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Cyanobacteria are an important part of phytoplankton communities, however, they
are also known for forming massive blooms with potentially deleterious effects on
recreational use, human and animal health, and ecosystem functioning. Emerging high-
frequency imaging flow cytometry applications, such as Imaging FlowCytobot (IFCB),
are crucial in furthering our understanding of the factors driving bloom dynamics,
since these applications provide community composition information at frequencies
impossible to attain using conventional monitoring methods. However, the proof of
applicability of automated imaging applications for studying dynamics of filamentous
cyanobacteria is still scarce. In this study we present the first results of IFCB applied
to a Baltic Sea cyanobacterial bloom community using a continuous flow-through
setup. Our main aim was to demonstrate the pros and cons of the IFCB in identifying
filamentous cyanobacterial taxa and in estimating their biomass. Selected environmental
parameters (water temperature, wind speed and salinity) were included, in order
to demonstrate the dynamics of the system the cyanobacteria occur in and the
possibilities for analyzing high-frequency phytoplankton observations against changes
in the environment. In order to compare the IFCB results with conventional monitoring
methods, filamentous cyanobacteria were enumerated from water samples using light
microscopical analysis. Two common bloom forming filamentous cyanobacteria in the
Baltic Sea, Aphanizomenon flosaquae and Dolichospermum spp. dominated the bloom,
followed by an increase in Oscillatoriales abundance. The IFCB results compared
well with the results of the light microscopical analysis, especially in the case of
Dolichospermum. Aphanizomenon biomass varied slightly between the methods and
the Oscillatoriales results deviated the most. Bloom formation was initiated as water
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temperature increased to over 15◦C and terminated as the wind speed increased,
dispersing the bloom. Community shifts were closely related to movements of the water
mass. We demonstrate how using a high-frequency imaging flow cytometry application
can help understand the development of cyanobacteria summer blooms.

Keywords: IFCB, Imaging FlowCytobot, high-frequency observations, cyanobacteria, cyanophyte, bloom
dynamics, Baltic Sea, imaging-in-flow cytometry

INTRODUCTION

Cyanobacteria are among the oldest organisms in the world,
and were involved in the process of the Earth evolving into a
planet with an oxygen-rich atmosphere. They are an important
component of phytoplankton communities, producing oxygen
and recycling nutrients. In contrast to eukaryotic phytoplankton,
many cyanobacterial species are able to utilize atmospheric
nitrogen (N2) giving them an advantage in nitrogen-depleted
conditions. Nitrogen-fixing (diazotrophic) cyanobacteria are an
important contributor to the new nitrogen input in many marine
systems (e.g., Capone et al., 1997; Larsson et al., 2001; Gallon
et al., 2002; Mulholland et al., 2006; Westberry and Siegel, 2006;
Klawonn et al., 2016).

Besides being an important part of marine and freshwater
ecosystems, cyanobacteria also form extensive, potentially toxic
blooms harmful to, for example, aquaculture, water supply
systems, recreational use of aquatic systems and human
health (Anderson et al., 2019; Burford et al., 2020). Harmful
cyanobacterial blooms influence the whole ecosystem via
production of toxins that are released to the water or transferred
to higher trophic levels by grazing zooplankton (Ibelings and
Chorus, 2007; Ibelings and Havens, 2008; Sopanen et al., 2009).
Cyanotoxins may affect the growth and condition of fish larvae
and accumulate in benthic filter feeders (Ibelings and Chorus,
2007; Karjalainen et al., 2007; Ibelings and Havens, 2008).
Massive blooms also cause anoxic bottom conditions through
sedimentation of a high amount of decaying organic matter as
the bloom declines (Vahtera et al., 2007).

Harmful cyanobacterial blooms occur primarily in freshwater
ecosystems and in brackish conditions in estuarine and coastal
waters and may intensify and expand due to shifts in the
environment driven by climate change and eutrophication
(O’Neil et al., 2012; Wells et al., 2020 and references therein). As
reviewed by Huisman et al. (2018), several papers have emerged
in recent years that link the frequency, intensity and duration of
cyanobacterial blooms to global warming, rising CO2 levels and
eutrophication of, especially, coastal areas.

Cyanobacterial blooms are of concern in the Baltic Sea,
being basin-wide and recurrent phenomena (Kahru and Elmgren,
2014). The mechanisms behind the bloom dynamics in the Baltic
Sea have been studied widely (Kahru et al., 1994; Kanoshina
et al., 2003; Kangro et al., 2007; Kahru et al., 2020). In general,
it appears that the low summertime dissolved inorganic nitrogen
concentration and low inorganic N:P ratio typically occurring in
the Baltic Proper and in the Gulf of Finland favor nitrogen-fixing
cyanobacteria dominance in these areas. Bloom development is
initiated mainly by phosphorus availability of the surface water

and a calm, warm weather period that enables the warming and
shallowing of the surface layer above a seasonal thermocline
(Sellner, 1997; Kahru et al., 2000; Kanoshina et al., 2003; Lips
and Lips, 2008), with July weather conditions being the main
trigger (Kahru et al., 2020). However, the species composition
of blooms varies, and the exact composition is still difficult to
predict and verify.

In the Baltic Proper and in the Gulf of Finland, phytoplankton
community succession can be characterized by a spring
bloom, dominated by diatoms and dinoflagellates, followed
by a low-biomass summer minimum and later on, as the
surface water warms, a summer cyanobacterial bloom, clearly
following a seasonal pattern. The summer cyanobacterial blooms
are usually dominated by filamentous N-fixing Nodularia
spumigena and Aphanizomenon flosaquae and are accompanied
by Dolichospermum spp. [formerly included in the genus
Anabaena; the planktic species were separated from the
benthic Anabaena into their own genus, Dolichospermum, by
Wacklin et al. (2009)], typically occurring in lower quantities
(Niemistö et al., 1989; Kanoshina et al., 2003; Stal et al.,
2003; Olofsson et al., 2020; Figure 1). Another common
filamentous cyanobacterial group in the northern Baltic Sea
during the summer is the non-diazotrophic order Oscillatoriales
(together with some filamentous Synechococcales), increasing
in numbers in late July–August (Toming and Jaanus,
2007).

The processes behind cyanobacterial blooms are still not
fully understood and new types of sampling strategies and
methodologies are needed to further our understanding of these
phenomena. Omic tools such as genomics, transcriptomics,
proteomics and metabolomics have been suggested to be
applicable, and even groundbreaking, in future harmful algal
bloom (HAB) studies (Hennon and Dyhrman, 2020; Wells et al.,
2020). Remote sensing data such as satellite images provide
information on surface accumulations of some HAB species, this
is the case for example in the Baltic Sea (see e.g., Kahru et al.,
1994; Kahru and Elmgren, 2014). In some cases, special optical
properties can be linked to certain taxa/phytoplankton groups
(Westberry and Siegel, 2006) providing insights from large
spatial areas, but remote sensing often cannot resolve species
composition and can only be applied for phytoplankton that form
surface accumulations or have specific optical properties that can
be identified. Different bio-optical methods such as measurement
of phycocyanin fluorescence have proved to be able to detect
cyanobacterial blooms and have been successfully applied for
investigating spatial distribution of the blooms. Phycocyanin
fluorescence has also been found to be a better proxy than
chlorophyll a in describing cyanobacterial abundance, but its
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FIGURE 1 | Common filamentous cyanobacteria from the Baltic Sea captured with an Imaging FlowCytobot. Aphanizomenon flosaquae (A) (filament width ca.
5 µm), Nodularia spumigena (B) (filament width ca. 8–10 µm), Dolichospermum spp. (C) (representing the group “straight,” i.e., not forming closed loops),
(D) (representing the group “coiled,” i.e., forming closed loops) (filament width ca. 5–7 µm), Oscillatoriales (E) (filament width ca. 1.5–2 µm).

limitation is that it cannot resolve the bloom forming taxa
(Seppälä et al., 2007).

New autonomous technologies that provide high-frequency
species-level observations create novel possibilities and should
be implemented in HAB studies for a better understanding of
the processes behind bloom development and succession, along
with traditional microscopical analysis of samples for validation
and comparison. Conventional phytoplankton monitoring is
based on light microscopical analysis for species identification
and biomass determination, typically with a low frequency of
sampling. Microscopy-based, long-term monitoring data provide
valuable information on the changes in the phytoplankton
community through time (Suikkanen et al., 2007, 2013; Hällfors
et al., 2013). However, analyzing a single sample can require a
full working day of a highly skilled specialist. Optical methods,
such as flow cytometry, in turn provide large amounts of
high-frequency data, but at a lower taxonomic resolution
(Lombard et al., 2019).

Recently introduced imaging flow cytometry applications have
been proposed as a rapid near real-time alternative for the
analysis of phytoplankton community composition, providing
more detailed information on the species composition than
traditional flow cytometers, but reducing the workload compared
to microscopy (Dashkova et al., 2017). Though imaging methods
often provide lower resolution species composition data than
traditional microscopy, they provide enhanced resolution over
time with identification, in some cases, even at species level.
While various flow cytometers and imaging systems for plankton
are available (Lombard et al., 2019), the Imaging FlowCytobot
(IFCB, McLane Research Laboratories, Inc., United States) is
among the most promising for phytoplankton research, since it
combines high-quality imaging, cytometry, automatic sampling
and some tools for the subsequent image data analysis treatment
(Olson and Sosik, 2007; Sosik and Olson, 2007).

Most of the studies utilizing IFCBs have been from marine
systems around the coasts of the United States and from scientific
cruises in the North Atlantic and the Arctic Ocean. It has
been utilized in ecological studies on the whole phytoplankton
community composition (Laney and Sosik, 2014; Anglès et al.,
2015, 2019; Wilson et al., 2019; Bolaños et al., 2020; Fischer

et al., 2020) but it has also been used for the early detection of
specific HAB species, such as Karenia brevis and Dinophysis sp.
(Campbell et al., 2010, 2013; Harred and Campbell, 2014). IFCB
has proven its versatility by being applicable for detailed studies
on life cycles and growth rate estimates, identifying parasitic
infections and the ecological influence of these on the host species
(Brosnahan et al., 2014, 2015, 2017, 2020; Peacock et al., 2014) as
well as detecting rare species and analyzing species morphology
against phylogeny (Henrichs et al., 2011, 2013).

Since research so far has focused on marine systems,
there is scarce evidence of the applicability of the image
recognition algorithms in identifying filamentous cyanobacteria
images taken with an IFCB, nor is there evidence of the
reliability of the biovolume estimates for them derived from
the image processing procedure. Different approaches have
been developed to image filamentous cyanobacteria and to
analyze their abundances using automated or semi-automated
methods with varying success and applicability. Most image
analysis methods for filamentous cyanobacteria have been
developed for light and epifluorescence microscopy images,
not for images taken with imaging flow cytometry (Congestri
et al., 2000; Ernst et al., 2006; Almesjö and Rolff, 2007;
Zeder et al., 2010; Gandola et al., 2016; Baek et al., 2020).
For analysis of images taken with imaging flow cytometer,
the majority of methods have been developed with the whole
phytoplankton community in mind and there is not much
evidence of their applicability on filamentous cyanobacteria. Only
some studies addressing filamentous cyanobacteria abundances
utilizing imaging flow cytometer data are available (Graham
et al., 2018; Hrycik et al., 2019). Hence several methods have
been proposed and been shown to be functional, but there
are not so many studies truly utilizing the existing methods
due to the fact that investigation of filamentous bloom-forming
cyanobacteria using image analysis presents some interesting
challenges. The filaments include, in addition to fairly easily
processed “stick”-like straight filaments, “string of pearls”-like
filaments with clearly constricted cells, as well as more or less
tightly coiled filaments of both constricted and non-constricted
cells. Also, straight filaments may further form bundles of
filaments, and the coiled filaments may form complicated tangles.
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This makes it difficult to estimate the biomass of a single
genera and requires expert knowledge or advanced machine
learning algorithms.

Although the dynamics of the different filamentous
cyanobacterial species have been studied during the last
decades (see e.g., Stal et al., 2003), it still remains as one of
the key unknowns of the Baltic Sea summer blooms. The
species-specific responses to environmental pressures and shifts
cannot be resolved in field studies by using low-frequency
sampling combined with traditional microscopical analysis,
nor with bulk optical methods which do not provide species-
level information on the community. This study presents
in situ observations collected during the summer of 2018 at
the Utö Atmospheric and Marine Research Station in the
Archipelago Sea, the Baltic Sea. The aim of this paper is to
demonstrate the pros and cons of the IFCB in identifying
filamentous cyanobacterial taxa and in estimating their
biomass, as well as to evaluate its use in future research
and noting what still needs to be done concerning method
development. We also demonstrate how the taxon-specific
high-frequency data, combined with environmental data,
provide new possibilities to study the insights of the Baltic Sea
cyanobacterial bloom dynamics.

MATERIALS AND METHODS

Study Area
The data used in this study were recorded at the Utö Atmospheric
and Marine Research Station situated in the southern part of the
Archipelago Sea (59◦46.84′ N, 21◦22.13′ E, Figure 2). Located
in the immediate vicinity of the Northern Baltic Proper, the
station facilitates the study of pelagic processes in the open
sea, while providing the required facilities for maintaining
an extensive power-consuming measurement apparatus. For
a more detailed description of the study site and a list
of supporting observations, see Laakso et al. (2018). The
measurements are a part of the Joint European Research
Infrastructure network for Coastal Observatories (JERICO-RI)
(Puillat et al., 2016).

Water for the flow-through measurements is pumped
continuously from 250 m offshore using an underwater pump
(Grundfos SP3A-9N) located at the sea bottom at 23 m depth.
The floating water sampling inlet of the pump is located
at the depth of ∼5 m, representing the mixed surface layer
above the seasonal thermocline. Water is pumped at a rate
of 50–60 L min−1 through a 50-mm black PE tube, lying at
the sea bottom, giving a residence time of approximately 5–
6 min. Inside the station building, water is distributed through
several flow-through channels, including the intake of the
IFCB. Another sensor in the flow-through system, utilized
in this study, is a thermosalinograph (SBE45 MICRO TSG,
SeaBird, United States). A wide range of meteorological and
atmospheric variables, including air temperature and wind are
measured approximately 1 km from the sampling site, at the
Finnish Meteorological Utö weather station (Laakso et al.,
2018, Appendix A).

Sampling
The data, consisting of continuous image data collected with the
IFCB, as well as reference water samples for light microscopy
analysis, were collected in July–August 2018. The IFCB combines
cytometry and imaging technology to capture images of
planktonic cells. The IFCB processed a 5-mL sample every
∼20 min, with the exception of minor gaps caused by power
loss or maintenance of the station’s flow-through system. In
the present study, the size of the imaged particles ranged from
∼5 µm nanoplankton to cyanobacteria with a filament length
of ∼300 µm. The instrument was operated with chlorophyll a
trigger to capture images of chlorophyll-containing cells and to
prevent detritus and other non-living material to be imaged.
A 150 µm mesh was used at the instrument inlet to prevent the
instrument from clogging.

To facilitate a comparison of results provided by the IFCB
with those provided by the standardized microscopy methods
used in conventional phytoplankton monitoring in the Baltic
Sea (HELCOM, 2017), additional samples for light microscopical
analysis were taken at intervals during the study period from
both near the pump inlet and from the station flow-through
system. The comparison samples were also taken to analyze
whether the pumping of water into the measurement cabin or
the 150 µm mesh at the instrument inlet, would affect the
results. Samples (250 mL) were taken with a 5-L Limnos water
sampler from as close as possible to the pump inlet at ∼5 m
depth (pump inlet samples) and by filling the sample bottle
(250 mL) straight from the flow-through line in the measurement
cabin (flow-through samples). The samples were fixed with acid
Lugol’s solution and kept in the dark and refrigerated until light
microscopical analysis.

Microscopical Phytoplankton Analysis
Cyanobacterial abundance in the reference samples collected for
light microscopy was estimated with the Utermöhl technique
(Utermöhl, 1958). Subsamples of 25-mL or 50-mL were settled
for 16 h or 24 h in Utermöhl chambers and enumerated using
an inverted light microscope (Leitz DMIRB). A magnification of
125x was used for Aphanizomenon flosaquae, Dolichospermum
spp. and Nodularia spumigena, henceforth referred to as
Aphanizomenon, Dolichospermum and Nodularia, respectively,
and a magnification of 250× for Oscillatoriales. Since we
wanted to compare the IFCB results with results attained
using the combined HELCOM monitoring methods applied
by the countries surrounding the Baltic Sea, the counting was
done utilizing the predefined size classes used in Baltic Sea
phytoplankton monitoring (HELCOM, 2017; Olenina et al.,
2006). A suitable size class was chosen for each filament by
visually estimating the filament widths with the help of an
ocular micrometer. We counted 100, 200, or 300 counting units
(100 µm long filament sections; HELCOM, 2017; Olenina et al.,
2006), in order to decrease the statistical error of the count
by counting more units in a very dense sample. If there were
less than 100 counting units in the sample, all were counted.
In the case of Aphanizomenon, Dolichospermum and Nodularia,
filament lengths were measured using the ocular micrometer. The
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FIGURE 2 | The location of the study site in the Baltic Sea and the nearby sea areas (AS; Archipelago Sea, NBP; Northern Baltic Proper, GF; Gulf of Finland). A more
detailed map of the sampling area in the upper left corner.

lengths of 100 filaments in each sample were measured, or all
filaments present, if less than 100 occurred. The biovolumes and
size classes were determined according to Olenina et al. (2006)
and further converted to biomass (µg L−1) assuming a plasma
density of 1 g cm−3 (CEN, 2015). The majority of filaments of
Aphanizomenon, Dolichospermum and Oscillatoriales fell in the
size classes 5 × 100 µm, 5–7 × 100 µm, 1.5 × 100 µm, and
thus had biovolumes of 1,963 µm3, 1,884 µm3 and 177 µm3 per
100 µm filament, respectively.

Image Data Analysis
The image data collected with the IFCB were classified using a
machine learning algorithm, trained using a manually labeled
(i.e., identified) set of images according to the method described
by Sosik and Olson (2007), with the exception that we utilized
the Random Forest algorithm (Breiman, 2001) instead of the
Support Vector Machine. In brief, the method utilizes a set
of features (characteristics or properties) extracted from the
images and image training (manually labeled images are used
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as examples of the morphological representation of different
species/groups of species from the Baltic Sea) for classifying
the image data with a suite of decision trees. More detailed
descriptions of the MATLAB-based tools, the list of features
and the publicly available codes can be found at https://github.
com/hsosik/ifcb-analysis. Altogether 40 categories were selected
for the final classifier, representing the most abundant and
recognizable phytoplankton groups, like the four categories of
filamentous cyanobacteria, several dinoflagellate, diatom and
different types of flagellate groups as well as some coccoid
cyanobacteria and green algae of varying taxonomic level. Having
more variety in the classifier improved the classification accuracy
(overall accuracy being 89.23%) for the more certain categories.
The results of filamentous cyanobacteria (four out of the 40
categories, the rest of the 40 categories consist of taxa other
than filamentous cyanobacteria) are relevant for the current
study: Aphanizomenon (Figure 1A), Dolichospermum “straight”
(Figure 1C), and “coiled” (Figure 1D), as well as Oscillatoriales
(Figure 1E); Nodularia (Figure 1B) could not be included, since
there were not enough images to create a functioning training
set. To obtain a good classifier performance, categories consisted
of a minimum of 100 images in the training set. The maximum
amount of training images used for a category was 3000.

Category-specific thresholds were assigned to each category
included in the study. The volume of the actual sample observed
was also taken into account as the trigger is always followed by a
short “dead time,” making the volume observed smaller than the
initial volume (Olson and Sosik, 2007). Pixel-based biovolumes
were produced for each image during the process of feature
extraction according to the distance map method of Moberg and
Sosik (2012). A conversion factor was determined using standard
beads (diameter 6 µm; AlignFlow Plus, Molecular Probes, Inc.)
for converting pixel-based biovolumes to micrometer-based
biovolumes. The micrometer-based biovolumes were further
converted to biomass (µg L−1) assuming a plasma density of 1 g
cm−3 (CEN, 2015).

The four categories of filamentous cyanobacteria used in
this study all comprised over 2500 images in their training
sets. The biovolumes obtained by the feature extraction from
the images of coiled Dolichospermum filaments (Figure 1D)
were manifold compared to the actual biovolume of such a
filament, since the image processing method detected these
images as large, roundish, filled objects, instead of loops of
filament coils. Therefore, the results of Dolichospermum, when
appearing in a coiled form, needed a further conversion.
Basically, a linear model was applied to the biovolumes retrieved
by the feature extraction and more realistic biovolumes of
the same filaments calculated using average cell biovolume
and cell counts to obtain a conversion factor (described in
more detail in “Method Comparison”). Consequently the coiled
filaments were classified separately. The results of the categories
Dolichospermum “straight” and Dolichospermum “coiled” were
merged into one after the conversion of the latter.

Sensitivity, precision and F1-score were calculated for the
categories to describe the classification performance, since
category-specific accuracy is not a good metric to describe
the performance for category-imbalanced data. Sensitivity

describes the proportion of the successful identifications
[True positives/(True positives + False negatives)] and
can be considered as a metric for how well species are
identified. Precision describes what proportion of the
positive identifications were correct [True Positives/(True
Positives + False Positives)] and can be considered as a
metric for how well other species are rejected. The F1-
score summarizes both the sensitivity and precision and
expresses the balance between the two [2 ∗ ((precision ∗

sensitivity)/(precision + sensitivity))]. The calculated metrics
clearly exceeded 95% in all of the filamentous cyanobacteria
categories included in the classifier (Table 1).

Method Comparison
To assess the reliability and comparability of the IFCB
observations, a comparison between IFCB data and light
microscopical data was performed. The total biomass of each
taxon in each coincident IFCB sample (with timestamp closest
to the collected microscopy samples) was compared to the total
biomass of the corresponding microscopy sample of the taxon.
The comparison was done to verify the comparability of the IFCB
results with traditional phytoplankton monitoring methods to
assess the total biomass of a taxon in a sample (HELCOM, 2017).

To verify the reliability of the biovolume assessment of the
image analysis an average biovolume, obtained by the feature
extraction, of a 100 µm long filament for each taxa was compared
to the corresponding biovolume used in the light microscopy.
In the light microscopy analysis the majority of filaments of
Aphanizomenon, Dolichospermum and Oscillatoriales fell in the
size classes 5 × 100 µm, 5–7 × 100 µm, 1.5 × 100 µm, and thus
acquired biovolumes of 1,963 µm3, 1,884 µm3 and 177 µm3 per
100 µm filament, respectively (HELCOM, 2017; Olenina et al.,
2006). The average biovolume of 100 µm long filaments for each
taxon were calculated from the IFCB images.

Few steps were required to obtain the average biovolumes
from the IFCB images. First, filament widths (i.e., their diameter)
were manually measured with a MATLAB image viewer tool
(with Dolichospermum categories, cells were also counted).
Second, to obtain the length of the filament, the area (given
in the feature extraction process) was divided by the width.
Third, the biovolumes calculated in the feature extraction process
for selected images were converted to match 100 µm long
filaments. The average biovolume was calculated from a total of
five different samples across the bloom peak period including
100 (or all, if less than 100 filaments were found in the sample)
randomly selected images in each category in each of the five

TABLE 1 | Category-specific total number of images in the training set and
classification performance described by sensitivity, precision and F1-score.

Category Number of
images

Sensitivity Precision F1-score

Oscillatoriales 3000 99.67 99.37 99.52

Aphanizomenon 3000 97.63 96.10 96.86

Dolichospermum ”straight” 3000 96.30 95.10 95.69

Dolichospermum ”coiled” 2504 98.04 95.60 96.81
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samples. Filament lengths were calculated in order to compare
the lengths of Dolichospermum and Aphanizomenon between the
two methods and to determine whether the pumping of the water
to the station building housing the IFCB, or alternatively, the
150 µm mesh at the instrument intake, influenced the results.

In addition to the average biovolume of a 100 µm filament,
an average was also calculated for a single cell in the case of the
category Dolichospermum “straight” by dividing the biovolume
drawn in the feature extraction by the number of cells counted
manually from the images. For the category Dolichospermum
“coiled,” a more realistic biovolume was calculated based on
the manual cell count of the filament, because the biovolume
extracted during the image processing method overestimated
the biovolumes of the category. The biovolume used for the
calculation of the more realistic biovolumes was the average
cell biovolume determined from Dolichospermum “straight” as
mentioned, with the same procedure as the measurements of the
other categories. These more realistic biovolumes were compared
to the biovolumes determined by the feature extraction process
by fitting a regression line of a linear model using an intercept of
zero. The slope factor of the linear model was used for converting
the unrealistic biovolumes of the category Dolichospermum
“coiled” to realistic results, after which the results of the two
categories of Dolichospermum could be merged.

Statistical Analysis
Using a One Sample T-Test, the average IFCB measured
biovolumes for the 100 µm filament counting units were
compared to the most common biovolumes of 100 µm filament
counting units calculated based on the light microscopy analysis.
A linear model was fitted for the Dolichospermum “coiled”
biovolumes obtained by the feature extraction and the more
realistic biovolumes calculated (described above in “Method
Comparison”) using a regression line with intercept of zero.
Orthogonal regressions were drawn for IFCB versus light
microscopy total biomasses. As there is no reason to expect either
observation to be wholly accurate, and for both to hold the
possibility of error, the orthogonal regression was chosen. The
biomass comparison data were log(x + 1) transformed because
the original data consisted mostly of observations of low biomass
and only few observations of high biomass. Pearson’s Correlation
Coefficient tests were performed to determine if there was a
statistical relationship between the IFCB and light microscopy

biomass results. IFCB and light microscopy measurements of
Aphanizomenon and Dolichospermum filament lengths within a
sample were compared by using a Mann-Whitney U Test for two
independent groups. The filament lengths were also compared
between the samples within a method by using a Dunn’s Multiple
Comparison Test. All statistical tests were performed with R 3.6.1
(R Core Team, 2019). The package pracma was used for the
Orthogonal regression (Borchers, 2019); the other tests used can
be found in the basic R.

RESULTS

Comparison of IFCB Data and Data From
Conventional Microscopy
The widths of the filaments, as measured from the IFCB
images, varied within each category (mean and ± SD
respectively; Aphanizomenon 5 µm, ± 0.6 µm; Dolichospermum
5 µm,± 0.5 µm; Oscillatoriales 2 µm,± 0.3 µm). In microscopic
analyses, it was decided separately for each counted filament,
which predefined width-category it represents (HELCOM, 2017).
For Aphanizomenon, size classes to choose from were 4, 5, or
6 µm wide filaments, for Dolichospermum 4, 5, 5–7, 6–7, or
7–9 µm wide filaments and for Oscillatoriales 1, 1.5, 2, 2.5,
or 3 µm wide filaments (Olenina et al., 2006 and its Annually
updated appendix version 2018). Consequently, the resulting
mean biovolumes for 100 µm filaments may differ between
these two techniques.

The mean biovolumes of 100 µm filaments, based on manual
measurements from IFCB images, were in a similar size range
to the ones used in the light microscopical analyses when
taking into consideration the available size classes mentioned
above. Although the size range was similar, the One Sample
T-Test showed differences between the microscopy and IFCB
measurements for Aphanizomenon and Oscillatoriales (Table 2).
For Dolichospermum, there was no statistically significant
difference between the measurements (Table 2). Aphanizomenon
had a slightly lower average measured biovolume, the measured
biovolume falling right between the two size classes used for
light microscopical analyses (filament widths of 4 and 5 µm).
The average measured biovolume calculated from IFCB images
of Oscillatoriales differed from the one used in the microscopy
somewhat more than for the other two categories (Table 2),

TABLE 2 | Comparison of biovolumes between IFCB and microscopy.

microscopy biovolume (µm3)* IFCB biovolume (µm3) difference (%) min max SD n p-value

Aphanizomenon 1963 1399 −29 565 2855 ± 362 497 <0.001

Dolichospermum 1884 1885 0 833 4025 ± 435 422 0.96

Oscillatoriales 177 230 31 87 411 ± 47 333 <0.001

Biovolumes (µm3) for the size classes (Aphanizomenon 5 µm × 100 µm, Dolichospermum 5–7 µm × 100 µm, Oscillatoriales 1.5 µm × 100 µm) which were used
for the majority of filaments with the light microscopy counts and average measured biovolumes (µm3) of the categories based on manual measurements from IFCB
images. Difference (%) is how much the IFCB measured average biovolume differs from the biovolume based on the light microscopy analysis (Olenina et al., 2006) in
percentage. The p-value is the statistical significance of the One Sample T-Test comparing the IFCB measured biovolumes against the biovolumes calculated based on
the light microscopy analysis (Olenina et al., 2006).
*Olenina et al. (2006).
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FIGURE 3 | Linear model for the conversion factor of the biovolumes of the
category Dolichospermum “coiled” with regression line with intercept of zero.
The calculated biovolume represents the biovolumes that were calculated for
the images using the manual measurements and cell counts. The feature
extraction biovolume means the corresponding biovolumes obtained by the
feature extraction process.

however, still being right between two size classes used in the light
microscopy (filament widths of 1.5 and 2 µm). A plausible reason
for the greater difference in Oscillatoriales is that the margin of
error increases with smaller sized images, since the precision of
measurement is lower.

A conversion factor of 1/7.056 was obtained from the linear
model fitted to the biovolumes obtained from the images’
feature extraction and the calculated biovolumes based on
manual measurements and cell calculations. The resulting more
realistic biovolumes of Dolichospermum “coiled” represented
approximately 14% of the biovolumes initially obtained by the
feature extraction. The linear model had an r2 of 0.83 and
p < 0.001 (Figure 3).

The total IFCB biomasses correlated significantly with the
total light microscopy biomasses for all three cyanobacteria
investigated (Table 3). The regression line of Aphanizomenon
follows the 1:1 reference line closely, except at high biomass

TABLE 3 | The intercept and slope of the orthogonal regression and the r2 and
p-value of the Pearson’s Correlation Coefficient from the comparison of biomasses
acquired utilizing the IFCB and light microscopy.

intercept slope r2 p-value

Aphanizomenon 0.19 1.25 0.84 <0.001

Dolichospermum −0.29 1.01 0.82 <0.001

Oscillatoriales 0.57 1.87 0.56 0.003

The data used in the regression and correlation analyses are log(x + 1) transformed.

values where the line is oriented toward the y-axis since the
high microscopy biomasses are slightly higher than the high
IFCB biomasses (Figure 4). In the case of Dolichospermum the
regression line follows the 1:1 reference line almost identically,
with a slight biomass overestimation by the IFCB results
(Figure 4). Both Aphanizomenon and Dolichospermum have an
outlier, possibly explaining the deviation from the 1:1 line. For
Oscillatoriales, the regression line departs from the 1:1 line clearly
and the biomass is consistently higher for microscopy results than
for IFCB results except for the lowest biomasses (Figure 4). The
intercept of Aphanizomenon is slightly closer to the origin than
that of Dolichospermum, but the slope is clearly higher. The r2

is almost identical for the two (Table 3). Oscillatoriales departs
from the other two significantly in all the parameters, although
it too has a statistically significant correlation between the IFCB
and microscopy biomasses (Table 3).

The filament length comparison between sampling days was
performed to examine if there was any difference indicating
taxon-specific variability, and the comparison between the
two methods and the sampling points of light microscopy
samples was performed to identify any potential method-specific
variability. The filament lengths differed statistically (p ≤ 0.002)
and were longer for both Aphanizomenon and Dolichospermum
in all of the microscopy samples compared to the IFCB
samples (Figure 5). It should be noted that the Dolichospermum
measurements from the randomly selected IFCB images included
only filaments from the category Dolichospermum “straight”
as the filament lengths could not be calculated with the
same procedure for the “coiled” ones. Therefore, the absence
of the longest coiled filaments in the images is a likely
explanation for the lower average of Dolichospermum length in
the IFCB measurements.

Within a method there was some variability between the
days for both taxa. In the microscopy samples taken from the
flow-through system of the station building (July 20 and 27),
the mean length of Aphanizomenon was consistently lower
than in the samples taken from the pump inlet (July 15, 19
and 24) (Figure 5), indicating that the pumping of the water
to the station building affects the Aphanizomenon filaments
by breaking them into shorter pieces. The same trend was
not observed for Dolichospermum, but the variability was
more random, indicating that the filament type endures
the pumping conditions better. With Dolichospermum
there was only slight variation between the days within
method (Figure 5).

High-Frequency Observations of the
Cyanobacterial Bloom Period
The cyanobacterial bloom was preceded by a relatively calm
period of 1 week, with winds below 6 m s−1 and with
steadily rising surface water temperatures (Figure 6). The bloom
was initiated approximately at the same time as the water
temperature increased to above 15◦C on July 15, and 2 days
later, when the water temperature reached 16◦C, the bloom
peak period started (Figure 6). During the whole bloom period,
water temperature mostly remained unusually high for the
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FIGURE 4 | Orthogonal regressions for comparison of light microscopy and IFCB biomass (µg L−1) results for Aphanizomenon (A), Dolichospermum (B) and
Oscillatoriales (C). The data are log(x + 1) transformed. The regression line is the red line and the 1:1 reference line is the black dashed line.

region. Aphanizomenon and Dolichospermum dominated the
investigated cyanobacterial bloom.

The biomasses of Aphanizomenon and Dolichospermum
started to increase in mid-July and peaked very quickly,
reaching maximum biomasses of 703 µg L−1 and 1087 µg
L−1, respectively, between July 17 and 19 (Figure 7). Another
smaller peak, with maximum biomasses of 396 µg L−1 and
429 µg L−1, soon followed. The overall bloom succession of
both Aphanizomenon and Dolichospermum followed much
of the same pattern, although Dolichospermum reached
higher biomasses and displayed a wider biomass variation.
Oscillatoriales increased at the same time as the main peak
of Aphanizomenon and Dolichospermum subsided, reaching
a biomass of 43 µg L−1 on July 21. The Oscillatoriales peak
appeared at the same time as the second, smaller, Aphanizomenon
and Dolichospermum peak period. However, Oscillatoriales
shifted in a contrary direction, increasing as the other two
decreased and decreasing as the other two increased within the
next few days (Figure 7).

During the bloom period wind speed remained relatively low.
Strong winds, up to 15 m s−1, on July 28 mixed the water column
and terminated what remained of the bloom (Figures 6, 7).
Salinity varied very little, decreasing fairly steadily from around
6.25 to around 6.1 psu. A noticeable drop in salinity occurred at
the end of July after the bloom period (Figure 6) indicating a large
shift in the water mass at the study site.

The biomass of Aphanizomenon followed the changes in water
temperature during the bloom peak period as well as during the
second smaller peak. Similarly, the biomass of Dolichospermum
followed the same trend as water temperature, especially during
the smaller peak when the variation in water temperature was
wider. The biomass trends followed the water temperature
also after the bloom period, but their concurrence was not as
clear as the biomasses of Dolichospermum and Aphanizomenon
were much lower.

Also, changes in the biomass of Oscillatoriales tightly followed
water temperature, although changing in a contrary direction
to the other studied cyanobacteria. After the bloom period, the
changes in Oscillatoriales biomass continued to follow the same
pattern as water temperature but the variation did not necessarily

co-occur peak by peak as during the second Aphanizomenon
and Dolichospermum peak, but rather on a larger scale. There
were also some parallel fluctuations of Oscillatoriales and wind
speed in August, as with water temperature, but the trend
was not as clear.

DISCUSSION

Annual summer blooms of filamentous cyanobacteria often
develop to massive, potentially toxic surface accumulations
in the Baltic Sea, restricting the use of marine areas and
affecting the biogeochemical cycles (Larsson et al., 2001;
Kahru and Elmgren, 2014). Predicting these blooms is difficult
and there remain open questions on the regulating factors
of the species composition, timing and magnitude of the
blooms. The species composition is especially interesting
because different bloom-forming filamentous cyanobacteria
species of the Baltic Sea hold different characteristics regarding
toxicity (Sivonen et al., 1989; Halinen et al., 2007). The
sampling frequency of the IFCB has more potential, than
the conventional, light microscopy based, phytoplankton
monitoring, in resolving how different taxa respond to various
types of environmental forcing.

IFCB is a powerful tool for following the patterns of marine
phytoplankton communities, as shown in various studies already
(e.g., Laney and Sosik, 2014; Anglès et al., 2019; Fischer
et al., 2020) but proof for its applicability for filamentous
cyanobacteria is still scarce. Our study demonstrates that IFCB
can help in resolving taxon-specific community dynamics during
cyanobacterial blooms on a time scale impossible to attain using
conventional monitoring methods, and that it can potentially
shed light on some unresolved questions concerning the driving
environmental forces.

The information from IFCB images can be transformed
to biomass and carbon estimates to be used for addressing
ecological questions (Moberg and Sosik, 2012), but it is not always
straightforward. With filamentous or other types of colonial
phytoplankton, the image count does not account for the species’
abundance because the sizes of the filaments or colonies can vary
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FIGURE 5 | The lengths of the measured filaments from IFCB and microscopy
samples. Left hand panels Aphanizomenon, right hand panels
Dolichospermum. The “pump inlet” and “flow-through” indicates the sampling
point of the microscopy samples.

considerably. Rather, the dynamics must be assessed by using
biovolume-based metrics as a unit.

Biovolumes of especially some colonies or filaments are easily
overestimated by the automated techniques due to the image
processing method, in which the shape is interpreted as a solid
object and any empty space occurring between the filaments or
cells, is not recognized for what it is. Since the filament length
is often difficult to estimate for coiled filaments, assessing their
biovolumes is not always an easy task even with traditional light

microscopy, let alone from the images using an image recognition
algorithm. In this study we show that biovolume estimates
obtained through a feature extraction from the IFCB images
are comparable with the biovolumes used in the traditional
light microscopical analysis (Table 2; Olenina et al., 2006, and
its Annually updated appendix), which is used in the routine
phytoplankton monitoring of the joint Baltic Sea monitoring
program of HELCOM (Baltic Marine Environment Protection
Commission – Helsinki Commission; HELCOM, 2017).

Biomass Estimation of Filamentous
Cyanobacteria Using IFCB
Several methods have been proposed for using image analysis
to help enumerate filamentous cyanobacteria (see e.g., Almesjö
and Rolff, 2007; Gandola et al., 2016). These methods, developed
mostly for microscopy images, show that discrimination between
taxa is feasible and can be automated. However, images
obtained by various imaging instruments are with different
resolution, characteristics and quality. Hence, methods created
for microscopy images are not directly applicable for other
imaging instruments such as imaging-in-flow systems, although
they do provide valuable background information for future
development of the image analysis of these systems as well.

There are some studies available where the total abundances
of filamentous cyanobacteria acquired with imaging-in-flow
instruments have been compared to the ones acquired with
traditional light microscopy (Graham et al., 2018; Hrycik
et al., 2019). Only Hrycik et al. (2019) compared biovolumes
acquired through image analysis with the ones acquired through
light microscopy, however, they dealt with total filamentous
cyanobacteria biovolumes and did not discriminate between taxa.
Graham et al. (2018) dealt with taxon specific results, however,
the units were in number of cells and did not provide information
on the biovolumes. In both studies they ended up sorting the
images manually because the automated sorting method of
FlowCAM was not found to be reliable enough.

Both Graham et al. (2018) and Hrycik et al. (2019)
had promising results when comparing FlowCAM abundance
estimates to microscopy results with a high comparability of the
two methods. Our study provides the first attempt to determine
the biovolumes and abundances of Baltic Sea filamentous
cyanobacteria using IFCB. The data consists of millions of
filamentous cyanobacteria images collected and analyzed in a
fully automated way. Our results verify that the cyanobacteria
abundances can be reliably and operationally followed in high-
resolution.

Determination of the biovolume of filamentous species using
images largely depends on the correct measurement of the
filament width and length as well as sorting out the number
of possibly stacked filaments. In microscopic analysis, further
complications arise as, instead of measuring the width, typically
a nominal width is selected from a look-up table for each
filament counted, and this needs to be determined by eye.
In the case of Dolichospermum, the measured average IFCB
biovolume was almost exactly the same as the biovolume used
for the majority of Dolichospermum counting units in the
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FIGURE 6 | Prevailing environmental conditions, i.e., water temperature (A), wind speed (B) and salinity (C), in Utö during summer 2018. The Aphanizomenon and
Dolichospermum bloom period (defined here as the days of biomass > approximately 100 µg L−1, see Figure 7) highlighted in gray and the bloom peak period (the
days with the highest peaks) highlighted in red.

microscopical analysis. However, in the case of Aphanizomenon
there was a statistically significant difference between the average
biovolume determined by the IFCB and the biovolume used in
microscopy. Oscillatoriales biovolumes differed percentually the
most (Table 2).

The difference between the average IFCB biovolume of
Aphanizomenon and the biovolume for a 5 µm wide filament
according to the microscopy results was statistically significant.
However, when considering the size classes available for
Aphanizomenon spp. for microscopical analysis in Olenina et al.
(2006), the average IFCB biovolume of Aphanizomenon falls
between the size classes of the 4 and 5 µm wide filaments
(biovolumes 1256 µm3 and 1963 µm3, respectively) and
therefore they would be impossible to match exactly in practice.
With Oscillatoriales the difference was percentually slightly
larger, but similarly to Aphanizomenon the average biovolume
measured for a 100 µm long filament from the IFCB images
falls approximately between the size classes of 1.5 µm and
2 µm wide filaments (biovolumes 177 µm3 and 314 µm3,
respectively), with the 1.5 µm size class being the one used for
most of the Oscillatoriales counted in the light microscopical
analysis. Therefore, it can be determined that they compare to the
combined HELCOM phytoplankton monitoring method used
around the Baltic Sea with sufficient accuracy.

To further support the observed good comparability of the
methods, there was also a strong correlation of the filamentous
cyanobacterial biomasses of the IFCB and the light microscopical

analyses. In addition to the statistically significant correlation, the
regression analysis also supports the conclusions, especially in the
case of Aphanizomenon and Dolichospermum; Oscillatoriales had
a slightly weaker correspondence (Figure 4).

Among the categories, Dolichospermum biomass had
the strongest correlation between the two methods. This
was regardless of the fact that the biovolumes of coiled
Dolichospermum filaments (Figure 1D) needed a further
conversion as the image recognition algorithm interpreted them
as large, roundish objects. The estimation of a conversion factor
through a linear model is a promising approach for transforming
the results to more realistic ones (Figure 3), nevertheless
the image processing methods should preferably be developed
toward finding a yet better, automatic solution for the issue rather
than using a conversion factor based on manual measurements.

For Aphanizomenon and especially for Oscillatoriales, the
biomass estimate was higher with microscopy when the total
biomass of the sample was higher. Graham et al. (2018)
attained similar results when comparing the abundance estimates
of FlowCAM and microscopy. They used cell density and
not biomass, but similarly they had a stronger relationship
between the two methods for Dolichospermum sp. (Anabaena
sp. in their study) than for Aphanizomenon, for which cell
counts were higher with microscopy. The factors behind such
differences may be complex, but one issue that affects both
instruments is the difficulty for automated instruments to
enumerate Aphanizomenon appearing in long filaments and big
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FIGURE 7 | Biomass succession of Aphanizomenon (A), Dolichospermum (B) and Oscillatoriales (C) during the summer cyanobacterial bloom in Utö in 2018. The
Aphanizomenon and Dolichospermum bloom period (defined here as the days of biomass > approximately 100 µg L−1) is highlighted in gray and the bloom peak
period (the days with the highest peaks) highlighted in red. The black dots indicate light microscopy counts from samples taken from the flow-through system, and
the red triangles indicate counts from samples taken at the pump inlet. Note the different scales on Y-axis between the subplots.

bundles. This is due to the fact that, first, they may be filtered
away, second, the images of too long filaments will be cut
and therefore those filaments will be enumerated only partially,
and third, the 3-dimensional structure of bundles is impossible
to estimate precisely which is of course a challenge also in
traditional light microscopy. However, as stated in this study, also
Dolichospermum filaments are not supposed to be the easiest to
enumerate when appearing in a coiled form, and yet stronger
relationships between the methods have been found by our study
as well as by Graham et al. (2018). Perhaps the size of the larger
clumps of filaments of Dolichospermum is not as big as the
Aphanizomenon bundles.

In the case of Oscillatoriales, the difference between the
biovolumes calculated based on the light microscopy analyses
and those retrieved from the IFCB images by feature extraction
could be at least partly explained by a weaker measurement
resolution of the IFCB because the thinner filaments with less
pixels in the images can lead to a higher possibility of error. There
was a statistically significant correlation between the IFCB and
light microscopically attained biomasses of Oscillatoriales, but
still the biomasses were consistently higher with light microscopy
(Figure 4). The same phenomenon, i.e., light microscopy counts

providing a higher biomass, can also be observed in the time
series (Figure 7). From the time series we can also see that the
microscopy and IFCB observations do not differ whether the
microscopy sample was taken from the pump inlet or from the
flow-through system, indicating that the issue is related to the
method rather than to the sampling point.

There were some differences within Aphanizomenon biomass
observations between methods. In the sample of the evening
of July 19 and in the sample of July 20 at midday there is a
great difference between the IFCB and microscopical analysis
(Figure 7). The same occurs in the two samples of July 27
at midday and in the evening. It is unclear what causes the
difference between the IFCB and the microscopy counts. It
cannot be explained by the biomass being too high for the IFCB
to detect, as there are IFCB results of the same magnitude. The
seemingly obvious explanation could be related to the occurrence
of excessively long filaments or big bundles of filaments, since in
both cases the 150 µm mesh would prevent these from being
sampled and analyzed by the IFCB. However, this theory is
not supported by the average filament length data (Figure 5)
as the differences in length are a magnitude smaller than the
differences in biomass.
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There was a statistically significant difference between the
methods in the mean length of both Aphanizomenon and
Dolichospermum filaments indicating that the mesh has at least
some effect on the size range of detection with IFCB. In the case
of Dolichospermum it is at least partially explained by the fact that
the coiled filaments could not be included in the measurements
from the IFCB images, since the filament lengths could not
be determined because of the unrealistic interpretation of the
filament areas. There was also a difference in the filament lengths
of the microscopy samples taken from the pump inlet and from
the station building indicating that the Aphanizomenon filaments
might slightly suffer from the pumping system, but the same
trend was not noted for Dolichospermum. The difference in length
was so small though that it should not account for much variation
in the biomass (Figure 5). For Dolichospermum there was no
noticeable difference in the biomass results between IFCB and
microscopy (Figure 7).

The Baltic Sea cyanobacterial blooms have been found to be
spatially heterogeneous and patchy (Almesjö, 2007; Seppälä et al.,
2007). Besides the horizontal patchiness, cyanobacteria are not
evenly distributed in the water column and vertical migration
has been detected for both Aphanizomenon and Dolichospermum
(Olli and Seppälä, 2001; Hajdu et al., 2007), making it harder to
limit the affecting factors in the biomass estimates. Both Graham
et al. (2018) and Hrycik et al. (2019) did the comparisons between
FlowCAM and light microscopical analysis from the same sample
and therefore our results hold a larger error margin, since we
compared two different samples even if we did try to optimize
the origin of the sample water.

Cyanobacterial Bloom Dynamics
Detected by IFCB
The downside of traditional phytoplankton monitoring data
is their low temporal resolution, mainly due to the time-
consuming sample analysis procedure, the microscopical analysis
of one phytoplankton sample taking up to a full working day.
Although conventional light microscopical analysis yields a
higher taxonomical resolution of the phytoplankton community
as compared to novel image analysis methods, the low temporal
frequency of conventional monitoring data together with the high
variability and patchiness of the blooms leaves some stochasticity
to the conclusions drawn from regular monitoring data. Changes
in the biomass may vary considerably even throughout the day
(Figure 7) and when the sampling happens to occur determines
to some extent how the situation is described at that moment and
consequently represents the conditions also in a longer time scale.

Aphanizomenon is a regular bloom former in the northern
parts of the Baltic Sea but Dolichospermum is usually present in
lower quantities, although there has been evidence of increasing
abundance of Dolichospermum in past decades (Stal et al., 2003;
Brutemark et al., 2015). There were exceptionally large blooms
of cyanobacteria (Aphanizomenon and Dolichospermum) in the
Baltic Sea in summer 2018 covering extensive areas of e.g., the
Gulf of Finland and causing significant harm to recreational
use. The species composition was unusual, since Nodularia
usually occurs in higher densities than Dolichospermum,

also in the Northern Baltic Proper, although being more
abundant in the more saline southern basins of the Baltic Sea
(Olofsson et al., 2020).

Based on our IFCB and microscopy observations during the
bloom of 2018 by the Utö island in the southern part of the
Archipelago Sea (Figure 2), Aphanizomenon was present in high
biomass as is typical, but exceptionally also Dolichospermum had
biomass peaks of the same magnitude and higher (Figure 7).
Nodularia was almost absent, only a few filaments occurred
in a few microscopy samples. There were also occasional
Nodularia filaments in the IFCB images, but due to its sporadic
occurrence the species could not be included in the automated
sample analysis.

Nodularia is larger in size and may form large, tightly coiled,
buoyant filament bundles that may be too large to pass through
the mesh at the IFCB inlet. However, if Nodularia had occurred
in high numbers, there should also have been filament bundles
less than 150 µm in diameter and therefore its presence had
been detectable with the IFCB. Vertical distribution does not
explain the absence of Nodularia: similarly to Aphanizomenon
and Dolichospermum, also Nodularia should have been detected
at 5 m depth, even if it is not its preferred depth (Olli and Seppälä,
2001; Hajdu et al., 2007). The microscopy counts confirm the
absence of Nodularia since the samples were taken from the
same depth and from as close as possible to the pump inlet with
the same method as traditional monitoring samples without any
filtering procedures. Finnish phytoplankton monitoring samples
support the low abundance of the species during the summer
2018 blooms (Lehtinen, unpublished data).

During the biomass peak period water temperatures remained
unusually high, hence the conditions were favorable for
cyanobacteria. Cyanobacterial blooms in the Baltic Sea are
known to be favored by calm, warm weather (Kanoshina
et al., 2003). Nodularia was almost entirely absent while
Aphanizomenon and Dolichospermum dominated the entire
bloom, even though bloom formation of especially Nodularia is
usually related to increased water temperature and irradiation
as well as stratification (Lehtimäki et al., 1997). The 2018
cyanobacteria bloom was initiated by a calm, warm weather
period when the water temperature rose above 16◦C, which
has been found to be a type of critical temperature for higher
abundances and growth (Wasmund, 1997; Kanoshina et al.,
2003). The highest peak of Aphanizomenon and Dolichospermum
appeared when water temperature increased and remained
close to and even above 20◦C. The dispersal of the bloom
occurred on July 28 when the wind speed rose to 15 m s−1

(Figures 6, 7) indicating a high importance of physical forcing
to the bloom succession.

The biomass of Oscillatoriales was undoubtedly markedly
smaller than that of Aphanizomenon and Dolichospermum
throughout the study period, but what was interesting is that
Oscillatoriales seemed to be more abundant only when the
other two cyanobacterial genera were less abundant. This might
indicate that the cyanobacterial community composition was
closely related to shifts in the water masses. Also later there
was some affiliation of Oscillatoriales with changes in salinity
which further indicates shifts in the water mass. Oscillatoriales
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is also known to correlate with lower salinity conditions
(Andersson et al., 2015).

There is a great spatial variation in the occurrence of
both Aphanizomenon and Nodularia which increases with high
biomass values (Almesjö, 2007). It is difficult to estimate the
abundance of cyanobacteria at even a single location since the
vertical, spatial and temporal variation of the species is high
(Olli and Seppälä, 2001; Hajdu et al., 2007; Figure 7). Vertical
migration of Aphanizomenon may also affect the interpretation
of the influence of environmental factors on the cyanobacterial
population at a single depth (Olli and Seppälä, 2001). The
surface accumulation of Aphanizomenon has been associated
with daytime (Olli and Seppälä, 2001) but in the present study
the peaks of both Aphanizomenon and Dolichospermum rather
occurred more frequently at night time (Figure 7). Further
analysis including diurnal oscillation is needed to draw firm
conclusions about the timing of the peaks and the environmental
factors affecting them.

CONCLUSION

Summer blooms of filamentous cyanobacteria are an annual
nuisance in the Baltic Sea. Novel methods offer possibilities
to resolve some remaining open questions on the regulating
factors of the species composition, timing and magnitude
of these blooms. IFCB has been demonstrated to be a
promising tool in following the patterns of different species
within the phytoplankton community. However, prior to our
study no reports exist on how well IFCB is suited to study
filamentous cyanobacteria.

In this study we have shown that IFCB and light microscopical
methods used in phytoplankton monitoring are comparable in
estimating abundances of filamentous cyanobacteria, and that
IFCB could be a valuable tool for monitoring and research of
the recurring Baltic Sea cyanobacterial HABs. The random forest
algorithm was accurate in differentiating various filamentous
taxa, while more advanced convoluted neural network methods
may be needed when expanding the study to address the whole
phytoplankton community (Eerola et al. submitted manuscript).

The results acquired with IFCB and light microscopy
were comparable, yet some differences were detected and the
reasons for these discrepancies are not yet fully clear. The
comparison of the two methods is challenging because of
the inherent uncertainty of both of the methods in giving a
wholly accurate, ground truth type biomass estimation. One
certain contributing factor is the large spatial variation in the
occurrence of filamentous cyanobacteria, which is also one
of the reasons why a temporally high sampling resolution is
important. For an as precise as possible comparison, optimally
the measurements would be made with both methods from
the exact same sample, but with a continuous flow-through set
up like in Utö it is not possible. However, regardless of the
discrepancies, IFCB provides reliable information on the shifts in
the phytoplankton community.

Traditional light microscopical analysis is largely dependent
on the expertise and experience of the person performing the

analysis and on which accuracy and effort the counting is
done (Dromph et al., 2013). For an all-encompassing method
comparison, the light microscopical counting and measuring
would ideally be done more thoroughly than is possible when
counting samples using conventional monitoring methodology,
e.g., by measuring each filament with the help of a microscope
camera and its measuring software, but it is very time consuming
with multiple samples; furthermore our specific aim was to
compare the results from IFCB with those attained using
conventional phytoplankton monitoring methods. With image
recognition algorithms we can acquire detailed information on
the size of each filament, however, the algorithms must be
developed to be more precise regarding the size of the detected
object to obtain even more accurate biovolume estimates.

The cyanobacteria community composition and taxon
abundances during a bloom vary greatly within a short time
period. The shifts between biomass peaks are rapid and to further
our understanding of the driving factors of the community
these shifts need to be studied in detail against environmental
parameters. Our study indicates that water temperature was an
important component affecting the development of the bloom
and the changes during the bloom closely followed the changes in
water masses. A holistic analysis of the prevailing environmental
conditions against shifts in the phytoplankton community
during a bloom will help to understand taxon-specific differences
and the important regulating abiotic factors. The next step
will be analyzing the fine details of cyanobacterial community
shifts found in this study by combining IFCB results with other
cyanobacteria observations (optical sensors at various platforms,
satellite data) and a wide range of complementary physical and
chemical observations.
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