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ABSTRACT

Cetacean epibionts offer noninvasive insights into host health, physiology, and spatial ecology, yet quantitative assessments 

in wild populations remain scarce. Although vessel- based observations may be limited by field of view and analyst input, un-

occupied aerial vehicles (UAVs; drones) are increasingly used to monitor cetacean health indices, enhancing observational 

availability and reproducibility. However, the suitability of drones for quantifying epibiota has not been thoroughly evaluated. 

Implementing a standardized workflow, we compared dorsal proportional epibiont coverage estimates derived from drone- based 

imagery and traditional vessel- based techniques across reproductive classes of humpback whales (Megaptera novaeangliae). 

We analyzed 32 paired datasets using pixel- based methods, incorporating semiautomated graph- cut segmentation and iterative 

color- thresholding. Drone- derived estimates of epibiont coverage consistently exceeded vessel- based measures, which averaged 

58% of the relative coverage estimated from corresponding drone imagery, partly attributable to variable lighting during image 

capture. Nevertheless, 94% of paired observations differed by less than 5% in absolute coverage, indicating strong agreement. 

While refinement of flight parameters, image resolution, and further validation are recommended, we demonstrate that drones 

can provide a reliable source of quantitative epibiont data, with potential applicability across diverse epibiont–host systems, 

benefiting cetacean population health monitoring programs and informing conservation strategies, particularly for elusive or 

understudied species.

1   |   Introduction

Effective monitoring of aquatic wildlife and their interactions 
with the environment is crucial for understanding ecosys-
tem health and guiding conservation efforts (Wikelski and 
Cooke 2006). In recent years, the use of unoccupied aerial vehi-
cles (UAVs), or “drones,” has significantly advanced the study of 
marine megafauna biology, including morphometrics (Dawson 
et al. 2017; Durban et al. 2016; Ejrnæs and Sprogis 2021; Glarou 
et  al.  2023; Johnston et  al.  2022), spatial organization and 

abundance (Angliss et  al.  2018; Goebel et  al.  2015; Sykora- 
Bodie et al. 2017), microbial and molecular analysis (Atkinson 
et  al.  2021; O'Mahony et  al.  2024; Pirotta et  al.  2017), includ-
ing photographic identification of individuals (Koski et al. 2015; 
Landeo- Yauri et al. 2020; Ryan et al. 2022). Drones have emerged 
as relatively cost- effective, scalable tools for marine mammal 
sampling (Álvarez- González et  al.  2023; Sorrell et  al.  2019), 
enhancing observational capacity and enabling physiologi-
cal data collection at localized spatial scales (Costa et al. 2022; 
Hodgson et al. 2020; O'Callaghan et al. 2024; Torres et al. 2018). 
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The vertical perspective provided by drone imagery has facili-
tated precise photogrammetric measurements of cetaceans, in-
cluding large whales (Dawson et al. 2017; Dickson et al. 2021; 
Durban et al. 2016; Johnston et al. 2022) and delphinids (Cheney 
et  al.  2022; Christie et  al.  2022; Currie et  al.  2021; Vivier 
et  al.  2023). These measurements are obtained by measuring 
pixel dimensions in drone images and converting them to real- 
world units using the camera's focal length and flight altitude, 
typically recorded via a laser rangefinder or pressure altimeter 
(Álvarez- González et al. 2023). Such measurements enable the 
estimation of dorsal surface area, body mass, or volume (Aoki 
et  al.  2021; Glarou et  al.  2023; Soledade Lemos et  al.  2020). 
These derived biometrics are frequently used to evaluate body 
condition (e.g., Christiansen, Sprogis, et al. 2020; Christiansen 
et al. 2018; Napoli et al. 2024; Serres et al. 2024), a physiologi-
cal index reflecting an individual's energy reserves, serving as 
a proxy for fitness and survivorship (Castrillon and Bengtson 
Nash 2020; Millar and Hickling 1990; Peig and Green 2010).

While the use of drones to study vulnerable cetaceans may 
be less intrusive than traditional vessel- based approaches 
(Christiansen et  al.  2016; Christiansen, Nielsen, et  al.  2020; 
Sprogis et  al.  2023), their operation is limited by battery lon-
gevity and environmental conditions (Joyce et al. 2019; Raoult 
et al. 2020). The use of drones in marine mammal research is 
often constrained by precipitation and high wind speed (i.e., 
> 20 km/h) (Dickens et al. 2021; Raoult et al. 2020), with data 
quality further being impacted by sun angle, animal body angle, 
and tidal state (Christiansen et al. 2018; Hodgson et al. 2013). 
Nevertheless, when acquired under satisfactory conditions, 
drone imagery has proven highly effective for collecting high- 
quality data on cetacean ontogeny and behavior, often outper-
forming conventional vessel- based methods (e.g., Fettermann 
et  al.  2022; Jones et  al.  2022; Ryan et  al.  2022; Sprogis and 
Christiansen 2024; Torres et al. 2018). However, the relative per-
formance of drone- based versus traditional imaging approaches 
across taxa and research contexts remains insufficiently tested, 
highlighting the need for comparative studies to validate and 
refine the use of drones as a reliable data- collection tool (Garcia- 
Garin et al. 2020; Wirsing et al. 2022). Notably, few studies have 
directly compared drone-  and vessel- based imaging approaches 
to quantify cetacean external anomalies, such as epidermal dis-
ease or anthropogenic scarring from vessel strikes and entangle-
ments (Keeling et al. 2025; Leslie et al. 2022; Ramp et al. 2021). 
A common conclusion across these studies is that multiplatform 
approaches are most effective when they involve concurrent 
acquisition of comparable imagery from the same individual 
whales, allowing for robust comparisons and the identification 
of the most suitable observational tools for specific research ob-
jectives. However, such comparative studies remain rare, partic-
ularly for drone- based imaging approaches in wildlife research, 
where validated noninvasive methods are needed.

One promising use of drones involves the study of cetacean 
epibionts, organisms living on the exterior of cetacean hosts, 
either commensally or parasitically (Correia et  al.  2023). 
Cetaceans support diverse epibiotic communities ranging from 
algae to fish, affecting the host integument to varying extents 
(Geraci and Aubin 1987). Their suitability as biological indica-
tors in cetaceans includes providing insights into host health 
(Aznar et  al.  2010, 2005; Osmond and Kaufman  1998; Stack 

et al. 2024), habitat use and migration routes (Taylor et al. 2019; 
Visser et al. 2020), stock differentiation (Urian et al. 2019), abun-
dance shifts (Ten et al. 2026), and population structure and phy-
logeography (Bradford et al. 2011; Bushuev 1990; Kaliszewska 
et  al.  2005). Commensal epibiont settlement has been sug-
gested to reflect host hydrodynamics and oceanographic con-
ditions, including water temperature and salinity (Aguilar 
and Raga 1993; Briggs and Morejohn 1972; Carrillo et al. 2015; 
Dolezal et al. 2023; Fish and Battle 1995; Kasuya and Rice 1970; 
Moreno- Colom et al. 2020; Ten et al. 2025). Despite their value 
as noninvasive indicator tools of marine ecosystems and host 
health, systematic quantitative studies of epibiota on live ce-
taceans remain scarce (Geraci and Lounsbury  2005; Minton 
et al. 2022; Ten, Raga, and Aznar 2022).

Reports on cetacean epibionts often rely on observations from 
stranded or deceased animals (e.g., Aguilar and Raga  1993; 
Groch et al. 2018; Iwasa- Arai et al. 2021; Kim et al. 2020; Qiao 
et al. 2020). While systematic studies have quantitatively exam-
ined epibiont diversity, density, and attachment locations across 
various cetacean species (Carrillo et  al.  2015; Ólafsdóttir and 
Shinn  2013; Ten et  al.  2025; Ten, Konishi, et  al.  2022), these 
methods are limited by accessibility and their application to wild 
populations (Correia et  al.  2023). Vessel- based imaging tech-
niques have been employed to document the prevalence of epibi-
ota in free- swimming cetaceans (Dolezal et al. 2023; Hanninger 
et al. 2023; Matthews et al. 2020; Whitehead et al. 2015). However, 
these health assessment studies may be subject to biases owing 
to the use of semi- quantitative evaluations (i.e., scoring sys-
tems) (Boileau et al. 2024; Pettis et al. 2004) or images acquired 
solely for identification purposes (Bradford et al. 2012; Minton 
et al. 2022; Towers et al. 2013; Urian et al. 2019). Although ves-
sel platforms provide detailed lateral views, they are constrained 
by a limited field of view, likely underestimating epibiont abun-
dance and distribution (Correia et  al.  2023; Hunt et  al.  2013; 
Vilches et al. 2023). Drones present a potential solution by pro-
viding broader, more consistent top- down perspectives of focal 
individuals. Though their effectiveness in documenting the im-
pacts of ectoparasites has been demonstrated (Herr et al. 2023), 
coverage- based quantification, particularly across individuals 
of varying body size, has been proposed but not yet empirically 
tested (Moore et al. 2021; Ten, Konishi, et al. 2022).

Humpback whales (Megaptera novaeangliae) host particularly 
diverse epibiont communities (Fertl and Newman  2018; Ten, 
Raga, and Aznar 2022), possibly due to their extreme migratory 
life histories (Bortolotto et al. 2021; Horton et al. 2020). In the 
Southern Hemisphere, the International Whaling Commission 
(IWC) recognizes seven Breeding Stocks of humpback whales, 
labeled A through G (Clapham et al. 2009; Hauser et al. 2010). 
Each stock transitions between high- latitude summer feeding 
grounds and low- latitude winter breeding and calving grounds 
(Chittleborough 1965; Clapham and Mead 1999; Dawbin 1966). 
These populations faced near extinction in the late twentieth 
century following a century- long overexploitation (Clapham 
et  al.  1999). Since then, humpback whales that migrate along 
the eastern coastline of Australia (IWC- designated Breeding 
Stock E1) have shown a marked recovery (Bejder et  al.  2016; 
Noad et al. 2019). However, this population currently faces mul-
tiple conservation threats, including ship strikes, entanglement 
in fishing gear, pollutants, ocean noise, tourism pressure, and 
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both the direct and compounding effects of climate change 
(Das et  al.  2017; International Whaling Commission  2020; 
Mayaud et  al.  2022; Minton et  al.  2022; Pallin et  al.  2023; 
Rossi- Santos  2015; Stack et  al.  2021; Thomas et  al.  2016; von 
Hammerstein et al. 2022). Integrating epibiont data into health 
monitoring programs can yield valuable insight into cumulative 
stressors and inform conservation strategies (Correia et al. 2023; 
Hermosilla et al. 2015; Herr et al. 2020; Pettis et al. 2004; Ten, 
Raga, and Aznar 2022).

This study examines the effectiveness of drone imagery relative 
to traditional vessel- based techniques for estimating epibiont 
loading on Breeding Stock E1 humpback whales during their 
southward migration from breeding and nursing grounds of the 
southern Great Barrier Reef (GBR) to Antarctic feeding grounds 
(IWC Antarctic Management Areas IV, V, and VI; Andrews- 
Goff et al. 2018; Smith et al. 2012). Using a paired, pixel- based 
quantitative approach with concurrently captured drone-  and 
vessel- based images, this study aims to: (i) compare the pre-
cision of these two imaging platforms in quantifying epibiont 
coverage on standardized dorsal- surface anatomy of humpback 
whales, and (ii) evaluate specific methodological, environmental 
(e.g., lighting conditions), and biological (e.g., body orientation, 
surfacing behavior) covariates that may influence both detec-
tion accuracy and observational capacity. As a model system, 
we focus on colonized coronulid, or acorn barnacles (Coronula 

diadema and C. reginae), which are host- specific to humpback 
whales and can grow up to 5.5 cm in diameter and 3 cm in 
height, often providing substrate for clusters of gooseneck bar-
nacles (e.g., Conchoderma auritum), reaching total lengths of 
8 cm (Clarke 1966; Kim et al. 2020). Prior barnacle attachment 
scars are typically characterized by circular (mature) or star- 
shaped (juvenile) markings that appear as black- on- white and 
white- on- black skin (Bradford et  al.  2011). These semiperma-
nent features have been included in visual health assessments 
and individual photo- identification studies of humpback whales 
(Franklin et al. 2020; Minton et al. 2022). Coronulid barnacles 
and their associated scars are both prevalent in the E1 popula-
tion and visually distinct, making them ideal biological mark-
ers for evaluating image- based detection. Through pairwise 
comparison, we assessed whether drone imagery can serve as 
a reliable substitute for, or complement to, vessel- based imaging 
techniques. Specifically, we aimed to evaluate the comparative 
efficacy of these approaches for monitoring epibiont prevalence 
and abundance in wild cetacean populations.

2   |   Methods

2.1   |   Study Population and Sampling Locations

Fieldwork was conducted at two locations along the eastern 
coastline of Australia: Hervey Bay, Queensland, and Eden, New 
South Wales (Figure 1). Hervey Bay is a hypersaline embayment 
(Ribbe 2014) centered at 25° S, 152.84° E, just south of the Great 
Barrier Reef Marine Park (GBRMP) and is within the Great 
Sandy Marine Park (GSMP). The mouth of Hervey Bay is ~80 km 
wide, opening to the north and narrowing southward, with a 
mean depth of ~20 m and a total area of ~4000 km2 (Ribbe 2014). 
The area is an important early stopover site during the south-
ern migration for up to one- third of the breeding stock of the E1 

population of humpback whales (Chaloupka and Osmond 1999). 
It provides crucial habitat for socializing and resting, particu-
larly for females and mother–calf pairs (Franklin et  al.  2018, 
2021; McGovern et  al.  2025; Stack et  al.  2019). Published es-
timates indicate a peak abundance of 2546 whales (95% CI: 
1956–3135) and a linear increase of 118 whales per year (Brooks 
et  al.  2024). Hervey Bay has been the focus of our extensive 
photo- identification research efforts since 1984 (Kaufman 
et al. 2011, 1987; Stack et al. 2019), with drone- based sampling 
initiated in 2021.

The waters off Eden, New South Wales (37.07° S, 149.90° E), 
comprise a relatively shallow coastal region (mean depth: ~61 m; 
Stamation et al. 2007) that lies along a narrow migratory corri-
dor used by the E1 population of humpback whales before they 
return through deeper offshore waters to the Southern Ocean 
via Tasmania or New Zealand (Burns et  al.  2014; Johnson 
et al. 2022). The region is known for large aggregations of mi-
grating humpback whales, and opportunistic feeding behav-
ior has also been documented (Pirotta et  al.  2021; Stamation 
et al. 2007).

We collected paired drone- derived morphometric measurements 
and vessel- based photographic images of individual humpback 
whales in 2022 and 2023. Fieldwork was conducted primarily 
in Hervey Bay, Queensland, between July and October prior to 
southward migration. In October 2023, we also collected paired 
imagery over 5 days off Eden, New South Wales, concurrently 
with a separate body condition study. These data were collected 
to expand spatial coverage and assess the potential for resam-
pling individuals across locations. Although no individuals were 
matched between Hervey Bay and Eden, the paired drone and 
photographic data collected in Eden met the inclusion crite-
ria for the present analysis, as described in Sections 2.3.1 and 
2.3.2 below, and were therefore included to broaden geographic 
representation.

Data collection in Hervey Bay, QLD, was authorized under a 
Marine Parks Research Permit P- MPR- 100853077, Scientific 
Purposes Permit P- SPP- 100853084, and approval from the 
Animal Ethics Committee of the Queensland Government. Data 
collection in Eden, NSW, was authorized under a DCCEEW 
Cetacean Permit 2023–0007, Scientific License SL102792, 
and approval from the Animal Ethics Committee of Griffith 
University. All drone operators held a Civil Aviation Safety 
Authority (CASA) remote pilot license.

2.2   |   Data Collection

Concurrent photographic and video data were collected within 
Hervey Bay, Queensland, and at Eden, New South Wales, 
using a 5.9- m rigid inflatable boat fitted with a 250 HP out-
board motor, and a 6.4- m aluminum- hulled vessel with two 
80 HP Yamaha motors, respectively. Surveys were conducted 
in daylight under calm, clear, and dry conditions (i.e., no rain 
or fog), with Beaufort sea states ≤ 3 and wind speeds < 10 
knots. Humpback whales were detected opportunistically by 
sight and slowly approached to approximately 50 m for photo- 
identification and drone deployment. An onboard barometric 
altimeter was utilized in the field to maintain a minimum 
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flight altitude of 30 m, or up to 40 m when monitoring multi-
ple mother–calf pairs. For every image attempt, we also doc-
umented the date, time, GPS location, sea state, and group 
composition. We assigned each recorded whale an age class 
based on field observations of body length and behavior, to-
gether with available photo- identification history from a long- 
term catalogue (Stack et  al.  2019). All calves observed were 
older than neonates, following the description of neonatal calf 
characteristics provided by Cartwright and Sullivan (2009).

2.2.1   |   Vessel- Based Image Acquisition

Multiple (2–3) Canon 6D Mark II DSLR cameras fitted with 
Canon 100–400 mm f/4.5–5.6 telephoto lenses were used to ob-
tain identification images from the vessel. DSLR images were ac-
quired with a shutter speed of 1/1500 s and ISO set to automatic. 
During vessel- based sampling, we targeted specific anatomical 
features, including near- perpendicular angles of the dorsal sur-
face of the tail flukes and pectoral fin, as well as dorsolateral, or 
aerial- like angles of the rostrum (Figure 2). The rostral area was 
defined as the dorsal cranial area forward of the eyes, encom-
passed by the blowholes, upper jaw, and lip margins. This area 
was selected to avoid underestimating the lateral mandibular 
jaw, which is often obscured in vertical view. These anatomical 
regions were standardized based on their consistent visibility 
in both drone and vessel- based imagery and are also where the 
colonization of sessile barnacles is commonly observed in this 
species, particularly around the tubercles of the rostrum and 
pectoral fin leading edge (Shea and Gallagher 2021). The dor-
sum was excluded from quantitative analysis due to difficulties 
in standardizing surface area estimates from variable lateral im-
ages of the flank (Minton et al. 2022) and to avoid underestimat-
ing this curved region relative to the more consistent top- down 
perspective provided by drone imagery.

2.2.2   |   Drone- Based Image Acquisition

During encounters with humpback whales, a DJI Inspire 2 Pro 
quadcopter equipped with a Zenmuse X5S gimbal camera and 
an Olympus 25 mm f/1.8 lens (sensor size: 17.3 × 13.0 mm) was 
flown to capture high- resolution video used in body condition 
assessments. Camera exposure settings, including shutter speed 
and ISO, were controlled automatically by the drone camera 
and were not standardized across flights. Drone videos were 
recorded at a resolution of 4 K and 30 frames per second (pixel 
dimensions: 0.0045 mm/pixel). The drone was launched and 
recovered manually from the vessel and fitted with a custom- 
mounted SF11/C (120 m) laser altimeter (LightWare LiDAR, 
South Africa) to obtain precise height measurements. All aerial 
data were collected with the gimbal pitch set to nadir (90°) to 
ensure that focal animals were centered within the field of view 
and to minimize perspective distortion associated with oblique 
imagery (Burnett et  al.  2019; Joyce et  al.  2019; Segre  2025). 
Ground Sampling Distance (GSD) is a standard metric for eval-
uating image resolution at ground level (e.g., mean sea surface 
level), defined as the real- world distance represented by a single 
pixel (Torres and Bierlich 2020). Based on the specifications of 
the drone camera and the flight altitude, GSD was computed 
individually for all utilized drone stills to evaluate its potential 
effect on proportional coverage estimates (see Section S.1).

2.3   |   Image Selection Criteria

2.3.1   |   Vessel- Based Data

All available vessel- based images taken during both survey sea-
sons were manually scanned to identify the presence and/or prior 
attachment of epibionts on the dorsal surface of target anatomies. 
Individuals with as few as one attached commensal barnacle were 

FIGURE 1    |    Geographical context of concurrent vessel and drone imagery data collected from breeding stock E1 humpback whales (Megaptera 

novaeangliae) along Australia's eastern coastline at (a) Hervey Bay, Queensland, from July to October in both 2022 and 2023, and (b) Eden, New South 

Wales, over 5 days in October 2023. Black points denote the GPS locations of each paired- image sample.
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included in the pairwise dataset. Epizoites located along append-
age trailing edges that extended beyond the defined anatomical 
surface areas (e.g., C. auritum) were excluded from this analysis. 
Vessel- based images containing evidence of epibiont- affected 
areas of humpback whale skin were subjected to an adapted qual-
ity grading based on the methods by Calambokidis et al. (2008). 
This included five criteria: (i) visibility of the relevant anatomy, 
(ii) angle of the anatomy relative to the water surface, (iii) angle 
and orientation of the animal from the photographer at the time of 
image capture, (iv) glare (exposure/contrast), and (v) focus (sharp-
ness). Each criterion was rated from 1 to 5, with 5 indicating top 
quality, and any image that scored less than 3 on any criterion 
was excluded. The cumulative quality grade for each unedited 
image was determined as follows: 5 (excellent image with the tar-

get anatomy positioned at a perpendicular- to- the- observer angle), 4 
(good), 3 (average), 2 (fair), and 1 (poor). Following Ten, Konishi, 
et al. (2022), qualitative evaluations of dorsal surface epibiont abun-
dance (e.g., attached Coronula spp.) in quality- graded vessel- based 
images were used to establish an Intensity Estimate (IE) baseline. 
The images were assigned scores based on the visual count of indi-
vidual epibionts within each image: “1” for 1–20 coronulids, “2” for 
21–100 coronulids, and “3” for over 100 coronulids, reflecting low, 
moderate, and high coverage, respectively (Figure 3).

2.3.2   |   Aerial Imagery

Corresponding drone video footage of photographed whales 
that passed quality grading and showed evidence of epibionts 
and/or prior attachment scars within the predefined anatomi-
cal landmarks was manually examined using VLC Media Player 
(https:// www. video lan. org/ vlc/ ). Multiple frames (‘stills’) were 
extracted from videos of the same encounter for consideration, 
where the focal animal's anatomical landmark was positioned 
at or above the surface. Drone imagery met strict environmental 

and image- quality criteria, including clear focus, absence of dis-
tinguishable glare spots, particularly around rostral area tuber-
cles (Evans et al. 2026), animal pitch (vertical plane positioning 
of the target anatomy), and sea- surface conditions (no water 
disturbance, spray, or ripples), following guidelines similar to 
Christiansen et al. (2018). Based on these criteria, quality grades 
were assigned as “3” (good), “2” (average), or “1” (poor). Aerial 
video stills assigned a quality grade 1 for any criterion were ex-
cluded (Figure S1). When multiple suitable stills were available 
from the same encounter or individual, the best- quality frame 
was selected. Image selection prioritized the visibility and ori-
entation of focal anatomical landmarks, which differs from tra-
ditional approaches that emphasize full- body posture in body 
condition assessments.

2.4   |   Image Processing

All quality- filtered images of standardized anatomical regions 
acquired from drone and DSLR platforms were digitally ana-
lyzed using a semiautomated workflow to estimate proportional 
epibiont coverage for each image- capture technique. Image 
processing was conducted in MATLAB Version R2023b (The 
MathWorks Inc., Natick, MA, USA) using the Image Processing 

Toolbox functions (https:// www. mathw orks. com/ produ cts/ 
image -  proce ssing. html). The Image Processing Toolbox enabled 
a pixel- based proportion analysis similar to the approach used 
by Leslie et al. (2022) and was applied to both vessel-  and drone- 
based image data. By selecting comparable anatomical land-
marks (Figure 4), we maintained relative consistency between 
drone-  and vessel- based imagery, enabling direct quantitative 
comparison of the two sampling techniques. Images were not 
adjusted for shadows, brightness, contrast, or other visual prop-
erties prior to analysis, thereby avoiding potential masking or 
enhancement of pixels relevant to epibiont detection.

FIGURE 2    |    Examples of vessel-  and drone- based imagery utilized in a pairwise comparison for estimating epibiont barnacle scar coverage on the 

dorsal surface of humpback whales (Megaptera novaeangliae). The images in the panels show paired data captured from the same individual animal 

for (a) the pectoral fin, (b) the rostrum, and (c) the right fluke blade. The upper images in the panels are derived from vessel- based DSLR cameras, 

and the lower images are the corresponding drone video stills.
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To maximize sample size, vessel- based images capturing ei-
ther the left or right side of the rostrum were included. The 
use of single- sided images was accounted for in paired anal-
yses by restricting measurements in the corresponding drone 
video stills to the same rostral half (Figure  4c), delineated 
using tubercles and lip margins as anatomical boundaries. 
Similarly, vessel- based images capturing a single fluke blade 
(delineated by the fluke notch) or dorsal- side flukes photo-
graphed during a dive sequence (i.e., at approximately a 45° 
angle) were included. In these cases, the corresponding visible 
area was delineated within the paired drone imagery to en-
sure consistency in surface area measurements. Drone stills 
were manually cropped to reduce visual interference, such as 
non- targeted whales or other whale anatomy not relevant to 

the study. These stills were analyzed prior to corresponding 
vessel- based images to reduce observer bias by minimizing 
potential influence from the higher resolution of the vessel- 
based imagery. To evaluate segmentation variance, defined 
as the variability in repeated pixel- based estimates of epibi-
ont coverage from the same image, we randomly selected six 
whales from the paired- image dataset. For each whale and 
each targeted anatomical region (rostrum, pectoral fin, or 
tail fluke), we analyzed the corresponding paired drone and 
vessel- based images, all of which had passed initial quality 
filtering. Each image was measured five times, resulting in a 
total of 60 replicate measurements (Table S1.1).

2.4.1   |   Graph- Cut Segmentation

Digital image analysis began with semiautomated segmenta-
tion of red, green, blue (RGB) images to separate the anatomi-
cal region of interest (ROI) from the surrounding background. 
We applied the interactive Graph Cut tool in MATLAB's 

FIGURE 3    |    Examples of vessel- based images of standardized 

dorsal- surface regions used to assign intensity estimate (IE) scores for 

attached Coronula spp. on the rostrum and pectoral fins of humpback 

whale (Megaptera novaeangliae) calves. Images are selected based on 

comparability with corresponding drone video footage captured con-

currently. The examples shown are from three calves photographed 

in Hervey Bay, Queensland. Manual evaluation of coronulid barnacle 

abundance in each image corresponds to: (a) low coverage (1–20 bar-

nacles; IE = 1), (b) moderate coverage (21–100 barnacles; IE = 2), and (c) 

high coverage (> 100 barnacles; IE = 3).

FIGURE 4    |    Aerial and vessel- based perspectives of humpback 

whales (Megaptera novaeangliae) illustrating the standardized anatom-

ical regions used for image analysis. (a) Yellow- masked areas indicate 

the three dorsal- surface regions targeted in the comparative analysis: 

The rostral area, pectoral fin, and tail flukes. (b) Vessel- based image 

of the dorsal surface of the flukes showing barnacle scars and exempli-

fying a near- perpendicular angle (image quality score = 4) suitable for 

pairwise comparison with top- down drone imagery. (c) Lateral vessel- 

based image of the rostrum with attached juvenile Coronula spp.; the 

yellow dashed line indicates the ventral boundary of the analyzed re-

gion, matched to the corresponding side of the rostrum in the drone 

image. (d) Vessel- based image of the dorsal surface of the pectoral fin, 

also captured at a near- perpendicular angle (image quality score = 4).
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Image Segmenter application to all input images. Graph- 
cut segmentation treats each pixel as a node in a graph and 
separates foreground and background by minimizing an en-
ergy function known as the “cut,” which defines the optimal 
boundary between regions (Rother et  al.  2004). Foreground 
pixels are connected to a source node (s- node) and labeled “1,” 
while background pixels are connected to a sink node (t- node) 
and labeled “0.” In the present study, this approach effectively 
separated high- contrast foreground features from complex 
backgrounds, including images captured close to land. The 
interactive Graph Cut tool enabled efficient user selection of 
foreground and background regions to generate black- and- 
white (BW) binary image masks (BIMs), which were used to 
extract pixel abundance from the segmented anatomical re-
gion of interest (ROI). We then applied the Active Contours 
function to refine the initial segmentation by automatically 
adjusting mask erosion and dilation, with additional manual 
refinements performed via the Paint Brush tool. This process 
produced segmented RGB image mosaics saved as .MAT files 
for further processing. Each paired image sample, labeled by 
its Sample ID, yielded two BIMs relating to the anatomical 
ROI: one derived from the drone still and one from the corre-
sponding vessel- based image.

2.4.2   |   Thresholding- Based Segmentation

Segmented RGB image mosaics, defined during the graph- cut 
step and representing anatomical ROIs, were further classi-
fied using color information to isolate pixels corresponding 
to attached epibionts or scars from prior attachments, distin-
guishing them from the surrounding humpback whale skin. 
This process involved manually marking masked RGB images 
using color space selection and color thresholding segmenta-
tion. The iterative evaluation of available color space variants 
in MATLAB's Color Thresholder application led to the selec-
tion of the L*a*b* color space for all images. Comprising three 
channels, L* (luminance), a* (high- red to low- green), and b* 
(high- yellow to low- blue), this color space was optimal for 
detecting white circular scars on blue- black skin and yellow- 
orange- red hues of epibiotic fauna (Figure S2). Critically, the 
L*a*b* color space specifies color in absolute values, enhanc-
ing the accuracy and consistency of color- based analysis by ac-
counting for human perception and variation in image display 
devices (Bora et al. 2015).

Threshold values for the color channels were established man-
ually using the application's integrated histograms and point 
cloud plots to optimize secondary ROI extraction. The Polygon 
ROI tool transforms three- dimensional (3D) representations 
into two- dimensional (2D) arrays, enabling precise color seg-
mentation by defining and adjusting polygons within the point 
cloud. Manual demarcation was favored over automatic thresh-
olding due to its capacity to produce segmentation results with 
higher precision. A human- led examination of the ROIs was 
performed across all images to ensure exclusion of pixels asso-
ciated with natural pigmentation or scarring unrelated to prior 
epibiont attachment. Secondary BIMs were generated for each 
image- acquisition source (drone-  and vessel- based), with pixel 
classes labeled 0 and 1 and exported as .MAT files for computa-
tional analyses.

2.4.3   |   Pixel- Based Analysis of Proportional 

Epibiont Coverage

Following the processing of the input images (Figure 5a), four 
BIMs (2D matrices) were generated for each sample (Sample 
ID), incorporating paired drone and vessel- based imagery. 
Each image- acquisition source produced two BIMs: an an-
atomical mask (DBIM1 or VBIM1) and an epibiont mask 
(DBIM2 or VBIM2). The first mask, containing pixels labeled 
as 1 following graph- cuts of the input images, was defined as 
the foreground or anatomical region in either the drone or 
vessel- based image (DBIM1 or VBIM1; Figure 5b). After ap-
plying color thresholding to the initial image mask, the barna-
cle-  and barnacle scar- related pixels, labeled 1 in the secondary 
mask (DBIM2 or VBIM2; Figure 5c), were superimposed onto 
the original input images to visually verify segmentation ac-
curacy (Figure  5d). The total number of class- 1 pixels from 
the two image masks was extracted and subsequently used to 
calculate the relative proportionate coverage of whale skin af-
fected by epibionts and related scars, where:

This formula yielded a pixel- derived estimate of proportional 
epibiont coverage within the standardized anatomical regions 
defined during the graph- cut segmentation step, enabling direct 
comparisons between aerial and vessel- based imaging techniques. 
Absolute differences were calculated as percentage- point differ-
ences between platform- specific proportional coverage estimates, 
whereas relative differences were calculated as the magnitude 
of this difference expressed proportionally. The image process-
ing workflow used to quantify the percentage cover of epibiont- 
affected areas of whale skin, using the standardized dorsal 
anatomy, is illustrated by the schematic in Figure 6.

2.5   |   Statistical Analyses

To analyze the vessel-  and drone- based pairwise data, we applied 
Standardized Major Axis estimation (SMA, or Model II) regres-
sion. Unlike standard regressions, which predict one variable from 
another, SMA does not assume either dataset contains “true” val-
ues; instead, it only summarizes the relationship between the two 
variables when both have measurement error (Warton et al. 2012). 
A one- tailed t- test was additionally performed to assess the pro-
portional relationship between vessel-  and drone- based epibiont 
coverage estimates, with vessel- based estimates expressed relative 
to paired drone- based estimates. To further evaluate factors influ-
encing proportional coverage estimates, we employed generalized 
linear mixed- effects models (GLMMs) with a beta error structure 
and a logit link function. Since the sample size was relatively 
small, models with complex interactions could not be reliably fit. 
To investigate potential methodological and biological effects on 
these estimates, we modeled proportional coverage as a function 
of the sampling platform, time of image capture (as a proxy for 
changing light conditions), GSD (cm/px), age class, anatomical 
region assessed, and epibiont characteristics (attached coronulid 
barnacles vs. barnacle scars). We also included the two- way inter-
action between the sampling platform and each of these predic-
tors. Sample ID was included as a random intercept to account for 

Proportional coverage (%) =

(

ROI pixels in epibiont BIM

ROI pixels in anatomy BIM

)

∗100.
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the non- independence of repeated measures (pseudo- replication). 
While cloud coverage can influence drone- based imaging over 
water (Joyce et al. 2019), average daily cloud cover (%) obtained 
from Visual Crossing Weather Services (https:// www. visua lcros 
sing. com/ weath er/ weath er-  data-  services) for each sampling loca-
tion showed no observable effect during exploratory analysis and 
was therefore excluded from statistical models.

To assess factors influencing differences in BIM pixel counts, we 
used a GLMM with a Gaussian error structure and an identity 
link, treating Sample ID as a random effect. Image mask pixel 
count data were log- transformed prior to model fitting to approx-
imate normality of residuals and homogeneity of variance. Model 
parsimony was evaluated using the corrected Akaike Information 
Criterion (AICc) for small sample sizes, accounting for the num-
ber of estimable parameters (K) (Anderson et al. 1994). Statistical 
significance was set at α = 0.05, and covariates lacking substantial 
support were removed from the model. Final model assumptions 
were checked using standardized weighted residuals as a function 
of observation indices, and ANOVA tables were computed to evalu-
ate the significance of covariates in the final models. To determine 
effect sizes, R2 marginal (the proportion of variance accounted for 
by the fixed effects), R2 conditional (the proportion of variance 
accounted for by both fixed and random effects), and intra- class 
correlation (ICC = intercept variance/(intercept variance + resid-
ual variance)) were computed. Additionally, Tukey post hoc tests 
for categorical effects were performed using estimated marginal 
means (EMMs) and 95% confidence intervals (CIs) to adjust for 
covariates and account for potential bias from confounding ef-
fects or imbalanced data (e.g., age class). All statistical analyses 

and graphical visualizations were conducted in R version 4.3.2 
(R Core Team  2024) using the following packages: lubridate 
(Grolemund and Wickham 2011), fitdistrplus (Delignette- Muller 
and Dutang  2015), glmmTMB (Brooks et  al.  2017), emmeans 
(Lenth 2024), smatr (Warton et al. 2012), marginaleffects (Arel- 
Bundock et al. 2024), and MuMIn (Bartoń 2024).

3   |   Results

3.1   |   Sample Composition Summary

Across the two study years, the filtration of imagery from 287 
humpback whale encounters resulted in 32 paired estimates of 
proportional coverage, each derived from drone-  and vessel- based 
imagery collected concurrently within the same encounter. The 
paired estimates represented 26 distinct encounters and 31 indi-
vidual whales (Table 1). Two paired samples collected in Hervey 
Bay in 2023 originated from a single calf, with the right fluke 
blade and pectoral fin analyzed as separate anatomical samples. 
Within the vessel- based dataset suitable for direct comparison 
with drone imagery, adult whales were underrepresented (n = 6) 
relative to subadults (n = 12) and calves (n = 14). Drone imagery 
demonstrated greater observational capacity due to controlled 
camera angles, whereas corresponding vessel- based images were 
occasionally unavailable or did not meet the required quality and 
anatomical standardization criteria for pairwise comparison.

Of the 32 vessel- based image samples, 17 (53.1%) showed bar-
nacle scars predominantly. These included dorsal- side flukes 

FIGURE 5    |    Vessel- based quantification of the proportional coverage of colonized barnacle epibionts on the dorsolateral rostrum of a humpback 

whale calf. (a) Original input image. (b) Graph- cut segmentation separating the image foreground from its background counterparts, resulting in an 

initial binary image mask (VBIM1). (c) Secondary image mask created through color thresholding of the initial mask (VBIM2). (d) Original image 

overlaid with the pixel count (magenta) of the segmented area affected by epibionts. The scale bar indicates the binarized pixel values (0, 1) generated 

by each masked image in panels (b) and (c), respectively.
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(n = 11), pectoral fins (n = 5), and one rostrum (n = 1) (Table 1). 
All subadult samples fell within this epibiont characteristic cat-
egory, together with five adult samples. No evidence of prior 
barnacle attachment was observed on calf skin. The remain-
ing 15 vessel- based image samples (46.9%) contained attached 
coronulid barnacles. Of these, calf rostral regions accounted for 
12 samples (37.5%) and showed high (IE = 3, n = 1), moderate 
(IE = 2, n = 8), and low coverage (IE = 1, n = 3). The remaining 
moderate- coverage samples (IE = 2) were observed on dorsal- 
side tail flukes (n = 2; one adult and one calf) and on the pectoral 
fin of a calf (n = 1) (Table 1).

3.2   |   Pairwise Comparisons

3.2.1   |   Absolute Differences in Proportional 

Epibiont Coverage

Based on repeated measurements of six random paired sam-
ples, each measured five times (n = 60), manual marking 
during segmentation showed low variance across image plat-
forms (Table S1.1). Standard deviations ranged from 0.07% to 
0.45% for vessel- based images and 0.10%–0.83% for drone stills. 
Estimates of proportional epibiont coverage on the target anat-
omies varied from 0.34% to 10.93% in vessel- based images and 
from 1.11% to 16.45% in corresponding drone stills (Table 2). 
Drone- derived estimates were consistently higher than those 
derived from vessel- based images across all summary statistics 

and showed a broader range, with more extreme interquartile 
values (Q1–Q3) (Table 2 and Figure 7). In 75% of cases, vessel- 
based images of calf rostra showed fixed lateral views rather 
than perpendicular orientations relative to the observer. These 
samples required extra manual marking during the graph- cut 
segmentation process of the corresponding drone imagery to 
isolate either the left or right side of the rostrum. These one- 
sided samples showed lower absolute divergence between 
image- acquisition sources (median = 0.82%) than the dorsal- 
side fluke region (1.92%). Across anatomical regions, the small-
est absolute difference between median platform estimates 
was observed for pectoral fins (0.79%).

3.2.2   |   Sampling Platform Estimate Deviation

SMA (Model II regression) comparing drone-  and vessel- based 
percentage coverage measurements revealed a strong, positive 
relationship between the two methods (R2 = 0.865, p < 0.001; 
Figure  8), indicating that drone- based estimates increased 
disproportionately relative to vessel- based estimates. Further 
investigation into the proportional difference between the two 
techniques confirmed a statistically significant divergence be-
tween sampling estimates (t(31) = −9.74, p < 0.001, 95% CI [0.46, 
0.71]; Table  3). Specifically, proportional coverage estimates 
derived from vessel- based imagery constituted approximately 
58% of the relative coverage obtained from paired drone- based 
imagery.

FIGURE 6    |    Schematic of the image- processing workflow used in the RGB (red, green, blue) image- segmentation approach for estimating the 

relative proportional coverage of the standardized dorsal surface anatomy affected by epibionts.

Image acquisition 

Input original RGB image

Preprocessing

Semiautomated graph-cut

Store RGB image mosaics

Anatomy binary (BW) image mask

Color thresholding of

masked image

in L*a*b* color space

Calculate epibiont %coverage by dividing

ROI pixel counts from binary (BW) image

masks

Epibiont binary (BW) image mask
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3.2.3   |   Methodological and Biological Influences on 

Platform- Derived Estimates

Mean drone flight altitude for aerial samples used in the cur-
rent study was 38.07 ± 1.07 m. The calculated GSD varied little 
across drone- derived image samples (mean = 1.53 ± 0.04 cm/px; 
range = 1.45–1.63 cm/px). Accordingly, GSD received less sup-
port as a fixed effect in both the beta GLMM for proportional 
epibiont coverage estimates and the Gaussian GLMM for log- 
transformed BIM pixel counts and was subsequently excluded 
from the final models (Table S1.2).

Model selection using AICc supported a beta regression GLMM 
including epibiont characteristics (attached barnacles vs. prior 
attachment scars), sampling method, time of day, and the inter-
action between method and time of day (AICc = −339.0, K = 7; 
Table  S1.2). Fixed effects explained 23.3% of the variance, 

while the full model, including the Sample ID random effect, 
explained 92.0% of the variance. The adjusted ICC was 0.896, 
indicating substantial sample- level variability, with most vari-
ance attributable to differences among paired image samples 
(Table S1.3). The model showed that vessel- based image data 
yielded significantly lower proportional coverage than cor-
responding drone imagery (β = −1.207, SE = 0.297, p < 0.001; 
Table S1.3). It also indicated that skin showing predominantly 
barnacle scars resulted in significantly higher overall cover-
age estimates than attached organisms within this subsa-
mple (β = 0.660, SE = 0.272, p = 0.015; Table  S1.3), a pattern 
consistent across the two imaging platforms. The interaction 
between the time of day when imagery was captured and 
the sampling method was significant (β = 0.060, SE = 0.025, 
p = 0.018; Table S1.3), with the difference between vessel-  and 
drone- based estimates decreasing later in the day for both at-
tached and scar detections (Figure 9).

TABLE 2    |    Summary statistics for the absolute estimates of proportional epibiont coverage (%) derived from vessel-  and drone- based images, 

including computed absolute differences using a pixel- based analysis.

Sampling platform N Min (%) Q1 (%) Median (%) Q3 (%) Max (%)

Vessel 32 0.34 1.04 2.13 3.86 10.93

Drone 32 1.11 2.20 3.10 6.73 16.45

Diff 32 0.09 0.72 1.29 2.87 5.52

Note: Reported values include the minimum, maximum, median, and interquartile range (Q1–Q3). Quantiles are presented here due to the right- skewed distribution 
relative to normality.

FIGURE 7    |    Box plots show the distribution, median (bold horizontal lines), and spread of the paired image data (N = 32) for estimates of propor-

tional epibiont coverage (%) derived from drone (purple) and vessel- based (gold) imagery. Results are grouped by dorsal- surface anatomical regions: 

Tail flukes (n = 13), pectoral fins (n = 6), and rostra (n = 13). Jittered points denote individual observations, with whiskers extending to 1.5 times the 

interquartile range.

Dorsal-side fluke Pectoral fin Rostrum

0

5

10

15

B
a

rn
a

c
le

 E
p

ib
io

n
t 

C
o

v
e

ra
g

e
 (

%
)

Drone-based Vessel-based

 1
7
4
8
7
6
9
2
, 2

0
2
6
, 4

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/m

m
s.7

0
2
5
5
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

7
/0

8
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



12 of 23 Marine Mammal Science, 2026

3.2.4   |   Comparative Analysis of Binary Image Mask 

Outputs by Platform

Pixel counts extracted from BIMs varied consistently across 
image sampling platforms, highlighting systematic differences 
in both segmented anatomical regions and epibiont- affected 
areas of humpback whale skin.

Model selection using AICc supported a Gaussian GLMM that 
excluded all two- way interactions. This model included the ad-
ditive effects of BIM measurement type, age class, and time of 
day (AICc = 321.8, K = 9; Table  S1.2). Fixed effects explained 
90.1% of the variance, while the full model, including Sample 
ID as a random effect, explained 93.4%. The adjusted ICC was 
0.330, indicating moderate among- individual variability, with 
some variance attributable to differences among paired image 
samples (Table S1.4). Later capture times were associated with 
lower pixel counts across all BIMs (β = −0.074, SE = 0.042, 
p = 0.076; Table S1.4).

Pixel counts for anatomical and epibiont ROIs consistently 
differed between image- acquisition platforms. Vessel- based 
BIMs yielded higher and more variable pixel counts than cor-
responding drone- derived BIMs (Table S1.4), especially for ana-
tomical ROIs (range = 105,827–4,976,568 px). Specifically, pixel 
counts extracted from VBIM1 were significantly greater than 
those from the corresponding drone- derived mask type DBIM1 

(β = 3.593, SE = 0.172, p < 0.001; Table  S1.4). This was further 
supported by Tukey post hoc comparisons, which revealed 
that estimates from drone- derived anatomical ROIs (DBIM1; 
range = 4039–53,136 px) were significantly lower than those 
from vessel- based equivalents (estimate = −3.59, SE = 0.172, 

t119 = −20.89, p < 0.0001; Table S1.5). Similarly, segmented epibi-
ont ROIs (VBIM2 and DBIM2) showed significantly lower pixel 
counts in drone images compared to DSLR- derived images (es-
timate = −2.95, SE = 0.172, t119 = −17.13, p < 0.0001; Table S1.5), 
further indicating systematic measurement biases associated 
with image- acquisition method (Figure 10).

Age class (whale size) significantly influenced mask 
pixel count regardless of mask measurement type. Adults 
(β = 1.365, SE = 0.292, p < 0.001; Table  S1.4) and subadults 
(β = 1.322, SE = 0.233, p < 0.001; Table S1.4) consistently pro-
duced higher BIM pixel counts relative to calf counterparts 
(Figure  10). Estimated marginal means (EMMs) supported 
this trend, with log- transformed values increasing from calves 
(8.86% ± 0.16, 95% CI [8.60, 9.18]) to subadults (10.19% ± 0.17, 
95% CI [9.85, 10.53]) and adults (10.23% ± 0.24, 95% CI [9.75, 
10.71]). Consistent with the larger pixel counts observed for 
vessel- based anatomical ROIs, the strongest age- class ef-
fect was detected for VBIM1 ( joint test: F3,119 = 2648.85, 
p < 0.0001).

4   |   Discussion

In this study, we assessed the utility of drone- derived imagery 
for quantifying relative barnacle epibiont coverage on standard-
ized dorsal- surface anatomical regions across age classes of 
breeding stock E1 humpback whales, using pairwise compar-
isons with conventional DSLR- based imaging. Drone imagery 
increased data availability across both study years and yielded 
more comprehensive and repeatable coverage estimates than 
corresponding vessel- based images of the same individuals. 
Although estimates from the two sampling platforms were 
strongly correlated, significant differences in their magnitude 
and consistency were evident. These differences appeared to be 
influenced by the interaction between time of day and image- 
capture method, with additional variation associated with the 
anatomical regions assessed and whale age class (size).

Across humpback whale age classes, drone imagery consistently 
yielded higher estimates of proportional epibiont coverage than 
vessel- based images, indicating a systematic sampling- platform 
effect. On average, vessel- based imagery captured only 58% of the 
proportional coverage recorded by corresponding drone imagery. 
Allometric scaling further indicated that the discrepancy between 
platforms increased as epibiont coverage increased, suggesting 
that vessel- based imagery increasingly underestimated coverage 

FIGURE 8    |    Standard major axis (SMA) regression comparing pixel- 

based estimates of barnacle epibiont coverage (%) between drone and 

vessel- based images. Points are color- coded by age class: Calves (teal), 

subadults (orange), and adults (purple). The dashed gray line denotes a 

1:1 reference slope.
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TABLE 3    |    Results of the one- tailed t- test performed on the proportional relationship between vessel-  and drone- based epibiont coverage 

estimates, reported as the mean proportion of vessel- based estimates relative to paired drone- based estimates, with 95% confidence intervals (CIs).
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at higher infestation levels. Despite these differences, 93.75% of 
paired observations fell within a 5% absolute- difference threshold 
(median = 1.29%), and most vessel- based samples (78.12%) had es-
timated proportional coverages below 5%. These findings suggest 
that although systematic measurement differences exist between 
platforms, they are unlikely to be ecologically significant for most 
assessments of humpback whale epibiont coverage. Overall, our 
study provides empirical support for the use of drone imagery as a 
repeatable, non- invasive method for quantifying epibionts, while 
demonstrating that vessel- based imagery provides broadly com-
parable estimates.

Platform- specific biases were evident in image- segmentation out-
comes. Binary image masks derived from vessel- based imagery 
produced higher and more variable pixel counts than those for 
drone imagery, particularly for masks generated for anatomical 
landmarks. In contrast, equivalent masks generated from drone 
stills yielded lower but more consistent pixel counts. This likely 
reflects greater variability in the viewing angle and orientation of 
fluke images captured during surfacing events with DSLR cam-
eras, which were often not perpendicular to the lens and some-
times included arching of the leading edges (e.g., during dives). 
Such variation can obscure or distort the visible surface area, lead-
ing to differences in pixel- based measurements when compared to 
the top- down perspectives provided by drones. In contrast, DSLR 
imagery more consistently captured dorsolateral rostral regions 

and near- perpendicular views of the pectoral fins, which may ex-
plain the smaller absolute differences in platform- based estimates 
of proportional epibiont coverage for these regions.

Discrepancies in proportional coverage estimates between the 
two imaging platforms were most pronounced during early 
morning captures. Compared to midday sampling, this time is 
associated with lower sun angles (i.e., solar elevations below 
35°), which reduces reflectance back to drone sensors during 
over- water operations (Joyce et  al.  2019; Mount  2005; Ramos 
et  al.  2022), thereby minimizing the risk of oversaturation in 
light- colored pixels (Muslim et al. 2019). By contrast, even good- 
quality vessel- based images captured at near- perpendicular an-
gles may have been susceptible to backlighting effects during 
this time (Urian et al. 2015), potentially obscuring light- colored 
barnacle- scar pixels during color- thresholding segmentation. 
Drone imagery collected at nadir can reduce variation in illu-
mination and shadowing for a given sun angle, supporting more 
consistent exposure across the focal anatomical region (Joyce 
et  al.  2019; Sekrecka et  al.  2020). The top- down perspective 
provided by drone imagery may have enhanced the visibility 
of fine- scale features, such as barnacle scars, even under vari-
able lighting conditions, suggesting a methodological advan-
tage of drones for consistent quantitative epibiont assessment. 
Automatic exposure settings on the drone may also have con-
tributed to platform- specific differences in image contrast and 

FIGURE 9    |    Predicted barnacle epibiont coverage (%) on standardized humpback whale dorsal anatomies, based on a beta- regression generalized 

linear mixed model (GLMM). The interaction between image sampling platform (drone-  vs. vessel- based) and time of capture (a proxy for solar posi-

tion) is shown for imagery captured from 07:00 to 17:00 h. Estimates of proportional coverage derived from drone- based images are shown as purple 

lines, and estimates derived from vessel- based images are shown as gold lines. Shaded ribbons represent 95% confidence intervals, and colored points 

denote raw observations. Left: paired imagery with attached coronulid barnacles; right: paired imagery with barnacle scars.
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therefore epibiont detection. However, only images meeting pre-
defined quality criteria were included in the analysis. Together, 
these findings emphasize the importance of accounting for the 
time of day and solar elevation in cross- platform comparisons, 
as uncontrolled variation in these factors can introduce sys-
tematic biases in quantitative, pixel- based analyses (Sekrecka 
et al. 2020).

Drone- based imaging approaches are increasingly used to as-
sess cetacean epidermal condition and document surface fea-
tures used in individual identification (Bagchi et al. 2025; Evans 
et al. 2026; Lonati et al. 2022; O'Callaghan et al. 2024). Notably, 
Leslie et al.  (2022) estimated dorsal- surface coverage of tattoo 
skin disease- like (TSD- L) lesions on Arabian Sea humpback 
whales using drone imagery and pixel- based proportional anal-
ysis, although they did not perform quantitative comparisons 
with vessel- based images of the same whale. Leslie et al. (2022) 
acknowledged that body curvature may lead to underestimation 
of lesion coverage in distal flank areas, thereby complicating 
quantitative comparisons with vessel- based images, whereas 
we applied standardized, comparable dorsal- surface anatomical 
references to improve the reliability of inter- platform estimates.

Despite our standardized approach, fully paired image data-
sets were not possible because of uncontrolled variables during 
vessel- based sampling. Although drone flight altitudes were rel-
atively consistent, variability in vessel- based BIMs arose from 
several uncontrolled sampling factors, including the consis-
tency in the orientation of anatomical landmarks, the angle be-
tween the observer and the whale at the time of image capture, 

vessel- to- whale proximity, and variation in effective image res-
olution associated with focal length/zoom position. Even after 
filtering vessel- based images by quality grade, such variability 
could not be entirely eliminated, underscoring the inherent 
challenges of standardizing pixel- based measurements from 
lateral observations (Toms et  al.  2020). This limitation sug-
gests that future comparative work may benefit from deriving 
a correction factor to adjust for systematic measurement dis-
crepancies between platforms as preliminary datasets expand 
(Ramos et al. 2022). Nevertheless, overall epibiont- coverage pat-
terns were discernible across both image- acquisition sources, 
and the magnitude of absolute differences between platforms 
was generally small. In the absence of a correction factor, esti-
mates derived from either imagery type may therefore provide 
conservative minimum estimates of humpback whale epibiont 
coverage.

Both drone-  and vessel- based sampling offer distinct advantages 
and limitations for assessing cetacean skin health and surface 
morphology. Drones can capture perpendicular imagery of the 
dorsal surface with substantially higher resolution than that ob-
tained during costly, traditional crewed aerial surveys, which 
necessarily pass over animals at higher altitudes (Hamilton 
and Marx 2005; Hunt et al. 2013). In contrast, vessel- based plat-
forms provide superior visibility in lateral views of cetacean 
appendages, the mouth, and distal body regions often obscured 
in aerial imagery (Minton et al. 2022; Ramp et al. 2021; Raoult 
et al. 2020). Each method entails trade- offs: drones may under-
estimate lateral areas, whereas obliquely angled vessel- based 
images can distort dorsal morphology (Leslie et al. 2022; Vilches 

FIGURE 10    |    Log- transformed pixel values from four binary image mask (BIM) measurement types (DBIM1: drone- based anatomy ROI; DBIM2: 

drone- based epibiont cover ROI; VBIM1: vessel- based anatomy ROI; VBIM2: vessel- based epibiont cover ROI) plotted by age class (calves, sub-

adults, adults). Points show Gaussian GLMM- derived estimated marginal means (EMMs) for each mask type across age classes. Large colored cir-

cles indicate EMMs, and vertical lines indicate 95% confidence intervals. Smaller gray points represent the model- predicted values for individual 

observations.
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et  al.  2023). Nonetheless, vessel- based observations have pro-
vided valuable semi- quantitative information on health status 
and anthropogenic impacts, including the prevalence of entan-
glement scarring and assessments of body condition in some 
species (Hunt et al. 2013; Ramp et al. 2021). Furthermore, these 
observations have facilitated detailed views of macroscopic ec-
toparasites around the eyes and blowholes, as well as evalua-
tions of parasitical prevalence (Boileau et al. 2024; Hermosilla 
et al. 2015; Pettis et al. 2004). However, variations in host phys-
iology, surface exposure, and epibiont attachment sites—for 
instance, along the trailing edges of extremities and extending 
beyond anatomical landmarks—can complicate standardiza-
tion in fully quantitative or proportional analyses of wild pop-
ulations (Dolezal et al. 2023; Ten et al. 2025; Toms et al. 2020; 
Urian et al. 2019).

While we demonstrate that drone- derived imagery can reliably 
detect and quantify both existing and historical epibiont loads 
on the dorsal surfaces of humpback whales, several key limita-
tions remain. The analysis relied on opportunistic data drawn 
from a broader dataset initially collected for photo- identification 
and body condition assessments. Consequently, the number of 
vessel- based images suitable for direct comparison with the 
available drone imagery was constrained, particularly for data 
collected before 2023, when documentation of dorsal surface 
anatomy, such as the head and extremities, was not a targeted 
objective. The absence of systematic variation in drone flight 
altitudes prevented an evaluation of altitude- related pixel mea-
surement bias (e.g., Christie et  al.  2022; Ramos et  al.  2022). 
Furthermore, the small sample size, which was skewed toward 
calves and subadults, precluded robust demographic inference. 
As datasets expand, we anticipate that differences in epibiont 
attachment patterns across age classes and sexes will emerge, 
which were not detectable in the present study. Despite these 
limitations, the effectiveness of pixel- based techniques for as-
sessing proportional epibiont coverage supports their incorpo-
ration into routine drone- based health assessments. Integrating 
image acquisition protocols into field activities may enhance 
the capacity for comparative demographic monitoring and en-
able more detailed longitudinal analyses of epibiont prevalence 
within and among populations. A significant implication of 
these limitations is the potential for demographic bias in epibi-
ont assessments.

Vessel- based images of the anatomical landmarks used in this 
study were predominantly collected in Hervey Bay and were 
disproportionately unavailable for adult whales, limiting rep-
resentation of this demographic in the paired dataset. Because 
this study relied on imagery collected opportunistically during 
concurrent research activities, consistently obtaining suitable 
vessel- based images of the rostrum and dorsal- surface regions 
of the appendages was also constrained. Behavioral differences 
among demographic groups likely contributed to these sampling 
limitations. For example, two of the six adult samples were from 
lactating females, which often spend extended periods resting at 
or near the surface (Franklin et al. 2021; Iwata et al. 2021). In the 
shallow waters of Hervey Bay, mothers with calves infrequently 
raise their tail flukes when diving (Stack et al. 2019), likely be-
cause the shallow environment reduces the need for steep dive 
angles and associated energetic expenditure (Bejder et al. 2019). 
Similar behavioral patterns have also been reported elsewhere 

for lactating humpback whales (Evans et al. 2026), further lim-
iting opportunities to obtain standardized vessel- based images 
of the dorsal fluke surface. In contrast, although calves are 
larger in Hervey Bay than those occurring on breeding grounds, 
their less developed rostral region, combined with their highly 
surface- active behavior (Franklin et al. 2018, 2021), may have 
increased opportunities to capture the anatomical landmarks 
required for vessel- based analyses. Immature females and 
males (subadults) also display complex social interactions and 
non- agonistic behavior with non- lactating mature females in 
Hervey Bay (Franklin et al. 2021, 2012), facilitating more vessel- 
based observations from these cohorts. These findings highlight 
the value of complementary aerial footage, which was less con-
strained by demographic variation in behavior and broadened 
our observational capacity compared to DSLR imaging. Beyond 
improving epibiont assessments, rostral features such as tuber-
cles and scars extracted from drone imagery can also provide 
a reliable means of identifying individuals when conventional 
fluke photographs cannot be obtained, thereby enhancing de-
mographic coverage when documenting individual life histories 
in humpback whales (Evans et al. 2026; O'Mahony et al. 2024).

Although not the focus of this study, a comprehensive analysis 
of all available drone imagery from both years identified three 
additional calves documented in Hervey Bay that exhibited high 
juvenile coronulid barnacle coverage. Together with the calf ros-
trum sample included in the current analysis, these four indi-
viduals comprised 2% of the 184 calves surveyed using drone 
imagery over the two- year study period. For these additional 
encounters, vessel- based images were either unavailable or of 
insufficient quality, reinforcing the increased observational op-
portunities afforded by aerial sampling. High barnacle coverage 
(e.g., IE score of 3) on the anatomical landmarks used in this 
study was estimated at ≥ 10% and ≥ 15% in vessel-  and drone- 
based samples, respectively. Based only on sufficient- quality 
drone- derived image samples, barnacle coverage on two addi-
tional calves was estimated at ~13% for the dorsal- side flukes and 
~18% and ~29% for the rostra (Figures S4 and S5). Low levels of 
barnacle coverage appear to be typical of humpback whale pop-
ulations studied to date. For example, Minton et al. (2022) found 
that 93% of Arabian Sea humpback whales exhibited < 10% bar-
nacle coverage on the ventral flukes, with only one individual 
showing 10%–30% coverage. Although Minton et al. (2022) as-
sessed a different anatomical region using qualitative scoring, 
whereas the present study quantified proportional coverage on 
dorsal anatomical regions, both studies indicate that extensive 
barnacle coverage is uncommon. While coronulids may in-
crease drag (Fernando et al. 2006; Ten, Raga, and Aznar 2022), 
it is thought to have a relatively small impact on overall welfare 
(Geraci and Aubin  1987). Nonetheless, cases of high barnacle 
loading in calves remain rarely documented globally and war-
rant continued monitoring. The use of noninvasive tools such 
as drones offers a valuable means of detecting such events and 
investigating potential links between infestation prevalence and 
skin health (Boileau et al. 2024), particularly in early life stages.

Humpback whales exhibit variable ectoparasite and commen-
sal interactions that vary with latitude, population, and mi-
gratory routes (Abollo et  al.  1998; de Pina and Giuffra  2003; 
Elwen et  al.  2014; Fransen and Smeenk  1991; Iwasa- Arai 
et al. 2017, 2018). This geographic diversity includes Arabian 
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Sea humpback whales, whose year- round residency likely in-
fluences epidermal conditions and associated epibiont assem-
blages (Mikhalev  1997; Minton et  al.  2022). Consequently, 
standardized drone- based surveys incorporated into region- 
specific population health- monitoring frameworks will fa-
cilitate geographic comparisons. Coronulid barnacles are 
believed to spawn and settle in warmer waters, mature during 
host poleward migrations, and then shed after approximately 
1 year (Angot  1951; Newman and Abbott  1980). Accordingly, 
sampling at lower latitudes is likely to be most informative for 
evaluating recent shedding, early attachment, and new col-
onization events, as reflected by the elevated barnacle- scar 
coverages and predominance of attached juvenile barnacles 
observed in our lower- latitude subsample of the E1 population. 
Targeted sampling of this population at higher latitudes would 
likely yield higher coverage estimates of attached Coronula 
spp., which can reach ~5 cm in diameter and 3 cm in height at 
maturity (Kim et al. 2020).

In the present study, the mean drone flight altitude was approxi-
mately 38 m. While no appreciable degradation in image quality 
was evident in the two samples acquired at ~40 m, image qual-
ity across flight altitudes was not formally assessed. The GSD 
(ground- level resolution) achieved during drone sampling was 
sufficient to detect sparse assemblages of coronulids and individ-
ual barnacle scars. However, finer resolution may be required to 
assess commensal densities, estimate their absolute abundance, 
or characterize epibiont morphology. While this study focused 
on relative proportional coverage—a metric we found to be well- 
suited to comparing epibiont coverage among individual whales 
across age classes and body sizes—quantifying the presence 
and abundance of indicator barnacles, such as Xenobalanus glo-

bicipitis (e.g., counts per unit length), may be especially infor-
mative in studies of smaller cetaceans (Carrillo et al. 2015; Ten 
et  al.  2026, 2025; Ten, Konishi, et  al.  2022). Such approaches 
would also reduce the need to restrict analyses to predefined an-
atomical surfaces, enabling the inclusion of epibiota occurring 
along cetacean appendage trailing edges and other external re-
gions. Future work aiming to use altitude- based measurements 
in noninvasive assessments of epibiota should therefore incor-
porate a broader range of species- specific altitude treatments 
(e.g., ±10 m around our mean) and test different drone platforms 
to identify optimal resolutions for diverse epibiont–host sys-
tems (Andriolo et al. 2022, 2023; Ramos et al. 2022). However, 
species- specific adjustments are necessary to mitigate potential 
visual and acoustic disturbances during aerial sampling (e.g., 
Afridi et  al.  2025; Castro et  al.  2021; Lo et  al.  2024; Russell 
et al. 2022; Smith et al. 2016).

We recommend expanding datasets to include larger sample 
sizes representing diverse cetacean host species, including dif-
ferent regional or migratory populations. Although our data 
included complex coastal backgrounds and the graph- cut seg-
mentation approach performed well under those conditions, 
additional validation across a broader range of habitats and 
environmental backgrounds would further establish the gen-
eral applicability of the workflow. Future initiatives focusing 
on physical measures of welfare should establish taxon-  and 
application- specific drone flight altitudes that provide suffi-
cient spatial resolution to consistently quantify dorsal epibiont 
coverage. This may, for example, facilitate the repeatable and 

unbiased assessment of advanced cyamid and diatom infections 
in large whales (Omura 1950; Ten, Raga, and Aznar 2022). A 
dorsal visual index (DVI), proposed by Leslie et al. (2022) and 
based on total visible pixels of the dorsal body, may also sup-
port comprehensive top- down assessments of ectoparasite in-
festations on humpback whales. For instance, whale lice (e.g., 
Cyamus boopis) can proliferate indiscriminately on entangled, 
injured, or immunosuppressed individuals with reduced motil-
ity, leading to perceived skin discoloration (Groch et al. 2018; 
Osmond and Kaufman  1998; Stack et  al.  2024; Vargas- Castro 
et al. 2024). Because the present analysis relied on direct compar-
isons of platform- derived image measurements, post- processing 
adjustments were avoided to prevent potential alteration of vi-
sual features relevant to epibiont detection. Future studies may 
evaluate the use of standardized image- adjustment procedures; 
however, their suitability is likely to depend on the study con-
text, target epibiont- host system, and analytical objectives. 
Additionally, subsurface imagery captured using UAVs could 
prove useful for quantifying ectoparasitic scarring and healing 
rates in rorquals, including those caused by cookiecutter shark 
(Isistius spp.) bites (Herr et al. 2023), thereby helping to address 
quantitative data deficiencies related to understudied or cryp-
tic species (Best and Photopoulou 2016; Ramp et al. 2021; Ten, 
Raga, and Aznar 2022). However, the efficacy of drones in de-
tecting subsurface hosts and their epibiota will depend critically 
on regional water clarity, as well as constraints related to sea 
state and time of image acquisition, including solar angle (Joyce 
et al. 2019; Ramos et al. 2022; Robinson and Visona- Kelly 2025).

5   |   Conclusions

To the best of our knowledge, this study is the first to system-
atically compare drone imagery with conventional vessel- based 
imaging techniques for quantifying coverage of epibiota on dor-
sal surface anatomies of humpback whales. Despite the inherent 
challenges of evaluating paired image data from fundamentally 
different observational platforms, our findings demonstrate that 
drones provide a noninvasive, repeatable, and minimally biased 
platform for quantitative assessments of epibiotic load on indi-
vidual humpback whales. This was supported by low variance 
in our repeated pixel- based measurements (< 1%). Pixel- based 
proportional analysis applied to drone stills offered an effective 
and standardized method for assessing dorsal epibiont coverage, 
applicable across age classes. The approach is particularly well 
suited to demographic groups sensitive to disturbance, such as 
mother–calf pairs, and has potential for applicability to other 
cetacean species. The integration of drone- based epibiont as-
sessments into broader research programs may enable efficient 
inferences on anthropogenic impacts, particularly for assess-
ing the prolonged effects of entanglement, vessel collisions, 
and habitat degradation, and inform conservation strategies 
(Boileau et al. 2024; Correia et al. 2023; Hanninger et al. 2023; 
Minton et al. 2022).

Drones are likely to supplement, not supplant, vessel- based 
imaging techniques in comprehensive evaluations of epibi-
ont–host interactions in large whales. For example, ventral 
surfaces, less commonly captured during drone sampling, in-
clude primary attachment sites for barnacle epibionts in hump-
back whales, such as throat pleats and the genital aperture 
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(Newman and Abbott  1980). Nonetheless, aerial sampling of 
standardized dorsal regions may be selected based on study ob-
jectives and logistical constraints without introducing signifi-
cant ecological bias. However, transitioning between platforms 
can introduce systematic differences in coverage estimates, 
necessitating calibration studies to reduce bias in time- series 
analyses. The accepted threshold (5% absolute difference) be-
tween sampling platform estimates of coverage may be insuf-
ficient for accurately evaluating cetacean lesions of unknown 
etiologies or emerging diseases (Toms et  al.  2020; Vargas- 
Castro et al. 2024). Finally, as drone technology and autono-
mous detection systems continue to evolve, we anticipate that 
quantitative aerial assessments of epibiont–host interactions—
combined with other complementary measures like virologi-
cal surveillance via blow sampling (Sekine et al. 2025)—will 
become an integral component of cetacean population health 
monitoring programs.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1: mms70255- sup- 0001- Table_
S1- S5- Figure_S1- S5.docx. Table  S1:1: Mean and standard deviation 
(SD) of barnacle epibiont- affected percentage coverage estimated from 
imagery of standardized dorsal- surface anatomies obtained from ves-
sel-  and drone- based sampling platforms, and the corresponding differ-
ence in percentage coverage between imaging platforms. Values were 
calculated using six randomly selected paired image sets (n = 6), with 
each paired image, identified by Sample ID, measured five times to as-
sess variance in segmentation techniques, including manual marking. 
Vessel- based image quality was scored on a five- point scale: 5 (excellent), 
4 (good), 3 (average), 2 ( fair), and 1 (poor). Table S1:2: Model- selection 
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results for generalized linear mixed- effects models (GLMMs), ranked 
by corrected Akaike Information Criterion (AICc). Two model families 
were constructed: (1) beta regression GLMMs with a logit link to eval-
uate proportional epibiont coverage estimates, and (2) Gaussian distri-
bution GLMMs with an identity link to assess log- transformed binary 
image mask (BIM) pixel counts. Predictors included categorical vari-
ables: sampling platform technique (drone-  vs. vessel- based method; 2 
levels), BIM type (4 levels), epibiont characteristic (2 levels), anatomical 
region sampled (3 levels), and age class (3 levels), along with the contin-
uous covariates time of day (h) and ground sampling distance (GSD). 
Beta regression models included interactions between sampling tech-
nique and all other predictors, while top- supported Gaussian distribu-
tion models did not. A random intercept for Sample ID was included 
in all models. Final model support is indicated by delta AICc (ΔAICc). 
Table S1:3: Summary of final GLMM with a beta regression distribu-
tion for proportional epibiont coverage as a function of the main effects: 
sampling method (drone vs. vessel image data) and epibiont characteris-
tic (barnacle scarring vs. attached), including the interaction term: time 
of day (h) and sampling method. The estimated coefficients (β) repre-
sent the logit scale of the expected proportion. The model consists of a 
random intercept for Sample ID. The universal precision (ø) parameter 
was not modeled. Table S1:4: Summary of the final Gaussian GLMM for 
log- transformed pixel values from masked imagery using paired vessel-  
and drone- based samples. Fixed effects included age class, binary image 
mask (BIM) measurement type, and time of day (h) at paired image cap-
ture; Sample ID was included as a random intercept. Coefficients (β) are 
reported as contrasts relative to the reference levels (DBIM1 for mask 
type; Calf for age class). Reported estimates are on the log- transformed 
scale for interpretability. Table  S1:5: Pairwise contrasts of estimated 
marginal means (EMMs) from the Gaussian GLMM (identity link) for 
log- transformed pixel counts derived from binary image masks (BIMs). 
Tukey- adjusted pairwise comparisons are shown for BIM measurement 
type (DBIM1, DBIM2, VBIM1, VBIM2) and age class (calves, subadults, 
adults). All contrasts are averaged over the levels of the non- focal predic-
tor. Figure S1: Exemplary drone video stills used for quantifying epibi-
ont coverage that (a) met the robust selection criteria (ROS22_0323) and 
(b) were excluded from pixel- based analysis (DSF22_5365). Figure S2: 
Color- channel isolation for working within the CIELAB color space is 
also referred to as L*a*b*, using a vessel- based image (ROS22_0851): (a) 
original input image, (b) L* channel: luminance or perceptual lightness, 
(c) a* channel: high red- low green, and (d) b* channel: high yellow- low 
blue. Figure S3: Pixel- based analysis of proportional barnacle epibi-
ont coverage (%) for 32 paired image samples from Breeding Stock E1 
humpback whales photographed during concurrent drone-  and vessel- 
based surveys in Hervey Bay, Queensland, and Eden, New South Wales, 
in 2022 and 2023. Purple points denote raw estimates from drone video 
stills, and yellow points denote raw estimates from vessel- based im-
ages. Sample IDs indicate the standardized dorsal- surface anatomical 
regions used for pairwise comparison: dorsal- side flukes (DSF), pecto-
ral fin (PEC), and rostral area (ROS). Error bars represent the standard 
deviation (SD) of coverage estimates for six randomly selected paired 
samples measured multiple times. Figure S4: Pixel- based quantifica-
tion of the proportional coverage of colonized juvenile coronulids on a 
post- neonate humpback whale calf photographed by drone in Hervey 
Bay in 2022, for which no vessel- based image was available for quantita-
tive comparison. Panels (a) and (d) show the original input images of the 
rostrum and dorsal surface of the flukes, respectively. Panels (b) and (e) 
show the secondary epibiont binary image masks created through color 
thresholding of the segmented anatomy masks. Panels (c) and (f) show 
the original images overlaid with the segmented areas affected by colo-
nized epibionts (magenta), estimated at 29.62% and 13.26% proportional 
coverage, respectively. Figure S5: Pixel- based quantification of the pro-
portional coverage of colonized juvenile coronulids on the rostrum of a 
post- neonate humpback whale calf photographed by drone in Hervey 
Bay in 2022, for which no vessel- based image was available for quantita-
tive comparison. (a) Original input image. (b) Segmented area affected 
by epibionts following color thresholding. (c) Original input image over-
laid with the segmented mask (magenta). Proportional coverage of the 
visible rostral area is estimated at 18.27%. 
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