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Abstract 

Assessing the disinfection of ballast water and its compliance with international standards 

requires determining the size, viability, and concentration of planktonic organisms. The 

FlowCAM (Flow Cytometer and Microscope) is an Imaging Flow Cytometry designed to 

obtain the particle concentration, images, and quantitative morphologic information. The 

objective in this paper is to establish the basis for transforming the FlowCAM from being a 

laboratory analyzer into a tool for systematic monitoring of ballast water. The capacity of the 

FlowCAM was evaluated by analyzing artificial microbeads, phytoplankton monocultures, 

and real seawater samples. Microbead analyses reported high accuracy and precision in size 

and concentration measurements. Monoculture analyses showed the effect of disinfection 

treatments in cell appearance and growth. Low concentration and heterogeneity of particles in 

real seawater analyses require the comprehensive observation of images by experts. 

Additionally, some physical characteristics of the device must be improved. The optimization 

of device configuration enables the quick transferring of files and information between 

parties involved in ballast water management. FlowCAM may become a feasible technology 

for this after the device and protocols are adapted. 

Keywords 

Phytoplankton; exotic species; FlowCAM; ballast water; Prorocentrum minimum; flow 

cytometry 

 

 

  



Chapter 4 – FlowCAM 

 82 

 
Assessment of imaging-in-flow system (FlowCAM) for systematic ballast water 
management 
 
Authors:  
Leonardo Romero-Martínez*a, Cees van Slootenb, EnriqueNebota, Asunción Acevedo-
Merinoa, Louis Peperzakb 
 
 
Affiliations 
aUniversity of Cadiz. Environmental Technologies Department. Faculty of Sea and 
Environmental Sciences. Av. República Saharaui. 11510 - Puerto Real. Cádiz. Spain. 
bNIOZ, Royal Netherlands Institute for Sea Research, Department of Biological 
Oceanography, P.O. Box 59, NL-1790 AB, Den Burg (Texel), The Netherlands 
 
 
Corresponding Author: Romero-Martínez, Leonardo 
e-mail: leonardo.romero@uca.es 
Address: Environmental Technologies Department. Faculty of Sea and Environmental 
Sciences. Av. República Saharaui. 11510 - Puerto Real. Cádiz. Spain. 
Telephone / Fax: +34 956016759 / +34 956016411 
 
Published in: Science of the Total Environment. DOI 10.1016/j.scitotenv.2017.06.070 
 

  

Chapter 4 – FlowCAM 

 83 

Abstract 

Assessing the disinfection of ballast water and its compliance with international standards 

requires determining the size, viability, and concentration of planktonic organisms. The 

FlowCAM (Flow Cytometer and Microscope) is an Imaging Flow Cytometry designed to 

obtain the particle concentration, images, and quantitative morphologic information. The 

objective in this paper is to establish the basis for transforming the FlowCAM from being a 

laboratory analyzer into a tool for systematic monitoring of ballast water. The capacity of the 

FlowCAM was evaluated by analyzing artificial microbeads, phytoplankton monocultures, 

and real seawater samples. Microbead analyses reported high accuracy and precision in size 

and concentration measurements. Monoculture analyses showed the effect of disinfection 

treatments in cell appearance and growth. Low concentration and heterogeneity of particles in 

real seawater analyses require the comprehensive observation of images by experts. 

Additionally, some physical characteristics of the device must be improved. The optimization 

of device configuration enables the quick transferring of files and information between 

parties involved in ballast water management. FlowCAM may become a feasible technology 

for this after the device and protocols are adapted. 

Keywords 

Phytoplankton; exotic species; FlowCAM; ballast water; Prorocentrum minimum; flow 

cytometry 

 

 

  



Chapter 4 – FlowCAM 

 84 

1.  Introduction 

Ballast water is essential for the correct seaworthiness of vessels and represents a major 

vector for the transport of non-indigenous species beyond their natural borders (David, 2015; 

Molnar et al., 2008). Once discharged, these species may become invasive if they overcome 

the environmental change (Leppäkoski and Gollasch, 2006) and, consequently, they may 

cause ecological, economical, and even human health damage at the ballast water receptor 

area (Briski et al., 2014; Liu et al., 2014; Monterroso et al., 2011; Ranjan et al., 2008; 

Shipway et al., 2014; Williams et al., 1988). National and international regulations have been 

adopted to mitigate and prevent further ecosystem invasions by organisms released with 

ballast water.  

The International Maritime Organization (IMO) adopted the International Convention 

for the Control and Management of Ships’ Ballast Water and Sediments (BWMC) in 2004, 

which entered into force in September 2017. As a complement for supporting the 

implementation of it, a series of technical Guidelines have been developed. The BWMC D-2 

standards establish the limitations of organisms released with ballast water discharge: the 

concentration of viable organisms whose minimum dimension is greater than or equal to 10 

µm and less than 50 µm should be less than ten organisms per mL, as well as the 

concentration of organisms greater than or equal to 50 µm in minimum dimension should be 

less than ten viable individuals per m3; additionally, three bacteria indicators are controlled. 

The achievement of the BWMC D-2 standards may require the application of approved 

ballast water treatment systems (BWTSs). The filtration followed by either chlorination or 

UV irradiation are the most frequent options (Lloyd’s Register, 2015). The procedures for 

BWTSs Type Approval include land-based tests with cultured organisms (D’Agostino et al., 

2015) or natural seawater, and full-scale shipboard tests (Guideline 8). Land-based testing for 

BWTSs’ approval using cultured organisms requires a combination of at least five species 

belonging to a minimum of three phyla or divisions with a recommended concentration of 

104 individuals mL-1 in case of 10-50 µm organisms (Guideline 8). The dinoflagellate 

Prorocentrum minimum is a bloom-forming dinoflagellate distributed in temperate and 

subtropical waters and is potentially harmful to humans via shellfish poisoning and is also 

related with coastal eutrophication (Hajdu et al., 2005; Heil et al., 2005; Leppäkoski and 

Gollasch, 2006); therefore, it has been commonly used in studies on ballast water 

management (David et al., 2013; Gregg et al., 2009; Sutherland et al., 2001). Ships may be 

subjected to inspection by an authorized party in order to determine its compliance with the 

BWMC (Article 9) which includes ballast water sampling (Guideline 2). To enhance the 
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applicability of the BWMC, the operation of BWTSs and the inspections should minimize 

interferences with the normal schedule of the ships which requires precise yet fast methods 

for monitoring the size, concentration, and viability of organisms in ballast water.  

A framework has been proposed for the development and validation of official 

monitoring tools based on proof-of-concept pilot studies with increasing complexity to 

evaluate a series of items such as the data quality, physical characteristics, maintenance, 

costs, ease of use, and the technical expertise that is required (Drake et al., 2014). 

Instrumental analyzers are based on different approaches for obtaining information about 

size, concentration, and viability of organisms such as direct microscopy observation and 

enumeration, flow cytometry, and indirect biochemical measurements (Bakalar, 2014; Olsen 

et al., 2016; Peperzak and Gollasch, 2013; Poulton and Martin, 2010; Stehouwer et al., 2013; 

van Slooten et al., 2015). This study focuses on the assessment of the FlowCAM™ (Flow 

Cytometer and Microscope; Fluid Imaging Technologies, ME, USA) as an instrument to be 

used for systematic ballast water monitoring in the context of the BWMC.  

The FlowCAM™ combines optics, fluidics, and electronic parts to automatically 

photograph, measure, and enumerate the particles passing continuously through a glass flow 

cell (Sieracki et al., 1998). The device can automatically capture images at established rates 

up to 20 images per second (Auto Image Mode) or be triggered by the detection of a 

fluorescent signal from chlorophyll a using a laser beam (Fluorescence Triggered Mode). 

Working on Fluorescence Triggered Mode, the device cannot determine which particle 

triggered the capture if more than one particle appears concurrently within the field of view 

and dismisses the capture of heterotrophic organisms; additionally, the Fluorescence 

Triggered Mode also requires calibration of parameters such as gain and thresholds 

(Garmendia et al., 2013; Poulton and Martin, 2010). Therefore, the Auto Imaging Mode was 

considered more appropriate for this pilot study and for subsequently setting the basis for 

studying the Fluorescence Triggered Mode. Concentration measurement in Auto Image Mode 

is based on the count of particles and the volume imaged. This is calculated through the 

length, width, and depth of the field of view and the total number of captures in the analysis. 

The shape of each particle detected in the photographs is recognized and then a series of 

morphologic quantitative measurements are determined (Table 1) based on the characteristics 

of the pixels enclosed by the particle edge. Size variables are Feret measurements or the 

conversion of the shape into a rectangle. Color variables are based on the average pixel value 

for each color (Fluid Imaging Technologies, 2012). Therefore, three batches of information 

are retrieved by the FlowCAM for assessing the size, concentration, and viability of 
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organisms as required by the BWMC: images, quantitative morphological information, and 

concentration measurements.  

 

Table 1. FlowCAM morphologic size and color quantitative variables 
studied 

Feret based size ESD Equivalent spherical diameter 

 L Length 

 W Width 

Area based size ABD Area based diameter 

 GL Geodesic length 

 GT Geodesic thickness 

Color AB Average blue 

 AG Average green 

 AR Average red 

 Int Mean grayscale intensity 

Color ratios B/G Average blue/ Average green 

 R/B Average red/ Average blue 

 R/G Average red/ Average green 

 

Applications of the FlowCAM are embraced in a wide variety of studies (Bowers et al., 2008; 

Brown, 2011; Brzezinski et al., 2011; Reynolds et al., 2010; Sutherland et al., 2001; Zetsche 

and Meysman, 2012) that used microalgae cultures (Steinberg et al., 2012) and a natural 

water analysis to classify and determine the abundance of particles (Morillo-García et al., 

2014; See et al., 2005), biomass, and biovolume (Álvarez et al., 2014) as well as to generate 

size spectra (Álvarez et al., 2011; Schartau et al., 2010). However, the features and 

configurations that enable its systematic use as a ballast water monitoring tool have not yet 

been explored. The information embedded in the output files can be exported systematically 

as image and Excel files thus allowing their transfer into standard computers for remote 

storage, processing, and interpretation. The correct configuration and the establishment of 

protocols for analysis and data management enable transferring and recording original and 

traceable data that is unbiased by the subjective criteria of the device operator. These original 

data represent an objective proof for evaluating the efficacy of the BWTSs throughout their 

development, approval, and operation; facilitate the inspections that are required by Port 
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State Authorities; and help with the early detection of threat species and environmental 

monitoring for risk assessment (Gómez et al., 2015; Larson et al., 2011; Zhang et al., 2014).  

The aim of this study is the execution of a proof-of-concept pilot study for the 

FlowCAM as a systematic ballast water analyzer in the context of the BWMC and is focused 

on determining the size, concentration, and viability of the 10-50 µm organisms. The study 

consists of an analysis of spherical microbeads, monoculture of Prorocentrum minimum 

subjected to laboratory UV treatment, and natural seawater samples subjected to full-scale 

UV-based BWTS. Items related with data quality, physical characteristics and performance, 

ease of use, and technical expertise required were explored to assess and improve the 

feasibility of the FlowCAM for systematic ballast water monitoring.  

 

2. Methods 

2.1 Description of samples 

2.1.1. Calibrated microbead suspensions 

The ability of the FlowCAM for measuring the size and concentration of particles was 

checked with spherical microbead tests. 1) Suspensions with mixtures of 10 and 50 µm 

microbeads (Duke Scientific Corporation; Palo Alto, CA, USA) with a calibrated mean and 

standard deviation (10.03 ± 0.05 and 49.7 ± 0.7 respectively). Arbitrary amounts (four to ten 

drops) of 10 and 50 µm microbeads stocks were mixed in vials containing 5 mL of Milli-Q™ 

water for analysis with the FlowCAM. 2) Microbead suspension with a factory-calibrated 

concentration of 3000 (± 10%) microbeads mL-1 in stock (Thermo Scientific, Waltham, MA, 

USA) subjected to serial dilutions obtaining reference concentrations ranged from five to 

1000 microbeads mL-1. 

2.1.2. Phytoplankton monoculture disinfection treatments 

The effects of disinfection treatment on cell morphology and growth were measured in 

cultures of P. minimum (Heil et al., 2005; Pavillard, 1916) from a NIOZ culture collection. 

Stock culture was incubated at 15°C in an 18:6 light:dark cycle at ca. 100 µmol photons m-2 

s-1. Once the culture reached a density of approximately 3 · 104 cells mL-1, it was split into 

aliquots of 1.5 L and subjected to UV treatment. The UV treatment was applied by a 3-times 

recirculation of 1.5 L P. minimum culture (254 nm absorbance of 0.6) in a flow-through 

reactor (volume of 287 mL, UV pathlength between quartz sleeve and reactor wall of 0.825 

cm) equipped with a low-pressure monochromatic lamp (monochromatic UV-C254, germicidal 

UV power of 3.6 W, length of 14.6 cm). The total UV254 dose of 540 mJ cm-2 was calculated 

using the calculated dose approach as described in (USEPA, 2006). Control was subjected to 
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organisms as required by the BWMC: images, quantitative morphological information, and 

concentration measurements.  
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the same recirculation procedure but with the UV lamp turned off. Control and treated 

samples were re-incubated in the same previous culture conditions. Aliquots of each sample 

were analyzed daily by triplicate with the FlowCAM until changes in the morphology of cells 

and concentration were not detected between consecutive daily analyses.  

The accuracy of the FlowCAM phytoplankton counts was checked with several 

approaches. First, the previous experimental setup counted a Tetraselmis chuii (Butcher, 

1959) dilution series with the FlowCAM and manually by microscope. Fresh samples were 

placed on a Neubauer counting chamber and then a photo was taken using an LAS EZ 

camera and capturing software (Leica Microsystems, Switzerland) and 100X magnification 

objective and then the cells were enumerated in a computer display. A T. chuii culture was 

provided by Marine Reserves’ Service of the University of Cadiz. Both cultured species have 

comparable size features: 12 - 16 µm long and 7 - 10 µm broad for T. chuii (Hori et al., 1982) 

and 15 - 23 µm long and 10 - 15 µm broad for P. minimum (Hajdu et al., 2005; Lu et al., 

2005). Samples of P. minimum were counted by both the FlowCAM and concurrently with a 

BD Accuri™ C6 flow cytometer (Becton Dickinson, New Jersey) throughout the incubation 

after the UV irradiation. The flow cytometer was configured to analyze 50 µL of sample to 

detect particles using a 488-nm laser and discriminating phytoplankton cells by 

autofluorescence of the chlorophyll detected by 670-nm long pass filter. 

2.1.3. BWTS application to real seawater 

The disinfection of NIOZ harbor water with a full-scale UV ballast water treatment system 

was tested in five uptake-discharge cycles. On Day 0 of each test cycle, water was stored in 

three 300 m3 tanks, two containing filtered and UV-treated water, and one with untreated 

water as a control. On Day 5, the treated water was again UV-treated (Stehouwer et al., 2010) 

and then discharged. Three samples were taken during the early, middle, and late stages of 

uptake and discharge into 1 L PET bottles and kept in the refrigerator until the FlowCAM 

analysis. Analyses were performed as soon as possible between one and six hours after the 

sample taking with occasional exceptions taking a maximum of ten hours in the most 

unfavorable case. Triplicate analyses were performed on 25 mL aliquots from each bottle, 

leading to nine analyses per sample at the uptake or discharge procedure. The first two cycles 

were used to properly configure the FlowCAM. 

2.2. FlowCAM setting and analysis procedure 

A device FlowCAM Benchtop B3 Series (Fluid Imaging Technologies, Yarmouth, ME, 

USA) was used that was equipped with a syringe pump and managed with Visual Spread 

Sheet™ software (VSS), Version 3.2 (Fluid Imaging Technologies). Objective of 10X (the 

Chapter 4 – FlowCAM 

 89 

10X eyepiece led to overall magnification of 100X), and a 100 µm depth flow cell were 

mounted in the FlowCAM device. The Auto Image mode was used at a capturing rate of 20 

images per second. The flow rate was 140 µL min-1. The acquisition data filter was set at 4 

µm ESD; particles below this value were ignored. The analysis stop condition for individual 

analysis was set by different parameters depending on the purpose of each experimental 

series. Since the purpose of 10 and 50 µm microbeads analyses was studying the accuracy of 

size measurements, the analyses were stopped manually after detecting more than 15,000 

images in a single analysis. On the other hand, 20 µm microbead analyses, with the purpose 

of calibrating the concentration measurements, were automatically stopped after the detection 

of 100 particles. Analyses of culture and seawater were configured to stop after the 

processing of 1 mL of sample, corresponding to approximately 0.3 mL of sample 

photographed according to the established imaging and flow rates which determine an 

efficiency of approximately 30% (ratio of imaged volume respect with total processed 

volume). The actual values of volume imaged and efficiency for each analysis were recorded 

in the “Run Summary” text files that were embedded in the output folder.   

Triplicate aliquots from microbeads, culture, or seawater sample were poured into 25 

mL glass flasks previously rinsed with the proper sample and gently stirred throughout the 

analysis. Between samples, the system was rinsed by demineralized water filtered 

additionally by 0.2 µm and then primed with the next sample. Two FlowCAM real-time 

software tools were continuously observed throughout the processing of the samples in order 

to detect possible failures during the analysis: the X/Y diagram of particle position within the 

field of view and the particles detected per time interval; heterogeneities in both plots 

indicate issues in the sample flow. Analyses with problems were cancelled and reinitiated 

after dealing with the issue causing the failure, principally the piping system cleaning by 

backwash. Fixatives were not used in any case. Ethanol and isopropanol were used to clean 

the hydraulics system before storage. The data collected from analyses consisted of total 

particle concentration, the image of each particle detected, and the series of quantitative 

morphological and color variables data for microbeads, culture, and seawater samples.  

 

2.3. Output files management 

After each series of analyses, output files were exported from the FlowCAM into a standard 

computer without access to VSS® software. Collages displaying the images of particles were 

systematically saved by the FlowCAM as a tagged image (TIF) format file; therefore, the 

VSS® features for automatic selection and classification of images were disabled which 
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the same recirculation procedure but with the UV lamp turned off. Control and treated 
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approaches. First, the previous experimental setup counted a Tetraselmis chuii (Butcher, 

1959) dilution series with the FlowCAM and manually by microscope. Fresh samples were 

placed on a Neubauer counting chamber and then a photo was taken using an LAS EZ 
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10X eyepiece led to overall magnification of 100X), and a 100 µm depth flow cell were 

mounted in the FlowCAM device. The Auto Image mode was used at a capturing rate of 20 
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backwash. Fixatives were not used in any case. Ethanol and isopropanol were used to clean 

the hydraulics system before storage. The data collected from analyses consisted of total 

particle concentration, the image of each particle detected, and the series of quantitative 

morphological and color variables data for microbeads, culture, and seawater samples.  
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improved the accessibility of the data. The individual quantitative measurements were 

exported as Data Export files and particles count and concentration data as Summary Export 

files both with comma separated values (CSV) format. 

2.3.1. Data filtering and classification 

Image files in a tagged image format (TIF) and object measurements in a comma-separated 

value (CSV) format were used for the classification and enumeration of particles according to 

their visible appearance or quantitative size and color variables (Table 2). Manual counts by 

human were performed by displaying direct enumeration of specific particles in image files. 

For managing the information in Data Export and Summary Export files, their data contents 

were merged into one consolidated sheet. The MS Excel conditional function was applied to 

all individual particles recorded in Data Export files for classifying particles matching the 

selected filtering parameters. The concentration of particles belonging to one specific 

category (Cn) was calculated as the quotient between the count of particles in the 

corresponding category (Nn) and the processed volume calculated systematically as the ratio 

between the total count (Nt) and total concentration (Ct) in consolidated Summary Export 

files (Cn = Nn · Ct / Nt).  

 

Table 2. Variables and values used for automatic 
filtering of images in artificial microspheres, 
Prorocentrum minimum monoculture and seawater 
analyses. 

Sample Variables Values (min-max) 

20 µm 

microbeads 
ESD 15 – 25 µm 

P. minimum W 7 – 18 µm 

 L 13 – 21 µm 

Seawater W > 9 
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2.3.2. Abundance spectra of size and color variables  

Abundance distributions of size and color variables were determined using the quantitative 

information in Data Export files obtained in analyses. Size spectra of 10 and 50 µm 

microbeads were used to assess the accuracy and precision of size measurements by 

observing the position and broadness of abundance peaks with respect to their reference 

values. Similarly, abundance distributions and Box-Whisker plotting enabled the quantitative 

study of morphology in natural cultured organisms as well as detecting and quantifying the 

cellular deformations and damages caused by the application of the treatments.  

2.3.3. Accuracy and precision of concentration measurements 

The quality of the concentration measurements was assessed by linear regression of data 

obtained by the FlowCAM with reference values: theoretical standard concentrations in 

microbeads experiments, Neubauer counts done with T. chuii culture, and the comparison of 

the FlowCAM with flow cytometer results. The precision of concentration measurements was 

studied by the values and statistical significance of linear regression parameters (non-

significant intercept and significant slope of 1 indicate appropriate precision) and the study of 

the coefficient of variation between triplicate analyses. 

2.3.4. UV treatment efficacy by growth modeling 

The growth curves of the P. minimum after the UV treatment were modeled to obtain the 

concentration of viable organisms after the irradiation (Romero-Martínez et al., 2016). Daily 

concentration measurements of the control sample were fitted to a logistic model to obtain 

the growth rate (r), the carrying capacity (Nmax), and the initial concentration (N0) by 

minimization of the mean square error. The organisms remaining viable after the treatment 

were considered to follow the same parameters “r” and “Nmax” as the control samples, but 

with an initial concentration (N0v) reduced by the UV irradiation. The treatment inactivation 

efficacy was determined as 1- N0v/N0.  

 

3. Results and discussion 

3.1. Standard microbeads 

3.1.1. Individual recognition and size calibration 

Images recorded in the analyses of 10 and 50 µm microbeads mixtures reported the 

appropriate recognition of individual particles (Fig. 1a) and their edges (Fig. 1b) with an 

occasional presence of contaminations (unidentified particles) and images containing more 

than one bead. In the case of concentrated solutions of 10 and 50 µm microbeads experiments 
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than one bead. In the case of concentrated solutions of 10 and 50 µm microbeads experiments 
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with concentrations higher than 105 microbeads mL-1, the ratio of contaminations and 

misrecognized images represented less than 1% of the total images. Although the sharpness 

of 10 µm microbeads images is heterogeneous due to the wide range of focusing within the 

100 µm depth of the flow cell, their shape is visually recognizable. The focusing of 50 µm 

microbeads was homogeneous.  

The six size variables accurately measured the 10 µm microbeads (Fig. 1c). On the 

other hand, Feret-based measurements ESD, L, and W accurately determined the size of 50 

µm microbeads, whereas the area-based variables ABD, GL, and GT underestimated their 

diameter (Fig. 1d). Among the six variables that were analyzed, W provided an 

approximation of the minimum dimension of organisms according to the BWMC precepts. 

According to the size spectra, the W of 10 µm microbeads was determined between 9 and 12 

µm and between 47 and 53 µm for 50 µm microbeads; therefore, individual particles in 

which W was between 9 and 53 µm could be considered within the 10-50 µm range restricted 

by the D-2 standards.  

 

Figure 1. Representative section of images collages registered in 10 - 50 µm microbeads 
mixtures analyses (a), selection of 50 µm microbeads images surrounded with thin a thin line 
representing their recognized edge (b) and abundance peaks (c and d) detected at size 
spectra.   
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3.1.2. Calibration of concentration measurements 

The calibration of concentration measurements was based on the analyses of a 20 µm 

microbeads stock subjected to different dilution factors and then comparing the concentration 

provided by the FlowCAM with their theoretical values. Images captured included entire 

microbeads, partial microbeads coinciding with the edges of the field of view, and 

contaminations (Fig.  1a). These contaminations are the result of undetermined particles 

existing in materials, hydraulic systems, dilution, or rising water, and their concentration 

varies throughout the course of the experimentation. Analyses using Milli-Q water as a blank 

indicated the existence of 98 contaminations per mL in average, thus compromising the 

accuracy of the direct concentration measurements, especially for low concentrated samples. 

Due to the unspecific origin of the contaminations and their variable amount, a systematic 

blank subtraction is not appropriate. Similarly, extremely clean materials and products reduce 

the presence of contaminations, although this extreme cleanness becomes unfeasible, 

especially for using the FlowCAM as field instrument.  

The total concentration data were corrected into the actual concentration of 

microbeads by two different mechanisms: manual enumeration based on images and 

automatic selection based on a software filter using the quantitative size measurements. 

Concentrations of microbeads subjected to manual enumeration were compared with their 

theoretical values, indicating strong correlation (R2 = 0.99) respect, with non-significant (p = 

0.075) intercept of -0.04 and significant (p < 0.001) slope of 1.01. Similarly, the automatic 

data filtering presented strong correlation (R2 = 0.93) with a significant (p = 0.003) intercept 

of 0.23 and significant (p < 0.001) slope of 0.92. Both methods showed different advantages 

and drawbacks. The manual enumeration of particles was precise and quick under the stop 

condition established in 100 images per analysis and ensured full certainty in the 

identification of the particles. On the other hand, the automatic selection was slightly less 

precise than the manual enumeration which may exclude partial captures or include 

contaminations with a similar appearance to the target particles. In this sense, the manual 

enumeration is recommended in low concentrated samples with fewer of images to be 

observed whereas the automatic data selection is a better approach for analysis for highly 

concentrated samples. 

The coefficient of the variation between triplicate analyses of one sample ranged from 

8.2% in high concentrated samples up to 63.5% in low concentrated samples. Volumes 

analyzed to reach the stop condition (100 particles detected) ranged from 0.036 to 0.360 mL, 

imaged between 1.15 and 11.05 min depending on the concentration of particles in the 
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data filtering presented strong correlation (R2 = 0.93) with a significant (p = 0.003) intercept 

of 0.23 and significant (p < 0.001) slope of 0.92. Both methods showed different advantages 

and drawbacks. The manual enumeration of particles was precise and quick under the stop 

condition established in 100 images per analysis and ensured full certainty in the 

identification of the particles. On the other hand, the automatic selection was slightly less 

precise than the manual enumeration which may exclude partial captures or include 

contaminations with a similar appearance to the target particles. In this sense, the manual 

enumeration is recommended in low concentrated samples with fewer of images to be 

observed whereas the automatic data selection is a better approach for analysis for highly 

concentrated samples. 
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8.2% in high concentrated samples up to 63.5% in low concentrated samples. Volumes 
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imaged between 1.15 and 11.05 min depending on the concentration of particles in the 
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solution. Precision in concentration measurements depends on the number of particles that 

are counted (Lund et al., 1958) and thus the volume analyzed can be adapted to increase the 

precision in cases of low concentrated samples. 

3.2. Prorocentrum minimum subjected to UV treatment  

3.2.1. Images displaying 

Most images of untreated cultures correspond to the cultured organism captured in different 

orientations as well as occasional debris or contaminations (Fig. 2). Each individual analysis 

of 0.33 mL provided between 1,000 and 13,000 images. In this sense, the manual 

enumeration of cells in images becomes unfeasible at the used configuration. Although there 

are possibilities to enhance the manual enumeration by diluting the samples, analyzing 

shorter volumes, or displaying only a sub-set of the images, these procedures are time 

consuming and introduce uncertainty. Additionally, unlike the displaying of microbeads, the 

manual enumeration of living cells is subjected to the criteria of the analyst, especially after 

the UV treatment. Therefore, the concentration of organisms was approached by either the 

total concentration or the automatic classification of particles according to their quantitative 

graphic properties. 

The UV irradiation caused modifications in the P. minimum cells’ color and induced 

the formation of aggregates not observed in control samples (Fig. 2) becoming larger and 

more numerous during the course of the incubation. The cells belonging to aggregates 

appeared empty or clearly damaged and were surrounded by spilled intracellular content as a 

sticky matrix. Cellular spill out and aggregation has been reported for microalgae after 

disinfection treatments (Bai et al., 2010; Imase et al., 2013; Oukarroum et al., 2012). 

Therefore, the recorded images can address the application of the UV treatment with a visual 

approach. 

3.2.2. Size and color measurements 

For untreated organisms, the variable L determined an abundance peak ranging from 13 up to 

21 µm (Fig. 3) whereas the variable W showed a broader peak between 7 and 18 µm; both L 

and W were consistent with data in literature  (Hajdu et al., 2005; Lu et al., 2005). These 

values were used to establish a classification filter for selecting the P. minimum organisms 

among the total number of particles that were detected (Table 2). 

Part of the heterogeneity of L and W is attributable to the orientation of organisms in 

images. The variable W, calculated as the minimum Feret measurement, is more sensitive to 

the orientation whereas the L, calculated as the maximum Feret measurement, is more stable 

along the different orientations. According to the BWTS D-2 standards specifications, the 
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size measurement refers to “the minimum dimension between main body surfaces of an 

individual when looked at from all perspectives”, affecting all individual organisms and not 

per species (Gollasch et al., 2007). This fact adds extra difficulty for determining the 

belonging of a certain organism to the 10-50 µm controlled by the BWTS (Folkunger, 2014) 

and questions the suitability of the D-2 standards criteria for classifying organisms by size 

(Drillet et al., 2013; Folkunger, 2014; van der Star et al., 2011). The images and size 

measurements taken by the FlowCAM can assist in the selection of species for land-based 

testing of BWTS with cultured organisms (Guideline 8), requiring species where individuals 

always show W greater than 10 µm.  

 

 

 
Figure 2. A representative section of images collages throughout six days after the UV 
treatment of Prorocentrum minimum.  
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Figure 3. Evolution of different graphic properties of Prorocentrum minimum after the UV 
irradiation. Representation of 1500 images per sample. Complete profiles are in 
Supplementary Material.  
 

The color and size variables partially supported the effects caused by the UV treatment on the 

cells morphology that was observed through the images. Abundance spectra of variables L, 

W, ABD, and GT showed an increase of smaller particles (Fig. 3). Similarly, the Ratio B/G 

and Ratio R/B varied their distribution but without an evident relationship with the treatment 

application and the elapsed incubation time. The most consistent effect of UV treatment in 

particle appearance was the increasing number and size of aggregates as observed in images 

(Fig. 2) and addressed by the increase of time of the upper outliers in Box-Whisker plots of 

size variables (Fig. 4).  
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Figure 4. Evolution of variable Width 
addressing the aggregates formation after 
the UV irradiation of Prorocentrum 
minimum. Representation of 1500 images 
per sample. 
 

 

 

 

Despite the UV treatment caused deformations in cell morphology, the variations in 

morphological quantitative data were weak and mostly inconsistent. The variations in 

controls were considerable which hampered the addressing of UV damage in the P. minimum 

individuals. 

3.2.3. Concentration measurements and growth monitoring 

The ability of the FlowCAM to monitor the concentration of cultured organisms was 

controlled by a previous calibration with the organism T. chuii. Concentrations used in 

culture analyses were high enough to minimize the bias caused by contaminations. Total 

concentrations calculated with the FlowCAM showed strong linear correlation with 

microscopy counts (Fig. 5), non-significant (p = 0.166) intercept, and significant (p < 0.001) 

slope. Variation coefficients between triplicate values ranged from 1 up to 62% in 

microscopy counts, whereas the FlowCAM measurements ranged from 0.2 up to 8.7% thus 

increasing the precision. Total concentration data obtained by the FlowCAM showed linear 

correlation with their respective measurements with a flow cytometer (Fig. 6) with non-

significant (p = 0.973) intercept and significant (p < 0.001) slope. Concentration data were 

filtered to remove the particles when L and W did not match with intact organisms (Table 2) 

with short variations in correlation parameters if compared with total concentration data (Fig. 

6). The coefficient of variation of triplicate measurements was, on average, 3.50% for the 

FlowCAM measurements and 7.59% for the flow cytometer. Therefore, the FlowCAM 

provided accurate concentration measurements with lower dispersion than microscopy and 

flow cytometer at the setting used in this study.  
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Figure 3. Evolution of different graphic properties of Prorocentrum minimum after the UV 
irradiation. Representation of 1500 images per sample. Complete profiles are in 
Supplementary Material.  
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Figure 4. Evolution of variable Width 
addressing the aggregates formation after 
the UV irradiation of Prorocentrum 
minimum. Representation of 1500 images 
per sample. 
 

 

 

 

Despite the UV treatment caused deformations in cell morphology, the variations in 

morphological quantitative data were weak and mostly inconsistent. The variations in 

controls were considerable which hampered the addressing of UV damage in the P. minimum 

individuals. 

3.2.3. Concentration measurements and growth monitoring 

The ability of the FlowCAM to monitor the concentration of cultured organisms was 

controlled by a previous calibration with the organism T. chuii. Concentrations used in 

culture analyses were high enough to minimize the bias caused by contaminations. Total 

concentrations calculated with the FlowCAM showed strong linear correlation with 

microscopy counts (Fig. 5), non-significant (p = 0.166) intercept, and significant (p < 0.001) 

slope. Variation coefficients between triplicate values ranged from 1 up to 62% in 

microscopy counts, whereas the FlowCAM measurements ranged from 0.2 up to 8.7% thus 

increasing the precision. Total concentration data obtained by the FlowCAM showed linear 

correlation with their respective measurements with a flow cytometer (Fig. 6) with non-

significant (p = 0.973) intercept and significant (p < 0.001) slope. Concentration data were 

filtered to remove the particles when L and W did not match with intact organisms (Table 2) 

with short variations in correlation parameters if compared with total concentration data (Fig. 

6). The coefficient of variation of triplicate measurements was, on average, 3.50% for the 

FlowCAM measurements and 7.59% for the flow cytometer. Therefore, the FlowCAM 

provided accurate concentration measurements with lower dispersion than microscopy and 

flow cytometer at the setting used in this study.  

W
id

th
 (µ

m
)

W
id

th
  (

m
)

0

50

100

150

200 Lef t: control
Right: UV

0 1 2 3 4 5 6

Day

0

50

100

150

200

W
id

th
 (µ

m
)



Chapter 4 – FlowCAM 

 98 

Figure 5. Linear regression for mean 
values of triplicate concentration 
measurements of Tetraselmis chuii 
obtained by the FlowCAM and their 
respective measurements using 
microscopy manual counts. Error bars 
standard deviation between triplicate 
measurements. Number in italics represent 
non-significant parameters.  
 

 

 

 

 

 

Figure 6. Linear regression for mean 
values of triplicate concentration 
measurements obtained by the FlowCAM 
and their respective measurements using 
flow cytometer. Error bars standard 
deviation between triplicate 
measurements. Numbers in italics 
represent non-significant parameters.  
 

 

 

 

 

The inactivating efficacy of UV treatment was evaluated by modeling the growth curves 

according to a logistic model. Both total and filtered particle concentrations showed similar 

trends following logistic growth in control and shrinkage in the UV treated sample (Fig. 7). 

Experimental data of control were fitted to a logistic model to determine the growth rate (r) 

and carrying capacity (Nmax) (Table 3). In UV treated samples, the organisms kept their 

viability growth, in general, following the same “r” and “Nmax” as control organisms with a 

reduction in the initial concentration of organisms (Romero-Martínez et al., 2016). The 

concentration of viable organisms after the UV irradiation (N0 UV) can be estimated by 

modeling the growth curve of treated samples. According to the logistic model parameters, 

values of “N0 UV” greater than 52 cells mL-1 produces regrowth that is detectable on the sixth 

day of incubation; therefore, since regrowth was not observed, the actual value of “N0 UV” is  
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Figure 7. Evolution of total and filtered 
concentration values after the UV 
irradiation of Prorocentrum minimum. 
Lines represent the logistic model fitted to 
total (solid) and filtered (dashed) 
experimental values of control samples. 
 

 

 

 

lower than 52 cells mL-1. The inactivating efficacy of UV treatment (N0 UV / N0 control) was 

greater than the 99.75%. These values exceed the disinfection achieved for P. minimum by 

full-scale UV units between the 84% and the 87% (Sassi et al., 2005; Sutherland et al., 2001; 

Tsolaki and Diamadopoulos, 2010). The same modeling procedure applied to filtered 

concentration data which determined an inactivation efficacy greater than the 99.87%. Since 

the automatic data filtering is a complex procedure that introduces uncertainty, the total 

concentration measured directly by the FlowCAM supposes a better approach for 

determining the inactivation efficacy by UV treatment in P. minimum monocultures by 

growth modeling. 

 

Table 3. Logistic model parameters for Prorocentrum minimum UV experiment: 
growth rate (r), carrying capacity (Nmax), initial concentration (N0 control), maximum 
value of estimated concentration of viable organisms in UV treated sample (N0 UV) 
and minimum value of inactivating efficacy percentage. 
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Figure 8. Section of images collage obtained in seawater analyses (a) and images 
corresponding to individual, aggregated or chained organisms after a non-exhaustive 
observation (b). A visual size scale is available from 10 and 50 µm microbeads analyses.  
 

3.3. Analysis of natural seawater  

3.3.1 Optimization of natural seawater analyses and data management 

The images obtained from seawater analyses (Fig. 8a) include organisms (Fig. 8b), debris, 

contaminations, and other material. Since single organisms appear as part of a wide variety of 

more complex compositions such as chains, aggregates, or those associated to inert material, 

the automatic data filtering based on the quantitative graphic properties is not suitable 

(Álvarez et al., 2012), requiring the exhaustive observation of images by specialist staff to 

determine the actual concentration of organisms (First and Drake, 2012). The feasibility of 

the systematic enumeration of organisms is conditioned primarily by the availability of 

trained staff, the number of images to be observed, and the statistical significance of the 

retrieved data (Frazier et al., 2013; Miller et al., 2011). The output files that embed the 

images, quantitative morphologic properties, and concentration data can be transferred to 

offices with the staff specialized in identification and enumeration of organisms.  
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Figure 9. (a) Double logarithmic 
representation of size spectra obtained in 
uptake (T0) and discharge (T5) of three 
testing cycles of a BWTS. Linear 
regression parameters are provided for 
control samples using particles sized 
between 10 and 50 µm. (b) Accumulated 
relative frequency for particles between 
10 and 50 µm. Both figures correspond to 
one of the three tests cycles; results are 
similar for the two other cycles. 
 

To make the quick data transferring and 

enumeration of organisms to remote 

offices feasible, the output files must be 

optimized to eliminate interferences and 

reduce their size.  

The predominance of small 

particles, as observed in images and size 

spectra (Fig. 9a), is a common feature in 

the analysis of natural water samples (Li 

and Logan, 1995; Quinones et al., 2003). 

According to the size measurements of 10 µm microbeads (Fig. 1), particles whose W is 

below 9 µm can be considered smaller than 10 µm thus not controlled by the BWMC. 

Therefore, a lower limit value for the “Acquisition Filter” of 9 µm W prevents the capture of 

particles whose minimum dimension is below 10 µm, leading to the optimization of the 

output files without loss of information about organisms controlled by the BWMC D-2 

standards. Since natural seawater organisms may appear in the form of aggregates or chains, 

particles over 53 µm may contain one or several organisms actually between 10 and 50 µm 

thus the use of upper limit for “Acquisition Filter” is not recommended. The number of 

images below 9 µm supposes an overload of information of particles not controlled by the 

BWMC D-2 standards which interferes with the observation of images and unnecessarily 

increases the size of recorded files, complicating data management, storing, and transferring. 

According to the data obtained, the concentrations of particles over 9 µm  that may 

correspond with organisms controlled by the BWMC and require the observation by an 

analyst are, on average, 1,365 particles mL-1 in the uptake and 177 particles mL-1 in the 

discharge (Table 4). In this sense, avoiding the detection of particles below 9 µm results in 
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the elimination of approximately 95% of the total number of images, reducing the number to 

be observed by the analyst as well as the weight of the output files thereby enhancing the 

manual enumeration and data management.  

 
 

Table 4. Concentration measurements of total (using 4 µm ESD as acquisition filter) 
and 10-50 µm particles (Width > 9 µm) throughout three BWTS testing cycles of 
uptake (T0) and discharge (T5). 

Cycle Sample 
Total concentration 

(particles mL-1) 

> 9 µm concentration 

(particles mL-1) 

  Uptake Discharge Uptake Discharge 

1 Control 19800 5730 1128 142 

 Treated 1 28229 12860 1595 324 

 Treated 2 15693 9114 825 184 

2 Control 9411 4786 461 64 

 Treated 1 13849 6564 797 174 

 Treated 2 12679 6365 672 119 

3 Control 50435 5467 2855 79 

 Treated 1 34924 13183 1586 243 

 Treated 2 47442 15442 2363 269 

 

The abundance of 10 µm particles is approximately three orders of magnitude greater than 50 

µm particles (Fig. 9a). The percentile analysis of particles potentially within the 10-50 µm 

(filtered as W > 9 µm) reflects that approximately 50% of the particles are sized between 

9.00 and 11.04 µm, on average, and the 90% of particles measure less than 17.35 µm (Fig. 

9b). For values between 17.35 µm and 50 µm, corresponding to the remaining 10% of 

detected particles, strong discontinuities and gaps are observable in size spectra plots 

indicating a lack of representativeness of large particles in relation with small particles. This 

implies a misbalance in the statistical representativeness of individuals along the 10-50 µm 

range; obtaining representative samples of large organisms requires processing much larger 

volumes with respect to small organisms. Because of their higher abundance with respect to 

larger organisms, the nonconformities with the BWMC D-2 standards is, in general, primarily 

due to small organisms (with exemptions, for example, for things such as a bloom of a large 

specie) whose assessment requires lower sample volume for obtaining representative results 

(Carney et al., 2013; Lund et al., 1958). On the other hand, the processing of larger sample 
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volumes is required to increase the representation of larger particles, although it supposes 

larger analysis runtime and the excessive detection of more abundant, smaller particles. The 

splitting of the 10-50 µm range analysis into several sub-ranges may correct the misbalance 

in the particle representation. 

3.3.2. Effects of disinfection treatment 

The five days of storage in tanks removed over the 75% of 10-50 µm particles existing at the 

uptake procedure (Table 4). The size spectra (Fig. 9a) also depicted a relatively low presence 

of 10-50 µm particles after the five days of storage. The loss of particles larger than 9 µm 

was, on average, 90.21% in controls and 81.88% in treated samples after five days of storage. 

This greater loss in control with respect to filtered and UV irradiated samples was consistent 

throughout the three studied cycles and resulted in being paradoxical. Besides the treatment 

application, the evolution of natural biological communities over their storage in tanks is 

conditioned by factors such as sedimentation and vertical migration processes (First et al., 

2013). In this sense, the exhaustive observation of images is required to determine the actual 

concentration of 10-50 µm organisms among the detected particles, as well as elucidating the 

processes that condition the evolution of organisms in tanks. The noise caused by small (W < 

9 µm) particles hampered the exhaustive observation of images, requiring the adequate 

setting developed in this study: lower “Acquisition Filter” of 9 µm W and splitting the 

analysis of 10-50 µm range into several size sub-ranges. Further studies will be focused on 

monitoring the evolution of organisms in tanks by taking and analyzing samples periodically 

throughout the storage time.  

In general, changes in the concentration of organisms are not addressed immediately 

after the UV treatment, however, the subsequent growth monitoring reveals loss in their 

capacity to reproduce according to the UV dose applied and their UV-resistance (Cullen and 

MacIntyre, 2016; Liebich et al., 2012; Romero-Martínez et al., 2016; Sakai et al., 2007; 

Stehouwer et al., 2015; Tao et al., 2010). Therefore, the evolution of the organisms once 

discharged from the ballast into the ocean is conditioned by treatment features such as  the 

UV dose applied, the time under light limitation in tanks, and the species composition and 

their interactions (First et al., 2016; Viitasalo and Sassi, 2005). Although the growth 

monitoring is so lengthy that it does not allow the assessment of BWTS effects during its 

normal operation (First and Drake, 2014), it is considered a suitable approach to evaluate the 

UV treatment effects (First and Drake, 2013). The images and concentration measurements 

retrieved by the FlowCAM enable studying the evolution followed by the different species 

after the irradiation with UV light. Similarly, the FlowCAM enables continuous, precise, and 
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monitoring is so lengthy that it does not allow the assessment of BWTS effects during its 

normal operation (First and Drake, 2014), it is considered a suitable approach to evaluate the 

UV treatment effects (First and Drake, 2013). The images and concentration measurements 

retrieved by the FlowCAM enable studying the evolution followed by the different species 

after the irradiation with UV light. Similarly, the FlowCAM enables continuous, precise, and 
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a relatively quick determination of the abundance and diversity of organisms in ballast water 

as well as the detection of species especially involved in ecosystem invasions, thus improving 

the management of the ballast water. 

3.4. Validation and feasibility of FlowCAM for ballast water management 

Beside the capacity for accurately determining the size, concentration, and viability of 

organisms, the feasibility of the FlowCAM as a ballast water monitor is subjected to a series 

of technical and logistic requirements (Drake et al., 2014; Erickson et al., 2012). This study 

assesses the use of a FlowCAM as a supporting tool in the development and approval of 

disinfection technologies and BWTSs with cultured or natural organisms and its applicability 

as an on board BWMC compliance tool or as an early detector of threats related with the 

discharge of ballast water.  

3.4.1. Physical characteristics and maintenance 

Some issues related with the physical characteristics of the device were encountered 

throughout the proof-of-concept which may compromise the continuity of systematic studies 

based on the FlowCAM analyses. Most of these inconveniences can be corrected with the 

establishment of procedures and maintenance protocols and the re-design of certain parts of 

the device.  

Problems may occur during the analysis runtime caused by background decalibration, 

clogging, and bubbles formation. Although a re-processing of the output file is possible, the 

deletion and repetition of the analysis was considered a better approach in systematic studies. 

Background decalibration is occasionally caused by vibrations and taps on the device which 

induces the background shapes to be recognized as particles in the sample that are then 

continuously captured. Although it is represented as an infrequent failure, the FlowCAM 

location should be as isolated and stable as possible. The routine analyses of cultures or 

natural seawater soiled the pipes and the flow cell, causing bubbles formation and clogging 

whereby continuous detection resulted in a failed analysis. The most effective cleaning 

protocol for preventing the bubbles formation was a rinse with distilled water (“No Save” 

mode simulates an analysis without recording of data, which is useful for determining when 

the particles from the previous samples have been removed), followed by a rinse with 

ethanol, isopropanol and, finally, ethanol again. This protocol was applied systematically at 

the end of a daily series of analyses prior to the device storage. Clogging was detected in 

real-time by the heterogeneities in the particles per time interval plot and the diagram of X/Y 

location of particles in the field of view. In the case of clogging, a backwash is recommended 

followed by a cleaning protocol if necessary. If the cleaning protocol fails in soil removal, an 
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ultrasound bath is recommended which requires removing the flow cell (XX). Since these 

failures are fortuitous facts during analyses, it is recommended to split one analysis of a 

certain sample volume into a series of shorter analyses to minimize the loss of data in case of 

failure. 

The flow cell replacement is required when the hydraulic circuit becomes hardly 

soiled, or a change of magnification is necessary. This procedure was certainly the most 

bothersome and often led to breaking the flow cell, increasing costs, and leading to 

potentially running out of replacement parts thus compromising the systematic study. The 

systematic use of the FlowCAM in the laboratory and especially in field studies requires the 

development of a new compact and user-friendly model of a flow cell, enhancing the 

continuity of the analyses and the possibility of working quickly with different 

magnifications.  

3.4.2. Ease of use and expertise required 

The technical and logistic features of the FlowCAM enable the separation in space and time 

of the analytical procedure, the interpretation of the output files, and the decision making by 

third parties such as the BWTSs developers, ship operators and Environmental or Maritime 

Authorities who are implied in the control of alien species (Monterroso et al., 2011). 

Similarly, this device may enhance the in situ data collection by vessels and ports thus 

enhancing their environmental control (Darbra et al., 2009). Each stage in this sequential 

process requires different expertise which optimizes the human resources involved:  

1. The acquisition of data in a laboratory or the field was focused on processing 

fresh samples without the necessity of chemical reagents or fixatives or a 

procedure of dilution and concentration (Carney et al., 2013; Jakobsen and 

Carstensen, 2011; Zarauz and Irigoien, 2008). In this sense, the manipulation of 

samples, subjective interpretations, and responsibility by a device operator 

becomes greatly reduced.  

2. Secondly, the original output files are received by experts trained in the 

identification and classification of particles with the aim of enumerating the 

organisms among the particles in image files as well as detecting possible threats 

such as the presence of potential invaders or toxic species (Briski et al., 2012). 

Images, morphologic, and concentration data are embedded in output files; 

therefore, this stage may be carried out with standard computers without special 

hardware or software requirements. The data transferring allows the centralization 
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such as the presence of potential invaders or toxic species (Briski et al., 2012). 

Images, morphologic, and concentration data are embedded in output files; 

therefore, this stage may be carried out with standard computers without special 

hardware or software requirements. The data transferring allows the centralization 



Chapter 4 – FlowCAM 

 106 

of expertise in offices placed anywhere thus avoiding their displacement to the 

field.  

3. The final stage corresponds with the decision-making by third parties based on 

the interpretation carried out by experts. Decisions may involve the acquisition of 

new data under similar or different configurations, the necessity of extra 

treatment applications, or the acceptance of ballast as a safe discharge according 

to the BWMC standards. 

 

This networking requires quasi real-time communication and data transferring between the 

shipboard team and the interpretation offices in which feasibility is conditioned primarily by 

the size of files and the quality of the data transmission channels. Further studies will be 

focused on the optimization of hardware and software configurations for obtaining files that 

are more representative and manageable thereby enhancing the procedures for BWTSs 

development, ballast water monitoring for BWMC compliance, and prevention of alien 

species introductions.   

 

4. Conclusions 

Through the experimental plan carried out with several types of artificial and biologic 

particles, it has been showed that the FlowCAM possesses the capacity to detect and measure 

the size and concentration of particles within the 10 – 50 µm range, according to the BMWC 

D-2 standards. The effects of BWTSs on dinoflagellate P. minimum monoculture could be 

assessed by their appearance in images and the total concentration measurements whereas the 

changes in quantitative morphological information were not evident enough. Heterogeneous 

low concentrated samples such as seawater require comprehensive examination by experts 

for identifying and enumerating the organisms among the debris and contamination images. 

Under the correct device configuration, this procedure can be carried out remotely in 

centralized offices thus avoiding the displacement of expert staff. In contrast, some parts of 

the device require substantial re-design to ensure the systematic use in middle and long-term. 

The correction of physical failures and the establishment of protocols for data retrieving, 

transferring, and interpretation can enhance the quickness and effectiveness of ballast water 

management.    
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