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Jellyfish blooms represent a rapid production of huge biomass with many ecological and economic consequences.
However, their prediction remains elusive because the scale and dynamics of biomass accumulation are difficult
to measure with sufficient spatial and temporal resolution to fully capture their magnitude. Lately, non-invasive
biomass estimations based on unmanned aerial surveys of jellyfish distribution have been implemented. How-
ever, they generally occur at low altitudes and are not adequate to assess the entire spatial dimension of a jel-
lyfish bloom. In this study, a high-resolution camera was on board of a small plane flying at 300 to 700 m altitude
to map the Rhizostoma pulmo (Cnidaria; Rhizostomeae) bloom in an entire Mediterranean lagoon (38 km?), at the
beginning (July), the middle (August), and the end (October) of the 2022 event. Based on image analysis tailored
algorithms we computed and mapped jellyfish densities and biomass for each flight. The maximum biomass was
reached in July (886 t in total, maximum biomass density of 8 kg/100 m?), followed by August (456 t, maximum
biomass density of 3 kg/100 m?). October displayed the least biomass (401 t, maximum biomass density of 3 kg/
100 m?). This approach provides novel insights of the R. pulmo bloom's spatial dimension and details on the
jellyfish patchy distribution and temporal changes in population size structure, allowing detecting different
cohorts. The aerial survey at high altitude proves to be an efficient method to monitor jellyfish blooms dynamics
at coarse scale, although abundance and therefore biomass might be underestimated due to the individuals size
detection limits.

1. Introduction implementation in Europe remains limited so far (Brotz, 2016; Elliott
et al., 2017). In the Mediterranean Sea, landings of jellyfish were highly
unstable and no formal stock assessment frameworks were in place

leading to the collapse of jellyfish fisheries (Brotz, 2016). The ‘bloom

Jellyfish blooms magnitude and frequency seem to have increased
during the last decades with significant consequences on ecosystems and

economical activities (e.g. Graham et al., 2014; Lee et al., 2023;
Richardson et al., 2009). Although jellyfish are often characterized in
terms of their negative impacts on fisheries, which can result in annual
economic losses of millions of dollars, they also constitute a valuable and
largely underexploited bioresource (Uye, 2011; Graham et al., 2014;
Brotz, 2016). In South-East Asia, jellyfish, especially Rhizostomeae,
have been consumed for over a thousand years and high demand re-
mains nowadays (Brotz et al., 2024). Medusae are also exploited in
many other domains such as pharmaceuticals, biotechnologies or
aquaculture (D'Ambra and Merquiol, 2022; Duarte et al., 2022; Graham
et al., 2014). While medusae fisheries are well established in Asia, their

and burst’ nature of jellyfish associated with their patchy distribution
makes stocks management complex. Thus, developing efficient methods
to rapidly and robustly evaluate the available jellyfish biomass is
necessary to understand jellyfish dynamics for ecological and econom-
ical purposes.

Jellyfish exhibit a patchy distribution, often forming high-density
swarms shaped by winds and currents (Hamner and Dawson, 2009;
Fernandez-Alfas et al., 2024; Nagata et al., 2024). This spatial hetero-
geneity poses significant challenges for traditional abundance survey
techniques, such as net sampling and visual transects from vessels (e.g.,
Purcell, 2009; Rowe et al., 2022). While these approaches can provide

* Corresponding author at: MARBEC, Univ. Montpellier, CNRS, Ifremer, IRD, Montpellier, France.

E-mail address: marie.meffre@umontpellier.fr (M. Meffre).

https://doi.org/10.1016/j.ecoinf.2026.103737

Received 27 September 2025; Received in revised form 20 March 2026; Accepted 20 March 2026

Available online 22 March 2026

1574-9541/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marie.meffre@umontpellier.fr
www.sciencedirect.com/science/journal/15749541
https://www.elsevier.com/locate/ecolinf
https://doi.org/10.1016/j.ecoinf.2026.103737
https://doi.org/10.1016/j.ecoinf.2026.103737
http://creativecommons.org/licenses/by/4.0/

M. Meffre et al.

accurate localized estimates, their limited spatial coverage hampers
extrapolation to broader scales and can lead to under- or over-estimation
of population density. Hence, the development and application of
complementary approaches are essential to better capture the spatio-
temporal dynamics of jellyfish blooms.

To address such limitations, over the past two decades researchers
have developed a range of alternative monitoring techniques, including
underwater cameras, LiDAR, sonars, and aerial imagery, sometimes
combined with Artificial Intelligence (AI), alongside citizen science
initiatives (Churnside et al., 2016; Fleming et al., 2013; Gao et al., 2021;
Graham et al., 2003; Han et al., 2022; Kim et al., 2016; Makabe et al.,
2012; Mariani, 2018; Ruiz-Frau et al., 2022; Xiaobin et al., 2021).
Among these, aerial imaging stands out for its capacity to rapidly survey
large spatial extents, making it particularly suitable for detecting mobile
or patchily distributed marine organisms (McGeady et al., 2023; Schaub
et al., 2018). In parallel, recent progress in high-resolution aerial im-
agery (e.g. from drones, ultra-light motorized planes or airplanes) had
made possible accurate non-invasive morphometric measurements
(Gray et al., 2019; Raoult and Gaston, 2018). Planes and drones have
been used to monitor a wide range of marine wildlife in the last decades
including visual and photography-based observations to quantify jelly-
fish from the air (Houghton et al., 2006; Purcell et al., 2000; Rowley
et al., 2020; Uye et al., 2003), with growing use of automated detection
algorithms to reduce the human cost of the analysis (Graham et al.,
2003; Hamel et al., 2021; Mcilwaine and Casado, 2021; Raoult and
Gaston, 2018; Schaub et al., 2018). Hybrid approaches combining
automatic and manual detection have also been explored to evaluate
performance trade-offs (Choi et al., 2021; Rowe et al., 2022).

A wide range of medusae have been monitored using aerial methods,
from small (mean diameter < 30 cm) transparent medusae (e.g. Aurelia
spp. de Lamarck, 1816, Chironex fleckerii Southcott, 1956) (Hamel et al.,
2021; Purcell et al., 2000; Rowley et al., 2020; Schaub et al., 2018; Uye
et al., 2003), to larger (mean diameter > 30 cm) more visible species,
such as Catostylus mosaicus Quoy and Gaimard, 1824-1826, Cyanea
capillata (Linnaeus, 1758), Nemopilema nomurai Kishinouye, 1922,
Phyllorhiza punctata von Lendenfeld, 1884, Rhizostoma octopus (Gmelin,
1791) (Choi et al., 2021; Graham et al., 2003; Houghton et al., 2006;
Raoult and Gaston, 2018; Rowe et al., 2022). Large jellyfish (over 30 cm
of average diameter) are typically monitored using aerial surveys from
planes, as their size allows detection from high altitudes, enabling effi-
cient coverage of vast areas (Graham et al., 2003; Houghton et al.,
2006). By contrast, drones offer distinct advantages: they are cost-
effective, require minimal logistical support, and operate at low alti-
tudes, which permits higher-resolution imaging and more accurate
identification of individual medusae. Nevertheless, their limited flight
autonomy currently restricts their capacity to rapidly survey large
spatial extents.

In this study, Rhizostoma pulmo (Macri, 1778) population dynamics
monitoring was conducted in a mediterranean lagoon using aerial sur-
veys. High-resolution imagery, combined with and a robust image
analysis algorithm, was employed to (i) quantify jellyfish abundance
and estimate total biomass, (ii) characterize size-based cohorts, and (iii)
map the spatial distribution and the extent of the bloom across the
lagoon. While aerial methods have previously been applied to jellyfish
monitoring, our approach provides two key innovations: the estimation
of bloom biomass from imagery and the identification of population
structure through cohort detection. Beyond ecological monitoring, jel-
lyfish, especially Rhizostomeae, are increasingly recognized as a valu-
able bioresource, with potential applications in various industries such
as pharmaceuticals, food, and biotechnology.

2. Material and methods
2.1. Study site and field sampling sessions

Bages-Sigean lagoon (43°05'12.72"N; 3°00'35.3"E) (Aude, France)
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Fig. 1. Location of the boat transects (blue lines), and sampling station (red
dot) used for environmental parameters measurements and nets sampling in
Bages-Sigean lagoon. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

(Fig. 1) is a semi-enclosed lagoon covering an area of 38 km? connected
to the Mediterranean Sea through the sea inlet of Port-la-Nouvelle, in the
south, and mostly alimented in freshwater and nutrients by the channel
of La Robine, in the north. The lagoon is shallow, with maximum and
average depths of 4 and 2 m respectively, which allows reliable detec-
tion of R. pulmo from aerial surveys, even in the deepest areas, as
medusae exhibit limited vertical migration. Moreover, the narrow
connection with the open sea restricts the exchange of individuals,
preventing escape from the lagoon and ensuring that the same popula-
tion of R. pulmo is monitored throughout the study. The lagoon lies
within the protected natural park, “Parc Naturel Régional de La Nar-
bonnaise en Méditerranée” and supports both artisanal fisheries of eels
and touristic activities. R. pulmo is recurrently observed in this lagoon
since 2014 (Stéphane Marin personal communication). A previous study
from Leoni et al. (2021) has shown that three to four successive cohorts
usually occur from June to November in this lagoon.

Temperature and salinity were measured in the lagoon at a single
station with a multiparameter probe (Hanna HI 9829) from late March
to October 2022. Chlorophyll a was measured following the same
method as described in Leoni et al. (2021) (Fig. 1). To account for jel-
lyfish density and biomass, in situ monitoring was conducted in the
lagoon simultaneously with the aerial surveys. Boat-based transects of 1
km were performed at two locations, with two observers counting
medusae by size class (0-5, 5-10, 10-30 and above 30 cm) within a 3 m-
wide corridor on each side of the boat. In addition, net sampling was
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conducted at a fixed station (Fig. 1), and random hand-net sampling was
used to measure individual medusae total length.

2.2. Aerial surveys

Three flights by airplane (Pipistrel Virus) were carried out, on the
12th of July, 31st of August and 4th of October 2022. Each flight covered
the entire lagoon area (Fig. 2). The plane flew at altitudes varying from
140 to 755 m and was equipped with a high-resolution camera (Pha-
seOne IXA 180 with a Schneider-Kreuznach 55 mm f/2.8) offering res-
olution of 10,328 x 7660 pixels. At these altitudes, and with this lens,
ground resolution varied from 1 to 6 cm, allowing to identify R. pulmo
individuals (Fig. 3). The camera was set to record an image every two
seconds.

2.3. Image treatment

2.3.1. Georeferencing the images

Image georeferencing was conducted based on the method described
by Correia et al. (2022). The initial inputs were the geographic co-
ordinates, yaw, pitch (minus 90° as the camera looks down) and roll of
the plane, which were used as proxy for those of the camera. Knowing
geographic location, altitude, yaw, pitch, roll, and camera lens opening
angles (40.2° and 52.0° for the short and long side respectively), the four
corners of each image were projected onto the ground, allowing to
calculate their geographic coordinates. This, in turn, permitted the
calculation of the ground area covered, from which the average pixel-
ground size (PGS) for each image was derived. PGS was used to obtain
the areas in m? from px>.

2.3.2. Isolating the counting area

Medusae are distinguishable on aerial images as small contiguous
bright pixels on darker water background. Unfortunately, other objects
can meet these criteria, such as boats, birds, floating objects, and more
importantly, sun reflections. A first mask (logical true-false matrix) was
calculated based on pixels' brightness in order to flag out these objects.
For our dataset, pixels with both red, green and blue values >250 (image
pixels being coded using 8 bits, i.e. with a maximum of 255) systemat-
ically removed all sun reflections, and most of the remaining objects.

The second challenge was to distinguish water from land in images
that partially included terrestrial areas. Due to significant variations in
lighting conditions and water coloration across the images, colour alone
could not be reliable for this purpose. Instead, the differences in uni-
formity were used to distinguish them. An edge detection algorithm
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followed by line dilatation and hole filling allowed us to efficiently select
pixels belonging to land versus water. Combining these two masks
allowed us to delimit the water area within which the jellyfish were
detected and quantified (Fig. 3).

2.3.3. Detection of the medusae

R. pulmo medusae appeared as ovoid, slightly elongated light blue-
gray spots in the water (Fig. 3). A pixel's brightness threshold followed
by a size filter was used to detect the medusae from the background of
the lagoon. A size limit threshold was fixed to only detect items between
10 and 40 cm. Ten centimeters (2-10 pixels) represented the minimal
size at which a R. pulmo medusae could be detected at the flying alti-
tudes of the plane, using a high-resolution camera. Forty centimeters
corresponded to the largest total length measured in the individuals
sampled from the lagoon in 2022. The PGS of each image was used to
transform these metric limits into pixels according to the altitude. The
number of detected jellyfish was automatically recorded for each image.
An ellipse was drawn around each detected object, the geographic co-
ordinates of the centroid, the major axis length, the area and the ec-
centricity (ratio between major and minor axis) were measured.
Abnormally high values of eccentricity corresponded to floating leaves
of seagrass and were removed from the dataset. The major axis lengths
were proxies for the total length of the jellyfish and were transformed
from pixels to meters by multiplying them with the PGS values.

2.3.4. Waves

Under some specific weather conditions and view angles, small rip-
ples caused by the combined effects of swell and wind resulted in false
positives among the detected medusae. Indeed, these bright ripples were
not always saturated enough to be removed by the sun glare mask and
could thus be detected as jellyfish when they were within the medusae
size range. Instead of trying to remove them individually, we rather tried
to evaluate if an image was at-risk of being concerned with false posi-
tives. This was based on the observation that images with many false
positives showed clear parallel lines of clearer and darker alternances
following swell frequency and/or wind-mediated patterns on the water
surface. More frequent alternances meant more risk. This frequency was
measured using a Fourier transform (FFT) on pixel values along a line
passing through the center of the image. A peak in FFT magnitude was
deemed to occur when considered significant, i.e. when FFT magnitudes
exceeded the threshold of the mean plus three times the standard de-
viation. Since the pattern's orientation could not a-priori be known, this
measure was conducted on all the 18 lines every 10°. When the line
orientation was most orthogonal to the wave pattern, the Fourier

04/10/2022
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Fig. 2. Trajectory and altitude (m) of the plane during the three flights above Bages-Sigean lagoon on the 12/07/2022, 31/08/2022 and 04/10/2022.
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Fig. 3. Process of medusae detection from the images: A = original image, the pixel to ground ratio and the coordinates have been calculated, B = detection and
removal of the land (blue) and the sun glare and any other object out of the water (red), C = mask of the area that will be analyzed (in black), the removed objects
appear in white, D = another image with medusae, E = detection of the medusae in red. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

transform peak was maximum and then selected as the peak for this
image. Absence of peak or low maximum peak value indicated calm sea
and low risk, whereas high maximum peak value indicated high risk of
false positive in the medusae count.

As a conservative measure, and due to the large volume of data, only
images without significant peak or with maximum peaks below the
median values of all peaks calculated on the 3 flights were selected, i.e.
1.162 x 1073,

2.3.5. Comparison with manual detection of the jellyfish

Jellyfish were manually counted by jellyfish experts on 21 images
sampled randomly in the three flights. Each image was counted by two
to four different experts. The images were selected for their variation in
jellyfish density. Jellyfish in these images were marked with a red dot in
an image editor. The final counts were obtained using a code to detect
the number of red dots per image. This colour was chosen because it was
not naturally present on the images. The results were compared with
those obtained automatically.

2.4. Statistical analysis

2.4.1. Biomass per 1 oom?
The biomass was determined for each jellyfish using Leoni et al.
(2021) relationship between wet weight and size for R. pulmo:

WW = 0.19 x TL%%

Where WW is the wet weight (g) and TL the total length (cm) of the
jellyfish.

The biomass per 100m? was then determined by dividing the total
biomass of the image (kg) by the area occupied by the water in the image
(m?) and multiplying the result by 100.

2.4.2. Biomass maps

The map of the lagoon was divided into squares of 300mx300m. In
each square, the average biomass per 100m? was calculated from all the
images which central coordinates fell in the square area. The maps were
constructed for each survey date using a shapefile of the lagoon and the
packages “sf”, “sp” and “ggplot2”in Rstudio. As all the maps were not

completely covered by the images, mostly due to the removal of the
images with FFT above the median, the maps were interpolated. The
interpolation was done using a kriging method which considers borders
and has been proven to be efficient for mapping biomass distribution
(Oliver and Webster, 1990; Chen et al., 2019). An exponential model
was used to calculate the variogram as this model has the lower RSS
score and is advised for patchy distribution with sharp edges (Webster
and Oliver, 2007). All the grouped statistics were calculated using the
package “dplyr” and “gstat” in Rstudio.

2.4.3. Cohorts' detection

A random sample of 10,000 medusae total lengths (cm) was selected
for each flight. The sampling and the process of cohorts' detection were
repeated three times for each flight to ensure the stability of the results.
Cohorts were detected based on the distribution of the sizes frequency.
Each cohort corresponds to a fitted lognormal function, the number of
gaussian curves that best fits the distribution was determined using the
package “Mixdist” in Rstudio. The parameters associated with each
cohort distribution (proportion of the cohort in the data, mean and
standard deviation values) were used to calculate the probabilities of
belonging to each cohort for an individual. The individuals were then
associated with the most probable cohort for every dataset. A von Ber-
talanffy growth function (VBGF) was calculated only for the third
cohort. Indeed, individuals of the first cohort had already reached their
maximal size in July and, therefore, their growth was not observed in
August or October. The second cohort was only detected for two dates,
which is not enough to properly estimate medusae growth. Finally, the
individuals of the fourth cohort were only observed on the last date of
the survey. The asymptotic length (Lipf) was fixed at 40 cm, the
maximum total length detected during the in situ jellyfish samplings
(unpublished results). This parameter had to be fixed because of the
limited number of dates, thus only ty and the growth coefficient (K) were
estimated from the function applied to empirical data. The VBGF func-
tion was calculated in Rstudio using the “nlstools” and the “FSA”
packages.
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3. Results
3.1. Environmental conditions

Temperature in the lagoon varied between 12.3 (end of March) and
26.2 °C (mid-June) (mean = 20.8 + 5.1 °C) (Fig. 4 A). Salinity increased
all along the summer, going from 15.0 at the end of March to 44.5 at the
beginning of October (mean = 33.8 + 8.6) (Fig. 4 B). Chlorophyll a
peaked in May (2.17 + 0.40 pg/L) and was at its lowest in mid-July
(0.23 + 0.02 pg/L); the overall mean was 0.95 + 0.58 pg/L (Fig. 4 C).

3.2. Flights characteristics

The airplane flew across the entire lagoon during all the flights,
nevertheless, variations in the plane altitude and trajectory resulted in
differences in the surface area covered. The July and October flights,
conducted at higher altitude (mean altitude >300 m) covered the whole
lagoon. In contrast, the August flight, flown at a lower altitude (around
260 m), and covered less lagoon surface. Thus, higher altitude is asso-
ciated with greater coverage of the study site (Fig. 2, Table 1).

More than 2000 images were taken in Bages-Sigean lagoon during
each flight (Table 1). The vast majority of them allowed for medusae
detections. However, after removing images with significant ripples that
could lead to false positives, the number of images used for the maps was
just under 2000 for flights 1 and 3, and less than 1000 for flight 2
(Table 1).

Most of the detected jellyfish measured about 30 cm total length.
Adult specimens (total length > 15 cm, as defined by Leoni et al. (2021))
represented the majority of detected individuals, even in July. The mean
size of jellyfish mean size slightly decreased over time, and the mean
weight, calculated from total length measurement, followed the same
trend. The highest total biomass in the lagoon was observed in July and
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Fig. 4. Temperature (°C), salinity and mean =+ sd chlorophyll a (pg/L) from
Spring to Autumn 2022 in Bages Sigean lagoon (France).
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decreased in the following months. By October, the total biomass was
slightly more than half of the value observed three months earlier
(Table 1).

3.3. Automatic vs. manual counts

Medusae were counted manually in 21 images from the three flights
to assess the algorithm's performance. The standard error between
counters varied from 0 to 1360 jellyfish per picture (Fig. 5). Visual
counts significantly differ from automatic counts (Wilcoxon-Mann-
Whitney test, p-value <0.001) (Fig. 5). The August flight displayed a
larger discrepancy compared to the other flights, with many false posi-
tives from automatic detection (Fig. 5).

Higher altitudes reduce detection accuracy, as the medusae are less
visible, leading to variations in results between automatic and manual
detection, as well as between the manual counters (Fig. 5). The removed
objects of the mask are surrounded by a buffer, meaning that some
medusae near suppressed items, such as sun glare, might be excluded
from the analysis. Thus, when large areas are removed from the image,
the smaller analyzed area may result in fewer medusae being detected.
Additionally, small sun glare spots on ripples can be misidentified as
jellyfish by the algorithm. These variables are positively correlated with
the difference between manual and automatic counts (Spearman's co-
efficients of correlation: 0.52 for the FFT peak height, 0.30 for the alti-
tude and 0.20 for the area analyzed). The strongest correlation is with
the FFT peak height, which was higher on the flight of August than on
the other flights (Fig. 5). The false positives induced by the ripples
explain the differences between the visual and automatic counts.

3.4. Medusae biomass

Boat transects occurred simultaneously to flight surveys. R. pulmo
was only observed during transects carried out on 12/07/2022. Biomass
estimates of 0.11 kg per 100 m? and 0.02 kg per 100 m? were obtained
from the two transects (Fig. 1). Individuals under 10 cm contributed up
to 2% of the total biomass, while individuals between 10 and 30 cm and
above 30 cm represented 74% and 23% respectively of the total biomass.
To support size calibration from aerial imagery, individual measure-
ments were obtained in the field. On 12/07/2022, mean jellyfish size
was 27.4 + 4.0 cm (n = 52; range: 19.5-40.0 cm). Similar sizes were
observed on 31/08/2022 (28.0 & 4.1 cm, n = 50), while a decrease in
mean size was observed on 04/10/2022 (25.9 + 6.6 cm, n = 42). No
R. pulmo were detected in 200 or 700 pm plankton net samples.

As expected, jellyfish were distributed in large patches at all sur-
veyed dates (Fig. 6). The total estimated biomass of medusae in the
lagoon was the highest in mid-July (886 t) and decreased progressively
through time, being almost halved by late August (459 t). The lowest
biomass detected is 401 t in early October (Fig. 6).

In mid-July, two main medusae patches were present in the center
part of the lagoon. The patch with the higher biomass density covered an
area of about 2.1 km? in the West of the lagoon (5.5% of its area). Its
density starts at 3 kg/100 m? and increase towards the lagoon center
until reaching 8 kg/100 m?. A second major patch was detected in the
East of Bages-Sigean lagoon, with a smaller area of 2.4 km? (6.3% of the
lagoon) and a density from 3 to 5 kg/100 m? (Fig. 6). Additionally, a
smaller patch (0.6 km?) with a similar density variation was present in
the East of the lagoon. In the southern part of the lagoon, two patches of
0.7 km? each exhibited densities ranging from 3 to 4 kg/100 m? (Fig. 6).

By the end of August biomass densities were reduced and only one
main patch was detected. This patch covered 6.1 km? (16.0% of the
lagoon), with densities ranging from 1 to 3 kg/100 m2. At the center of
the patch, the denser core spanned 1.8 km? and had a density of 2-3 kg/
100 m2. During this survey, images deletions led to areas without jel-
lyfish estimation (Fig. 6). Two less dense patches were detected at the
western and southern extremes of Bages-Sigean with areas of, respec-
tively, 2.8 and 3.9 km? (7.4 and 10.3% of the lagoon) and smaller
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Table 1

Ecological Informatics 95 (2026) 103737

Characteristics of each flight analyzed images and biomass estimation. Images out of Bages-Sigean lagoon were not considered. The images used for the maps were

filtered to have a frequency of waves inferior to the median of all flights.

Flight Altitude Area covered Number of Pictures with Pictures used for Mean analyzed Mean medusae total Mean biomass per
date (m) (Km?) pictures detected jellyfish the analyses area/picture length (cm) medusae (Kg)
(% lagoon) (%total) (%total) (km?)
12/07/ 612 + 55 52.8 (100%) 3120 2635 (84%) 1918 (61%) 0.52 + 0.01 30.5+5.2 1.6 + 0.6
22
31/08/ 260 + 29 35.0 (92%) 2498 1805 (72%) 666 (26%) 0.03 + 0.01 28.8 +5.7 1.4+ 0.7
22
04/10/ 338 + 40 42.2 (100%) 3663 3438 (93%) 1975 (54%) 0.03 + 0.05 26.9 £ 6.1 1.2+ 0.7
22
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Fig. 5. Number of medusae visually counted in orange (mean =+ sd between counters) vs. medusae automatically detected (in green) in images sampled from the
three flights. Altitude (m), FFT peak value (cf. methods, section 2.3.4) and analyzed area (m?) of each image are indicated. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

densities below 1.8 kg/100 m?.

By early October, jellyfish patches were more scattered than in
previous surveys. The denser patch was in the eastern part of the lagoon,
as in the first flight, covered an area of 1.5 km? with a density ranging
from 1 to 3 kg/100 m2. The density and area of the second main patch, in
the western part, were reduced (1 to 2.5 kg/100 mz, 0.7 kmz). Addi-
tionally, the six interconnected small patches (1 to 2 kg/100 m?) covered
a consequent area of about 10.2 km?. In total, all the patches accounted
for 32.6% of the lagoon (Fig. 6).

3.5. Cohorts

The multimodal analysis on the total length frequencies revealed two
to three log normal distributions per flight (p-values <0.001), indicating

the presence of four cohorts (Fig. 7). The first cohort was only detected
in July, as individuals reached their maximum size of 30-40 cm by that
time. The second cohort was the most abundant in July, spanning a wide
size range from 20 to 40 cm. This cohort likely ended in late August, with
individuals between 30 and 40 cm. The third cohort was present from
July to October. Medusae under 20 cm of total length are detected in
July, then mostly between 20 and 35 cm in August where they represent
the main cohort. This cohort likely ended in October where most of the
individuals exceed 30 cm of total length. The fourth and last cohort were
only detected in October, with medusae ranging from under than 20 to
30 cm in total length (Fig. 7).

A VBGF was calculated for the third cohort as this is the only cohort
whose individual's growth was observed across all three surveys. The
growth coefficient was K = 5.18/year. The third cohort may have started
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in May (tp = 1.15) and ended in October (Fig. 7).

4. Discussion

4.1. Methodological considerations: strengths and limitations of aerial
surveys

The complete aerial coverage of the Bages-Sigean lagoon to monitor
Rhizostoma pulmo blooms was achieved using a light plane, an approach
that overcomes the spatial limitations of drones. The observed patches
(1.5-6.1 km?, or up to 32.6% of the lagoon surface) fall within the broad
range reported for jellyfish aggregations worldwide but are relatively
small compared with massive coastal blooms (Graham et al., 2003;
Houghton et al., 2006). The aerial coverage of the whole lagoon in a
single day represented a major logistical challenge, which justified the
use of a plane instead of drones, whose limited autonomy restricts the
area they can cover (Table 2; Schaub et al., 2018). Previous studies have
similarly used small planes to survey jellyfish aggregations and have
reported a spatial coverage spanning several km? (Graham et al., 2003;
Houghton et al., 2006), whereas drones typically capture only relatively
small patches (e.g. Schaub et al., 2018). Reported jellyfish patch sizes
vary greatly across species and regions, for instance, Aurelia spp. patches
have ranged from tens of m? in Alaska (Purcell et al., 2000) to several
patches >314 m? (covering a total area of 2.35 km?) in Japan (Uye et al.,
2003), and Rhizostomeae aggregations have reached up to 150 km? for
P. punctata in Lake Borgne (Graham et al., 2003) and 14-4600 km? for

Table 2
Review of the total area covered during jellyfish surveys using aerial imagery.

Altitude
(m)

Total area covered Aircraft Species Source

Hamel

et al., 2021
Rowley

et al., 2020
Raoult and

60 m transect Drone 10 Aurelia sp.

Chironex

Drone 6-10 fleckeri

1750-2450 m?
Catostylus

Drone 70 N
mosaicus

75,000 m? Gaston,
2018
74,000-150,000 m?
(22,459 + 7541 m? x 5
sites)
35,0200,000—52,800,000 Plane 260-612 Rhizostoma
m pulmo
Phyllorhiza

punctata

Rowe et al.,

Drone 6.7 2022

Cassiopea sp.

This study

Graham

100-325 et al., 2003

> 150,000,000 m? Plane
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R. octopus in the Irish Sea (Houghton et al., 2006). The relative smaller
aggregations observed in this study ranging from 1.5 to 6.1 km? likely
reflect the perennial, low-recruitment nature of the lagoon population,
in contrast with the reported large coastal blooms in open ecosystems.

Aerial surveys are increasingly used to monitor jellyfish aggrega-
tions, often in combination with nets, boat transects, or acoustic
methods to capture both horizontal and vertical distributions (Hamel
et al., 2021; Purcell et al., 2000; Uye et al., 2003). Several non-invasive
technologies such as acoustic and acoustic cameras have been demon-
strated efficient to identify, detect and evaluate the density of jellyfish
(Makabe et al., 2012; Wang et al., 2025). These approaches are partic-
ularly useful for determining the vertical distribution of jellyfish in the
water column and for detecting small specimens, typically above 4 cm of
diameter (Han and Uye, 2009; Makabe et al., 2012; Wang et al., 2025).
However, applying such technologies at the scale of an entire lagoon
would require the deployment of multiple sensors to ensure adequate
spatial coverage. In the Bages-Sigean lagoon, this would have involved
substantial logistical constraints and costs, especially given the presence
of ongoing fishing and touristic activities. In contrast, the shallow depth
of the lagoon (approximately 2 m) allows direct visualization of Rhi-
zostoma pulmo, making high-altitude aerial surveys a practical and
efficient approach for obtaining accurate abundance estimates over
large spatial scales. Whole-lagoon coverage minimized the risk of over-
or underestimation associated with discrete transects, which can inflate
density estimates by several-fold due to patchiness (Rowe et al., 2022).
Indeed, medusae patchy distribution creates strong density variations
limiting the generalization of local measurements. Rowe et al. (2022)
compared Cassiopea sp. medusae counts from boat visual transects,
drone transects and drone covering entire sites. They concluded that the
global density calculated from the transects was overinflated by more
than 300% for drones transects and almost 200% for direct observations
from boats transects, regarding the global density obtained by analyzing
whole sites. In this study, the biomass determined from visual transects
and estimated through image analysis were very different for the same
area on 12/07/2022 (i.e. 0.11 and 0.02 kg/100 m? observed during
transects 1 and 2 correspond to 3.2 and 1.8 kg/100 m? in the map).
These discrepancies likely reflect the strong spatial heterogeneity of
jellyfish distribution within the lagoon. Aerial survey grid cells represent
areas of 300 x 300 m (0.09 kmz), whereas visual transects sample only
narrow corridors (approximately 0.006 km?). This interpretation is
supported by hand-net sampling results, as no jellyfish were captured at
the fixed station while aggregations were detected elsewhere in the
lagoon. Therefore, covering the entire lagoon across multiple dates
during the bloom provides a more reliable method than extrapolation
from discrete local transects.

Automated image analysis further increased efficiency, processing
>2000 images per flight. The choice of developing an Al-free code
tailored to the images was driven by three key constraints: the quantity
of pictures, the resolution due to high altitude, and the specificity of the
masked area. Common methods for automatic detection and counts of
medusae used in aerial surveys analysis include threshold-based image
processing (Hamel et al., 2021) or image treatment software (Choi et al.,
2021; Graham et al., 2003; Raoult and Gaston, 2018), as well as Al-based
approaches (Mcilwaine and Casado, 2021). While image processing
software allows for some threshold adjustments, it does not offer the
level of specificity that a custom code based on the analyzed images can
provide. Additionally, AI implementation would have required a high
degree of certainty in manual jellyfish identification to train the model.
Mcilwaine and Casado (2021) developed their convolutional neural
network using images taken at relatively low altitude (100 m), where
jellyfish identification certainty was high, which was not possible in our
case given the substantially higher altitude of the flights over Bages-
Sigean lagoon.

Evaluation of the algorithm performance, by comparison with
manual counts, revealed the influence of surface ripples, altitude and
sun glare, requiring careful filtering of images. Medusae abundance
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from aerial images yielded results comparable to those of nets or visual
boats transects (Hamel et al., 2021; Rowe et al., 2022; Rowley et al.,
2020), indicating that aerial monitoring is a valuable approach. In
addition, automated detection and manual counts of the jellyfish were
similar in Raoult and Gaston (2018) and Hamel et al. (2021), but these
results derived from aerial images taken from drones at low altitude
(Table 2). In this study, a significant difference between automatic and
manual counts was detected from the analysis of images taken at high
altitude (Fig. 5). Indeed, many environmental factors (e. g. waves,
background heterogeneity, sun glare) can induce false positives.
Accordingly, filters are applied to the images during the analysis (Choi
et al., 2021; Hamel et al., 2021). Adapting flight schedules to favorable
weather conditions, such as cloudy and windless days, may help miti-
gate these problems (Rowley et al., 2020; Schaub et al., 2018). Never-
theless, weather conditions in Bages-Sigean are, most of the time, windy
and sunny. Technical solutions may be considered such as polarizing
filters or adapting the camera angle (Schaub et al., 2018). High primary
production might also reduce water clarity in lagoons, restraining
consequently jellyfish detection. These results highlight both the po-
tential and the limitations of aerial surveys: they provide robust large-
scale coverage but remain sensitive to environmental conditions and
require tailored analytical workflows.

4.2. Bloom biomass, seasonal dynamics and resource potential

Our results confirm a strong seasonal peak of R. pulmo biomass in
July, with a marked decline in August and October. The sharp increase
in temperature observed from April to June (exceeding 10 °C) may have
triggered strobilation of R. pulmo polyps and the release of ephyrae. In
addition, the first cohorts likely benefited from the chlorophyll-a peak
observed in May-June, potentially enhancing zooplankton availability
and thereby supporting jellyfish growth through bottom-up processes.
The overall pattern of R. pulmo population dynamics broadly aligns with
previous observations in the Bages-Sigean lagoon (Leoni et al., 2021),
although the secondary autumn peak reported in 2019 was not observed
in 2022. Such discrepancies reflect interannual variability in bloom
dynamics underscoring the need for long-term monitoring.

Medusae biomass derived from aerial images are consistent with in
situ observation, confirming that aerial surveys are a suitable method for
estimating jellyfish biomass (Leoni et al., 2021). Raoult and Gaston
(2018) considered the area of half of the ellipse of the spotted in-
dividuals as a proxy for the jellyfish diameter from which biomass was
then estimated. In this study, a similar approach was applied, using the
major axis of the detection ellipse to determine the total length of
medusae for biomass calculations. Like C. mosaicus (Raoult and Gaston,
2018), R. pulmo mostly swims horizontally, parallel to the surface. Given
that the lagoon is shallow and the visibility high, the entire bloom's
biomass could be estimated from a single flight, overcoming the chal-
lenges posed by the high spatial and temporal variability of jellyfish.

Estimated total biomass ranged from 401 to 886 t, with values
halving within three months. This decline likely reflects both natural
mortality and a progressive reduction in medusae size, consequences of
their sexual reproduction (Leoni et al., 2021). Individuals under 10 cm
were not considered in the analysis and therefore the biomass is
underestimated. During the field sampling, individuals under 10 cm
were observed only in transects on the 12/07/2022. They represented
2% of the total biomass, accounting for 18 t of the total biomass estimate
in the lagoon through imagery on the same date. Compared with other
regions, biomass levels in Bages-Sigean were higher than those reported
for R. octopus in Carmarthen Bay (40-594 t; Elliott et al., 2017), and the
347 t of Catostylus mosaicus in Smiths Lake (Australia, Raoult and Gas-
ton, 2018). However, they represent only 5% of the massive P. punctata
aggregations in the Gulf of Mexico (~19,300 t; Graham et al., 2003).
Thus, R. pulmo blooms in the lagoon fall within the global range of
Rhizostomeae biomass values, while reflecting the unique dynamics of a
perennial, lagoon-based population.
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Rhizostomeae jellyfish are commercialized for applications in phar-
maceuticals and biomedicals fields or for food (Leone et al., 2015; Brotz
et al., 2024). R. pulmo contains many compounds of interest to these
industries, especially collagen, but also antioxidant peptides and other
bioactive molecules, as the market for jellyfish as a food item is not
developed in Europe (Leone et al. 2015; Brotz et al., 2024). Artisanal
fisheries are already present in Bages-Sigean thus harvesting jellyfish
when they are massively present in summer could represent an inter-
esting complementary activity for fishermen. As medusae are produced
by polyps which will not be harvested, R. pulmo stock management
could, at first sight, be considered as simple considering that fishing all
the pelagic population will not impact the production of the year after.
However, estimating sustainable catch volumes is not yet possible since
perspective on jellyfish long-term dynamics is lacking; for example,
while many scyphozoan species present asexual reproduction strategies
with budding and high substrate colonization rate, R. pulmo polyps tend
not to expand in large colonies and, in contrary, are embedded. The
fragility of those benthic populations is still to be studied and therefore
no prediction can yet be made on stock sustainability. This evaluation of
their biomass in the lagoon at large scale was never done before and
could represent a first step to assessing their rentability. The amount of
R. pulmo present in the lagoon might be of interest for fisheries, how-
ever, extreme interannual variations may occur in jellyfish populations
(Brotz, 2016; Thibault et al., 2024). This underscores the need for
long-term monitoring and a better understanding of the species life cycle
before considering any fishery activity (Brotz, 2016). For instance, while
R. pulmo have been harvested in Turkey for 22 years, the fishery faced
collapse due to the strong variation in landings (0-4000 t/year) and the
inability to predict jellyfish blooms (Brotz, 2016).

4.3. Cohort structure and population growth

Aerial monitoring revealed the presence of four R. pulmo cohorts in
2022, while the presence of a fourth cohort was only suggested in 2019
(Leoni et al., 2021); this dynamic is consistent with observations from
the Mar Menor (Fernandez-Alias et al., 2020). Cohort timing corre-
sponded closely between 2019 and 2022, likely reflecting comparable
environmental conditions, with temperatures, salinity and Chlorophyll
within similar ranges for both years (Fig. 4; Leoni et al., 2021). The first
cohort started before July, as adult individuals (total length > 15 cm)
were detected during the first flight, consistent with Leoni et al. (2021),
who identified the first juveniles (< 15 cm) in April. The similar
phenology of R. pulmo 2019 and 2022 cohorts suggests similar VBGF
values. Growth analysis revealed an asymptotic size of 40 cm and a
growth coefficient of 5.18 per year, comparable to values reported for
the first cohort of R. pulmo in 2019 (K = 4.47 per year, Liys = 40.95 cm;
Leoni et al., 2021) and other Rhizostomeae such as P. punctata (K = 4.69
per year; Garcia and Durbin, 1993 in Palomares and Pauly, 2008). These
consistencies support the reliability of cohort detection from aerial im-
agery. In addition to the VBGF, the growth rate calculated for the third
R. pulmo cohort of 2022 (1.86 mm/day) falls within the growth rates
observed for the 2019 cohorts: 1.5-2.3 mm/day (Leoni et al., 2021),
confirming the reliability of the aerial survey for growth rate assess-
ment. However, some limitations remain: only three sampling dates
were available in our study and individuals under 10 cm were unde-
tectable. Adjustment to the protocol such as flying at lower altitudes,
using a camera objective with a higher resolution (e.g. 80 or 110 mm
instead of 55), and increasing the frequency of flights, could improve the
detection of smaller individuals and enhance cohort monitoring accu-
racy. Furthermore, estimated biomass density could not have been
calibrated with field sampling and must therefore be approached with
caution. In addition, the bloom onset still requires in situ monitoring
either through polyps' strobilation (which has not yet been observed in
the field for R. pulmo) or the first pelagic stages (e.g. ephyrae), which
cannot be detected via aerial imagery due to their size (< 1 cm).
Consequently, integrating in situ sampling with aerial monitoring
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remains essential for linking strobilation events to cohort formation, as
well as evaluating biomass estimation accuracy.

5. Conclusion and perspectives

The aerial survey of R. pulmo in Bages-Sigean lagoon has proven to be
an efficient and robust method for monitoring jellyfish biomass and
cohorts' dynamics throughout the blooming season. By providing rapid,
non-invasive and detailed data on medusae size and distribution, aerial
survey complements traditional methods such as nets and boats surveys.
These advantages highlight the potential of the aerial approach for stock
assessment of medusae, both for exploitation and ecological purposes.
The method is particularly powerful in shallow systems, where direct
visualization is possible, and where whole-site coverage can minimize
the biases of traditional local transects. However, this approach is con-
strained by environmental conditions, flight altitude, limited ability to
detect early life stages, and high operational costs.

Future directions should include integrating aerial surveys with
complementary tools, such as simultaneous net monitoring, acoustic
methods, and Al-based image recognition, while building long-term
time series. Applying Deep Learning approaches to aerial image anal-
ysis could improve jellyfish detection accuracy and potentially allow
faster processing of new images once the model is trained. Although this
was beyond the scope of the present study, comparing Al-based results
with traditional methods could provide valuable insights into optimal
approaches for analyzing aerial images of jellyfish blooms, particularly
under varying environmental conditions and depending on the study
objectives. Such efforts are critical not only for advancing ecological
understanding of jellyfish bloom dynamics and evaluating their poten-
tial as a sustainable bioresource.
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