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Abstract
A method for automatically counting and measuring sizes and motility behavior of zooplankton and phyto-

plankton in water samples is presented. Two video cameras are focused on separate optical chambers of different
sizes. The chambers are filled and emptied repeatedly by synchronized pumps. Real-time motion analysis is per-
formed by computer on the respective video feeds. Fluorescence from chlorophyll a (Chl a) is imaged at single
pixel resolution. Measured parameters for individual organisms include size, swimming velocity, motility pat-
terns, and chlorophyll fluorescence density. The system was tested during a mesocosm experiment where it was
mounted on one of several mesocosm columns. The results were validated against Chl a measurements and
microscopy counts. A sampling interval of 1 per day revealed detailed dynamics of chlorophyll activity as well
as shifts in both the phytoplankton and zooplankton community structure over the course of a month. A helix
coefficient, a metric related to organism motility behavior, showed substantial variation over time, consistent
with changing plankton communities. Sampling rates as frequent as 1 per hour enables detailed analysis of diur-
nal vertical migration and similar phenomena at fixed sampling points.

Quantifying the plankton community structure and
dynamics in aquatic ecosystems is desirable but not easy.
Plankton recorders have been deployed in the field since 1930
and have contributed much to our understanding of the
microbial food web (Table 1), but it is still a demanding task
to acquire plankton community data in the field and in con-
junction with experiments. It would be valuable to acquire
community data on an hourly basis, but in practice, it can
often only be done on a daily or even weekly basis due to the
effort involved. A parameter such as chlorophyll is relatively
easily measured using fluorometers and the data generally cor-
relate well to the biomass of the phytoplankton community
(Brewin et al. 2019), but without size fractionation it does not

give information on community structure. The heterotrophic
community is even more difficult to quantify. The most com-
mon method is to count and classify those organisms manu-
ally under the microscope. However, there are imaging sensors
available for recording the plankton community (Benfield
et al. 2007). Some use underwater cameras to capture images
of a volume of water, while others use flow-through cuvettes
to capture images of plankton as they are carried past a camera
in the flow. Recent technology in holographic flow cytometry
also promises light weight and low cost. See Table 1 for a chro-
nological overview of methods and devices. All these methods
are based on acquiring static images of plankton and then sub-
sequently measuring and classifying them either manually or
automatically by machine recognition. This final step, in par-
ticular, still represents a significant challenge and potentially
high workload.

A well-known characteristic of heterotrophic organisms in
nearly all size classes is their ability to swim. Manual counters
often use this characteristic to determine if an organism is
alive or not, but automated flow-based systems and in situ
imaging sensors do not. In this study, we automatically
acquire data on swimming organisms in the size range of 4–
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1000 μm (or above) using an imaging- and real-time analysis
technology which is simple to use in practice and is thus low
cost. The technology allows organisms to be both counted
individually and categorized by their individual size and
swimming speed. The same imaging system is also used to
quantify chlorophyll within individual organisms using stan-
dard fluorescence techniques but at single pixel resolution,
and thus allows counting and measuring both nonmotile and
motile organisms containing chlorophyll. Preliminary results
in the laboratory show promising correlations between the
technology and proven manual microscopy methods
(Holmstrup et al. 2020) and here we present how the technol-
ogy performs over the course of a month in a mesocosm
experiment where manual counts of the plankton community
were conducted as well as measurements of chlorophyll con-
centrations. The aim was to test if the system could run fully
automatically over the given time period, to compare it with
other proven metrics in a representative environmental moni-
toring scenario, and to explore the advantages of high sam-
pling rates and aspects relating swimming behavior with
plankton community dynamics.

Materials and procedures
Mesocosm experiment

The experiment was carried out from 9 September to
12 October 2019, using double-mantled high-density polyeth-
ylene indoor mesocosm tanks (5 m high, 0.74 m in diameter)
located at the Umeå Marine Sciences Center, Sweden
(Båmstedt and Larsson 2018). On 9 September, the mesocosms
were filled with 300-μm filtered brackish water pumped from
two inlets located 800 m from land at water depths of 2 and
8 m. A fast convective mixing was achieved by forcing a tem-
perature of 18�C to the top, middle and bottom sections of
the mesocosm walls, resulting in a complete mixing of
the mesocosm in 6 h. The overall temperature throughout the
water column was subsequently maintained at 18�C. The
Valoya R-258 (Light DNA) light source was set to 12 : 12 light:
dark cycle from 08:00 h to 20:00 h. The photosynthetically
active radiation level of the lamp was adjusted to be 330 μmol
photons s�1 m�2 at 1 cm below the water surface. Air was
gently bubbled just below the water surface to avoid biofilm
formation and to mimic a natural wavy movement at the
surface.

After 2 d of acclimation, nutrients were added in order to
stimulate phytoplankton growth. The addition was performed
by deploying a tube from the bottom to the top of the meso-
cosm to allow an even distribution of the addition. The meso-
cosm received nitrate (NaNO3 solution) to reach a
concentration of 10 μmol L�1 in the mesocosm and phosphate
(NaH2PO4 solution) to reach 1 μmol L�1. The nutrient concen-
trations were measured twice a week, and nutrients were
added accordingly to maintain the nutrient target concentra-
tions in the mesocosms.

Water samples were taken from the mesocosms two times a
week for measuring nutrients and chlorophyll, and once a
week for phytoplankton and zooplankton counting (Days
1, 8, 15, 22, and 29). Equal volumes were taken from the
mesocosm outlets at 0.5, 1.5, and 2.3 m depth, and pooled
together to represent an integrated sample of the photic zone.
After each water sampling, the mesocosm tank was refilled
with 0.2-μm filtered seawater to compensate for the volume
lost during the sampling procedures (� 50 and � 10 L for sam-
pling including and not including plankton taxonomic deter-
mination, respectively).

Chlorophyll a (Chl a) was analyzed by spectrofluorimetry.
Mesocosm water (200 mL) was filtered on 25 mm GF/F filters.
The filters were frozen at �80�C and later extracted in 10 mL
of 95% ethanol overnight in the dark at 4�C. The extract was
analyzed on a PerkinElmer (LS 30) spectrofluorometer
(at 433 nm excitation and 673 nm emission wavelengths).

Automatic counting
The measuring technology consists of two parallel optical

systems, each one for measuring its respective size range. Each
optical system consists of a video camera, lens, light emitting
diode (LED) lights, and optical chamber (Fig. 1). The lights
shine perpendicular to the optical axis to give a dark-field
effect. Physical parameters are shown in Table 2. The cham-
bers are filled and emptied by pumps. The synchronization of
pumping and switching on and off the lights is facilitated by
microcontroller, which opens and closes solid state relays, and
which communicates with the main software program.

An analysis is performed by filling a chamber, waiting for
the sample to settle within the chamber, switching on the
light and starting the online video analysis. The program reg-
isters all movement by way of a background subtraction algo-
rithm and subsequently tracks actively swimming organisms.
The result is a stream of vectorized tracks, including the physi-
cal width and area of each organism at each point in time and

A

BLC

F

EL

DL

BS

ES

DS

Fig. 1. Schematic of the method. A: Sample source (mesocosm column),
BL: Self-priming filling pump for large optical chamber, BS: Self-priming
filling pump for small optical chamber, C: Emptying pump, DL: Camera
for large optical chamber, DS: Camera for small optical chamber EL: Large
optical chamber with LED lights (individually controlled), ES: Small optical
chamber with LED lights (individually controlled), F: Control unit con-
nected to a host computer, blue lines: Water flow, Orange lines: Con-
necting wires.
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space. The duration of each stream is typically 10 s. The results
from 20 subsequent chamber analyses are combined to give a
single analysis, representing a measured volume of 0.48 and
400 mL for the two size fractions, respectively. The data are
imported into a local database for subsequent analysis. Chlo-
rophyll within individual cells is registered in a separate pass,
where the light is switched to a 420 nm purple wavelength to
stimulate Chl a fluorescence. A 590 nm high-pass filter is
placed in front of the cameras so that only fluorescence light
is seen by the cameras. In this way, fluorescence density at
pixel scale is imaged by the camera sensors. A different detec-
tion algorithm can be used for chlorophyll detection due to
the high level of contrast, where nonmotile organisms are also
detected. The wavelength of light for the first pass for pure
motion detection is around 600 nm (amber), which is not
blocked by the high-pass filter. The luminous power for the
amber/red LEDs is approximately 80 and 30 lm for the purple
LEDs, respectively, for both chamber sizes.

The physical implementation of the technology is commer-
cially available as a measurement apparatus for quality control
of ballast water for the shipping industry, BallastWISE (www.
microwise.eu; Fig. 2), which consists of a box frame onto
which cameras, lamps, pumps, and fixtures for optical

chambers are mounted, and which are controlled by its soft-
ware application.

In this experiment, BallastWISE was mounted on top of
one of the mesocosm columns. Silicone tubes on the inlet side
were led over the top edge down to a depth of approximately
80 cm below the surface. Discharge water was returned to the
column. A schedule was set to perform a measurement auto-
matically once a day and once an hour on the last day.
BallastWISE has certain built-in lower size thresholds related
to ballast water regulations and these were overruled for this
experiment in order to include smaller organisms. Counts and
swimming speeds in various size classes were extracted from
the vectorized data. A database contains a record for each indi-
vidual organism and for each video frame. Each record con-
sists of a set (width, area, x, y, t), where width and area are
measurements of the organism at time t; x, y are spatial coordi-
nates at time t, and t is a timestamp for the video frame.

Manual microscopic analysis of phytoplankton
Phytoplankton samples (50 mL) were fixed with acid

Lugol’s solution (Willén 1962). Subsamples of 10 and 25 mL
of fixed samples were settled in a sedimentation chamber for
12 h and counted according to the Utermöhl method
(Utermöhl 1958) with an inverted microscope (Nikon ECLIPSE
TE300) at �200 and �400 magnification. The number of
counted cells in all subsamples exceeded 500. Phytoplankton
were identified to genus or species level. Organisms were
counted as cells or counting units in lengths of 100 μm for fil-
amentous cyanobacteria. To calculate each taxon cell body
volume, the best fitting geometric shape and matching equa-
tion and for biomass estimations, biovolumes, and fixed size-
classes recommended in routine monitoring of the Baltic Sea
phytoplankton were used (Olenina et al. 2006;
HELCOM 2021a). The autotrophic ciliate Mesodinium rubrum
was counted together with phytoplankton following
HELCOM recommendations. Filamentous cyanobacteria were
counted in lengths of 100 μm with microscopy
(HELCOM 2021a), however to be able to compare cell abun-
dances with the automatic counts, the 100 μm filaments were
converted into cell numbers according to the taxa (HELCOM
PEG biovolume file at https://helcom.fi/helcom-at-work/
projects/peg/, accessed 27 June 2022). For comparison with
BallastWISE data, phytoplankton organisms were grouped in
four size maximum dimension fractions: < 10; 10–20; 20–50,
and > 50 μm based on cell size.

Table 2. Physical parameters of camera and optical chambers.

Resolution (pixels)
Pixel

size (μm)
Chamber

depth (mm)
Chamber

volume (mL)
Organism size

range (width in μm)
Video frame
rate (s�1)

Small chamber 3000 � 2000 2.4 0.7 0.024 5–50 10

Large chamber 3000 � 2000 22 7 20 45–1000 20

Large chamber Small chamber

Fig. 2. Photograph of BallastWISE measuring unit. On the right side is
the small chamber with attached tubes, its fixture in the open position,
and with the lighting on. On the left side is the large chamber in its fixture
with tubes running through the filling and emptying pumps, and the
pressure-equalizing/overflow tube is seen at the top of the chamber.

771

Blackburn et al. Organism tracking in mesocosm experiments

 15415856, 2022, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lom

3.10521 by U
m

ea U
niversity, W

iley O
nline L

ibrary on [30/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.microwise.eu
http://www.microwise.eu
https://helcom.fi/helcom-at-work/projects/peg/
https://helcom.fi/helcom-at-work/projects/peg/


Manual microscopic analysis of zooplankton
For zooplankton analysis, in total 24 L of water was fil-

tered through a 25-μm pore size mesh plankton net and pre-
served in 1% Lugol’s solution. Zooplankton were identified
to genus or species level and counted by the Utermöhl
(1958) method using an inverted microscope (Leica DM IL
LED Fluo), the processed number of organisms was on
average was 1000 ind./sample, ranging from 200 to 2000
ind./sample. The calanoid copepods were divided into their

different developmental stages as recommended by
HELCOM (2021b), that is, nauplii, copepodites I–III,
copepodites IV–V, adult females (F) and adult males (M).
Body length of cladoceran (Bosmina coregoni) without shell
spine and total (prosome plus urosome) length of each cope-
pod species (adult and copepodite stages) was measured at
�100 magnification, naupliar stage individuals were mea-
sured at �200 magnification using ocular scale. Rotifer body
size measurements were taken from a previous mesocosm

(a)

(b) (c)

Fig. 3. (a) Automatic phytoplankton counts grouped into size classes together with Chl a; (b) Chl a correlation with automatic phytoplankton counts.
(c) Automatic phytoplankton counts vs. manual counts grouped into size classes.
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study performed at Umeå Marine Sciences Center. For each
species/copepod stage, 10 individuals were measured per
sample. Zooplankton were grouped in three size fractions:

50–200, 200–500, and 500–800 μm based on zooplankton
grouping of automatic counts. Heterotrophic ciliates were
not included in the analysis.

Fig. 4. The number of swimming organisms containing chlorophyll in different size classes (bar graph) and their percentage of the total population (line graphs).

Fig. 5. Accumulated swimming tracks of phytoplankton on particular days. (a) Day 6, predominantly the chlorophyte Pyramimonas spp. and flagellates.
(b) Day 23, predominantly Chrysochromulina spp. (c) Daily community averaged helix coefficient for all phytoplankton with arrows linking the swimming
tracks (a) and (b) with the helix coefficient time series.
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Assessment
The automatic counter ran without interference for the

entire duration of the experiment (1 month), except for a
power cut over the weekend around Day 17. There was no sig-
nificant fouling of the optical chambers.

Phytoplankton
The number of autotrophs peaked around Day 20 in the

experiment and correlated well with the chlorophyll signal

(r = 0.99; p < 0.001) measured by the fluorometer (Fig. 3a,b).
The manual counts missed the peak dynamics between Days
15 and 22, when there was no sampling for microscopy
analysis. The phytoplankton community in the manual
counts in Days 1 and 8 were dominated by small flagellates
< 10 μm, while in day 15 the larger size > 20 μm diatoms,
such as Cylindrotheca closterium, became more abundant
(Supplementary Table S2). Smaller cells took over again
towards the end of the experiment from Day 22 (Table S2).
This trend is seen more clearly in the automatically

Fig. 6. Zooplankton succession over the course of the experiment assessed by manual counts divided into five taxonomical groups (a) and automatic
counts divided into size (length) classes (b).
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determined size dynamics because of the higher frequency
(Fig. 3a). The correlation between manual counts and auto-
matic counts was generally good (slope = 0.87, R2 = 0.87) but
when divided into size classes, there was a certain amount of
“spillage” between adjacent fractions (Fig. 3c) due to (1) the
automatic counter only seeing chlorophyll in purely

autotrophic cells, the extent of which can be smaller than the
cell itself, (2) cells in colonies may be concatenated into one
larger entity, and (3) larger cells with distributed chloroplasts
can be split into smaller sized entities.

The shift in community structure towards diatom domi-
nance in the middle of the experiment can also be seen in the
declining proportion of motile cells from Day 10 (Fig. 4).

After Day 19, a new community structure was established
with less motile organisms in all size classes (Fig. 4), and a
motile community dominated by the haptophyte
Chrysochromulina spp. (Supplementary Table S2). Swimming
tracks during the first and last part of the experiment (Days 1–
10 and Days 19–30, respectively) exhibited significant differ-
ences. The predominantly spiral shaped patterns on Day
6 (Fig. 5a) were replaced by more straight swimming patterns
on Day 23 (Fig. 5b). This can be quantified by calculating a
“helix coefficient,” defined at the integrated distance swum
divided by the distance moved from the start location to the
end location (Fig. 5c). A high helix coefficient value corre-
sponds to a more convoluted swimming track or tight spiral
and a low value corresponds to a straighter swimming track. A
phototactic response is also visible in the swimming tracks as
the light source is from the top and many tracks are vertically
oriented.

Fig. 7. Zooplankton swimming speed vs. organism size (length). Note
the use of log-scales on both axes, although the regression was estimated
on untransformed data.

Fig. 8. (a) Accumulated swimming tracks during the rotifer-dominated phase, Days 4–9. (b) Accumulated swimming tracks during the phase dominated
by copepod nauplii and copepodita, Days 16–22. (c) Daily community averaged helix coefficient for zooplankton. Red arrows indicate intervals of rotifer
(Days 4–9) and copepod nauplii (Days 16–22) dominance.
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(a)

(b)

(c)

Fig. 9. High resolution phytoplankton dynamics over the course of a day. The dark period is indicated by shading. (a) Automatic phytoplankton counts in size
classes, (b) automatic zooplankton counts in size classes. (c) Zooplankton swimming speeds in size classes (bar graph) together with average sizes (line graph).
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Zooplankton
Microscopy analysis revealed that the zooplankton commu-

nity was mostly dominated by the copepod species Acartia
bifilosa and Eurytemora affinis, rotifers Keratella spp., and Syn-
chaeta spp., while cladoceran B. coregoni were present in low
numbers. The succession started from smaller organisms: roti-
fers, followed by copepod species in naupliar stages, and
shifting towards larger copepodites at the end of the experi-
ment. Copepod adults only appeared towards the last week,
and cladoceran abundance remained low throughout the
whole experiment (Fig. 6a).

Automatically estimated organism abundances agree with
those measured manually under the microscope for the
smaller organisms only, in the size range 50–200 μm
(slope = 1.07, R2 = 0.82). The larger organisms, which start to
appear at Day 22 onwards (Fig. 6a) were not recorded on the
same days by the automatic counter (Fig. 6b). To explain this
difference, it is necessary to understand more about the homo-
geneity of the water column over height and time. Important
aspects of the variation over time were revealed during the diel
experiment (see below).

There is generally a strong correlation between body size
and swimming speed (Fig. 7) with average swimming speeds
approximately 20 times body length, that is, motile organisms
typically travel 20 times their length within 1 s. The shift in
species from the rotifer-dominated phase in the beginning to
the copepod-dominated phase in the end is visible in the
appearance of swimming tracks (Fig. 8a,b) as well as the helix
coefficient (Fig. 8c). The characteristic tight spiral swimming
patterns of copepod nauplii were clearly observed (Fig. 8b)
(Titelman and Kiørboe 2003).

Diel experiment
Measurements were performed every second hour over a

20-h period on the last day of the experiment. The phyto-
plankton counts showed relatively little diurnal variation, as
would be expected in a strongly mixed water column (Fig. 9a).
The zooplankton community, on the other hand, appeared
more varied, where larger organisms (> 500 μm) were found at
the sampling point, 80 cm below the surface, during the light
hours only, and more specifically only in the first and last
hours with daylight (Fig. 9b). Variations in swimming speeds
also appeared to be higher in these specific daylight hours
(Fig. 9c). Moreover, the higher motility of zooplankton indi-
viduals was also visually apparent in the swimming tracks dur-
ing the light and dark time intervals (Fig. 10).

The mesocosm column was designed to be a mixed water col-
umn, however, the exact degree of homogeneity is not easy to
quantify, and it appears as though the larger zooplankton were
able to overcome the convection currents that result in mixing
(Fig. 9c). This is possible since the column took approximately
6 h to reach a mixed state and the scale of water movement is
thus of the order 1 m h�1. The larger zooplankton can swim at
8 mm s�1 (Fig. 9c) which corresponds to 28 m h�1. This degree
of inhomogeneity means that samples must be taken at the
same time and location when comparing measurements.

Discussion
There is much yet to understand about the intricate

dynamics of microbial ecosystems, which is reflected in the
diverse and specialized swimming strategies and sensory appa-
ratus seen in many species. The larger the species, the more
sophisticated this apparatus can be, but even the smaller pro-
tists can display remarkably complex responses to their envi-
ronment. It is a goal and a challenge to understand more
about this largely invisible world and the niches that exist for
survival and fitness optimization (Stocker 2012). Anything
that can provide information to this extent is desirable. Exper-
iments undertaken in controlled conditions and based on iso-
lated species have given valuable insight. A few examples of
these are Chemotaxis (Fenchel and Blackburn 1999), photo-
taxis (Tsang et al. 2018), predator evasion (Jakobsen
et al. 2006), and predation strategy (Titelman and
Kiørboe 2003). However, such studies still represent a subset

(a)

(b)

Fig. 10. All accumulated tracks from the two time intervals of lights on
(8:00 h to 20:00 h) and lights off (20:00 h to 8:00 h). (a) Lights on
period. (b) Lights off period.
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of the mechanisms and interactions that exist in natural eco-
systems. We suggest a different approach to acquiring data,
namely, to measure dynamic properties of ecosystems across a
broad range of species and size groups and to extract what
information we can from this dataset. Such a dataset, when
collected over a variety of environments and environmental
conditions will inevitably contain new information on micro-
bial ecosystem structure. For example, we know that some spe-
cies display different swimming patterns under different
conditions (Kiørboe et al. 1996) and we could also expect to
record swimming behavior from species known to be able to
swim, but whose swimming patterns are not known in detail.
Swimming-related measurements are closely related to fitness
criteria such as light optimization, predator avoidance, and
foraging strategy (Visser 2007). Microorganisms swim in order
to utilize niches for growth and to compete for survival, for
example, through vertical migration (Schuech and Menden-
Deuer 2014). Their movement patterns point therefor towards
a particular set of niches available at a point in space and time
where a sample is taken (Meunier et al. 2015; Son et al. 2015).
All in all, combining behavior-oriented parameters with infor-
mation regarding environmental state and species composi-
tion can provide a more in-depth understanding of a
microbial ecosystem.

In theory, the set of coordinates of individual organisms
over time contains virtually all the information that is
required to document their individual dynamics and, poten-
tially, their mutual interactions. In this study, we have ana-
lyzed movement in two dimensions only, but movement is
three dimensional. We, therefor, observe a projection of
movement onto the plane-of-focus of the camera. This restric-
tion can be overcome to a certain degree by using two cameras
placed perpendicular to each other and getting the computer
to match tracks from both and thereby construct the true
three-dimensional movement (Thar et al. 2000). However, this
does limit the volume that is analyzed because the depth of
field of one camera must match the field of view of the other.
The counting precision of sampling by way of subsamples in
the two chambers can be calculated as a Poisson distribution,
with intensity parameter (λ) corresponding to the expected
number of organisms in the analyzed volume. As an example,
with a density of 100 autotrophic cells mL�1 (approximately
corresponding to the specific size fractions; cf. Fig. 4) analyzed
from 20 subsamples in the small chamber (0.024 mL), the
number of counted cells will range between 35 and 61 with
approximately 95% confidence, corresponding to a density of
100 � 28 cells mL�1. Similarly, with a density of 20 indv. L�1

(approximately corresponding to the total zooplankton abun-
dance; cf. Fig. 6) analyzed from 20 subsamples in the large
chamber (0.02 L), the number of counted organisms will range
between 3 and 13 with approximately 95% confidence,
corresponding to a density of 20 � 12.5 cells mL�1. The rela-
tive precisions of these two examples (28% for autotrophs and
63% for zooplankton) will decrease or increase with higher

and lower densities, respectively. Sampling statistics can be
improved significantly by concentrating a sample prior to
analysis. Although this could be automated, it complicates the
setup, and it would likely disturb some aspects of the commu-
nity and cell interaction. It is an advantage to view as large a
volume as possible seen from a statistical point of view, but
also for capturing events such as swarming around chemical
gradients and mutual interactions between organisms (Harvey
et al. 2013). Such events are known to occur, but they are nor-
mally difficult to observe in nature. The proposed method of
recording sequences over time offers a means of recording
such events, and trawling algorithms could search for them in
larger databases.

To monitor the full spectrum of plankton from small phy-
toplankton and protists to larger zooplankton, an instrument
must span several orders of magnitude in organism size detec-
tion from approximately 2–2000 μm. This is not possible for a
single optical chamber configuration (Table 1). It is therefore a
practical necessity to provide at least two optical chamber size
ranges in either a single instrument or as two separate instru-
ments, each with different optical configurations. This require-
ment is more easily met with low-cost and compact
instruments such as the new generations of holographic flow
cytometers (Göröks et al. 2018) or the tracking microscope
describe here. Both technologies make use of readily available
high-quality cameras and optics, LEDs, and powerful mini-
computers. In addition, common to both is the use of
advanced software, which provides the core technology. From
an optical point-of-view, the main difference between the two
technologies is the requirement on resolution. Morphological
detail requires much higher resolution than does tracking the
center of mass of an organism or a simple size measurement.
This allows the tracking microscope to target smaller organ-
isms at the same resolution, which also improves relative sam-
pling accuracy since smaller organisms are typically more
abundant than larger organisms.

The tracking microscope technology is scalable in several
ways and the current implementation can be upgraded as new
technology becomes available. There are already more power-
ful computers and better cameras than were used in this study
and they are continuously getting even better and less costly.
As resolution increases, so does the ability to extract more
detailed morphological information. More detail, however,
requires faster shutter speeds to avoid motion blur which, in
turn, requires higher intensity and more focused light on the
field of view, preferably together with better control over con-
vection currents within the optical chambers. Dual sensor
cameras are available for recording fluorescence in different
wavelengths simultaneously (https://www.jai.com/products/
product-lines/flex-eye-concept, accessed 27 June 2022). An
example of such use is to detect swimming organisms that do
not contain Chl a by illuminating in blue/violet light and
tracking organisms that are swimming without a high-pass fil-
ter while simultaneously tracking them as autotrophs through
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a high-pass filter to image the presence or absence of Chl
a fluorescence.

The aim of this study was to demonstrate that the chal-
lenge of recording plankton behavior in the field can be met
through a mechanical assembly of readily available compo-
nents, which include industrial video cameras, optics, peristal-
tic pumps, a microcontroller, LEDs, and a computer. Software
provides the intelligence required to identify, measure, and
track the movements of organisms. The resulting stream of
coordinates in time for each individual represents important
information for documenting behavior. It would be ideal to
track in all three dimensions but until we can achieve a deep
enough field optically for practical purposes, we can extract
much information from two-dimensional projections as we
have shown. As is the case with all monitoring, the value of
data increases with the amount of data available from differ-
ent environments and under different conditions. In that
respect, it makes sense to align monitoring programs around
the world in order to accommodate merging data into a com-
mon database and provide the possibility of researching
behavior-oriented traits in microbial ecosystems directly from
field data.
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