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Abstract

The viability of kelp microscopic gametophytes is currently analyzed using subjective visual methods based on bright-field
(BF) microscope images. Fluorescence microscopy (FM) can be employed, but the dyes used can be toxic and blue/UV light
intensity may induce gametogenesis. This study aimed to develop a non-invasive and accurate methodology for assessing
gametophyte viability over time, using FM observation of chlorophyll autofluorescence emitted by live gametophytes. Six
isolated gametophyte strains of Laminaria ochroleuca (Italy), maintained at CCMAR Biobank, were cultured in triplicate
(female, male, and both sexes combined) in Petri dishes containing 10 mL of half-strength Provasoli’s enriched seawater
medium (PES), under red light for 1 month. Survival and growth were assessed on days 1, 7 and 14 by photographing 20
fields-of-view, both in BF and FM. Then, cultures were transferred to white light to induce gametogenesis and test whether
the autofluorescence analysis (AFA) method affected gametophyte reproduction. Image analysis was performed using FIJI
software either by manually counting live gametophytes (survival) and measuring their area (growth), or by implementing a
machine-learning (ML) model using FIJI's WEKA segmentation plugin. Results revealed that both methods were correlated,
validating our ML model. However, the AFA method was faster and more accurate than BF image analysis, especially for
male gametophytes, and did not compromise reproductive capacity. After 9 days under white light, sporophytes were present
in mixed cultures. The AFA method provides a reliable technique for assessing gametophyte viability without compromising
gametogenesis.
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Introduction genetic material (Barrento et al. 2016), has driven the need

for algal culture collections that maintain and safeguard a

Marine macroalgae are vital components of coastal ecosys-
tems, providing a wide spectrum of ecological and economic
benefits. In recent decades, these photosynthetic organisms
have gained attention due to their potential for sustain-
able industries, including food, pharmaceuticals, cosmet-
ics, biofuels, and bioplastics (Wells et al. 2017; Leandro
et al. 2020; Kumar et al. 2021; Hempel et al. 2023; Pandian
et al. 2025). Algae production has been increasing continu-
ously, reaching 36.5 million tonnes in 2022 (FAO 2024).
This trend, together with the efforts to preserve endangered
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broad range of specimens and regional diversity (Hofmann
et al. 2025). In the case of kelps, these biobanks commonly
preserve gametophytes, a microscopic and haploid phase of
the haplo-diplontic life cycle, which can be maintained in
long-term vegetative culture. These algal repositories are
essential to preserve biodiversity, as well as research and
commercial use, but require repeated time-consuming rou-
tines that include phenotyping, strain isolation, frequent
media replacement, and regular cell quality assessments
(West 2005). Survival and growth are two important quality
parameters for culture maintenance, screening, and experi-
mental trials, requiring resources, time, and specialized
laboratory work.

In Laminariales (Phacophyceae), survival is normally
assessed by manually counting the number of live gameto-
phytes using bright-field microscopy (Zhang et al. 2008), a
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method that is not only laborious and time-consuming but
also prone to inter-observer variability. Besides survival,
viability is key for long-term gametophyte development,
which can be evaluated through (i) culture recovery, (ii)
cell pigmentation index and (iii) cell staining (Yang et al.
2021). The first two of these methods are prone to subjectiv-
ity. Culture recovery is generally assessed through survival
counts over time, often relying on observational criteria,
with no standardized minimum recovery period established.
Nevertheless, parameters such gamete germination, game-
togenesis rate and sporophyte formation (Wang et al. 2011;
Gao et al. 2017) can help improve consistency. Cell pig-
mentation index is also often qualitative, e.g., relying on
an index scored between 0 to 10 according to the appear-
ance of the gametophyte, from completely white (dead) to
fully pigmented (live) (Van der Meer and Simpson 1984),
or estimated as the proportion of pigmented cells to the total
(Visch et al. 2019). To avoid potential biases, some authors
prefer to perform chlorophyll measurements (Wang et al.
2011), however it is an endpoint technique as it requires
maceration of the biological material.

Alternatively, various cell staining techniques can be
used to evaluate viability. Neutral red is the most commonly
used stain for macroalgae cells (Jo et al. 2003; Zhuang et al.
2014), but other dyes like erythrosine (Nanba et al. 2009;
Lee and Nam 2015) and fluorescein diacetate (FDA) (Zhang
et al. 2007a) have also been employed. However, the accu-
racy of those techniques depends on optimizing and adapt-
ing the staining protocol for the biological material in use,
and they may overestimate the living cell population, as
reported for different species of Laminariales (Kuwano et al.
2004; Zhang et al. 2007b). Moreover, fluorescence-based
staining approaches often rely on excitation by blue or UV
light, wavelengths known to induce gametogenesis (Liin-
ing and Dring 1975), which represents an obvious drawback
for some experimental designs. In addition, some stains,
such as FDA, can be toxic for cells, and are therefore more
appropriate for endpoint analysis (Invitrogen 2010). Other
non-cytotoxic dyes, like carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) (Buhmann et al. 2013), have recently
been adapted for tracing generational microalgae viability
(Pozzobon et al. 2024), but to our knowledge have not been
tested/applied in macroalgal studies.

Despite the variety of methods and protocols avail-
able, the research community could benefit from simple
and accessible methodologies allowing high throughput,
non-invasive, and quantitative assessment of gametophyte
viability. This technological gap is particularly important
to improve the efficiency of biobank routines and minimize
the resources required for culture maintenance, phenotyp-
ing and research trials. Fluorescence microscopy (FM)
offers a promising alternative by exploiting the intrinsic
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red autofluorescence of chlorophyll as a natural, label-free
indicator of cell viability. This autofluorescence is charac-
teristic of photosynthetically active cells, while its loss is
associated with chlorophyll degradation during senescence
or cell death, allowing discrimination between live and
non-viable material (Schulze et al. 2011). This technique
was successfully applied to Macrocystis pyrifera gameto-
phytes to select the heat-stress tolerant genotypes (Harden
et al. 2024) and to isolate and phenotype several other
seaweed species (Alves-Lima et al. 2026). Furthermore,
automated image-based systems incorporating fluores-
cence detection have demonstrated improved accuracy in
quantifying live microalgae compared to conventional BF-
based methods (Takahashi 2019). Despite this potential,
the development and validation of FM-based workflows
specifically tailored for kelp gametophytes remain lim-
ited. Considering the above, this study aims to develop
a non-invasive, accurate, and high throughput methodol-
ogy, employing FM-based autofluorescence measurements
and ML image analysis to monitor Laminaria ochroleuca
gametophyte viability over time, without compromising
gametogenesis. Laminaria ochroleuca is a warm-temperate
kelp species that plays a critical ecological role, providing
habitat and food for many marine organisms (Teagle et al.
2017). Besides, L. ochroleuca has great adaptability to
various environmental conditions and huge potential for
integration into multi-trophic aquaculture systems (Zhu
et al. 2025; Cereja et al. 2026), being the most represented
in our collection, the CCMAR biobank (www.ccmarbioba
nk.pt), and a great model species for this experiment.

Materials and methods
Algae stock material

Mature sporophytes of Laminaria ochroleuca were sampled
from Messina, Italy (38.26356°N, 15.64423°E), at 50 m
depth, in November 2019. The collected sori (spore-bearing
tissues) were cleaned, and meiospores were released sepa-
rately in sterile artificial seawater. After spore germination,
male and female gametophytes were isolated from each indi-
vidual to establish unisexual and clonal stock cultures. These
gametophyte culture strains are maintained at the CCMAR
Biobank in sterile PES medium at 13°C, under 8 umol pho-
tons m~2 s~! of red light and a 16:8 h light:dark (L:D) pho-
toperiod in a climate-controlled chamber (Fitoclima S600,
Aralab, Portugal). Culture medium was changed monthly
until the beginning of the experiment. Further details on cul-
tures and their maintenance are available on the CCMAR
Biobank website (www.ccmarbiobank.pt).
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Experimental setup and gametophyte cultivation

Six gametophyte strains of L. ochroleuca from CCMAR
Biobank [CCMAR-S_LO11.2F_IT (91); CCMAR-S_
LO5.3M_IT (41); CCMAR-S_LO7.1F_IT (22); CCMAR-
S_LO11.IM_IT (&82); CCMAR-S_LO10.4F_IT (23);
and CCMAR-S_LO6.1M_IT (J3)] were used in triplicate
(n=3), either with female and male strains cultured sepa-
rately or as mixed crosses (91X 32; 22X 33; and 23x31).
For each strain, a portion of the gametophyte biomass was
washed with PES, ground with a sterile pestle and mortar
and passed through a 100 pm cell strainer. Gametophyte
density was assessed under an inverted microscope (Axio
Observer D1, Zeiss, Gottingen, Germany) and adjusted
to approximately 500 gametophytes cm™2. Female, male
and mixed cultures were cultured in Petri dishes (@ 5 cm)
containing 10 mL of PES, under red light (7 umol photons
m2s7! 16:8 LD) at 16°C. The culture medium was changed
every 10 days to ensure optimal culture conditions.

Evaluation of gametophyte survival, growth
and reproductive capacity

After 3 days of recovery, gametophyte survival and growth
were assessed on days 1, 7 and 14 using images from 20
fields-of-view (fov) per replicate, obtained under both
bright-field (BF) and fluorescence microscopy (FM) condi-
tions (40 photographs per replicate, n=3 replicates). Pho-
tographs were taken with a Canon EOS RP camera (Canon,
Tokyo, Japan) mounted on an inverted fluorescence micro-
scope (Zeiss Axio Observer D1; 10 X objective; 100 X final
magnification) equipped with a red filter (EX BP 560/40
IBS 5851 EM BP 630/75). Fluorescence microscopy analyses
require the use of a fluorescence microscope equipped with
appropriate excitation and emission filters selected accord-
ing to the spectral properties of the fluorescent compounds
present in the sample. In the present study, the selected filter
configuration was based on the autofluorescence properties
reported for the gametophytes and allowed the detection of
the fluorescence emitted by the analysed tissues. The use of
this setup enabled the evaluation of gametophyte autofluo-
rescence without the need for additional fluorescent staining.
Gametophytes were then transferred to white light (10 pmol
photons m~2 s7!) to induce gametogenesis and test whether
the autofluorescence analysis (AFA) method had any impact
on gametophyte reproductive capacity. For that, daily obser-
vations were done randomly to evaluate the development of
oogonia and antheridia in female and male cultures, respec-
tively. In mixed cultures, once the first eggs appeared in all
replicates, counts of vegetative females, females with eggs,
vegetative males, males with antheridia, and sporophytes
were performed (n =40 fov per replicate). In gametophytes
showing different developmental structures, only the most

advanced stage was considered (e.g., a gametophyte showing
one or more sporophytes was considered for the counts as a
single sporophyte).

Image processing and quantitative analysis

Image analysis was performed using FIJI 2.17.0 software
(ImagelJ v1.54, Java). Gametophyte survival was quantified
by manually counting the number of live gametophytes,
while growth was assessed by measuring fragment area.
For BF images, preprocessing involved applying the color
threshold plugin to convert gametophytes into a red mask,
enabling their identification as regions of interest (ROI).
These ROIs were subsequently used for manual counting
and area measurements. In addition, an automated ML-
based image analysis workflow was developed for FM
images using the Trainable Weka Segmentation plugin
in FIJI, which is based on the WEKA machine-learning
framework (Arganda-Carreras et al. 2017). This method
combines machine learning algorithms with image fea-
tures to generate pixel-based segmentation and classifi-
cation models. The model was trained to detect the red
autofluorescence signal emitted by the live gametophyte
fragments against a black background. Following model
training, the plugin generated a classified image that ena-
bled automated identification of live gametophytes. A cus-
tom macro in FIJI was developed to automatically quan-
tify gametophyte density (number of live fragments cm™2)
and fragment area (um? cm™2) in the classified images.
To avoid background noise, a minimum particle size of 5
pixel? was used, corresponding approximately to the area
of a single gametophyte cell.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statis-
tics v29 software (IBM Corp., USA), and graphical represen-
tations were generated using GraphPad Prism 9 (GraphPad
Software, USA). After removing the statistically identified
outliers (samples on the 1st or 3rd quartile + 3 X the inter-
quartile range), the data were checked for normality and
homogeneity of variance (Kolgomorov-Smirnov and Lev-
ene’s tests, respectively). Since each snapshot was analyzed
using both methods (manual BF and automatic FM), a paired
t-test was applied to identify differences between methods.
In addition, to check their correlation, Pearson’s analysis
was applied per sampling day and considering all data. For
density and fragment area, data from the 3 replicates was
summed (20 fov from each replicate) and analyzed as n=60
fov, both for BF and FM images. Significant differences were
assumed when p <0.05.
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Results

Bright-field (BF) and fluorescence microscopy (FM)
image analysis

Differences detected between the two methods

The manual analysis revealed less accurate counts and area
measurements, as color thresholding of BF images was more
susceptible to background artifacts, contamination, debris,
dead gametophytes being incorrectly identified as ROIs, and
empty spaces between gametophytes were incorrectly iden-
tified as ROIs (Fig. 1A and B). In contrast, the FM image
analysis was faster and more accurate since the ML model
counted and measured only the gametophyte fragments that
emitted autofluorescence (Fig. 1C and D).

Comparison between both methods

Image analysis of gametophyte density revealed sig-
nificantly higher fragment counts in FM than BF (paired
t-test, p <0.001) across all the strains (females, males
and females X males) and time points (days 1, 7 and 14;
Fig. 2A). In contrast, area measurements obtained from FM
were lower than those from BF, with significant differences
observed across all strains, but only at specific time points
(paired t-test, p <0.05). Overall, more differences were
observed in male strains (Fig. 2B). Detailed significant dif-
ferences and effect sizes are provided in the supplementary
material (Table S1).

Correlation between both methods

Linear regression analyses were performed to evalu-
ate the relationships between BF and FM image

Fig. 1 Representative images of male gametophytes at day 14 under
red light: (A) BF image, (B) manual BF image analysis, (C) FM
image, and (D) machine-learning FM image. Arrows in (B) indicate
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analysis methods (Fig. 3). The linear regression
for density revealed a moderately positive relation-
ship between the two methods (R2=0.397, p<0.001:
FMdensity = 3.40 + 1.27 X BFdensity). The slope > 1
indicates that FM-derived density estimates are higher
than BF-derived density, suggesting that the fluores-
cence-based method yields higher density estimates as
values increase (Fig. 3A). For area measurements, a posi-
tive association was also observed between BF and FM
with the regression model explaining a larger propor-
tion of variability compared with density measurements
(R®*=0.576, p<0.001). The fitted regression equation with
slope <1 (FMarea = 0.28 4 0.62 X BFarea) indicates that
the FM method estimates areas lower than the BF method
(Fig. 3B), consistent with observations of incorrect area
measurements with the latter method (see Fig. 1).

Pearson’s correlation coefficients (r), considering all
time points for each strain (FM/BF), indicated a strong
correlation between the two methods of image analysis
(n=1451) for both density (r=0.630; p <0.001) and area
(r=0.759; p<0.001; Table 1). The same strong correla-
tion indices (p < 0.001) were achieved when the analysis
was performed for each time point separately.

FM impact on gametogenesis

Following transfer to white light, gametophyte reproduc-
tive development was observed in both males and females
(Fig. 4 and 5). After 9 days, sporophytes were present in
cultures containing both sexes (Fig. 4C and 5C). Female
gametophytes developed faster, showing eggs (Fig. 5A), in
the presence of males than when cultured alone (Fig. 4A
and 4C). Males developed faster than females, with 100%
showing antheridia (Fig. 4B and 5B).

incorrect identification of (a) contamination, (b) debris, (c) dead
gametophytes, (d) background artifacts, and (e) area measurement of
empty spaces by the manual BF image analysis
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Fig.2 Bright-field (BF) and fluorescence microscopy (FM) images
analysis of Laminaria ochroleuca gametophytes. (A) Density (num-
ber of live fragments cm™?) and (B) fragment area (prn2 cm™?) at days
1, 7, and 14 under red light. Results are represented as interleaved
box and whiskers plots (BF — black; FM — red). Boxes represent the

Discussion

With the global expansion of algae biobanks, improving cell
quality protocols used in maintenance routines and experi-
mental trials has become essential to enhance objectivity,
incorporate technological approaches, and reduce hands-on

interquartile range (25th—75th percentiles), the horizontal line inside
each box indicates the median, and whiskers represent the minimum
and maximum values (20 fov, 3 replicates, n=60). Significant differ-
ences between BF and FM (paired t-test) are indicated with an aster-
isk for each day (p <0.05)

processing time. Our study introduces a new autofluores-
cence-based analysis (AFA) method for the evaluation of
gametophyte survival, growth and viability that was dem-
onstrated to be highly correlated with commonly employed
manual analysis, but with improved accuracy and reduced
handling time, resulting in less biased observations.

@ Springer



Journal of Applied Phycology

50

R: Linear = 0,397

FM density (live fragments cm-)

15 20 25

BF density (live fragments cm)

20

R: Linear=0576

FM area (um2cm-2)

BF area (um2cm)

Fig.3 Relationship between measurements obtained using bright-
field (BF) and fluorescence microscopy (FM) image analysis meth-
ods. Linear regression between (A) BF density and FM density
and (B) BF area and FM area was measured at the field-of-view
(fov) level. Each point represents an individual fov measurement
(n=1451). Solid lines represent fitted linear regression models
(»<0.001)

Table 1 Simplified representation of Pearson’s correlations between
density and area of Laminaria ochroleuca gametophytes (3 females,
3 males and 3 females X males) assessed through fluorescence micros-
copy (FM) and bright-field (BF) image analysis

FM/BF Day 1 Day 7 Day 14

Density (live frag-  0.630%* 0.624%** 0.660%* 0.647%%*
ments cm™2)

Area (um? cm™) 0.759%%* 0.569%*%* 0.588%%* 0.375%:

The correlation was evaluated considering all data (FM/BF; n=1451)
and separately for each time point (day 1, n=468; day 7, n=488; and
day 14, n=495). Statistically significant correlations are indicated
with asterisks (**p <0.001).
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The AFA method is based on the detection of gameto-
phyte chlorophyll autofluorescence, a universal character-
istic of photoautotrophic macroalgae. The intensity of red
fluorescence emitted is dependent on chlorophyll concentra-
tion and type of accessory pigments (phycobiliproteins and
xanthophylls: (Juhasz-Dora et al. 2024). In the brown alga
L. ochroleuca, light is primarily absorbed by chlorophylls
a and ¢ and fucoxanthin (Fernandes et al. 2016). This pig-
ment composition is important when setting up the micro-
scope configuration for fluorescence imaging, to make sure
that fluorescence emitted by the photosynthetic apparatus
is detected efficiently (Coronado-Parra et al. 2023). To
minimize potential light-induced physiological responses,
including the induction of gametogenesis, red excitation
was deliberately selected instead of UV light excitation.
Although the endogenous pigments exhibit stronger exci-
tation in the UV region, their secondary excitation in the
red spectral range was sufficient to generate a detectable
autofluorescence signal. In our experiment, detected frag-
ments were confirmed as alive based on both chlorophyll
fluorescence (FL images) and intact brown coloration under
transmission light (BF images), enabling rapid and straight-
forward cell survival assessment. Contrarily, staining tech-
niques such as FDA may overestimate living cells, since the
esterases responsible for converting fluorescein into visible
fluorescence can increase not only during growth but also
under unfavorable conditions, a reason why some authors
have reported that dead cells still emit FDA fluorescence
(Markelova et al. 2000).

Using the AFA method, survival is assessed by count-
ing live gametophyte fragments, rather than entire game-
tophytes that can contain senescence cells. This approach
provides results closer to biological reality, as a fragmented
multicellular gametophyte has the potential to develop into
multiple individuals, depending on the number of live frag-
ments (Destombe and Oppliger 2011). The results of both
image analysis methods, BF and FM, showed a decrease in
live fragments cm~2 in females and mixed cultures over time.
This likely reflects two simultaneous effects: higher female
mortality and reduced space per fov as remaining live frag-
ments grow. The trend was less evident in males, possibly
because of their higher resilience and less pronounced volu-
metric growth compared to females (Izquierdo et al. 2002).
Overall, FM analysis detected a higher number of live frag-
ments at all sampling times and measured smaller fragment
area, as confirmed by regression analyses. These findings,
together with visual observations, confirm that AFA method
is faster and more precise. Manual analysis of survival and
growth may consider contamination, unidentified debris,
dead gametophytes and background artifacts, either due to
observer error or to FIII’s “WandAutoMeasureTool”, which
automatically sets a threshold to convert detected elements
into ROIs. This tool identifies a specimen (it may or may not
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Fig.5 Representative gametophyte reproductive development after 9 days under white light, shown for (A) 22, (B) 43, and (C) 2x 33

be a gametophyte), converts it to red color and establishes
a yellow threshold around it, considering any space inside
this boundary and not only the red area (https://imagej.net/ij/
docs/tools.html). Although this feature can be used to count
and measure L. ochroleuca gametophytes, it may overesti-
mate both survival and growth due to the inclusion of area
measurements for non-living tissue. This problem could be
overcome by using the "watershed" function of FIJI, but it
cannot be applied directly to the bright-field image, requir-
ing more time to pre-processing the images, which would
convert the image analysis process into a complex workflow.
In Laminaria digitata, an alternative method for growth
determination measured gametophyte length along the main
axis (Ratcliff et al. 2017). However, once branching began
after four weeks, this approach became unreliable. Branch-
ing is expected and does not compromise the AFA method,
as all live fragments emit red fluorescence detected by the
ML-model and are classified as living area.

As with any other technique, AFA method has its own
limitations. In this study, the use of two-dimensional (2D)
images may lead to underestimation of counts and area when
gametophytes overlap, because the system only differentiates
red signal from background. However, this is more likely
when gametophytes reach a considerable size, especially
the larger females, or when gametophyte densities are very
high, which is not a recommended practice (Lawton and
Magnusson 2025). FIJI offers a trainable WEKA segmen-
tation 3D plugin, but further research is needed to deter-
mine whether this approach can overcome the limitations
mentioned. Alternatively, z-stack acquisition followed by
extended depth-of-field projection could be used to inte-
grate three-dimensional structural information into a single
image. Although this approach may improve segmentation
accuracy, it would substantially increase image acquisition
and processing times. Additionally, the current model does
not distinguish males from females, but given that sexual
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dimorphism becomes visible after 1-2 weeks in culture
(Redmond et al. 2014), future work should focus on devel-
oping and training an ML-model able to differentiate sexual
phenotype based on morphological variation.

To test whether this method could be used in reproduc-
tive experiments, crosses between female and male game-
tophytes were performed. Cultures were maintained under
red light for one month, considered ideal for maintaining
gametophytes in vegetative state (Ebbing et al. 2020), and
then transferred to white light. During the red-light period,
the light used for FM analysis did not induce gametogen-
esis, nor was any morphological alteration associated with
reproductive development visible. It has been reported
that once gametogenesis starts, male L. ochroleuca game-
tophytes aggregate in ball-like shape and develop anther-
idia, whereas females became more rounded and develop
oogonia (Pereira et al. 2011). Thus, only vegetative growth
was observed. However, when gametophytes were moved
to white light, a key trigger of gametogenesis (Liining and
Dring 1975), antheridia were visible in males and oogonia
in females within 5 days. By day 9, sporophytes were pre-
sent in all mixed cultures. This time course for reproduc-
tive development is considered normal for L. ochroleuca
(Strasser et al. 2022) and is similar to observations in the
related L. digitata (Martins et al. 2017; Ratcliff et al. 2017).
Overall, these results demonstrate that the autofluorescence
analysis method does not interfere with gametophyte repro-
ductive development and can therefore be safely applied in
reproductive experiments requiring repeated fluorescence
observations.

A major advantage of AFA method is the ability to moni-
tor viability over time. Many viability staining techniques
are not suitable for repeated measurements due to membrane
damage or cumulative toxicity (Riss et al. 2016), increasing
the number of required replicates and the complexity of the
experimental designs. Moreover, every procedure dependent
on the gametophyte color identification by the human eye,
which is the case of the commonly seen score indexes, pre-
vents colourblind researchers from performing the analysis
(Zhang et al. 2007b; Barrento et al. 2016). The established
qualitative indexes also do not allow analytical interpretation
of the data, resulting in many publications lacking statistical
analysis.

By using open-source machine learning tools, the AFA
method not only delivers accurate and reliable data with
time- and therefore costs-savings, but most importantly, is
broadly accessible to the research community. This promis-
ing methodology can be applied to other photosynthetic spe-
cies with pigments emitting chlorophyll autofluorescence.
Exploring algal autofluorescence is not new, but its appli-
cation to multicellular algae lags far behind achievements
with unicellular algae (Enriquez and Borowitzka 2011).
With continuous technological developments, it will become
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useful for many applications, and was already shown to be
a rapid diagnostic tool to evaluate the reproductive matura-
tion of macroalgal sori (Juhasz-Dora et al. 2024). Finally,
addressing the technological and automation gap in research
is critical to support long-term research and for scaling up
algae biobanks and cultivation systems, since they are the
fundamental backups for research innovation, industrial pro-
duction, and environmental restoration.

Conclusions

In conclusion, the AFA method represents a reliable, objec-
tive, and time-efficient approach for assessing survival
and viability of Laminaria ochroleuca gametophytes. By
leveraging chlorophyll autofluorescence and open-source
ML tools, it overcomes the limitations of manual count-
ing and staining-based techniques, reducing observer bias,
minimizing overestimation errors, and allowing continuous
monitoring of the same biological samples over time. The
method proved consistent with conventional analyses while
delivering greater precision and speed, without interfering
with normal vegetative growth or reproductive development.
Moreover, the approach offers strong potential for further
refinement, including sex differentiation and 3D segmenta-
tion. Overall, AFA method provides a scalable and acces-
sible technological advancement that can enhance experi-
mental standardization, support algae biobanking, and be
adapted to a wide range of photosynthetic organisms exhibit-
ing autofluorescence.
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