-

tion (e.g. PlanetScope) optical imagery; 
b. continuing to investigate the application of SAR imagery; 

c. assessing the usefulness of citizen science projects to detect

and count walruses in satellite imagery; 

d. testing the feasibility of using satellite imagery to count wal-

ruses on sea ice by selecting an area of interest across which

walrus counts and densities are estimated. 

e. investigating the use of thermal imagery (e.g . HOTSAT con-

stellation) for detecting walruses on ice, particularly to extend

monitoring into winter to study winter use of polynyas; 

f. developing occupancy models to better understand haul-out

site dynamics, which could be built into habitat suitability

models. Over time, this will allow for assessment of distribu-

tional changes based on environmental conditions, which is

crucial given the current rapid changes of their habitat; 

g. assessing the historical use of haul-out sites using archival im-

agery, potentially from the Planet archive (2016 onward) or

Sentinel-1 and-2 archive (respectively 2014 and 2015 onward);

h. using satellite imagery to monitor walrus presence at haul-out

sites otherwise difficult to access, to support mitigation effort s

to reduce the risk posed by increasing vessel traffic, to manage

tourism disturbance, and to investigate the effects of pre- and

post- ship activity on walruses; 

i. developing standardized annotation protocols and, where 

possible, make image and annotation datasets openly avail-

able, to facilitate development of automated detection and

counting approaches (including model benchmarking and re-

producibility); and 

j. developing automated or semi-automated methods to detect

herds or individual walruses in satellite imagery. This will en-

able monitoring over larger spatial extents, a comprehensive

analysis of archival data (especially from high and medium

resolution optical image archives), and support regular near-

real time monitoring of haul-out sites in the future. We rec-

ommend exploring machine learning and deep learning mod-

els for automated walrus detection, combined with expert

manual review to maintain quality control and quantify un-

certainty. Multi-modal data fusion (multiple spatial resolution

and multiple type of sensors) should also be considered to im-

prove detection in cloudy or lowlight conditions, and at differ-

ent spatial resolutions. 

Conclusion 

Remote sensing, and particularly satellite imagery, is seen as

an important tool for walrus monitoring in the future. Such im-

ages can provide knowledge on distribution shifts and popula-

tion trends. Many walrus haul-out locations are in remote regions

and are poorly studied because they are logistically difficult to

reach using conventional platforms, such as boats and planes.

VHR optical imagery holds the greatest potential to detect wal-

rus herds of various sizes to assess distribution shifts, produce ac-

curate counts, and ultimately provide abundance estimates and

population trend data. However, its use is currently limited by the

cost of acquiring imagery and cloud cover. Therefore, we advise

investigating the use of freely available imagery, such as high and

medium optical satellite imagery (e.g. PlanetScope, Sentinel-2),

where larger groups of walruses can be detected (i.e . estimated

herd size of 100 + walruses, and potentially larger). Although opti-

cal imagery is more intuitive to interpret, we also suggest trialling
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Table 2 Recommendations for monitoring walruses from space. 

Satellite imagery collection 

1. Collect satellite imagery of the known terrestrial haul-sites, as walruses tend to come back to the same places, allowing 

for comparison between years. 

2. Collect satellite imagery during the summer when sea ice concentration is low and walruses tend to haul-out on land. 

3. The imagery collection window should be as short as possible, weather permitting, and the larger known haul-out sites 

be prioritized. 

Detecting walruses from space 

4. Use optical satellite imagery, as it is more intuitive to interpret, but SAR imagery should be considered for cloudy regions. 

5. Use satellites with a medium resolution (e.g . Sentinel- 2 with 10 m) to detect haul-out groups of 100 + walruses, but for 

smaller groups very high-resolution satellites are required. 

6. A minimum of two experts should review the imagery (the critical mass of persons remains to be determined for citizen 

science projects). 

Counting walruses from space 

7. Be transparent on where the uncertainties related to the count are when publishing walrus satellite imagery counts. 

8. Use very high-resolution optical satellite imagery with a native resolution of 30 cm or below to produce more accurate 

count. We caution against using modified 15 cm resolution satellite imagery, as they create artefacts (SAR may 

potentially be useful too but needs to be trialled). 

9. For sparse haul-out groups, each individual walrus should be counted, such as by placing a point on each animal in the 

image, requiring very high spatial resolution satellite imagery. 

10. For clumped groups, we recommend drawing an outline around the herd to obtain the area covered by walruses and 

multiply it by the density or range of published densities for tight groups (estimated from aerial or drone surveys), to get 

an estimated count. 

11. To mitigate the risk of double counting, implementing a distance buffer (e.g . 45 km) between nearby haul-out sites over 

a given day could be used. 

12. Use an aerial or drone survey, whenever it is available, to calibrate satellite image counts, and aim for a 

near-simultaneous survey because walrus haul-out groups can be dynamic and the area occupied can vary within hours. 

Estimating walrus density from space 

13. Record the density, whenever a drone or aerial survey is being conducted, to complement the existing library of 

published densities. 

14. Install camera traps at a selection of key haul-out sites, where the topography is suitable to calibrate density in satellite 

imagery, and to study daily variation in density. 

Estimating walrus abundance from space 

15. Regarding establishing population trends, we suggest identifying a consistent subset of areas that could produce 

repeated counts to investigate trends. 

16. Adapt aerial survey methods to estimate abundance in satellite imagery (i.e. counting walruses hauled out on land only 

and using wet/dry tag data to calculate correction factors to include walruses in the water). 

17. Conduct telemetry studies focusing on all age and sex groups, and particularly on younger males or females as these 

data are currently lacking and are needed to adjust correction factors for abundance estimates. 
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he use of SAR and TIR imagery, particularly for monitoring cloudy

reas and during periods of darkness. Assessing how the differ-

nt types of imagery (optical, SAR, and TIR) and spatial resolution

very high, high, and medium) can be combined, may also provide

seful insights and solutions to monitoring walruses from space. 
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