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ABSTRACT

Photo-identification (photo-ID) is a widely used, non-invasive method for monitoring individual animals, including humpback
whales (Megaptera novaeangliae; HBWs), and has provided valuable insights into their population dynamics, movement pat-
terns, and social structures. Traditional identification relies on the trailing edge and ventral pigment patterns of the tail fluke
(fluke-ID); however, not all whales present their flukes, limiting identification and re-sighting opportunities. We developed a
novel aerial-identification (aerial-ID) approach using drone imagery to identify individual HBWSs based on the arrangement of
two features, tubercles (TB) and cookiecutter shark scars (CCS). Between January and March 2022, we sampled 1498 HBWs, in-
cluding repeated individuals, capturing fluke-ID images for 772 and aerial-ID images for 1437. Fluke-ID yielded 164 re-sightings
(76 lactating females, 88 others), while aerial-ID yielded 372 (249 and 123, respectively), representing a 227% increase for lactat-
ing females and 40% for others. We extended this approach to a multi-year, cross-regional dataset (2018-2025) of 54 individuals
verified with fluke-ID. All were matched using aerial-ID, with the longest re-sight spanning 2737 days (6.5years), representing
the maximum interval within our study period. Aerial-ID thus offers a powerful complement to fluke-ID, expanding demo-
graphic coverage, increasing re-sighting rates, and enabling long-term, cross-regional monitoring.

HO‘ULU‘ULU

He ‘ano hana laha a ho‘oluhi ‘ole ka ho‘oia ki‘i no ke kilo ‘ana i na holoholona, e like me ke kohola (Megaptera novaeangliae), a
ho‘ike no i ko lakou ‘ano lehulehu, ka lakou holo ‘ana, me na pilina ‘ohana. Kauka‘i ka ho‘oia laha i ke ‘ano o ke ka‘e o ka hi‘u a
me ka waiho‘olu‘u i lalo o ka hi‘u (ho‘oia hi‘u); aka na‘e, ‘a‘ole ‘ike ‘ia ka hi‘u o na kohola a pau, e ho‘€@mi ana i na ho‘oia a me na
‘ike hou. Ua ho‘okumu ‘a kekahi ‘ano hana ho‘oia lani e makou e ho‘'ohana ana i ka pa‘i kil ‘ana o ka helekopa uila lii i mea e
ho‘oia ai i na kohola ma o ke ‘ano o ‘elua mea, na pu‘u a me na ‘alina mano cookiecutter. Ma waena o ‘lanuali me Malaki 2022,
‘ike 1a 1498 mau kohola, me na ‘ike hou, a pa‘i ki‘i ‘ia 772 ki‘i ho‘oia hi‘u me 1437 ki‘i ho‘oia lani. Ua loa‘a 164 ‘ike hou (76 wahine
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e hanai ana, 88 koholoa ‘€ a‘e) mai ka ho‘oia hi‘u, a loa‘a 372 (249 a me 123) mai ka ho‘oia lani, he ho‘onui 227% no na wahine e
hanai ana a 40% no na kohola ‘¢ a‘e. Ho'ohana nd ho‘i makou i kéia ‘ano hana ma kekahi papa ‘ike o 54 mau kohola i ho‘oia ‘ia e
ka ho‘oia hi‘u mai 2018-2025 he nui na wahi. Ho‘ohalikelike ‘ia na kohola a pau e ka ho‘oia lani, a 2737 1a (6.5 makahiki) ka wa
‘ike hou 161hi loa, ka wa nui loa ma ka makou noi‘i. He hui maika‘i n6 ka ho‘oia lani me ka ho‘oia hi‘u, e ho‘onui ana i ka ‘ike ‘ana

o na ‘ano kohola ‘oko‘a a me ka ‘ike hou ‘ana o kekahi kohola. No laila, ‘oi aku ke kilo ‘ana no ka wa 16‘ihi a‘e a me na wahi ‘€.

1 | Introduction

Accurate identification of individual animals is foundational
to wildlife research and conservation, with techniques rang-
ing from genetic and Al-based approaches to traditional vi-
sual methods (Blount et al. 2022; Cheeseman et al. 2022;
Taberlet and Luikart 1999; Wang 2016). Among these, photo-
identification (photo-ID) has become a cornerstone in studies of
long-lived, mobile species, particularly in marine megafauna,
due to its non-invasive nature and effectiveness for tracking
individuals over time (Bogucki et al. 2019; Brooks et al. 2010;
Cheeseman et al. 2022). This method provides critical informa-
tion on abundance (Hammond et al. 2021), demographic pa-
rameters (Borchers et al. 2014), movement patterns (McPherson
et al. 2024), and social structures (Bejder et al. 1998). Such
insights are instrumental in assessing population health and
informing evidence-based management and conservation strat-
egies (Taylor and Gerrodette 1993; Wilson et al. 1999).

In cetacean research, at least 57 species have been studied using
photo-ID (Bichell et al. 2018) by identifying unique, stable natu-
ral markings, typically documented through photographic im-
agery of features such as dorsal fins (Wiirsig and Jefferson 1990)
and tail flukes (Cheeseman et al. 2022; Katona et al. 1979; Katona
and Whitehead 1981). Among these species are humpback whales
(Megaptera novaeangliae; HBWs; Katona et al. 1979), which are
identified by the relatively stable trailing edge shape, pigment
patterns, and scarring on their ventral flukes (Katona et al. 1979;
Schevill and Backus 1960). Photo-ID has provided decades of
wide-scale monitoring and essential life history data on HBWSs,
supporting studies of population structure, abundance, and demo-
graphics (Cheeseman et al. 2024; Clapham et al. 1993; Fleming
and Jackson 2011; Gabriele et al. 2017; Stevick et al. 2003; Zerbini
et al. 2010). When integrated with advanced mark-recapture mod-
els, photo-ID serves as a pivotal tool for assessing population tra-
jectories in response to previous and ongoing stressors, including
the cessation of commercial whaling, climate change, vessel colli-
sions, and entanglements (Calambokidis et al. 2008; Cheeseman
et al. 2024; Fleming and Jackson 2011).

Global open-access platforms, such as Happywhale (https://
happywhale.com/home), employ algorithm-assisted matching,
which has enabled the identification of over 360,000 humpback
whales through citizen science and large-scale research collab-
orations (Cheeseman et al. 2022, 2024). While photo-ID has
enabled large-scale assessments of abundance, movement, and
reproductive patterns, it relies on capturing high-quality photo-
graphs of the ventral surface of the tail.

Capturing photo-ID images of HBW tail flukes (hereafter referred
to as “fluke-ID”) can be challenging due to environmental condi-
tions, such as glare, sea state, and swell, and variability in whale

behavior, as individuals do not always “fluke-out”, the act of raising
their flukes above the water while diving. This is particularly prob-
lematic on breeding grounds, where whales may be less active or
occupy shallow habitats that limit deep diving (Currie et al. 2018).
While lactating females fluke-out in 93% of dives on Alaskan feed-
ing grounds (A. Szabo, unpbl. data), fluking rates on the breed-
ing grounds can be as low as 28% (Craig and Herman 1997; Rice
et al. 1987). Lactating females invest considerable energetic re-
sources during gestation and lactation (van Aswegen et al. 2025a;
van Aswegen et al. 2025b); therefore, repeated identification of
these individuals is crucial for understanding maternal expendi-
ture and calf growth. More broadly, reduced reidentification op-
portunities hinder our ability to monitor individual whales across
time, limiting resolution on physiological change, fine-scale habi-
tat use, movement patterns, and reproductive behavior. As a result,
there is a clear need for alternative or complementary identifica-
tion methods that rely on other consistently visible features, such
as dorsal fins (Patton et al. 2023) or lateral body pigment patterns
(Kaufman et al. 1987).

Unoccupied aerial systems (UAS; i.e., drones) provide a non-
invasive and cost-effective method to obtain high-resolution aerial
imagery with minimal disturbance when operated at appropriate
altitudes (Christiansen, Dujon, et al. 2016; Christiansen, Rojano-
Donate, et al. 2016; Christiansen, Nielsen, et al. 2020; Christiansen,
Dawson, et al. 2020). The top-down perspective has facilitated
the individual identification of multiple cetacean species, includ-
ing bottlenose dolphins (Tursiops truncatus; Cheney et al. 2022),
Risso's dolphins (Grampus griseus; Hartman et al. 2020), beluga
whales (Delphinapterus leucas; Ryan et al. 2022), killer whales
(Orcinus orca; Durban et al. 2015), bowhead whales (Balaena
mysticetus; Koski et al. 2015), sperm whales (Physeter macroceph-
alus; O'Callaghan et al. 2024), and North Atlantic right whales
(Eubalaena glacialis; Frasier et al. 2009). Automated pattern rec-
ognition software used on aerial images of North Atlantic right
whale callosity patterns has proven effective in identifying indi-
viduals, enabling reliable monitoring across spatial and temporal
scales (Bogucki et al. 2019). This aerial approach, known as aerial-
identification (aerial-ID), has yielded critical insights into right
whale population abundance, demographics, and bioenergetics,
demonstrating its potential for other species (Bogucki et al. 2019;
Christiansen, Nielsen, et al. 2020, Christiansen, Dawson,
et al. 2020, Christiansen et al. 2023; Crowe et al. 2021; Stewart
et al. 2021).

HBWs lack callosities, yet their dorsal surfaces exhibit distinc-
tive features, such as tubercles (protruding sensory nodes, pri-
marily located on the whale's head) and scarring (Best and
Photopoulou 2016; Mercado 2014). These features, particularly
tubercles, may be stable over time and, if consistently visible in
aerial imagery, could support reliable identification across both
short and long timescales. Such imagery is widely available in
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UAS-based datasets for HBWs, often collected for photogramme-
try, behavioral studies, or health assessments. The shared reli-
ance of aerial-ID and these research applications on top-down
imagery may allow both to be conducted in the same flight, re-
ducing field effort and disturbance while expanding monitoring
capacity. In contrast, fluke- and dorsal fin-ID require specific
behaviors or viewing angles that are often unavailable, particu-
larly in breeding ground contexts. Nonetheless, the application
of aerial-ID remains largely unexplored, and most prior attempts
have relied on visual assessments of body scarring or coloration
from relatively small sample sizes (Bierlich et al. 2022; Martins
et al. 2020; Napoli et al. 2024). Its effectiveness, particularly using
pattern recognition software, has yet to be empirically tested.

Pattern recognition tools, such as the Interactive Individual
Identification System (I3S), have been successfully applied to spe-
cies with stable distinguishing features, including mosquitoes and
bees (Vyas-Patel and Mumford 2017), lizards (Sacchi et al. 2010),
and sharks (Hook et al. 2019). While relatively simple and partially
automated, I3S offers a practical, accessible, free-to-use method
for testing the feasibility of aerial-ID using top-down images.

Improved re-sighting of individuals is critical for characteriz-
ing abundance, habitat use, migratory timing, and physiological

change, key metrics for assessing how populations respond to en-
vironmental and anthropogenic stressors. This study tests the hy-
pothesis that aerial-ID can reliably distinguish individual HBWs
and offer comparable or enhanced re-sighting potential relative to
traditional fluke-ID. First, we assess whether aerial-ID increases
individual and total re-sight rates within a single season. Building
on this, we test identification matches across years and regions
using tubercle patterns to demonstrate its utility for long-term in-
dividual identification. By applying this approach across a large
dataset, this study provides the first quantitative assessment of
aerial-ID for HBWs and demonstrates it as a valuable tool for im-
proving short- and long-term individual monitoring.

2 | Materials and Methods
2.1 | Data Collection

We used UAS videography and vessel-based fluke photo-
graphs of HBWs collected for morphometric studies between
2018 and 2025. Data were obtained from two study regions
(Figure 1): the Au'Au Channel, Maui Nui, Hawai‘i (2018-2022,
2025) during the peak breeding season (January-March), and
Southeast Alaska (2018-2020) during the feeding season

A

-160.0 -150.0 -140.0

-130.0 -157.0 -156.8 -156.6 -156.4 -156.2

FIGURE1 | Map showing the study areas across the North Pacific, including the feeding grounds of Southeast Alaska (top right) and the
breeding grounds of Maui Nui, Hawai‘i (bottom right). Locations of sampled lactating females within season are shown as orange points and others

as black points. Locations of ‘unclassified’ individuals sampled multi-year and multi-regionally are shown as white points. The map was created

using QGIS version 3.16.11-Hannover using ESRI Ocean Base Map (Source: https://plugins.qgis.org/plugins/quick_map_services/).
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(June-September), a key foraging ground for the Hawai‘i
Distinct Population Segment.

For within-season analysis, we used concurrent aerial-ID and
fluke-ID data collected in Maui Nui between January 5 and
March 28, 2022 (Figure 1), representing the largest seasonal
sample in our catalog. For multi-year and cross-regional anal-
ysis, we used aerial-ID images from 2019 to 2022 and 2025 in
Maui Nui, and from 2018 to 2020 in Southeast Alaska, repre-
senting available matches across years and regions.

A small quadcopter (DJI Inspire 2, 3.3kg, www.dji.com) equipped
with one of two camera-lens systems was used to collect aerial
IDs: a DJI Zenmuse X5s camera (Olympus 25mm f1.8 rectilin-
ear lens) or a DJI Zenmuse X7 camera (DJI 35mm f2.8 LS ASPH
rectilinear lens). We conducted UAS launches and retrievals
from a small research vessel (< 28 ft) under favorable conditions
(i.e., low wind, minimal swell, and no precipitation). While hov-
ering over surfacing whales (altitude range =25 to 55m), high-
resolution (3840x%2160) videos were captured with the lens in
nadir position.

We recorded the whale's location using a handheld Garmin GPS
(73 Navigator) through vessel-based and aerial observations.
Photo-identification images were taken of ventral flukes using a
Nikon D500 camera and AF-S Nikkor 80-400 mm f4.5-5.6G ED
VR lens. Images were taken to capture key identifiable features,
including ventral fluke pigmentation, scarring, and trailing
edge notches. All whales over which a UAS flight was conducted
with the intent of collecting morphometric data were considered
sampled individuals. Aerial-ID was attempted for each sampled

FIGURE 2 | The image depicts tubercles (orange circle) and cook-
iecutter shark scars (White circle) on top of the whale's head.

whale, regardless of whether imagery ultimately met quality cri-
teria for body condition assessment.

2.2 | Identifying Features From an Aerial
Perspective

We identified individual HBWs from aerial imagery using the
spatial arrangement of two primary features: Tubercles (TB) and
cookiecutter shark (Isistius spp.) scars (CCS) (Figure 2). TBs are
innervated sensory nodes on the dorso-lateral surfaces of the
whale's head (Figure 2) and concentrated around the mouth, mea-
suring approximately 10-15cm in basal diameter (Mercado 2014;
Tomilin 1967). These structures are densely packed with nerves
and likely serve as tactile sensors, enabling the detection of
changes in water pressure (Ling 1977), prey concentrations (Reeb
et al. 2007), and low-frequency sounds (Yablokov et al. 1974). In
this study, TBs were recognized by their protruding, nodular pro-
file, often accompanied by shading and dark coloration or a red-
dish raw appearance due to abrasion from competitive behavior.

Cookiecutter scars are distinctive, circular bite marks caused
by cookiecutter sharks, small ectoparasitic predators commonly
found in pelagic tropical and subtropical habitats (Jahn and
Haedrich 1988; Nakano and Nagasawa 1996; Figure 2). These
scars appear on various marine megafauna, including elas-
mobranchs (Hoyos-Padilla et al. 2013), pelagic fishes (Niella
et al. 2018), pinnipeds (Moreira-Mendieta et al. 2024), and ce-
taceans (Best and Photopoulou 2016; Walker-Milne et al. 2025).
Our study classified CCS as indented, pale, and elliptic-shaped
(Figure 2). While similar scars can arise from other sources,
only those fitting this description were confidently identified as
CCS, with ambiguous cases excluded (Figure 3).

2.3 | Individual Classification
and Aerial-Identification Image Processing

Aerial top-down imagery of HBWs was processed using
VideoLAN software version 3.0.16 (www.videolan.org).
Individuals in still images were extracted and classified into two
groups: ‘lactating females’ and ‘others’. Lactating females were
classified by the presence of a dependent calf in close proximity,
with dependent calves defined as individuals measuring up to
50% of their mother's length (van Aswegen et al. 2025a). Calves
were excluded from analyses, as their presence was captured
through the identification of lactating females. Additionally,
variation in scar healing and changes in tubercle visibility with
growth may limit the consistency of calfidentification. To ensure
the method was tested under optimal conditions in this first ap-
plication, we focused exclusively on adults with more stable and
reliable identification features. Lactating females were analyzed
separately due to their disproportionately low fluking rates and
high energetic demands, making them the demographic most
likely to benefit from improved identification rates. The ‘others’
category encompassed all age and sex classes except lactating
females and their calves. These whales were pooled into a single
group due to limited information on sex and sexual maturity.

We extracted two top-down images for each individual per
sighting when possible: one optimizing TB visibility and the
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other CCS visibility (if scars were present). During image selec-
tion, effort was made to minimize the effects of several factors
that could obscure key identification features, including camera
focus, whale orientation (i.e., head, pitch, and roll), and envi-
ronmental conditions (i.e., surface glare, foam, and water distor-
tion). In addition, images were selected where the animal was
postured flat and near the water surface to minimize refraction
effects. Although we did not apply a formal grading criteria,
clear internal protocols were discussed and followed to extract
the best image. In addition, screenshots were carried out by two
trained analysts to minimize inconsistency.

2.4 | Developing an Aerial-Identification Catalog
for Humpback Whales

We used I3S, a freely available, partially automated recognition
software (https://reijns.com/i3s/), to create an aerial-ID catalog
of HBWs sampled via UAS. For aerial-ID, we selected a single
top-down image per individual that clearly showed the dorsal
surface and allowed placement of three consistent reference
points. Among the four available I3S packages, we selected
I3S Classic for its ability to annotate small features with easily
distinguished spot centers (Van Tienhoven et al. 2007). This
package requires three reference points that are consistently
available and stable across images for effective comparison. For
TB images, we used the medial-anterior point of the rostrum
and both the left and right eyes as reference points (Figure 4).
For CCS images, the medial-anterior point of the rostrum and
the anterior insertion points of both the left and right pectoral

fins served as reference points (Figure 4). As TBs are primarily
located on the head anterior to the blowhole, and CCS are more
widely distributed across the head and posterior to the blowhole,
the triangular arrangement of reference points encompassed the
majority of the annotation area for each feature (Van Tienhoven
et al. 2007). While HBWs are known for their high maneuver-
ability (Edel and Winn 1978; Nemeth et al. 2025), their cephalic
region primarily consists of stiff skeletal bone, thereby limiting
the effect of animal posture (e.g., body arching, flexing) on the
distance between features, reducing error in match accuracy
(Rosa et al. 2020).

Two trained analysts manually annotated images for both
TB and CCS. Each analyst was assigned a separate, non-
overlapping subset of images to maximize efficiency and avoid
duplication of effort. Prior to full annotation, both analysts
annotated a shared set of six images and compared results to
standardize feature interpretation and reference point place-
ment. In addition, both analysts independently documented
their definitions of each annotation category and compared
these to ensure a consistent understanding of feature classifi-
cation. Any individual feature that did not meet our definition
was not annotated, as were images with less than three anno-
tation points (the minimum software requirement). Between
3 and 40 points were annotated for each image, creating a
two-dimensional ‘fingerprint file” The software then com-
pared these fingerprint files against others in the database
(Figure 5). The database was organized into unique folders,
each representing an individual whale and containing associ-
ated TB and/or CCS screenshots and fingerprint files.

FIGURE 3 | Depictions of scars evaluated for cookiecutter shark scar (CCS) annotation. (a) The white circle highlights glare spots, which are
distinguishable by their coloration but similar in size and shape to CCS; these were excluded from annotation. (b) The white circle shows scars that

do not meet our criteria, lacking defined centers and thus also excluded from annotation. (c) The white circle shows a clear example of scars that did

meet our criteria.
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FIGURE4 | A top-down drone screenshot of a humpback whale for aerial-identification annotation. The reference points for tubercle (TB) anno-
tation are in orange and cookiecutter shark scar (CCS) are white: (1) medial rostrum, (2) left pectoral insertion point, (3) right pectoral insertion point,
(4) right eye, (5) left eye. The dashed lines indicate the annotation regions for TB (orange) and CCS (white).
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FIGURE 5 | Overview of our annotation and search methods in I3S. (a) two annotated aerial-ID images of cookiecutter shark scars (CCS; white
dashed line) and tubercles (TB; orange dashed line) where the large circles on the dashed line represent reference points and the white circles within
the dashed lines represent annotated features. (b) shows the annotated image (above the black line) being searched against the database and I3S-
suggested matches (below the black line) ordered by recognition score.

6 of 14 Marine Mammal Science, 2025

d ‘0 “T6ILSYLT

:sdny woiy papeoy

AsURDIT suowwoy) aAnear) dqeoridde ayy £q paureaod are sa[dNIE YO oSN JO SA[NI 10§ AIRIGIT SUIUQ A3[IAN UO (SUOTIPUOI-PUB-SULID}/WOD" K[1m AIRIqI[auI[uo//:sdY) SUONIPUOD) pue SULIRY, 3y 23§ *[$70T/60/97] U0 A1eiqr] aurjuQ AS[IA\ ‘BOUBA 1Y ITemeH JO ANSIoAtun £q 8700, SWW/| [ | [*(]/10P/WOd" K[Im".



Metadata were embedded in each annotated image to improve
database searches and match accuracy. For example, each
image was classified as TB or CCS, along with the individu-
al's category (i.e., lactating female or other), thereby stream-
lining the search process and reducing the number of images
searched against. TB and CCS images were processed sepa-
rately in I3S, with comparisons restricted to the same feature
type to maintain consistency and optimize match quality. The
annotated images were compared against the database using
applied metadata. I3S presented the top 50 candidate images
for each query based on a recognition score, a ranking metric
that orders potential matches from 1 (most likely match) to 50
(least likely among the returned set). The recognition score
is calculated by aligning fingerprint files from two images
using the three reference points and then comparing the rela-
tive distances between all annotated spot pairs in each image
(Van Tienhoven et al. 2007). The score reflects the total dis-
tance between paired annotation points; lower scores indicate
closer alignment of features and thus a higher likelihood of
a match. The two analysts visually assessed the top-ranked
suggested images to confirm matches. While I3S returned up
to 50 candidate images per query, a minimum of the top five
suggestions was reviewed for each match attempt, with addi-
tional images assessed as needed based on match clarity and
recognition scores. Matched images and their corresponding
fingerprint files were added to the matched individual's folder,
while unmatched images were placed into a new individual
folder. If a fluke-ID image was linked to a specific aerial-ID
image, all images within that individual's folder were subse-
quently associated with the same fluke-ID.

2.5 | Re-Sightings Using Traditional Fluke-ID

To establish a baseline for individual identification, we gener-
ated a fluke-ID catalog from tail fluke images collected during
the study period. For each whale with a suitable fluke-ID
photograph, we used the Happywhale platform (https://
www.happywhale.com) to check for prior documentation of
the individual. This involved uploading the fluke image and
reviewing the top-ranked match suggestions returned by
Happywhale's automated photo-identification algorithm, fol-
lowed by visual confirmation to verify any potential matches.
Happywhale assigns unique identification codes based on
distinctive pigmentation and scarring patterns on the ventral
fluke. We recorded the Happywhale code for each individual
and cross-referenced these with other whales in our dataset.
Individuals sharing the same code were classified as within-
season re-sightings. We then compared the number of re-
sightings identified using fluke-ID with those identified via
aerial-ID.

2.6 | Multi-Year and Cross-Regional Matching
of Tubercle Patterns

The aerial-ID workflow described for within-season analyses
(Sections 2.2-2.4) was applied to test TB-based matching across
years and regions. Individuals from Hawai‘i and Southeast
Alaska (2018-2025) with > 2 verified fluke-ID sightings in differ-
ent seasons or years, from which a TB image could be extracted

using the criteria described in Section 2.2, were included. As re-
productive class can vary between years, metadata were omitted
from annotated images and from subsequent catalog searches.
A TB image from the first sighting was annotated and added
to the within-season I3S catalog, and the remaining verified
images were annotated and searched against the same catalog.
All matches were manually reviewed by one analyst to confirm
matches, and any false positives were documented. Recognition
scores and I*S match ranks were recorded to compare multi-year
and within-season performance.

2.7 | Statistical Analyses

To assess differences in re-sight rates between aerial-ID and
fluke-ID, we used chi-squared tests for each demographic group.
Z-tests were applied to compare both the total number of re-sights
and the number of individuals re-sighted within each group. We
also used Z-tests to evaluate differences in the number of assigned
ID images captured by each method. Before conducting these
tests, we confirmed that the sampling distributions approximated
normality based on sample size and distribution characteristics.
To compare recognition scores and mean suggested ranks be-
tween within-season and multi-year tubercle matches, we applied
Mann-Whitney U tests and calculated the effect size.

3 | Results
3.1 | Within-Season Re-Sight Summary

From January 5 to March 30, 2022, we sampled 1498 HBWs (607
lactating females and 891 others) across 950 UAS flights, includ-
ing repeated sightings of some individuals. Fluke-ID images were
captured for 772 whales, while aerial-ID images with visible TB
and/or CCS were extracted for 1437 whales. Aerial-ID resulted in
more than 650 additional identifications compared to fluke-ID and
improved both the number and proportion of whales re-sighted
within the season. The longest re-sight interval also increased
using aerial-ID (55days vs. 49 days with fluke-ID; Table 1).

3.2 | Assessing Tubercles and Cookiecutter Scars
for Within-Season Identification

Tubercle nodule patterns were more consistently visible for ae-
rial-ID image annotations than CCS markings (TB, n=1334;
CCS, n=1191). Tubercle nodule pattern images resulted in
52 more within-catalog matches than CCS images (Table 2).
However, CCS images contributed 54 unique matches for in-
dividuals without a suitable TB image, highlighting their
complementary role in aerial-ID. On average, matched CCS
images appeared in the 1st or 2nd position of I*S suggested re-
sults (mean rank =1.11+0.78), while TB images were typically
ranked slightly lower (mean rank=1.29+1.65) (Table 2), indi-
cating high match confidence for both features. Overall, 97.8%
of the matched images were presented in the top three sugges-
tions generated by I3S (Table 2). TB markings were identifiable
in re-sights up to 55days apart, and CCS up to 52days, repre-
senting the longest confirmed intervals for which these features
remained distinguishable in matched individuals.
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3.3 | Improved Within-Season Assignment
of Identification Images Using Aerial-ID

By applying our aerial-ID method, we significantly improved
the assignment of ID images compared to fluke-ID, particularly
for lactating females (Figure 6). Using fluke-ID, we assigned
ID images to 772 sampled individuals (237 lactating females
and 535 others). In contrast, using aerial-ID, we assigned an
ID image to 1437 sampled individuals, including 596 lactating
females and 839 others. The proportion of individuals with an
assigned ID increased from 39% to 98% among lactating fe-
males (z=28.81, p<0.001) and from 60% to 94% among others
(z=21.64, p<0.001). Building on this improvement, we com-
pared within-season re-sighting rates between methods.

3.4 | Improved Within-Season Re-Sighting
of Individuals Using Aerial-ID

Using aerial-ID, we significantly increased the number of in-
dividuals re-sighted at least once within a season compared

TABLE 1 | Summary of identification metrics for humpback
whales using fluke-ID and aerial-ID (tubercle and cookiecutter scar
images), including the number of individuals sampled (including repeat
sampling), identified, re-sighted, and the maximum time span between
re-sightings during the 2022 study period.

Fluke-ID  Aerial-ID
Number whales sampled including repeats 1498 1498
Number whales identified 772 1437
Individuals with >1 re-sighting 91 226
Total number of re-sights 162 372
Max time span between a re-sighted 49 55

individual (days)

to fluke-ID. Using aerial-ID, we re-sighted 136 lactating fe-
males and 90 other individuals, compared to 45 and 46 using
fluke-ID. These increases were significant for both lactating
females (z=-7.33, p<0.001) and others (z=-3.93, p<0.001;
x?(1)=69.12, p<0.001; Figure 7a). We next examined whether
aerial-ID also increased the total number of re-sights recorded
across individuals.

Using aerial-ID, we significantly increased the total num-
ber of re-sight events compared to fluke-ID. We documented
164 total re-sights (76 lactating females and 88 others) using
fluke-ID. In contrast, we yielded 372 re-sights, 227% more
for lactating females (n=249) and 40% more for others
(n=123) (Figure 7b) using aerial-ID. These increases were
statistically significant for both groups (lactating females:
z=-13.57, p<0.001; others: z=-3.35, p<0.001), and overall
(2 (1)=97.36, p<0.001).

3.5 | Tubercles Remain Stable for Identification
Across Multiple Years

Using fluke-ID, we identified 54 HBWs in the 2018-2025 cata-
log that were re-sighted in subsequent years, including 28 indi-
viduals matched between Southeast Alaska and Hawai‘l. Using
aerial-ID, we matched all 54 individuals, with 53 ranked in the
top three suggestions and one ranked fourth (Table 3). Across all
matches, the mean suggested rank was 1.13 £0.49, the mean rec-
ognition score was 5.30+ 2.4, and re-sight intervals ranged from
210days (~7months) to 2373 days (~6 years, 6 months) (Table 4).
Multi-year recognition scores were significantly higher than
within-season scores (Mann-Whitney U=11,867, p=0.0003,
r=0.18), although the effect size was small. The mean suggested
rank for multi-year matches (1.13) did not differ significantly
from within-season matches (1.29) (Mann-Whitney U=1375,
p=0.478, r=0.02), indicating comparable ranking performance
across timescales.

TABLE 2 | Matching performance for tubercles (TB) and cookiecutter shark scar (CCS) aerial-ID images, including the number of images
annotated, the number of images matched, the mean rank position for matched images, the mean recognition score for matched images, and the

percentage of matched images ranked within the top three suggestions.

Number of % of matched
Number images matched Mean recognition images in top
of images within catalog Mean rank score three suggestions
TB: Lactating 556 232 1.37 4.47 95.90
females
TB: Others 778 125 1.14 4.12 99.11
TB: Total 1334 357 1.29 4.35 96.99
CCS: Lactating 567 233 1.09 15.09 98.71
females
CCS: Others 624 72 1.04 30.89 98.61
CCS: Total 1191 305 1.12 19.65 98.68
Total 2526 638 1.21 11.78 97.80

Note: Data are presented separately for lactating females, others, and combined totals.
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FIGURE 6 | Number of sampled individuals with an ID image us-
ing fluke-ID and aerial-ID methods for lactating females and others.
Bars represent the total number of assigned IDs per demographic group
(fluke-ID: n=237 lactating females, 535 others; aerial-ID: n=7596 lac-
tating females, 839 others), with percentages indicating the proportion
of sampled individuals assigned an ID image by each method. p-values
represent the significance between the methods for each demographic
group performed by z-tests.

[a]

150 1 — p< 0.001-|

100 p<0.001

o
[=]

No. of Individuals Sighted More Than Once

Lactating female Other

4 | Discussion
4.1 | Summary of Key Findings

This study tested the hypothesis that humpback whales can
be individually identified using aerial imagery and found
that aerial-ID outperforms traditional fluke-ID in image as-
signment and within-season re-sights, while also providing
reliable matches across multiple years. Using fluke-ID, we re-
corded 76 total re-sightings for lactating females and 88 for
others, compared to 249 and 123 using aerial-ID, representing
increases of 227% and 40%, respectively. Similarly, the number
of individuals sighted more than once increased substantially
when using aerial-ID compared to fluke-ID: from 45 to 136
for lactating females (a 202% increase) and from 46 to 90 for
other individuals (a 96% increase). These increases highlight
the utility of aerial-ID as a complementary tool to fluke-ID,
improving our ability to track individuals within seasons.
Both TB and CCS contributed unique matches, each identi-
fying over 50 individuals missed by the other. In confirmed
within-season matches, TBs and CCS remained visible for up
to 55 and 52days, respectively, indicating that both features
are reliable for short-term identification. While we did not

|E| —p <0.0014

250

[] Fluke-D
] Aeriatio

200

p < 0.001'|

No. of Total Repeat Sightings

Lactating female Other

FIGURE 7 | (a) The number of individual whales sighted more than once using fluke-ID and aerial-ID for lactating females and others. Bars rep-

resent the total number of individuals with more than one sighting for each category using each method. p-values represent the significance between
the methods for each category performed by z-tests. (b) The total number of repeat sightings documented for lactating females and others using fluke-
ID and aerial-ID methods. Bars represent the total number of re-sights for each category using the two identification methods. p-values represent the

significance between the methods for each category performed by z-tests.

TABLE 3 | Matching performance for tubercle aerial-ID images in multi-year analysis, including the number of images searched in the catalog,
the number of matches, the mean rank position for matched images, the mean recognition score, and the percentage of matched images ranked

within the top three suggestions.

Number of
images matched

Number of images within catalog

Mean rank

% of matched images in

Mean recognition score top three suggestions

TB 54 54

1.13+0.49

530+2.4 98.1
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TABLE 4 | Summary of re-sight intervals for 54 humpback whales matched using tubercle (TB) aerial-ID between 2018 and 2025.

Minimum re-
sight interval

Maximum re-
sight interval

Median re-
sight interval

Mean +SD re-
sight interval

Number of days 210 (0.6)

(years)

2737 (6.5)

1229+584 (3.4+1.6) 1112 (3.0)

Note: Values are presented in days, with equivalent years shown in parentheses.

assess feature degradation for individuals or validate matches
using fluke-ID, these intervals suggest both features were suf-
ficiently stable for short-term identification.

We extended this approach to a multi-year dataset to test if TB
patterns remain stable over longer intervals. Using fluke-ID,
we identified 54 individuals photographed between 2018 and
2025, including 28 matched between Southeast Alaska and
Hawai‘i. Using our aerial-ID method, all 54 individuals were
successfully matched, with the longest re-sight spanning
2737 days (6.5 years) and over 98% ranked within the top three
algorithm suggestions. Recognition scores were statistically
higher for multi-year matches than within-season matches
(Mann-Whitney U test, p=0.0003), but the small effect size
(r=0.18) indicates that the magnitude of this difference was
minimal. Consistent with this, mean rank position did not dif-
fer significantly between timescales (1.07 vs. 1.29; p=0.478),
suggesting that the matching algorithm performed similarly
whether images were taken weeks or years apart. These find-
ings indicate that TB patterns remain stable over a 6-year in-
terval. This supports their use for both short- and long-term
individual identification and indicates strong potential for re-
liable application over longer timescales.

Capturing fluke images was likely limited by the behavior of dif-
ferent demographic groups on the breeding grounds. Lactating
females fluked infrequently, likely to conserve energy while
resting and due to their use of shallow waters, which may re-
duce male harassment and limit deep diving (Cartwright
et al. 2012; Craig et al. 2014; Currie et al. 2018; Bejder et al. 2019;
Pack et al. 2022). Most individuals in the ‘other’ category are
likely males, given the male-biased sex ratio on the Hawaiian
breeding grounds (Clapham 1996). Their frequent engage-
ment in energetically costly, competitive surface behaviors
while fasting may both reduce fluking rates and make avail-
able flukes more difficult to photograph (Christiansen, Dujon,
et al. 2016; Christiansen, Rojano-Dofiate, et al. 2016; Tyack and
Whitehead 1983). In contrast, aerial-ID was less constrained
by behavioral variability among demographic groups and sup-
ported higher rates of individual identification.

While TBs demonstrated high stability across years, CCS may
be less reliable over similar intervals. In killer whales, CCS typ-
ically heals within approximately 150days (Dwyer 2011), and
similar healing is likely in HBWs, reducing the duration over
which scars remain distinctive. However, scars have persisted
for many months in short-finned pilot whales (Globicephala
macrorhynchus), with some individuals carrying over 30 distinct
marks and scarring evident year-round, suggesting that healed
wounds may remain visible for extended periods (Walker-Milne
et al. 2025). Nevertheless, cookiecutter shark prevalence varies
across populations, common in regions such as Hawai‘i and the

South Pacific but notably scarce in higher-latitude areas and
shallow coastal zones, limiting their utility for broader applica-
tion (Best and Photopoulou 2016).

4.2 | Implications for Humpback Whale Research

Aerial-ID complements traditional photo-ID techniques by ad-
dressing limitations of both fluke-ID and dorsal fin ID, partic-
ularly for demographic groups such as lactating females. Dorsal
fin ID, while extremely useful, is limited by variable distinc-
tiveness and the need for high-quality lateral images. In cases
where visual ID is unsuccessful, genetic matching can provide
accurate identifications but is costly, invasive, and less acces-
sible. By leveraging UAS imagery collected for body condition
assessments, aerial-ID maximizes data yield while occupying a
unique position on the accessibility-reliability spectrum, filling
critical gaps left by conventional approaches.

The application of aerial-ID, both to existing archives and future
datasets, opens opportunities to shift from cross-sectional snap-
shots toward longitudinal records that track individuals over time.
While cross-sectional datasets provide useful population-level
overviews, they are limited in their ability to track individual
variability or responses to ecological and anthropogenic distur-
bances. In contrast, longitudinal data based on re-sightings allow
researchers to detect changes in body condition or injury status,
uncover causal ecological relationships, and track demographic
and behavioral dynamics over time. These data offer insight into
individual variation and temporal dynamics, essential for under-
standing physiological responses, resilience to disturbance, and
demographic patterns. Aerial-ID supports these assessments by
increasing the number and frequency of individual re-sightings,
particularly for lactating females.

One application of longitudinal data is monitoring body condi-
tion, a key physiological determinant of reproductive success
and resilience to disturbance, yet detecting changes requires
repeated observations of known individuals across time
(Christiansen, Dujon, et al. 2016; Christiansen, Rojano-Donate,
et al. 2016; Christiansen, Nielsen, et al. 2020; Christiansen,
Dawson, et al. 2020, Christiansen et al. 2023; Pirotta et al. 2018).
However, such longitudinal assessments have traditionally been
limited by infrequent re-sightings, particularly for lactating
females (Bierlich et al. 2022; Christiansen, Dujon, et al. 2016;
Christiansen, Rojano-Dofiate, et al. 2016). Aerial-ID in conjunc-
tion with fluke-ID improves this by increasing both the number
of individuals re-sighted and the number of times each is ob-
served. For instance, van Aswegen et al. (2025a) demonstrated
that repeat aerial and fluke-ID sightings enabled fine-scale esti-
mates of maternal energy expenditure and calf growth, linking
maternal size and condition to offspring fitness. This resolution
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moves beyond population-level averages, supporting more pre-
cise individual-level bioenergetic estimates and enhancing our
ability to detect physiological responses to disturbance. When
applied across multiple years and across both breeding and feed-
ing grounds, aerial-ID in combination with fluke-ID allows re-
peated measurements of the same individuals between seasons
and across years. These repeated measures can reveal long-term
body condition trends tied to climate, prey availability, and other
environmental drivers, linking individual health to large-scale
ecosystem change across the migratory cycle.

Beyond health, improvements in detection and re-sighting fre-
quency also have important implications for population-level
modeling. Mark-recapture models are among the most widely
used tools for estimating cetacean population parameters
such as abundance, survival, and movement rates (Hammond
et al. 2021). These metrics are foundational for assessing popu-
lation health and forecasting trajectories. More advanced frame-
works, such as multistate, spatially explicit, or robust design
models, can yield rich insights into demographic and tempo-
ral variation in population parameters, but they are inherently
data-hungry and often limited by sparse and uneven re-sighting
data. Aerial-ID helps address these challenges by improving
coverage and re-sighting rates, thereby reducing detection bias
and strengthening the consistency of individual identifications.
Comparable success has already been demonstrated in North
Atlantic right whales, where aerial imagery of callosity patterns
has enabled robust mark-recapture analyses (Crowe et al. 2021),
highlighting the broader utility of aerial-based identification for
both short-term and long-term monitoring in HBWs.

Enhanced individual recognition enables researchers to track
behavioral and spatial patterns across the breeding season and,
when extended over multiple years, to detect shifts in habitat
use and evaluate site fidelity at the individual level. Previous
studies have shown that mother-calf pairs in Hawai‘i often
avoid nearshore areas, likely balancing disturbance risk against
male harassment (Cartwright et al. 2012; Craig et al. 2014; Pack
etal. 2022). However, these studies relied on cross-sectional data,
limiting their ability to assess if individuals consistently use or
shift habitat over time. Aerial-ID addresses this gap by allowing
repeated identification of individuals within and across years,
including across the species’ migratory range, which can span
thousands of kilometers. This capability supports individual-
level monitoring of habitat use, revealing demographic differ-
ences in site fidelity and behavioral plasticity. Such fine-scale,
long-term tracking is particularly valuable for wide-ranging spe-
cies like HBWs, whose movements cross multiple management
jurisdictions and habitat types, making coordinated conserva-
tion challenging. By providing a finer-scale, long-term view of
individual habitat use across regions, aerial-ID can help iden-
tify high-use areas and conflict zones with greater precision,
strengthening the basis for spatial management and targeted
conservation at both local and migratory scales.

4.3 | Future Directions
While fluke-ID contributes extensive life history data from his-

torical databases, aerial-ID complements it by expanding cov-
erage to individuals less likely to fluke out, together enabling

more inclusive and comprehensive monitoring. Building on
the findings of this study, future research should determine
whether tubercle patterns remain stable beyond the timescales
tested here and how their persistence compares with fluke-ID.
If confirmed, this stability could enable decades-long individual
tracking, revealing detailed calving histories, site fidelity, and
body condition trends in response to environmental change. In
addition, extending this method to include calves, particularly
by testing the reliability of TBs across developmental stages,
could fill critical gaps in our understanding of survival, recruit-
ment, and population dynamics.

A primary limitation of partially automated systems like I3S
is their reliance on manual annotation and matching, which
are inherently slower and more variable than fully automated
approaches. While we applied consistent internal criteria, dis-
tinguishing between tubercles and cookiecutter scars can be
subjective, particularly when features are faint, overlapping, or
distorted by glare, an issue that may be amplified across analysts
or research groups (Kniest et al. 2010). As UAS-derived imagery
becomes increasingly common, integrating modern AlI-based
pattern recognition into aerial-ID workflows offers a path to-
ward faster, more scalable, and less biased identification. Recent
advances in Al-driven identification methods have already out-
performed traditional approaches across diverse species and
datasets (Cheeseman et al. 2022; Patton et al. 2023, 2025), sig-
naling a rapid shift in the field. Continued development and re-
finement of these tools will be essential for unlocking the full
potential of aerial-ID in long-term, individual-based monitoring.

5 | Conclusion

We demonstrate that our novel aerial-ID approach significantly
increases the number of individuals identified and total re-
sight rates of HBWs compared to fluke-ID. Both TB and CCS
supported reliable within-season identification, while TBs also
demonstrated stability and utility for matches spanning multiple
years. By enabling higher-resolution individual-level tracking,
aerial-ID has the potential to support a broad range of research,
including studies on energetics, habitat use, and population
monitoring. Importantly, aerial-ID complements fluke-ID by
improving the identification of individuals that rarely fluke
out, such as lactating females, thereby broadening demographic
coverage and enhancing the effectiveness of individual-based
monitoring. When applied over extended timeframes and across
breeding and feeding grounds, aerial-ID facilitates long-term,
cross-regional studies that can link calving histories, site fidel-
ity, and body condition to environmental change. Given recent
advances in machine learning, we recommend future integra-
tion of AI with aerial-ID methods to improve efficiency, scal-
ability, and accuracy while reducing human error. Ultimately,
aerial-ID represents a powerful addition to the toolkit for non-
invasive population monitoring and informing conservation
management.
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