
ARTIC
LE

 IN
 PRESS

Article in Press

High-frequency observations during Adriatic 
mucilage event reveal unique phytoplankton 
traits and diversity response

Scientific Reports

Received: 21 May 2025

Accepted: 2 December 2025

Cite this article as: Vlašiček I., 
Pfannkuchen D.M., Tanković M.S. et al. 
High-frequency observations during 
Adriatic mucilage event reveal unique 
phytoplankton traits and diversity 
response. Sci Rep (2025). https://doi.
org/10.1038/s41598-025-31369-4

Ivan Vlašiček, Daniela Marić Pfannkuchen, Mirta Smodlaka Tanković, Ana Baričević, 
Tjaša Kogovšek, Nataša Kužat, Mia Knjaz, Lana Grižančić, Ivan Podolšak, Ariana 
Turković, Robert Šulc, Robert Kopal, Mario Špadina & Martin Pfannkuchen

We are providing an unedited version of this manuscript to give early access to its 
findings. Before final publication, the manuscript will undergo further editing. Please 
note there may be errors present which affect the content, and all legal disclaimers 
apply.

If this paper is publishing under a Transparent Peer Review model then Peer 
Review reports will publish with the final article.

https://doi.org/10.1038/s41598-025-31369-4

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1038/s41598-025-31369-4
https://doi.org/10.1038/s41598-025-31369-4
https://doi.org/10.1038/s41598-025-31369-4
http://creativecommons.org/licenses/by-nc-nd/4.0


ARTIC
LE

 IN
 PR

ES
S

High-Frequency Observations During Adriatic Mucilage Event Reveal Unique 

Phytoplankton Traits and Diversity Response 

 

Ivan Vlašiček1, Daniela Marić Pfannkuchen1*, Mirta Smodlaka Tanković1, Ana Baričević1, Tjaša 

Kogovšek1, Nataša Kužat1, Mia Knjaz1, Lana Grižančić1, Ivan Podolšak1, Ariana Turković1, 

Robert Šulc2, Robert Kopal3,2, Mario Špadina2, Martin Pfannkuchen1 

 

1Ruđer Bošković Institute, Center for Marine Research, Rovinj, Croatia 
2SeaCras, Zagreb, Croatia 
3Algebra Bernays University, Zagreb, Croatia 

 

*Corresponding author email: dmaric@irb.hr 

Abstract 

Mucilage aggregation is a striking phenomenon in the northern Adriatic Sea, reappearing 

massively in surface waters on the Istrian coast in 2024 after 20 years. Formed through 

polymerization of exuded sugars during microphytoplankton blooms, mucilage events are hard to 

capture with traditional monitoring. Here, we used real-time in situ sensors, satellite data and 

daily pulse-shape flow cytometry to analyze phytoplankton dynamics during this event. 

Mucilage formation was linked to rising temperatures and Po River-induced salinity drops. 

Microphytoplankton species like Cerataulina pelagica, Cylindrotheca closterium, 

Thalassionema spp., and Gonyaulax fragilis showed as important taxa in each different phase of 

the phenomenon. Aggregates consisted mainly of single cells. Mucilage periods featured low 

diversity and thicker, more complex cells, unlike autumn blooms which showed higher diversity, 

chain-forming colonies, and more pigments. Our findings highlight the key role of 

microphytoplankton and single cells in mucilage dynamics and the influence of environmental 

factors like temperature, wind and freshwater inputs on phytoplankton structure and biomass in 

coastal ecosystems. 
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Introduction 

The northern Adriatic Sea is the shallow and northernmost part of the Mediterranean. It is under 

direct influence of one of the largest freshwater inputs into the Mediterranean. Meteorological 

and hydrological characteristics result in relatively long retention times of water masses in the 

northern Adriatic. The combination of the abovementioned renders the area one of the most 

productive areas in the Mediterranean with strong west to east gradient. The area is well known 

for high nutrient concentrations and phosphate limitation throughout the year1–3. Marine snow 

and larger mucous aggregates are also well-known phenomena for the area4,5. While marine 

snow and macroflocs exhibit a great morphological and functional diversity and play roles in 

vertical transport of organic matter6, mucilage aggregates are similar but different phenomena. 

Large mucilage aggregates of up to several meters can form in the water column and frontal 

surface and subsurface (false bottom) organic layers, from hundreds of meters to several 

kilometres long, may develop. The massive formation of these macroaggregates is referred to as 

the “mucilage phenomenon” in the recent literature, which is further explored in this study. 

This phenomenon called “mare sporco" (dirty sea) first attracted scientific attention in 1872 in 

the Gulf of Trieste7, although the event was previously mentioned in a document of 17298. It was 

described successively in scientific journals 1729, (1744?), 1872, 1880, 1891,1903,1095, 1920, 

1927, 1929, 1930, 1941. 1949, (1973), 1983,1984, 1986, 1988, 1989,1991,1997,2001, 

2002,2003, 2004 7,9–31.8. Mucilage events are natural phenomena which were extensively studied 

in the past by many scientists in the region but also in other seas where they occur, like 

Tyrrhenian Sea34,35, Marmara Sea36,37 and New Zealand38,39. 

The most recent marine mucilage outbreak in the Sea of Marmara in spring 2021 sparked 

renewed interest in this complex environmental phenomenon and in monitoring the delicate 

marine ecosystems of our planet36,37. 

 

Over the past two decades, large-scale surface mucilage aggregates have been absent from the 

Northern Adriatic, particularly in its eastern part. However, mucilage events were documented in 

autumn 2006, winter 2007, 2014 and 2018 9-14, 21) on a smaller regional scale by regional 

monitoring agencies. But in the late spring and summer of 2024, large mucilage formed over all 

the northern Adriatic40 (Figure 1). 
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In this article we will use the term large mucilage aggregates without distinguishing between 

their different stages as “clouds”, “creamy surface layer” and “gelatinous surface layer as defined 

in literature.41,42. In the mentioned literature “clouds” are amorphous submerged structures which 

can be several meters long. “Creamy surface layer” and “gelatinous surface layer” differ in their 

colour and consistency: the first one is white and directly below the surface while the second is 

floating at the surface and yellow or brown in colour. Transparent aggregations in the centimeter 

range in general further aggregate to larger aggregates, accumulate cells, debris and particles and 

gradually change colour depending on the accumulated material. As all of these forms were 

visible simultaneously during the summer 2024, we decided to use a single term for all of them: 

large mucilage aggregates.  

 

 

Figure 1. a: Large mucilage aggregates observed in Rovinj on 07 August 2024. b: Satellite 

image of the northern Adriatic showing mucilage aggregates (light blue patterns) and the 

locations of the oceanographic buoy Odas II and Rovinj, while the leftmost area shows the Po 

River mouth. The satellite image is based on Copernicus Sentinel-2 Level-1 data acquired in 

2024 and provided by the European Space Agency (ESA).  

 

 

Mucilage itself is a complex mixture of organic compounds like carbohydrates, proteins, lipids, 

amids, organosilicates and other polymerised in humin like matrix43–45. Inorganic compounds 

like carbonates and silicates have also a significant contribution43. The main source of organic 
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precursors of mucilage are phytoplankton cells45. So far, there were attempts to pinpoint one or 

several groups of these organisms which are mostly responsible for mucilage formation and / or 

aggregation. In previous research diatoms were considered to be main producers of dissolved 

organic matter. Species like Thalassionema nitzschioides, Cylindrotheca closterium, Cerataulina 

pelagica or Pseudo-nitzschia delicatissima were found associated with aggregates32,46,47. Among 

them, a diatom C. closterium appears to play some roles in the formation of the aggregates, or at 

least it helps in self-sustaining of already formed mucilage32,48. Other authors reveal an important 

role of dinoflagellate groups in mucilage aggregate formation, especially the species Gonyaulax 

fragilis49,50 or Tripos (Ceratium) furca46. Previous studies have shown that G. fragilis is capable 

of producing large quantities of mucilage, with a composition similar to that of aggregates 

observed in natural environments.49,50.  

 

In summary, large aggregate formation starts with high concentrations of dissolved organic 

matter, leading to the production of transparent exopolymer particles (TEP) as the first step in 

mucilage development. From the literature we know that many phytoplankton species are 

capable of producing TEP51,52 or mucilage as mentioned before. This organic matter is produced 

and accumulated in conditions where the temperatures rise sharply, nutrients are available and 

there are rather calm oceanographic conditions 33.  

Calm weather conditions and strong stratification appear to further promote the accumulation of 

exopolymers into larger aggregates53. Nutrient (phosphorus) limitation, a characteristic stressor 

for phytoplankton in this area1 can also induce production of mucilage by phytoplankton cells54. 

Other factors like reduced grazing or bacterial and viral activity can play roles in increased 

polymer production. On the other hand, mechanisms of aggregation of polymers, and roles of 

cyanobacteria in these processes remain to be examined33. 

 

As, prior to 2024, this phenomenon last occurred in 2004 on large scales, this last mass 

occurrence was the first opportunity to monitor the northern Adriatic with high resolution 

methods during a mucilagine event. Moored buoys can capture high frequency real-time data 

about physical and biological conditions in the sea. Beside this, taxonomic and functional 

composition of the phytoplankton community can be monitored faster by using e.g. flow 

cytometric and image-in-flow methods. CytoSense (CytoBuoy BV, The Netherlands) is such an 
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instrument which can simultaneously perform both aforementioned analyses of the 

phytoplankton community55,56. One of the remarkable properties of this instrument is the ability 

to capture whole scans of phytoplankton cells (pulse-shapes). Pulse-shapes in different channels 

(forward scatter, sideward scatter, fluorescence of photosynthetic pigments) can be further used 

in calculation of numerous parameters. Those parameters enable a fine classification of 

phytoplankton functional groups based on optical properties of cells57. Thus, detailed 

information about abundance and other optical properties of those groups and the whole 

phytoplankton community is provided. Due to high sensitivity and robustness of the instrument, 

the whole size range of phytoplankton is covered as well: from picoplankton to large 

microplankton cells. Pulse-shapes parameters can be further used as the information about 

certain morphological traits such as size, shape, specific pigment content or chain morphology. 

This approach can be used to highlight certain adaptations of organisms to environmental 

pressures, and automatically analyse them58,59. These traits are useful information for 

understanding the mechanisms of phytoplankton community succession if coupled with other 

environmental parameters60,61. In addition, CytoSense can generate a large amount of images per 

sample which are a very valuable resource for taxonomic composition analysis of samples.  

 

Here we combined results obtained from CIM ODAS II (moored buoy with biological, 

oceanographic and meteorological sensors) and Sentinel-2 data with daily cytometric analyses of 

the phytoplankton community in order to characterize the changes in phytoplankton communities 

during 2024, a year when large mucous aggregates reappeared, after 20 years of absence. We 

used this methodology in order to test the hypothesis that microphytoplankton is the main 

constituent of the phytoplankton community in the period of aggregate appearance. We used 

taxonomic information from CytoSense images-in-flow to test the differences in species 

composition and diversity through the year. Also, we analysed the morphological single cell 

traits and we hypothesize that they are different in mucous aggregates from those in other bloom 

events and that they are selected by environmental factors.  
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Methods 

We combined in situ oceanographic and meteorological measurements, satellite remote sensing, 

and flow cytometric observations to characterize physical, chemical, and biological conditions 

during mucilage events in the northern Adriatic in 2024. 

Table 1 summarizes the instruments, measured parameters, sampling periods, and 

spatial/temporal resolutions. Detailed descriptions of each method follow. 

 

 

 

 

Table 1. Summary of methods, instruments, parameters, and sampling periods 

 

Method type 
Instrument / 

Platform 

Measured 

parameters 

Depth / Spatial 

resolution 

Sampling 

frequency / 

Dates 

Notes 

In situ 

oceanography 

SBE16 CTD 

(Seabird) with 

ECO 

fluorimeter & 

SBE63 O₂ 

sensor on CIM 

ODAS II buoy 

Temperature, 

salinity, 

chlorophyll a, 

turbidity and 

green 

backscatter, 

dissolved 

oxygen 

1 m depth 
Continuous, 

Jan–Dec 2024 

Winkler 

titration used 

for O₂ drift 

check 

Meteorology 
Buoy-mounted 

weather station 
Wind speed 

Above sea 

surface 

Continuous, 

Jan–Dec 2024 
— 

Satellite 

(medium 

resolution) 

Sentinel-2 MSI 

Chl-a, red-edge 

reflectance, 

other bio-

optical vars 

10–20 m 

5 scenes (Jun 

28–Sep 11 

2024) 

Scenes 

mosaicked; 

oligotrophic-

sea 

atmospheric 
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correction 

Satellite (high 

resolution) 

PlanetScope 

SuperDove 

Chl-a, spectral 

reflectance 
3 m 

25 images 

(May 24–Sep 

10 2024) 

AOI: 1×1 km 

over buoy 

Flow 

cytometry 

CytoSense 

(CytoBuoy 

BV) 

Scatter & 

pigment 

fluorescence 

0 m depth 

Daily (Jun 9–

Nov 16 2024) + 

monthly 

baseline 

Pico/nano 

protocols; 2–

1000 µm cells 

Image-in-flow 

analysis 

CytoSense 

camera 

Taxa presence, 

dominance 
Same as above Same as above 

Used for 

hierarchical 

clustering 

Morphological 

& pigment 

traits 

Derived from 

CytoSense 

pulse shapes 

Biovolume, 

chain length, 

chlorophyll, 

accessory 

pigment ratios 

Same as above Same as above 

See text for 

definitions 

and details 

 

 

In situ oceanographic, biological, and meteorological measurements 

 

For in situ oceanographic, biological and meteorological data we used sensor data on a DB8000 

(Mobilis, France) moored buoy CIM ODAS II, located 6 miles offshore from the Rovinj (Figure 

1a). 

An SBE16 CTD probe (Seabird Scientific, USA) recorded temperature (°C) and salinity at 1 m 

depth. An attached ECO fluorimeter measured chlorophyll a (µg L⁻¹), turbidity (NTU), and green 

backscatter (β (532), m⁻¹ sr⁻¹). Dissolved oxygen (mL L⁻¹) was measured with an SBE63 optical 

oxygen sensor. To evaluate sensor drift, dissolved oxygen was also determined via Winkler 

titration of discrete samples collected at the buoy site62. Wind speed (m s-1) and direction were 

recorded with a GMX551 Compact Weather Station installed on the buoy.  
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Satellite-derived monitoring of Adriatic Mucilage Events 

 

The area chosen for the study of mucilage aggregation at the level of northern Adriatic included 

the river Po delta and western coastline of Istria peninsula. CIM ODAS II buoy is included as 

well.  

Remote sensing method of choice is analysis of multispectral optical imagery data from two 

sources, namely Sentinel-2 Multi-Spectral Instrument (MSI)* and Planet Labs' PlanetScope. 

In this study, optical satellite data from the Sentinel-2 mission (Level L1C) were used. A 

Sentinel-2 Level-1C Collection 1 product used provides orthorectified Top-Of-Atmosphere 

(TOA) reflectance, with sub-pixel multispectral and multitemporal registration accuracy. The 

data were obtained via the Copernicus Data Space Ecosystem platform and cover the period from 

June 28 to September 11, 2024. Only scenes with favorable visibility conditions and minimal 

cloud cover were included in the analysis to ensure precision in identifying mucilage aggregates 

and deriving higher-level products (e.g., Chl-a).  

 

For each selected date, six Sentinel-2 tiles were used and subsequently merged into a mosaic to 

fully cover the study area of the northern Adriatic and the western coast of the Istrian Peninsula. 

This step ensured spatial continuity and eliminated edge discontinuities between adjacent scenes. 

The imagery multispectral data were processed using a combination of atmospheric corrections 

method, designed and validated for Case I and II types of seas as in Northern Adriatic63–65. This 

enabled the extraction of bio-optical variables from the spectral data, including chlorophyll a 

concentration (Chl-a), red-edge reflectivity and others. These parameters served as indicators of 

phytoplankton biomass and the trophic status of the studied water body, as well as classifiers for 

the spatial distribution of mucilage aggregation. 

All data were resampled to a spatial resolution of 20 meters to ensure consistency across bands 

and improve the accuracy of spatial analysis. Data processing and visualization were conducted 

using SNAP (Sentinel Application Platform) and QGIS. A total of five scenes were selected for 

visualization in this article. 

 

We used 25 PlanetScope surface reflectance images from the period 2024-05-24 to 2024-09-10., 

comprising 24 images per study site, to map Chl-a, as well as surface leaving reflectivity of 
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spectral bands, spatial and temporal variations. Planet Labs PBC (2024), PlanetScope 

(SuperDove) imagery, Surface Reflectance, 3 m, 8-band multispectral data, acquired from 2024-

05-24 to 2024-09-10, are accessed via Planet Explorer. 

Atmospheric correction was applied during data processing66,67. The number of usable satellite 

scenes per site was determined by prevailing atmospheric and ocean surface conditions. Only 

imagery with minimal cloud cover, absence of sunlight and low sea surface roughness was 

selected, based on the Planet cloud cover threshold (<5%) and visual inspection. Bio-optical 

variables were extracted as spatial averages over 1×1 km areas and also as mean values across 

nine (9) adjacent pixels. An area of interest of 1 km2 was activated for data retrieval in a square 

geometry over the location of the CIM ODAS II.  These satellite-derived parameters were 

subsequently validated against in situ measurements from CIM ODAS II buoy sensor datasets68. 

By leveraging the two different satellite imagery sources over the same sensing period both 

medium (20 m and 10 m from Sentinel-2) and high resolution imagery data (3 m per pixel from 

PlanetScope) we analysed the macro- and micro-level spatial and temporal inhomogeneities in 

water constituents in the Northern Adriatic. In particular, macro-level view obtained by medium 

spatial resolution Sentinel-2 serves for understanding the broader sea area of the western Istria 

peninsula, while micro-level view using high resolution imagery data PlanetScope serves to 

deduce spatial inhomogeneities on scales less than 100 m in length, and the area of interest is 

clustered around CIM ODAS II buoy to explain the water constituents signal variations 

measured by probes (see Supplementary note 1 for more details). In addition to calculating the 

mean concentrations over a 1 km² area centered on the CIM ODAS II buoy, we established a 

grid of virtual sampling stations (or satellite-derived microlocation data points) to investigate 

finer-scale spatial variability (see Supplementary Figure 1.).  

 

CytoSense data acquisition 

 

Samples for flow cytometric analysis were collected daily in front of Rovinj during the mucilage 

phenomenon. Daily sampling began on 2024-06-09, a few days after the first reports of 

mucilage, and continued until 2024-11-16. In addition, we incorporate monthly data from our 

regular monitoring program, covering the period from the beginning of the year. Monthly 
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samples were collected at station RV001, located between the ODAS II buoy and Rovinj, 

approximately 4 nautical miles from shore, using Niskin bottles to sample the 0.5 m-thick 

surface layer of seawater. The phytoplankton community in all samples was analyzed using the 

same flow cytometry protocol as for the daily samples. 

When large mucilage aggregates were present at the sampling site, we recorded their occurrence 

and collected seawater from nearby. Because aggregates were widespread, it was often 

impossible to avoid them entirely; however, we attempted to avoid the densest patches to prevent 

clogging of the flow cytometer. Flow cytometry was done using the pulse shape recording flow 

cytometer CytoSense (CytoBuoy BV, The Netherlands). The instrument pumped samples with a 

peristaltic pump into a flow chamber where it was hydrodynamically focused with sheath fluid. 

Sheath fluid is produced inside the instrument by filtering the water from the sample through 

internal filters (pore size: 0.1 μm). Particles suspended in the water passed through laser beams 

(beam width: 5 μm). The instrument is equipped with two lasers: green (wavelength: 532 nm, 

power: 70 mW) and blue (wavelength: 445 nm, power: 70 mW). Pulse shapes of particles were 

recorded in six channels: left and right polarized forward scatter (FWS), sideward scatter (SWS), 

red fluorescence (Fl Red, wavelength: 665-750 nm), yellow fluorescence (Fl Yellow, 

wavelength: 570-600 nm) and orange fluorescence (Fl Orange, wavelength: 630-650 nm). 

Scatter signals are light scatter from cells while fluorescence signals are autofluorescence of cell 

pigments (Fl Red: chlorophyll a, Fl Yellow and Orange: accessory pigments).  

For discriminating phytoplankton from other suspended particles trigger levels on several 

channels were set prior to measurement. The main trigger was SWS as this detector is more 

sensitive to light and in order to record whole particles. The second trigger was set to Fl Red 

channel in order to record only cells with chlorophyll. As the targeted phytoplankton cells cover 

a wide size range (2 - 1000 μm) two different protocols were used in each sample. First protocol 

(“pico”) used 3 mV SWS and Fl Red 2 mV trigger combination in order to capture 

picophytoplankton cells. Pump speed and duration of measurement varied depending on total 

event rate (it should be lower than 5000 events in second, in order to avoid coincidence and thus 

bad discrimination of separate particles). Thus, the analyzed volume was between 120 and 1000 

μL. The second protocol (“nano”) used higher triggers (SWS:  30 mV and Fl Red: 15 mV) in 

order to avoid smaller cells and keep the final file size manageable. Analyzed volume varied 

between 1800 and 12500  μL, depending on particle flow rate. The instrument is also equipped 
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with the camera (magnification = 16×) which can capture images-in-flow of some cells. The 

trigger for imaging is the same as the trigger for flow cytometry and corresponding optical 

properties of the imaged cell are known. Data acquisition was performed with the CytoUSB5 

software from CytoBuoy. 

 

Gating of cytometric data 

 

Flow cytometry samples were first analysed in the CytoClus4 software (CytoBuoy BV, The 

Netherlands). Data in this software are stored as raw pulse shapes, corresponding images (if 

taken) and numerous parameters derived from pulse shape properties in each channel such as 

Total (sum of pulse shape values), Maximum (largest value in pulse shape), Fill factor (deviation 

from square profile of pulse shape, an indicator of shape), Number of cells (number of peaks in 

pulse shape), Length (length of signal at the half of the height) etc. Detailed descriptions of 

parameters are available in CytoClus4 software. All these parameters allow a construction of 

many cytograms where different populations of cells, if existing, can be visualised and 

discriminated. Discrimination of groups (gating) was done on these scatterplots and several 

groups were found based on their pulse shape properties. Characteristics of groups were 

determined following standard flow cytometry vocabulary57. Later in text we used more 

descriptional names in order to emphasize taxonomic composition. In “pico” data we found 3 

groups: RedPicoProk (Prochlorococcus like cells deep within noise with weak red fluorescence), 

OraPicoProk (Synechococcus like cells with strong yellow and orange signals along with red), 

RedPico (picoeukaryotes with strong red signal, smaller than 2 μm). In “nano” dataset we found 

more groups: RedNano (nanophytoplankton with red signal only), OraNano (cryptophyte like 

cells with strong yellow and orange signals, smaller than 20 μm), OraMicro (signal similar to 

cryptophytes but with cells longer than 20 μm, mainly mixotrophic dinoflagellates, ciliates and 

filamentous cyanobacteria), RedMicro (cells larger than 20 μm with strong red fluorescence 

signal, mostly diatoms and dinoflagellates) and HighSWSNano (coccolithophores with high 

SWS signal). Collection of images in certain “nano” groups were used as additional help in 

group identification, along with pulse shapes collection After gating, we exported the set 

statistics of abundances and other pulse shape parameters, which were thereafter analyzed. 

Phytoplankton abundances (cells L⁻¹) were calculated by multiplying the concentration of events 
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per volume by the mean FWS number of cells, i.e., the mean number of peaks in the FWS pulse 

shape, which represents the number of cells in a chain for each sample." 

 

Analysis of images-in-flow 

 

Images from the CytoSense flow cytometer were used to generate taxa presence–absence data 

for each sample. The relative abundance of taxa was visually estimated based on their proportion 

in the image collection for each sample. Taxa that appeared particularly dominant in the images 

were categorized as blooming or high-blooming taxa, extending the standard absent/present 

classification with additional dominance levels depending on the extent of their visual 

dominance. To simplify clustering and visualization, only taxa present in more than 80% of 

samples were retained, as preliminary analyses confirmed that the exclusion of rare taxa did not 

affect the overall clustering patterns. The resulting community data were hierarchically clustered 

using R software69 to reveal distinct community structures. These clusters were subsequently 

used as grouping variables in downstream analyses. 

 

 

Cell morphology and optical properties of cytometric groups 

 

In addition to particle abundances, several traits were derived from pulse shape parameters. 

Biovolume concentration was calculated as the sum of total forward scatter (FWS) signals from 

all particles divided by the analyzed volume, and is expressed in arbitrary FWS units per μL. 

Chain length was estimated from the mean FWS length parameter, defined as the signal width at 

half of its maximum height. The number of cells corresponds to the average number of peaks 

detected in the FWS signal, representing individual cells within a particle. Cell length was 

calculated by dividing the mean FWS length by the mean number of cells. Finally, asymmetry 

quantifies the deviation of the FWS signal from symmetry around its center, providing a measure 

of particle shape irregularity. Sphericity is calculated as 1 - fill factor. The fill factor shows the 

profile's shape: it's 1 if the pulse shape is a square and 0 if all values are zero. We use 1 - fill 

factor as the lowest value of the fill factor indicates the most non spherical shape58. Cell 

biovolume is the mean FWS total divided by the mean FWS number of cells. Structural 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

complexity is the ratio between SWS total and FWS total: high ratio is due to more complex 

subcellular organisation. Cell chlorophyll is the ratio between Fl Red total and FWS total, 

amount of chlorophyll in cell biovolume. The carotenoid-to-chlorophyll ratio is calculated as the 

sum of FL Yellow and FL Orange fluorescence divided by FL Red fluorescence. This reflects the 

presence of accessory pigments, such as carotenoids, in the cells alongside chlorophyll. 

 

Statistical analysis 

 

In order to distinguish potentially different phytoplankton communities we performed 

hierarchical clustering (“ward.D2” method, R function “hclust”) on the distance matrix derived 

from estimated abundances of images-in-flow (“bray” method, R function “vegdist” from 

package “vegan”70). We used the resulting dendrogram from the R package “dendextend”71 to 

analyze sample groupings. The final clusters were defined by cutting the tree into distinct groups 

to illustrate their temporal dynamics. Species composition of samples was plotted using 

“pheatmap” R package72. In order to show associations between samples and different traits or 

environmental conditions or cytometric functional groups abundances we used a principal 

component analysis (PCA) on those three datasets. For plotting PCA results we used the 

“ggfortify” R package73. We showed clusters and aggregate occurrences on PCA plots as well.  

All data analysis was performed in the R software69. 

 

Results 

In situ oceanography and satellite derived data 

 

The first half of the year was characterized by the absence of characteristic northeastern bora 

wind, while relatively strong southeastern (locally known as Jugo, or Sirocco) or southern winds 

prevailed (Figure 2a). Salinity showed typical values, around 38  while sea temperature 

remained below 10 °C (Figure 2b). In April salinity decreased down to 35 while a sudden rise of 

temperature could be recorded as well (Figure 2b). After that, temperatures decreased again 

while salinity increased. In late April the temperature was rising again while salinity was steady. 

In the first half of June temperature suddenly increased up to 25 °C while salinity dropped down 
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below 30. At that moment, there was an abrupt decrease in oxygen concentration. Interestingly, 

although the oxygen levels later increased, they never returned to their previous values (Figure 

2b). Comparison with Winkler titrated samples showed no sensor drift. Shortly after this, salinity 

rose again but values stayed around 35. Later in June the temperature slightly decreased and 

stayed around 25 °C. In July the temperature increased to 28 °C. This increase was also 

accompanied by a drop in salinity. A similar pattern was observed in early August where salinity 

decreased further to 30  while temperatures rose almost to 30 °C. This warm period lasted until 

the first half of September. In mid-September strong winds (> 6 m s-1) occurred again, after a 

relatively calm summer with prevailing S SE wind directions. Finally, the bora wind in the 

middle of September cooled the sea down to around 22 °C (compare Figure 2a and Figure 2b). 

Other optical parameters from the SBE16 probe showed two peaks in backscatter green in 

February and March. For the rest of the observed period it can be noted that the events of rise in 

temperature / drop in salinity (freshwater influence) were accompanied with rise in chlorophyll 

fluorescence, backscatter red and backscatter green. Strongest peaks in optical parameters were 

in early June and early August (Figure 2c). 

 

Satellite observations from 2024 revealed complex spatiotemporal variability, with the highest 

chlorophyll a concentration detected predominantly in the western Adriatic Basin. 

Accordingly, imagery with spatial resolutions of 20 m and 10 m from Sentinel-2, as well as 3 m 

per pixel from PlanetScope, was utilized. Medium resolution Sentinel-2 processed images 

showing chlorophyll a concentration results are presented in Figure 3, while a micro-scale spatial 

analysis at resolutions finer than 100 m was conducted to assess localized distribution patterns. 

Results are presented in Supplementary Figure 2 to 6. 

In most cases, regions with high chlorophyll levels coincided with increased red-edge 

reflectivity, a proxy for scattering. During summer, long and narrow mucilage fronts were 

observed, while in September, such features were absent despite similarly high productivity. The 

mucilage structures formed complex patterns aligned with the circulation dynamics of the basin. 

Fronts typically developed along the edges of high-productivity zones and migrated eastwards, 

where they were halted by the Croatian coastline (Figure 3). Red-edge reflectivity and the 
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relative scattering index, both associated with particle-rich waters, consistently increased during 

mucilage events. In contrast to buoy derived chlorophyll (Figure 2c), elevated chlorophyll 

concentrations were recorded only during the first event. Coloured dissolved organic matter 

(CDOM) remained relatively stable and did not vary in accordance with mucilage presence, as 

expected for large-scale mixtures of optical constituents (Supplementary Figure 7). It must be 

noted that varying spatial resolutions were necessary to distinguish areas of elevated chlorophyll 

a concentration from mucilage-rich frontal zones. 

Furthermore, our findings reveal that during abrupt mucilage events, the spatial heterogeneity of 

the aggregates can be on a scale of less than 100 meters. This is evidenced by distinct "peaks" in 

calculated water constituent concentrations at the virtual stations, which differ significantly from 

the area-averaged concentrations (see Supplementary Figures 4 and 5). This observed sub-

mesoscale spatial variability accounts for the signal drift detected by the in-situ chlorophyll-a 

(Chl-a) probe at the CIM ODAS II buoy. 
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Figure 2. Parameters measured in situ by oceanographic buoy. a: Wind speed (line) and 

direction (tiles) during the year, b: Dissolved oxygen (black), salinity (blue) and temperature 

(red) measured with SBE16 on buoy, c: Green backscatter (β(532), green), turbidity, purple) and 

chlorophyll a (red) measured with SBE16 probe on buoy.  
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Figure 3. Medium resolution Sentinel-2 processed images visualised with in-house Coastal 

Intelligence software (SeaCras, Croatia, https://seacras.com/) showing concentration (upper row) 

and red edge reflectivity (lower row) on selected dates. Chlorophyll shows areas with high 

phytoplankton abundance while red edge reflectivity indicates accumulation primarily of 

polymers and partially phytoplankton. 

 

Phytoplankton abundances measured by CytoSense  

 
Phytoplankton abundances measured by CytoSense showed complex dynamics with high 

variability, but several periods and peaks can be easily observed. In most samples, abundances 

varied between 1 * 106 and more than 10 * 106 cell L-1. High abundance microphytoplankton 

blooms (> 4 * 106 cell L-1, Supplementary Figure 8) correspond to main peaks in SBE16 

optical parameters after April and to rises in temperature / drop in salinity. In November, 

phytoplankton abundances were consistently high across all samples (Figure 4a).  

Most samples were dominated by pico sized cells in groups picoeukaryotes, Synechococcus and 

Prochlorococcus. The nanophytoplankton also showed high relative abundances, especially 

during summer. After summer, picoeukaryotes and Prochlorococcus dominated in the 

community. Diatoms and dinoflagellates showed three highest peaks: beginning of June, mid of 

July and beginning of August. These three peaks in abundances correspond to the appearance of 

large mucilage aggregates at the sampling site. From October to mid November, contributions of 

the diatoms / dinoflagellates group were higher than at the end of the summer (Figure 4b). It is 

also visible that nano and picoplankton (Synechococcus and picoeukaryotes) also make higher 

contributions in periods when mucilage aggregates were present (Figure 4d). Highest 
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contribution of Synechococcus was observed in September (Figure 4b). However, if relative 

biovolumes are considered, diatoms / dinoflagellates and nanophytoplankton peaks correspond to 

samples associated with mucilage (Figure 4c and Figure 4d). Absolute abundances of 

cytometric functional groups are shown in Supplementary Figure 8. 

 

Figure 4. a: Total concentration of phytoplankton in cell*L-1 b: Relative abundances of standard 

cytometric groups, c: relative biovolumes (calculated from forward scatter normalised by sample 

volumes), d: clusters based on taxonomic composition of images, black tiles mark samples with 

visible, large macroaggregates on sampling site. 
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Taxonomic composition of phytoplankton 

 

Dynamics of species is shown on Figure 5, together with clusters resulting from hierarchical 

clustering (Supplementary Figure 9) of samples and appearance of large mucous aggregates on 

the sampling site. 

In most samples, the so-called “basal community” (Cluster 1, Figure 4d, Figure 5) was present 

with low microphytoplankton abundances (Figure 4b). This community was defined in the base 

of clustering analysis.  The first increase in microphytoplankton abundance was observed in 

April, and images in flow showed a mixture of Chaetoceros species and other diatoms like 

Pseudo-nitzschia spp. In June an extraordinarily dense bloom of Cerataulina pelagica developed 

where this species largely dominated in image-in-flow collection (Figure 6a). In addition, our 

unpublished phytoplankton data show that the abundance of this species exceeded 10 million 

cells per liter. This coincided with the first appearance of large mucous aggregates. In the 

following days Gonyaulax fragilis, and other large dinoflagellates together with filamentous 

cyanobacteria were frequently found in samples (Figure 6b). Alive Gonyaulax fragilis cells 

were spotted for the first time on date 12.6.2024. A similar community was observed in the 

second mucilage phase (mid of July), where a mixture of Cylindrotheca closterium, 

Thalassionema sp. and dinoflagellates was prevalent (Figure 6c). In early August, mucilages 

appeared again, with a strong bloom of Thalassionema sp. (Figure 6d). Until the end of 

September basal community was present, just like in periods between mucilage episodes. At the 

end of September a regular autumn phytoplankton bloom developed (Figure 6e). During 

autumn, several communities replaced each other, but all of them were grouped together in 

cluster analysis. The beginning of October was marked by a community, where a mixture of 

species coexisted, most notably Chaetoceros spp., Pseudo-nitzschia spp. and other diatoms, 

similar to the April sample. After a few days, a slightly different community developed: Pseudo-

nitzschia spp. bloomed with Chaetoceros vixvisibilis and Chaetoceros didymus while 

coccolithophores like Syracosphaera pulchra and Calciopappus caudatus were prominent. In the 

mid October coccolithophores decreased while the same diatom species as before stayed 

dominant. In November Pseudo-nitzschia spp. was still an important part of the community 

while Chaetoceros socialis and Neomoelleria (Eucampia) cornuta showed up as co-appearing 

species.  
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Clusters of estimated taxa levels resulting from hierarchical clustering of samples during 2024 

and appearance of large mucous aggregates on the sampling site define 9 principal clusters 

(Figures 4c, 5, 7b and Supplementary Figure 9). 

Clustering showed two main partitions: clusters associated with autumn samples (clusters 2, 7, 8, 

and 9), clusters associated with the rest of the year: a “basal community” (cluster 1) and 

mucilage associated communities (clusters 3, 4, 5 and 6, Supplementary Figure 9). The 

mucilage associated communities are more similar to the “basal community” if compared to 

autumn communities. Relation between clusters and phytoplankton dynamics is shown in Figure 

5.    
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Figure 5. Clusters of estimated abundances of phytoplankton taxa. Gray color marks no data 

while shades of red marks presence, blooms or high blooms of certain taxa. Black tiles  on the 

left mark samples with visible macroaggregates on the sampling site. Colored tiles mark clusters 

based on taxonomic composition of images. 

 

 

 

Figure 6. Collections of CytoSense images-in-flow. a: Cerataulina pelagica bloom 

(09.06.2024), b: Gonyaulax fragilis and other dinoflagellates (27.06.2024), c: Mixed 

Cylindrotheca closterium / dinoflagellates community (17.07.2024), d: Community during 

Thalassionema sp. bloom (06.08.2024), e: mixed diatom community (08.10.2024.). Plates a-d 

show a phytoplankton community associated with mucilage aggregates while plate e shows 

regular phytoplankton community composition during autumn bloom. 
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Overall taxa richness decreased during the summer, if compared to spring and autumn. Mucilage 

associated samples showed usually lower numbers of taxa, while in absence of large mucilage 

aggregations the diversity was slightly higher. End of summer was characterized by steadily low 

diversity - a basal phytoplankton community. Abrupt rise in diversity marked the beginning of 

the autumn multispecies bloom (Figure 7a). 

Numbers of taxa showed that mucilage associated clusters (4, 5 and 6), a “basal” cluster (1) and 

Cerataulina pelagica cluster had considerably lower numbers of taxa if compared to autumn 

clusters (2, 7, 8 and 9, Figure 7b and Figure 7c).  

 

 

Figure 7.  a: number of phytoplankton taxa from images-in-flow collection, a time series, b: 

clusters based on taxonomic composition of images, black tiles mark samples with visible 

macroaggregates on the sampling site, c: number of phytoplankton taxa from images-in-flow 

collection per cluster 
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CytoSense traits and influence of environmental variables 

Principal Component Analysis (PCA) of morphological traits derived from pulse-shape scanning 

flow cytometry (Figure 8a) explained 54.95% of the total variance. PC1, which accounted for 

35.19% of the variance, clearly separated samples collected during mucilage events from those 

without mucilage. It was positively associated with cell granulation and length, and negatively 

associated with chlorophyll-a content, the carotenoid-to-chlorophyll-a ratio, and the number of 

cells in chain (NoCC). PC2 explained 19.76% of the variance and was positively associated with 

cell asymmetry, and negatively with sphericity and cell biovolume. Phytoplankton communities 

linked to mucilage events (clusters 4, 5, and 6) showed traits indicative of thicker, more 

structurally complex cells (greater granulation), which were more likely to be elongated and 

asymmetric and had lower pigment content. Long single cells dominated during this period. 

Interestingly, similar morphological traits were observed in the “basal community” present 

between mucilage events, suggesting a recurring structural signature. In contrast, multispecies 

bloom communities (clusters 2, 3, 7, 8, and 9) were characterized by chain-forming colonies, 

higher pigment content, and a greater prevalence of spherical cells. 

Principal Component Analysis (PCA) of environmental variables (Figure 8b) explained 74.3% 

of the total variance. PC1 accounted for 42.88% of the variance and was positively associated 

with the temperature. PC2 explained 31.42% of the variance and was positively associated with 

oxygen concentration and salinity while negatively with wind speed. Clustering revealed distinct 

environmental patterns among sample groups. Clusters 4, 5, and 6, corresponding to samples 

with aggregates, were generally positioned in the right part of the PCA space, indicating 

association with higher temperature, and lower wind speed. In contrast, Clusters 2, 3, 7, 8, and 9 

were more broadly distributed but tended to occupy central to lower-left regions of the PCA 

space, overlapping with vectors for higher oxygen concentrations and wind speed.  

PCA on the functional group’s abundances (Figure 8c) accounted for 52.53% of the total 

variance. PC1 accounted for 28.32%% of the variance and it was negatively associated with 

abundances of most groups with Synechococcus as an exception. Strongest association with PC1 

showed diatoms-dinoflagellates functional group. PC2 accounted for 20.81% of the total 

variance and was positively associated with Synechococcus, nanophytoplankton, 
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coccolithophores and diatoms-dinoflagellates functional group abundances while negatively with 

Prochlorococcus, picoeukaryotes, OraMicro and cryptophytes functional group abundances. 

Mucilage associated samples (clusters 4, 5, and 6) were positively associated with PC2 while 

multispecies bloom communities (clusters 2, 3, 7, 8, and 9) were negatively associated with PC2 

axis, showing clear distinction between those two types of samples. 

 

 

 

Figure 8. PCA plots of a: morphological traits (NoCC stands for the number of cells in a chain), 

b: environmental parameters (Temp stands for the temperature) and c: cytometrical functional 

groups (P are picoeucaryotes and O are OraMicro functional group). Color codes mark clusters 

based on taxonomic composition of images and point shape marks if large mucilage aggregates 

were visible (triangle) at sampling site or not (circle). 

 

Discussion 

This study provides high-frequency, multi-method observations of phytoplankton dynamics 

during the 2024 northern Adriatic mucilage phenomenon, integrating daily in situ sampling, 

imaging flow cytometry, and satellite remote sensing. Our results show that the formation, 

persistence, and dispersal of large mucilage aggregates were closely linked to intense, often 

monospecific microphytoplankton blooms and associated environmental anomalies. 

Meteorological and oceanographic data showed stronger south-easterly winds in early 2024, 

followed by reduced summer wind speeds, consistent with previous observations40. The 
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mucilage phenomenon was a single event unfolding in several phases, each marked by a sharp 

temperature rise and pronounced salinity drop. The most intense phase began in early June, when 

surface temperatures climbed rapidly and salinity fell to values typical of the Po River mouth, an 

occurrence unexpected for the eastern Adriatic coast,74, despite the recent trend of rising regional 

salinity 75,76. These anomalies reflected the advection of nutrient-rich, low-salinity Po River 

plume waters, arriving one to two weeks after peak discharges40. Transport was enabled by 

strong thermally driven stratification, reinforced by prolonged heat accumulation that kept 

surface waters unusually warm throughout the year40. Elevated salinity in deeper layers 

strengthened baroclinic gradients, enabling rapid eastward spreading of plume waters over 

denser resident waters. Higher turbidity in the plume enhanced surface warming, while calm, 

clear-sky conditions in late spring and summer reinforced stratification, restricted mixing, and 

favoured phytoplankton growth and mucus aggregation40. The resulting sequence of freshening–

warming phases in June, July, and August coincided with successive appearances of large 

mucilage aggregates along the eastern Adriatic coast. Calm weather maintained aggregate 

persistence, whereas strong winds in late summer promoted their dispersion, as in earlier events 

such as those in 2000 and 200253. 

Satellite observations confirmed the spatial extent and persistence of mucilage fronts along the 

eastern Adriatic, especially during calm conditions from June to August. High- and very-high 

resolution satellite data revealed that these fronts consistently formed at the boundaries of high-

productivity areas and followed eastward trajectories, consistent with in situ salinity patterns. 

Furthermore, satellite images indicated the presence of closed circulation patterns and laminar 

flow, which likely helped to concentrate and sustain the mucilage fronts in specific regions. Red-

edge reflectivity and scattering indices, derived from satellite measurements, provided clear 

spatial markers of mucilage presence that aligned closely with the timing and location of in situ 

anomalies. Phytoplankton and mucilage constituents exhibited highly heterogeneous spatial 

patterns, with clear differences in spectral signatures observable at sub-100-m scales. On specific 

dates, ‘macro-scale mucilage’ fronts spanned distances exceeding 20 km. At the height of the 

event (e.g., 06 June 2024), smaller patches on the order of ~20 m in length were likewise 

detectable and quantifiable.  

 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

We could confirm that each different phase of large mucilage aggregates in 2024 coincided with 

exceptionally intense microphytoplankton blooms, while cyanobacteria did not play a big role as 

they showed high contribution in all samples. As the RedMicro cytometric group represents 

diatoms and dinoflagellates57, we recorded peaks in their abundance and biomass at the 

beginning of almost each phase of mucilage event. Image-in-flow collections confirmed that a 

main constituent in the RedMicro group were diatoms. Moreover, it appears that each mucilage 

initiating bloom was largely monospecific. The first large bloom in April 2024 was a mixture of 

prevailing Chaetoceros species and other diatoms. This bloom did not initiate large mucilage 

aggregates, possibly due to strong winds which were still prevailing during that time, making this 

bloom similar to those which will occur later in autumn. However small and translucent 

aggregates were produced and observed in the water column (personal observation) but did not 

form into larger and more opaque aggregates with time. In June 2024 an extraordinarily dense 

bloom of Cerataulina pelagica happened, the strongest in this area after 200077–79. Interestingly, 

a sharp drop in dissolved oxygen concentrations was observed, suggesting that respiration 

became dominant in this period, possibly due to large biomass accumulation and degradation. 

We started with daily sampling on the day the first mucilage occurred in front of Rovinj. 

Microphytoplankton abundances were comparable to those in late 1980s78, when mucilage 

aggregates were present33,41. During this bloom first macroaggregates appeared. This was the 

first almost monospecific bloom in 2024. In the following days, the C. pelagica community was 

replaced by a dinoflagellate dominated community. C. pelagica is a typical summer species77,80 

which usually occurs without aggregates, but it can also be a constituent of mucilage 

macroaggregates32,46,81. Here we report a similar situation where an exceptionally high bloom of 

this species marked the beginning of mucilage formation, as described in previous study82. Our 

previous study showed that years in which this species bloomed and dominated the samples 

coincided with the presence of mucilage aggregates77.  

Here we can propose the idea that the C. pelagica was the species which released a vast amount 

of organic matter in the seawater, as observed in New Zealand bloom39. While these aggregates 

aged, different species like Cylindrotheca closterium or dinoflagellates inhabited them. C. 

closterium is a species which is associated with aged large mucilage aggregates46,47. This species 

can also produce organic mucilage and it seems that, as a benthic diatom, this species is 

preadapted to living in aggregates and even plays a role in their self-sustaining32,48. It is also 
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possible that this species prefers mucus because it represents a source of nutrients that this 

mixotrophic species can utilize83. Gonyaulax fragilis, a dinoflagellate, is another species with 

similar ecological preferences, and a possible role in formation or sustaining of 

macroaggregates49,50. They were observed in all mucilage phases, especially in late June, when a 

new episode of large macroaggregates occurred and when intense bioluminescence was visible in 

aggregates if they were physically disturbed. Still it remains unclear whether this species 

promoted the mucilage formation or they inhabit already formed aggregates. In the first case 

scenario it is possible that we missed a G. fragilis bloom before the first episode of mucilage 

formation as this species tends to form cysts and sink after the mucilages have aged50. In an 

earlier described event, G. fragilis almost completely decomposed and diatom cells increased in 

number and became predominant50. Another frequent and large dinoflagellate we recorded 

during mucilage episodes was Tripos furca, also a known constituent of aggregates46. In July, we 

recorded an exceptionally high bloom of C. closterium in aggregates. Here it is possible that 

aggregates were already aged when they arrived on the eastern Adriatic coast. The last episode of 

large mucous aggregates was observed at the beginning of August with high blooms of 

Thalassionema sp. Identification of this species was difficult from CytoSense images since we 

saw only single cells and no characteristic chains which can help in exact species identification. 

Since the characteristics of these cells align with both Thalassionema nitzschioides and 

Thalassionema frauenfeldii, and both species are present in the study area84, we chose to classify 

them under the single term Thalassionema spp. Nevertheless, we can try to compare this event 

with those in the past where the species T. nitzschioides was found as an important constituent of 

mucilage aggregates in the 1997 event32,85.  

 

The end of 2024 summer was characterised by strong winds. In the first half of September the 

“basal community” now lived in conditions of water column mixing (implied by sharp lowering 

of sea surface temperatures) and the mucilage phenomenon was definitely terminated. Diverse 

autumn communities were characterized by Pseudo-nitzschia spp. and other accompanying 

species: Chaetoceros spp. in early October, Chaetoceros vixvisibilis, Chaetoceros didymus and 

coccolithophores in following days. In November Chaetoceros socialis and Neomoelleria 

cornuta were the last blooming species in our study. Chaetoceros spp., Chaetoceros socialis and 
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Pseudo-nitzschia spp. are regular autumn species in the northern Adriatic when mixing of water 

promotes rich multispecies blooms 78,79,86. 

 

In 2024, we found that summer phytoplankton blooms, those associated with mucilage 

aggregates, showed a tendency towards domination of few species in the community, contrary to 

autumn blooms where more species were blooming simultaneously and the biodiversity was 

higher. These findings are consistent with previous observations that the number of taxa 

decreases during the evolution of mucilage aggregates 87, and that such declines are also typical 

of summer months88. To investigate potential drivers of these seasonal differences, we applied a 

trait-based analysis to identify possible adaptations of species to different environmental 

conditions. This analysis revealed a clear separation between autumn and summer communities 

based on morphological traits, environmental parameters, and functional group abundances. The 

autumn community was dominated by chain-forming species with high cellular chlorophyll 

content and elevated accessory pigment ratios. On the other hand, in summer communities large 

and single, thick cells dominated with low chlorophyll content per cell, but high cellular 

complexity (Figure 8a). Cell size is considered a master phytoplankton trait due to its influence 

on resistance to grazing, sinking rate, nutrient uptake and storage89,90. Our results show that 

summer communities characterized by stratification¹ and reduced salinity (reflecting freshwater 

inputs with imbalanced N:P ratios)⁹¹, together with episodic nutrient-rich pulses, were dominated 

by large, elongated cells. Such environmental settings promote species with robust, elongate 

morphologies that capitalize on transient nutrient availability⁹² and maintain growth during later 

nutrient depletion due to superior uptake efficiency. This aligns with our findings, as single-

celled C. closterium was present in aggregates, while Thalassionema sp. was mostly single-

celled and rarely found in its characteristic chains. Here we can suggest that in the case of 

Thalassionema sp. an active adaptation to the environment most likely occurred, instead of pre-

selection of an existing life form. Moreover, in aggregates were found mostly big cells. Larger 

cells also can contribute to mucilage formation as they show higher exudation rates90. As there is 

a possible connection between reduced grazing and accumulation of mucilage33, it is important to 

emphasize that larger cells are more resistant to grazing94. Some models suggest that both 

temporal environmental variability and grazing pressure drive the evolution of larger cell sizes in 

phytoplankton95. An open question is whether mucous aggregations might similarly function as a 
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selective force, potentially substituting for predation in driving increases in cell size. Another 

interesting trait associated with communities found in mucilages is structural complexity, a ratio 

between SWS and FWS. This high ratio can be caused either if cells are possessing external 

processes (which is not the case, as can be seen in the images in flow acquired) or if internal 

structures of cells are more complex. High temperatures and nutrient limitations can indeed 

change the structure, functioning and composition of internal membranes96,97. High structural 

complexity and low cellular chlorophyll also suggest a potential adaptation of photosynthetic 

apparatus to summer stress conditions98. This aligns well with the idea that larger cells can 

withstand photoinhibition and fluctuating light conditions, especially in stress inducing 

environments99. Low cellular chlorophyll content could also be a reaction to low oxygen100 in 

early June, as indicated by our data. 

The autumn community, on the other side, shows different traits which are useful in water 

mixing conditions. Now long chained colonies of phytoplankton can thrive in nutrient enriched 

seawater. Chain forming is a useful trait in grazing avoidance, reproduction101, nutrient uptake 

and enhanced light absorption102,103. As shown in our results, not only chain forming species but 

also smaller cells prevail in the autumn community as they are better competitors for light and 

nutrients92,94,104. Higher cellular chlorophyll content in our results also suggests an adaptation to 

autumn lower light conditions105.  

 

The first phase of the mucilage phenomenon, in terms of phytoplankton traits, appears to differ 

from subsequent phases. In particular, the bloom of C. pelagica shares key traits with autumn 

communities, which are often dominated by competitive generalist species. We hypothesize that 

the C. pelagica bloom likely coincided with the onset of strong stratification, which then 

persisted through the rest of the summer, whereas other blooms developed under already 

stratified conditions. A similar pattern was observed during the 2004 mucilage event, which 

followed an exceptionally high bloom of C. pelagica triggered by stratification82.  Moreover, 

years when C. pelagica dominates summer communities often coincide with the appearance of 

large mucilage aggregates77. Although the hypothesis that C. pelagica plays a role in mucilage 

formation is new, it is supported by recurring observations: in both 2004 and in our current 

dataset, mucilaginous aggregates developed immediately following dense blooms of this species 
82  The persistent temporal coupling of C. pelagica blooms with mucilage events, coupled with 
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evidence of its ability to produce extracellular mucus elsewhere³⁹, provides a compelling 

mechanistic rationale for its involvement. Given that C. pelagica is also a regular component of 

summer phytoplankton communities in the absence of mucilage, and our sampling began after 

aggregates had already formed, it is still unclear whether its presence contributes to aggregate 

formation or primarily reflects colonization of pre-existing aggregates. 

Once the phenomenon is triggered, these aggregates become colonized by more specialized 

species that are well-adapted to the mucilage environment, high temperatures and already 

stratified waters. When pulses of nutrient-rich freshwater occur, robust species with large, 

elongated cells can thrive92. These species face minimal competition and are protected from 

sinking and predation within the mucilage, enabling them to reach high abundances quickly. In 

autumn, the long period of water mixing and nutrient availability favors more competitive, 

generalist species, leading to a multispecies bloom. Given the potential role of C. pelagica in 

initiating mucilage formation, further research into its exopolymer production, physiology and 

ecology is necessary, as it could serve as an early indicator for the occurrence of large mucilage 

aggregates. We can conclude that general models for phytoplankton succession and trait 

distribution were applicable even during a massive phenomenon of mucous aggregate formation 

in the water column. 

 

We could demonstrate that the microphytoplankton biomass and abundance increased during 

advances of the mucilage toward the eastern Adriatic coast. Other important groups were 

nanophytoplankton and coccolithophores. Here we confirmed that nanoplankton is also an 

important constituent of mucilage communities as shown in previous research5, but their role in 

the whole phenomenon remains to be elucidated. 

Among cyanobacteria, Synechococcus showed positive association with mucilage aggregates as 

well. The role of picocyanobacteria has already been investigated, and it has been shown that 

picoplankton abundances are usually higher in mucilage associated communities5,46,106. 

Nevertheless, here we showed that in terms of biovolume microphytoplankton dominated the 

community, as expected87. Still, the role of autotrophic and heterotrophic bacteria and other 

picoplankton remains to be elucidated. We recorded a remarkable drop of oxygen concentration 

in surface water during the beginning of the phenomenon which opens the question about the 

role of respiration in this process. Increased respiration should, in theory, lead to lower sugar 
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concentrations 107. However, the substantial release of organic matter could also result from the 

degradation of dead cells. Alternatively, mucilage may not be the primary energy source for 

respiration. Thus, heterotrophic organisms should be included in high frequency monitoring of 

this phenomenon in the future. Oxygen concentrations remained reduced during and after the 

mucillage phenomenon for the rest of the year. This observation might indicate increased 

importance of respiration during and after the event.  

Salinity in the surface waters remained reduced until the end of 2024, indicating the continued 

influence of riverine waters in the northern Adriatic and a possible reduction in the influx of 

high-salinity waters from the southern Adriatic, which had been important in maintaining the 

phenomenon40, ultimately leading to its termination. 

It is important to emphasize that this phenomenon was observed throughout the northern 

Adriatic, making it difficult to draw definitive conclusions from monitoring at a single location. 

One major open question is whether this phenomenon represented a single large event with 

distinct phases and whether similar mechanisms operated across the entire area. It should also be 

noted that massive events can occur without the formation of extensive surface-floating 

aggregates. Although satellite observations are extremely useful, they are not sufficient to assess 

the true extent of large aggregate formation occurring below the surface. In addition, monitoring 

phytoplankton dynamics only in surface waters (0–1 m depth) provides an incomplete picture of 

the processes involved, and this limitation requires critical discussion. Therefore, further research 

on the evolution of the phenomenon, covering both surface and subsurface layers, is necessary to 

fully understand the underlying mechanisms across all relevant spatial and temporal scales. 
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