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Abstract
Accurate and detailed reporting of methods is essential for scientific progress, yet it is widely accepted that

authors across all scientific fields tend to provide insufficient methods detail. Given the recent proliferation of
automated and semi-automated technologies for data collection, to address this widespread issue the details
needed for interpretation and reproducibility for each specific technique first need to be identified. A systematic
literature review assessed the comprehensiveness of method details reported by 116 peer-reviewed studies publi-
shed between 2017 and 2020 using the FlowCam (a widely used imaging flow cytometer) to image phytoplank-
ton, finding all to be lacking in critical details, inhibiting reproducibility, and limiting the veracity of some
findings. Through this review and three case studies, we identify several key method details that should be
reported by FlowCam studies to ensure their findings are credible, comparable, and replicable and illustrate the
wide-reaching implications for not doing so. Future studies using FlowCam for phytoplankton analyses should
ensure clear reporting of all relevant details relating to the FlowCam unit, sample preparation, run settings,
post-processing of images, and the considered use of only verified measurement outputs. A methods reporting
template is presented as a guideline intended to enhance the quality, interpretability, and repeatability of future
FlowCam papers. The pervasiveness of inadequacies in FlowCam methods reporting identified here highlights
how vital it is for users of any automated or semi-automated scientific technologies to have a clear understand-
ing of the impact of all method details on their findings, and to report these details adequately.

It is generally understood that the methods section of a paper
should not only provide the reader with an understanding of
how a study was conducted, but also sufficient detail to allow
for the independent replication of research findings. Despite
this, it is widely acknowledged that most published studies lack
sufficient method details and science is suffering from a perva-
sive reproducibility problem (Baker 2016; Munafò et al. 2017;
Marqués et al. 2020). Over the past two decades, there has been
an increasing reliance on automated or semi-automated data
collection technologies with a recent rapid proliferation of com-
mercially available automated devices designed for a multitude

of specific tasks (Keitt and Abelson 2021). The outcomes of stud-
ies using such automated devices will depend on numerous,
highly detailed aspects of hardware and software configurations
and methods employed, particularly when compared to tradi-
tional techniques with long-standing widely accepted protocols
(Aaron and Chew 2021). As modern devices become more
“user-friendly,” their intricate functioning becomes more
opaque as important methods parameters can be changed by
the click of a mouse, leading researchers to be unclear on which
details can influence data and subsequent conclusions and are
therefore salient to report (Heddleston et al. 2021). Failure to
report seemingly inconsequential method details in such cases
can have surprising flow-on effects on study findings and lead
to confusing contradictory conclusions between studies (Aaron
and Chew 2021).

Specific standardized reporting guidelines that identify and
detail the necessary methods to be reported for each individ-
ual technology are needed to address widespread reporting
inadequacies, as the intricacies of each emerging technique
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prevent a single prescription across all devices (Munafò
et al. 2017). In human health research, the importance of spe-
cific reporting guidelines is well established with an online
library (equator-network.org) of over 500 searchable reporting
guidelines and numerous studies quantifying the improve-
ments to study reproducibility when such guidelines are
followed (Plint et al. 2006; Kane et al. 2007; Turner
et al. 2012). Detailed methods reporting guidelines have also
been developed in part or in full for a range of specific aquatic
technologies, for example, in vivo chlorophyll fluorescence
(Cosgrove and Borowitzka 2006, 2010), aquatic environmental
DNA (Goldberg et al. 2016), and aquatic microplastic quantifi-
cation (Vandermeersch et al. 2015).

Monitoring of phytoplankton communities is important
across industry, research, and natural resource management and
is mandated under wide-reaching legislation including the US
Clean Water Act and EU Water Framework Directive (Borja
et al. 2008; Hallett et al. 2016). Historically, phytoplankton anal-
ysis has relied on manual microscopy-based identification and
enumeration of each individual cell by highly trained taxono-
mists, a well-established technique, with standardized methods
dating back more than a hundred years (Kofoid 1897;
Langelier 1928; Soares et al. 2011). Over the past two decades,
with decreased hardware costs and increasingly sophisticated
image analysis software, a wide range of technologies specifi-
cally for digital imaging of plankton and the subsequent man-
ual, semi-automated, or automated classification of those
images have become available and are being applied to measure
and monitor plankton in aquatic systems (Benfield et al. 2007;
Sun and Sun 2014). These technologies reportedly allow for
decreased sample turnaround time and increased sampling fre-
quency, sample numbers, and/or volumes, while also adding
data types and plankton types that are impossible or prohibi-
tively time-consuming to collect with traditional microscopy
(Beutler 2003; Babin et al. 2005; Sieracki et al. 2010). They have
been relied on more heavily during the COVID-19 pandemic,
allowing laboratories to continue their monitoring commit-
ments with taxonomists working remotely (Clayton
et al. 2022). These devices can rapidly and easily produce huge
datasets, but before using them for monitoring and research
it is important that we can identify that their outputs are
accurate, reliable, and well-understood, especially when
comparing findings to previous studies, incorporating them
into existing long-term datasets or using them to inform
critical decisions on when to close or reopen waterbodies to
human use or consumption (Zingone et al. 2015; Wasmund
et al. 2017). In addition, as artificial intelligence algorithms
improve there is a growing demand for shared plankton
image datasets, but the inclusion criteria for global open-
access data repositories require clear, detailed device-specific
methods reporting (Neeley et al. 2021).

The FlowCam (Yokogawa Fluid Imaging Technologies) is a
commercially available imaging flow cytometer which has
been used to image phytoplankton for a wide range of

purposes since 1998, yet no uniform system exists for
reporting its use in research applications. This is problematic,
as it allows for wide variety in the level of method detail
reported by different studies, which may be inadequate to
ensure that methods can be reliably understood, were appro-
priate and can be reproduced. Using the FlowCam as an exam-
ple, we aim to highlight the importance of detailed reporting
of methods by studies using emerging technologies. We sys-
tematically review the methods-reporting of peer-reviewed
studies published over four years (2017–2020) using FlowCam
to analyze phytoplankton, and identify the key method
details and choices that can impact findings with the support
of three case studies. We propose a series of clear reporting
guidelines for researchers that would allow them to present
detailed, reproducible methods for future FlowCam studies,
which may serve as an example for how to address widespread
methods reporting inadequacies, one technique at a time.

The FlowCam for plankton analysis
The FlowCam is an automated particle analysis system that

uses a combined microscope, digital camera, and flow cytometer
to digitally image, count, and measure microorganisms. Water
samples are collected and fed into the device, which pumps
them through a flow cell held in front of a microscope lens
coupled with a digital camera. Depending on the combination
of microscope objective and flow cell, the FlowCam can image
particles from 1 μm to 2mm in size. Images can be captured in
three different modes; auto-image mode (imaging at timed inter-
vals), scatter-triggered mode (imaging when particles are
detected), and fluorescence-triggered mode (imaging when fluores-
cent particles are detected). The associated VisualSpreadsheet soft-
ware is used to control the FlowCam and run samples, capture
and crop images, extract particle parameters for each cropped
image, and as a user interface for viewing and sorting these
images. The FlowCam with this software (and the optional soft-
ware add-on, Classifier Advanced) is also advertised for its ability
to semi-automatically classify collected images using user-
defined image libraries and statistical pattern-recognition algo-
rithms (Yokogawa Fluid Imaging Technologies 2021).

FlowCam exhibits many purported advantages over tradi-
tional microscopic observation of plankton; providing a per-
manent digital record of samples, rapidly collecting multiple
measurements of cells and, when using the auto-classification
capabilities, decreased time and labor requirements for identi-

fying cells (Sieracki et al. 1998; Spaulding et al. 2012; Álvarez
et al. 2014). This equipment has now been used to provide
phytoplankton monitoring data around the world, including
Spain, the Philippines, the United States, and Brazil (See

et al. 2005; Sieracki et al. 2010; Álvarez et al. 2012; Camoying
and Yñiguez 2016). FlowCam has been used in the identifica-
tion and quantification of harmful algal bloom species
(Buskey and Hyatt 2006; Lehman et al. 2013), detailed investi-
gations of zooplankton and phytoplankton interactions (Ide
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et al. 2008), and studies of the broad seasonal variations in
abundance, size structure, and diversity of plankton commu-

nities (Álvarez et al. 2011, 2014; Camoying 2016).

Issues with reporting of methods among FlowCam
studies

A systematic literature review (Moher et al. 2010; Okoli and
Schabram 2010) was conducted to critically assess and com-
pare methods reporting in recent papers using FlowCam to
image phytoplankton. Peer-reviewed journal articles using the
FlowCam to image phytoplankton published between 2017
and 2020 were included to identify key methods reporting
issues and develop reporting recommendations for what
should now be an established technique. As search results vary
by database (Calver et al. 2017), a separate search was con-
ducted for the term “FlowCam” searching within “all fields” of
articles and review papers published between 01 January 2017
and 31 December 2020 in both Scopus and Web of Science
Core Collection (accessed 28 June 2021). All aquatic FlowCam
studies compiled by Yokogawa Fluid Imaging Technologies on
their website (https://info.fluidimaging.com/hubfs/documents/
Aquatics%20Publications/Aquatic%20Papers%20List.pdf,
accessed 28 June 2021) were also considered. The three sources,
respectively, yielded 177, 80, and 128 results, reduced to
185 total studies after duplicates were removed. Each of these
185 studies was manually checked for the four inclusion criteria;
(i) the study was published in a peer-reviewed journal, (ii) the
study was available in English, (iii) the study was published
between 01 January 2017 and 31 December 2020, and (iv) the
study used a FlowCam to image phytoplankton for any reason.
The resulting 116 studies meeting these criteria were reviewed,
with their reported FlowCam method details summarized in
Table 1.

The descriptions of FlowCam methods among the
116 papers reviewed generally lack detail, with 3% of studies
simply stating that they used a “FlowCam” to collect data,
with no further description of how this was achieved (Arrigo
et al. 2017; Giling et al. 2017; Noh et al. 2018; Poulin
et al. 2018a, see Table 1). Given that there are numerous user
choices when operating the FlowCam (e.g., objective and flow
cell size, image collection mode, etc.), providing limited or no
context on the way it was used presents significant barriers to
critically understanding how the results were obtained and
removes the capacity for reproducibility.

Published FlowCam studies differed markedly in the detail
of reported methods (Table 2), making comparisons between
studies challenging. This lack of consistent and detailed
description hinders the reproducibility of published methods
and thus confidence in the accuracy of findings. In addition,
new users or those considering the purchase of a FlowCam
unit are left uninformed as to what they can realistically
expect from the device and the amount of rigor required to
achieve meaningful outputs. These issues are not only

restricted to the FlowCam, nor even to digital imaging tech-
nologies in general, but are relevant to many other techniques
and devices in the current age of increased automation and
reduced reliance upon manual methods (Munafò et al. 2017;
Marqués et al. 2020). For the FlowCam specifically, five key
gaps in the current reporting of published methods have been
identified: (i) FlowCam unit technical specifications,
(ii) sample type and preparation, (iii) FlowCam processing
details, (iv) post-processing of images, and (v) the use of Flow-
Cam outputs. Each is now critically evaluated in more detail.

FlowCam unit technical specifications
As the FlowCam is a relatively expensive piece of equip-

ment (approximately US$112,000 for FlowCam 8400-C [pers.
comm., S. Rembold, Kenelec Scientific]), a relatively small
number of machines have been produced (1000 units as of
December 2020). Eleven different FlowCam models suitable
for phytoplankton analysis have been released since the Flow-
Cam was first produced in 1998 and the specifications of indi-
vidual units vary considerably both between and within
models. When purchasing a new FlowCam, many options are
available in terms of digital camera, cell size range, image cap-
ture modes, fluid movement mechanisms, and other features
(Table 3). Due to the cost of machines, older FlowCam models
are likely to be retained for extended periods in research insti-
tutions (some of the earliest B2 units are still being used in
recent years, see Table 1), and Yokogawa Fluid Imaging Tech-
nologies provides the option for existing FlowCam units to be
upgraded to have newer features.

Given that each individual FlowCam unit has a unique set
of technical specifications regardless of model number, it is
important that these details are accurately presented by stud-
ies employing a FlowCam. It is apparent that the variability
present between individual FlowCam units and the implica-
tions of those variances are not well recognized by many
users, as many studies do not report which FlowCam model
was used (53%), and the vast majority of studies do not pro-
vide any further detail about its specifications (85%). Claims
about the efficiency and capabilities of FlowCam analyses will
be extremely unit-dependent. However, studies continue to
make generalized conclusions about the time-efficiency of
“FlowCam” analysis since the 2016 release of the more effi-
cient 8000-series models, without stating which FlowCam
model they used (Kydd et al. 2018). Conclusions regarding the
quality of images or image-based outputs/measurements from
the FlowCam are similarly problematic when the FlowCam
unit details are not stated (e.g., “images smaller than 50 μm
are difficult to identify as detritus or cells”; Lin et al. 2019).
Digital camera specifications directly impact image quality
and as a result, the accuracy of taxonomic identifications
(Bayer et al. 2001), yet only 2% of studies stated their unit’s
camera resolution (increased resolution can capture more key
identifiable features) and only 9% stated whether their unit
was equipped with a color or monochrome camera (color
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images have many more distinguishable shades than grayscale
images, and color FlowCam units output six additional color-
based particle properties). One study did, however, state the
year of manufacture and serial number of their unit
(Kimambo et al. 2020). This detail allows readers to pinpoint
those studies that have been performed using the same
FlowCam unit.

Sample composition and preparation
The quality, reliability, and reproducibility of FlowCam

outputs are also directly affected by the sample composition
and the preparation and preservation methods used prior to
processing those samples through the FlowCam. While insuffi-
cient details on the context and preparation of samples is also
a widespread issue throughout traditional approaches like
manual microscopy (Marqués et al. 2020; Heddleston
et al. 2021), there are several key details that affect FlowCam
outputs specifically. Several studies have found that sample
composition (taxonomy, cell size, cell density, or sediment

presence) can impact the accuracy of FlowCam automated cell
density estimates (Littman et al. 2008; Bergkemper and
Weisse 2017; Graham et al. 2018; Hrycik et al. 2019; Menden-
Deuer et al. 2020). As FlowCam samples are passed through a
thin tube (the flow cell) ranging from 50 to 2000 μm depth, sam-
ples generally require some form of pre-filtering to avoid
clogging-related issues (Poulton andMartin 2010; Poulton 2016).
Most of the 116 reviewed studies did not report any pre-filtering
of samples prior to processing (62%). It is unclear whether any
pre-filtering occurred for these samples and, if not, if the pres-
ence of any particles or clusters of particles wider than the flow
cell led to clogging of the flow cell, which is known to impact
findings (Graham et al. 2018). For mixed phytoplankton sam-
ples, better processing performance and quality images can also
be acquired by serially filtering samples, so that different phyto-
plankton size classes can be imaged separately using a series of
differently sized flow cells and microscope objectives (Poulton
and Martin 2010; Patil and Anil 2015; Poulton 2016), but this
was reported by only three of the 116 studies. The inclusion of

Table 2. Summary of methods reported in papers using FlowCam to image phytoplankton published between 2017 and 2020
(n = 116).

Methods detail included
Proportion of
papers (%)

Any FlowCam model details 47

Any sample preparation methods 78

FlowCam processing mode 67

FlowCam flow cell and objective 53

Any FlowCam settings used to process samples 49

Post-processing technique (manual and/or automated image sorting) 47

Post-processing software used 35

Specific measurement outputs used (for those using measurement outputs)* 79

Justification for measurement output choice (for those using measurement outputs)* 40

*Proportions here calculated from the 65% of studies which reported using measurement outputs (n = 75).

Table 3. FlowCam technical specification options. This information was obtained directly from Yokogawa Fluid Imaging Technologies
marketing information, via communication with Yokogawa Fluid Imaging Technologies staff and with staff from their Australian distribu-
tor, Kenelec Scientific.

Technical specification Options
Model number B1, B2, B3, VS-I, VS-II, VS-III, VS-IV (for B- and VS-series, benchtop, or onboard), 8100, 8400, Cyano, Nano, Macro, 5000

Production year 1998 to present

Image acquisition mode Auto-image mode, scatter-triggered mode, and/or fluorescence-triggered mode (488, 532, and/or 633 nm lasers)

Focus Manual focus or autofocus

Fluidics Peristaltic pump, syringe pump (0.5, 1.0, 5.0, or 12.5mL) or Automated Liquid Handling (ALH) system

Camera resolution 1024� 768, 1280� 960 or 1920� 1200 pixels

Camera color Monochrome or color

Maximum frame rate 11, 22, 60, or 120 FPS

Objective options 2�, 4�, 10�, and/or 20�
Flow cell options Standard: 50, 100, 200, 300, 600, 800, 1000, 2000 μm

VS-series FOV: 80, 300, 1000 μm

8000-series FOV: 50, 80, 100, 300, 600, 1000 μm
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method steps such as serial filtering of samples substantially
influences the human resourcing time to process samples with
FlowCam, an important factor for routine monitoring programs
potentially wishing to compare resourcing requirements of such
technologies against more traditional sample processing
methods.

Depending on sample composition and the FlowCam image
capture mode used, sample concentration may need to be
adjusted as auto-image mode works best with dense samples
(limited only by overlapping particles), while fluorescence-
triggered mode requires dilute samples (maximum of one parti-
cle per frame) (Sieracki et al. 1998; Poulton and Martin 2010;
Poulton 2016). Graham et al. (2018) found that FlowCam auto-
imaged cell density estimates of cyanobacteria were significantly
similar to microscopy estimates only when the cell density was
< 100,000 cellsmL�1. When working with monocultures,
Romero-Martínez et al. (2017) found that cell concentrations in
samples run through the FlowCam needed to be sufficiently
high to minimize the bias caused by non-target particles includ-
ing bubbles. Concentration techniques can affect sample com-
position (Hötzel and Croome 1999), and dilution techniques
should clearly specify the substance used for dilutions and its
possible impact on FlowCam outputs (addition of further non-
target particles). However, only 34% of studies stated whether
samples were concentrated, diluted, or kept at their initial
concentration.

Preservation of phytoplankton samples can affect the size
and features (including shape) of cells and can lead to
inequal cell losses (Menden-Deuer et al. 2001; Rutten
et al. 2005; Zarauz and Irigoien 2008). Moreover, it can also
affect the capture settings that can be used on the FlowCam,
as most preservation methods will prohibit the use of the
fluorescence-triggered capture mode (Poulton and Mar-
tin 2010; Poulton 2016). Preservation with Lugol’s iodine
solution has also been found to significantly increase Flow-
Cam cell counts by reducing adhesion of cells to the flow
cell and increasing identification rates when compared to
fresh samples (Graham et al. 2018). Despite this, approxi-
mately a third (34%) of the reviewed studies failed to state
whether samples were preserved, even for those that used
FlowCam to measure cell size (31%).

FlowCam setup and processing settings
The quality of images captured by the FlowCam will

directly impact the accuracy of any outputs derived from it
(Camoying and Yñiguez 2016; Bergkemper and Weisse 2017).
While with manual microscopy the operator can adjust focus
and even rotate individual cells to view key identifying fea-
tures, each cell in a FlowCam analysis is at best characterized
by one automatically captured, two-dimensional digital image.
If the FlowCam is used to assess the taxonomic or size-based
composition of a sample, then it needs to be confirmed to be
capturing an accurate representation of that sample. The
mechanics of FlowCam analysis, with samples pulled through

a narrow flow cell, mean that some individuals may be more
prone to exclusion, clogging, or adhesion to the flow cell sur-
face (Graham et al. 2018; Mistry and Ackerman 2018). Captur-
ing images of cells from only one direction results in the key
identifying features of some taxa being missed. Given that the
microscope lens and digital camera can only be perfectly
focused on one plane within the flow cell (which has a depth
from 50 to 2000 μm), a proportion of images will always be
out of focus to some degree (Romero-Martínez et al. 2017).
The flow rate and cell density need to be perfectly balanced
for every sample to avoid either additional blurry images due
to excessively high flow speeds, or duplicate images of the
same cells if flow speeds are too low (Natunen et al. 2017;
Nissimov et al. 2018). Similarly, shutter speed, gain, and
intensity need to be carefully balanced to reduce blurriness of
images while also maintaining appropriate brightness and
contrast to maximize image quality and the observability of
key identifying features (Bayer et al. 2001; Heddleston
et al. 2021).

Most FlowCam models can be equipped with up to four
objective lenses (2�, 4�, 10�, and 20�), each of which can be
paired with a range of different flow cell sizes and types, with
the specific combination of objective and flow cell directly
affecting image quality (Camoying and Yñiguez 2016). Gra-
ham et al. (2018) found that both manually identified species
richness estimates and FlowCam cell density estimates varied
significantly between different FlowCam objectives (4�, 10�,
and 20�), with the 20� objective able to detect smaller genera
that were missed at the lower magnifications. Three different
flow cell types have been introduced to date: the standard flow
cells (eight sizes from 50 to 2000 μm for the B- or VS-Series
FlowCams), 1st-generation field-of-view (FOV) flow cells (three
sizes from 80 to 1000 μm for the VS-Series), and 2nd-
generation FOV flow cells (six sizes from 50 to 1000 μm for
the 8000-Series). The FOV flow cells allow the digital camera
to image the entire width of the flow cell, leading to a better
capture of particles in the sample and therefore a more accu-
rate representation of cell density. As the FlowCam B- or VS-
Series models can be equipped with either a standard or FOV
flow cell, it is vital that studies clearly state which style of flow
cell was used. Yet, 47% of the reviewed studies did not report
which flow cells and objectives they used, and 78% of studies
published after the release of FOV flow cells in 2016 did not
state whether they used standard or FOV flow cells.

Although it is standard practice for microscopic analyses to
count or measure phytoplankton until a minimum specified
number of individuals have been considered (Hötzel and
Croome 1999), there are various ways to measure the amount
of sample analyzed by the FlowCam to ensure representative-
ness and reproducibility. While only 58% of studies reported
any measure of sample size, the measure reported by these
studies varied, with some reporting the volume of sample run
through the FlowCam (36%), the subset of that volume
imaged by the FlowCam (14%), the sample processing time
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(22%) or the number of particles imaged (30%). Several factors
would affect the true sample size for the above measures,
including cell concentration, sample flow rate, and frame rate,
yet the reporting of these details is inconsistent and infre-
quent (Table 1). Around half (52%) of the studies presenting
sample size as a volume failed to specify if this was the volume
processed through the FlowCam or the subset of this which
was imaged by the FlowCam, which can be anywhere from
30% to 95%, depending on FlowCam unit, flow cell, objective,

flow rate, and frame rate (Poulton and Martin 2010; Álvarez
et al. 2011; Camoying and Yñiguez 2016). This can be impor-
tant from a metadata standpoint as inclusion criteria to plank-
ton image dataset repositories specifically require reporting of
the volume imaged (Neeley et al. 2021).

Several FlowCam studies have reported that, even when
manually classified, the images produced by the FlowCam do
not provide comparable plankton sample composition outputs
to those obtained from traditional microscopic analyses
(Brzezinski et al. 2011; Le Bourg et al. 2015). In contrast, other
studies have found FlowCam outputs to be comparable to
microscopy, although generally with lower taxonomic resolu-
tion (Vaillancourt et al. 2004; See et al. 2005; Ide et al. 2008),
or in some cases with higher taxonomic resolution (Kydd
et al. 2018; Hrycik et al. 2019). It is difficult to tease out what
may have caused these conflicting results, due to the typically
limited descriptions of methods across studies. As such, any
studies relying solely on the FlowCam to quantify sample
composition should ideally have validated their FlowCam
results (considering their unique samples, FlowCam unit and
methods) against the existing trusted benchmark of manual
microscopy. Most studies reporting FlowCam sample composi-
tion outputs do so without any form of independent valida-
tion against microscopy or any other technique (89%).

The same issue applies to FlowCam automated cell density
outputs, as these are automatically derived from the volume
pumped through the flow cell and the proportion of this vol-
ume theoretically within the field of view and imaged. Some
studies have found these automated cell density values are suf-

ficiently similar to microscopy, within 20% variation (Álvarez
et al. 2011; Lehman et al. 2017; Tseng et al. 2019b), while
others have found them to over- or underestimate density,
with FlowCam estimates up to 2.6 times lower or 5.5 times
higher than microscopic counts of the same samples (Littman
et al. 2008; Bergkemper and Weisse 2017; Kydd et al. 2018).
Yu (2019) presents a Matlab-based toolkit, FlowDensi, which
converts FlowCam outputs into more accurate density esti-
mates. Despite this, 81% of studies reporting FlowCam-derived
cell density values did so without specifying if these were
taken directly from FlowCam outputs or calculated separately,
following correction for any bias. Additionally, the specific
operating mode applied while using the FlowCam (reported
by only 67% of studies) has been shown to affect the accuracy
of size structure estimates, with auto-image and fluorescence-

triggered mode found to be more accurate than side-scatter

triggered (Álvarez et al. 2011). The length of tubing left
attached to the flow cell (reported by 0% of studies) can also
impact cell density estimates, with shorter tubing reducing cell
adhesion and blockages (Edwards et al. 2017). The accuracy of
FlowCam cell density and size structure estimates is affected

by sample composition (Álvarez et al. 2011; Menden-Deuer
et al. 2020); but also by FlowCam set up details (flow cell size
and type, objective magnification, tubing length) and
processing settings (operating mode, flow rate, frame rate),
and so should be validated in every unique case.

FlowCam image post-processing
The initial FlowCam output is comprised of thousands of

automatically cropped images of individual particles, each
with a set of automatically generated measurements. Image
outputs can include a range of non-target particles such as
detritus, bubbles, cellular debris, duplicate cells, and image
artifacts such as overlapping particles, unidentifiable blurry
particles and particles partially out of frame (Nissimov
et al. 2018; Patil and Anil 2019; Menden-Deuer et al. 2020).
Depending on sample type, non-target images can represent
up to 95% of image outputs (unpublished data), and even
when imaging just purified (Milli-Q) water as a blank Flow-
Cam outputs have recorded 98 non-target images (dust and
bubbles) per mL processed (Romero-Martínez et al. 2017). The
FlowCam is unable to differentiate target from non-target par-
ticles without post-processing of images, as even in
fluorescence-triggered mode any particle in the frame when
fluorescence is detected will be imaged and individually

cropped (Álvarez et al. 2012). With traditional manual micros-
copy the taxonomist would not consider any non-target parti-
cles, thus these images need to be removed from FlowCam
datasets with some form of image post-processing. Yet, almost
half of studies do not describe any post-processing of images
(45%), leaving readers unclear on the potential impacts of
non-target images on the study outputs and conclusions.

Although the FlowCam is reportedly able to automatically
sort collected images through its associated VisualSpreadsheet
and Classifier Advanced software packages, most studies do not
make use of these capabilities (89%), using the FlowCam only
as a means to collect digital images and/or measurements of
phytoplankton which are either not explicitly sorted (45%),
sorted manually (32%), auto-sorted using external software
(4%), or the method of sorting is unclear (9%). Where a
sorting method is either not stated or not clearly stated (53%)
a reader may mistakenly presume samples have been success-
fully auto-classified using the advertised FlowCam capabilities,
but even those explicitly using VisualSpreadsheet for auto-
classification (11%) relied on it only as a first-pass pre-sorting
before manual correction.

Auto-classifications by both VisualSpreadsheet and Classifier
Advanced use supervised image sorting techniques, requiring
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the user to first create extensive image libraries of manually
classified images, which are then used by the software for
auto-classifications using a series of user-defined filters (a set of
specific software settings and particle properties that are
extracted from and used to classify each new image). The
descriptions of VisualSpreadsheet auto-classification methods
varied considerably between the 13 studies using it for first-
pass sorting; eight provided no details, four stated the number
of libraries, two stated the number of images per library and
one stated the particle properties used in filters. Just one of
these studies provided an estimate of accuracy, stating that
classifications were only correct in half of the cases (Hassett
et al. 2017), but this was one of six studies that failed to spec-
ify which version of VisualSpreadsheet was used.

Extending the literature search outside of 2017–2020, only
three studies have considered VisualSpreadsheet as a method to
auto-classify phytoplankton samples as a one-step method
(Buskey and Hyatt 2006; Camoying and Yñiguez 2016;
Mirasbekov et al. 2021). Buskey and Hyatt (2006) concluded
that a two-step auto-then-manual method was still required,
while Camoying and Yñiguez (2016) and Mirasbekov et al.
(2021) concluded that VisualSpreadsheet auto-classifications
had relatively high accuracy compared to microscopy, even
down to genus or species level. All three studies provided
assessments of their auto-classification accuracies but were
missing some key method details required to allow for full
interpretation of these results. Each paper omitted the Flow-
Cam model or technical specifications and version of Flow-
Cam software used for analyses, Buskey and Hyatt (2006) did
not explain which settings or particle properties were selected
for filters, and Camoying and Yñiguez (2016) did not list how
many images were in each image library.

To further highlight the potential effects of these methods
considerations on FlowCam auto-classifications, the following
case study was conducted to quantify the impacts of
(i) FlowCam software choice, (ii) image library size, and
(iii) filter particle property selections on auto-classification
accuracy.

Case study 1
The FlowCam used for the following analyses was a Flow-

Cam VS-I, updated in 2013 to posess a 1280� 960 pixel color
camera and 0.5-mL syringe pump. Lugol’s-stained cultures of
two morphologically distinct phytoplankton (the ovoid
Amphidinium carterae [hereafter referred to as Species A], and
the elongated Ankistrodesmus sp. [Species B]) were processed in
auto-image mode through a 50 μm standard flow cell (FV50)
and 20� objective (full methods details and example images
provided in Supporting Information Appendix B). Images col-
lected by running these monocultures were used to create
image libraries for both species containing 50, 500, and 5000
clear images each. Four test sets were then created by imaging
four mixed samples of the two species and manually selecting
250 clear images of each species, so that each test set

contained exactly 500 clear images with a 1 : 1 ratio of Species
A and Species B. Additional test sets were also created with
500 clear images of only Species A and only Species B (1 : 0
and 0 : 1 ratio), with the findings for these test sets presented
in Supporting Information Appendix B.

To determine the impact of software type and library size,
both FlowCam software packages, VisualSpreadsheet (Version
4.12.3) and Classifier Advanced (Version 1), were tested with
all three library sizes using default filter settings and all
27 relevant particle properties selected. In addition, to deter-
mine the impact of filter particle property selections, 4 differ-
ent combinations of particle property settings were tested;
the 27 most relevant, the 11 used by Camoying and Yñiguez
(2016), the 3 most relevant and the 1 most relevant (see
Supporting Information Appendix B for further explanation
of particle property selections), using VisualSpreadsheet and
only the 500-image libraries. In all cases the performance of
the auto-classifications was assessed by manually checking
the FlowCam outputs and recording the number of images
correctly assigned to Species A or B, incorrectly assigned to
Species A or B, and incorrectly rejected as being neither Spe-
cies A nor B (the software will “reject” images that it deems
should not be assigned to any of the provided image
libraries).

The results indicate that the number of images included in
FlowCam image libraries directly impacts the accuracy of auto-
classifications performed using both VisualSpreadsheet and Classi-
fier Advanced software packages, with larger libraries generating
more accurate classifications (Fig. 1a,b). They also highlight that
auto-classification results differ between VisualSpreadsheet and
Classifier Advanced, even where the exact same image libraries, test
sets, and settings are used, with Classifier Advanced generally per-
forming more accurately (cf. Fig. 1a,b). Within VisualSpreadsheet,
the filter settings selected (i.e., the number and type of particle
properties used by the algorithm for auto-classification) also
directly impact auto-classification accuracy, with greater accuracy
observed for lower numbers of particle properties (Fig. 1c).
Together, these results highlight the importance of detailed
methods descriptions and validations for studies making use of
the FlowCam auto-classification capabilities.

Use of FlowCam outputs
In addition to capturing images of particles as they flow

through the FlowCam, the instrument’s VisualSpreadsheet soft-
ware automatically collects up to 47 particle properties for
every image, including several that may be informative for
understanding phytoplankton ecology (measures of cell size,
shape, and volume). The distribution of individual cell sizes
can be an important indicator of phytoplankton community
structure and function, and the total biovolume or biomass of
phytoplankton can provide a valuable alternative representa-
tion to simpler count-based measures (McCauley and
Kalff 1981; Falkowski and Oliver 2007; Marañ�on et al. 2012,
2013). Cell biovolume can also be converted to represent
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carbon or other elemental content and is valuable in under-
standing the role of phytoplankton in biogeochemical cycles
and increasingly in the field of blue carbon sequestration
(Dunne et al. 2007; Lovelock and Duarte 2019). As the Flow-
Cam can calculate these measures in a far more time-efficient
manner than traditional manual microscopy, most reviewed
studies (65%) have used the FlowCam to collect data on
phytoplankton size.

Eighteen different output metrics were used across these
studies (Table 4), with the most popular being ABD diameter
(hereafter ABD), ESD diameter (hereafter ESD), length, width,
and shape-based biovolume measures (biovolume [sphere],
biovolume [cylinder], and biovolume [prolate spheroid]). Several
studies have compared FlowCam measurement outputs to
microscopy or to other measurement devices such as the Coul-
ter Counter or LISST instruments. Some studies have found
these outputs to be generally comparable (Sieracki et al. 1998;
Vaillancourt et al. 2004; Spaulding et al. 2012), while others
have found the outputs to differ significantly between analyti-
cal approaches (Reynolds et al. 2010; Brzezinski et al. 2011;
Jakobsen and Carstensen 2011; Romero-Martínez et al. 2017),
or others yet have found some FlowCam outputs to be similar
while others differ significantly (Hrycik et al. 2019; Wu
et al. 2020b).

FlowCam outputs should only be used quite deliberately
with a full understanding of how they are derived. Traditional
microscope-based measures of cells will usually rely on just a
single length and width measure (Hillebrand et al. 1999;
Olenina 2006). The two most popular VisualSpreadsheet mea-
sures are computed quite differently; ABD is the diameter of a

Table 4. FlowCam measurement outputs reported as used by
papers using FlowCam to image phytoplankton between 2017
and 2020 (n = 75).

Measurement outputs Proportion of papers (%)

ABD diameter 36

ESD diameter 27

Length 24

Width 17

Shape-based biovolume

(biovolume [cylinder,

sphere, and p. spheroid])

11

Geodesic length and thickness 3

ESD volume 3

ABD volume, aspect ratio,

convex perimeter, elongation,

FD diameter, roughness,

symmetry (used once each)

1

Unclear 7

No measurement outputs reported 29
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Fig. 1. Mean manually checked FlowCam auto-classification results for
test sets with exactly 250 clear images of Species A (Amphidinium carterae)
and 250 clear images of Species B (Ankistrodesmus sp.), comparing (a) the
number of images used in libraries for auto-classifications (using
VisualSpreadsheet software and 27 particle properties), (b) the number of
images used in libraries for auto-classifications (using Classifier Advanced
software and 27 particle properties), and (c) the number of particle prop-
erties selected in filters for auto-classifications (using VisualSpreadsheet
software and 500-image libraries). Error bars represent the Standard Error,
n = 4 test sets. Note no images were incorrectly assigned as Species A.
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circle with the same area as the ABD area (which is determined
by the number of dark pixels in the particle, excluding inner
light pixels), while ESD is the mean value of 36 equally spaced
feret measurements of the particle (feret measurements are the
perpendicular distance between two parallel lines touching
either side of the particle). This means that ABD would be
expected to underestimate the size of particles with internal
transparent components, while ESD would be expected to
overestimate the size of particles with protrusions or flagella.
Most studies (73%) that used either VisualSpreadsheet ESD or
ABD did not present any justification for their choice, even
when comparing or combining their results with those mea-
sured using traditional microscopy (e.g., Lombard et al. 2019;
Zhang et al. 2019). Four studies (5%) stated they used a “diam-
eter” output, without stating which of the three different
VisualSpreadsheet diameter options this was: ABD, ESD, or FD
diameter (which is calculated much like ABD, except all light
and dark pixels in the cell are included). A third (36%) of stud-
ies using FlowCam to represent cell size did not clearly state
which measurement outputs they used.

Newer versions of VisualSpreadsheet (Version 4.0.0 and above)
provide additional automated measurement outputs including a
set of shape-based “biovolume” measures, biovolume (cylinder),
biovolume (sphere), and biovolume (p. spheroid). Biovolume (cylin-
der) uses a simple cylindrical volume calculation (volume = π

radius2 height) with geodesic length as height and half the geode-
sic thickness as radius. Biovolume (sphere) uses a simple spherical
volume calculation (volume = 4/3 π radius3) using half the ABD
as radius. Biovolume (p. spheroid) uses a prolate spheroid vol-
ume calculation (volume = 4/3 π width2 length) where width is
the minor axis of the Legendre ellipse and length is the major
axis of the Legendre ellipse. Eight recent papers have taken
advantage of these newer shape-based biovolume FlowCam out-
puts, assigning different output types based on the shape of
classified cells. While this appears logical on the surface, these
(and many other) VisualSpreadsheet outputs inherently contain
multiple and cascading levels of error from particle property esti-
mation to shape assumption and biovolume calculation. With
squared and cubed values in these formulae, any errors or
improper selection of outputs for cells will be compounded, and
so their use should be carefully considered.

To highlight the effects of measurement output selection
on findings, the following two case studies were conducted as
examples to quantify the impact of measurement output selec-
tion (ABD compared to ESD, Case Study 2), and to illustrate
why automated outputs should be approached with caution
(with biovolume (cylinder) as an example, Case Study 3).

Case study 2
Natural mixed phytoplankton samples collected from the

Swan-Canning Estuary (Perth, Western Australia) were stained
with Lugol’s iodine solution, pre-filtered to exclude particles >
50 μm, concentrated �20 by sedimentation, and processed
through the aforementioned FlowCam (see Case Study 1) in

auto-image mode, again using a 20� objective and standard
(FV50) 50 μm flow cell (full methods details provided in
Supporting Information Appendix C). Output images from
three sampling sites spanning saline, brackish, and freshwater
parts of the estuary (12,287, 13,385, and 13,734 images, respec-
tively) were manually classified to exclude non-phytoplankton
images within VisualSpreadsheet (Version 4.12.3) and size mea-
surements (ABD and ESD) were exported. A Spearman’s correla-
tion and Wilcoxon matched-pair signed rank test were
performed with IBM SPSS Statistics (Version 24).

While a significant strong positive linear correlation was
evident between ABD and ESD measurement outputs
(r1804 = 0.99, p < 0.001, Fig. 2), the mean ESD outputs were sig-
nificantly higher (6.73� 0.13 μm) than ABD outputs (5.43�
0.09 μm, Z = 36.80, p < 0.001). Most divergences between ABD
and ESD measurements were for particles greater than 20 μm
(Fig. 2), likely reflecting the mostly circular shapes of smaller
cells and more complex shapes of larger cells within the sam-
ples. These findings further highlight the necessity of provid-
ing justification for the selection of FlowCam measurement
output parameters and their calibration to microscopy or
other means of measurement.

Case study 3
Image outputs from the previous case study were manually

sorted in VisualSpreadsheet (Version 4.12.3) to isolate 60 clear
images of centric diatoms (Cyclotella spp. or Thalassiosira
spp.), with 30 in girdle-view and 30 in valve-view (see
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Fig. 2. Automated FlowCam measurement outputs for three mixed natu-
ral phytoplankton samples, illustrating the effect of the selection of either
ABD or ESD measurements on outputs. Solid line is linear trendline, dot-
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Supporting Information Appendix D for images and a more
detailed outline of the following investigations). Measurement
outputs for these 60 images (area [filled], biovolume [cylinder],
ESD, feret length [FL], feret width [FW], geodesic length [GL], geode-
sic thickness [GT], and perimeter) were exported and compared in
Microsoft Excel. These values were used to investigate the appli-
cation of the automated biovolume (cylinder) output to repre-
sent diatom images, as is increasingly reported in published
studies (8 studies in the last 4 yr). Although centric diatoms are
basically a cylinder shape, there are two key issues with this out-
put: it is automatically derived from the already automatically
derived geodesic length and thickness metrics and it is a three-
dimensional volume formula that is automatically applied to
automatically collected two-dimensional images.

The FlowCam manual states that the geodesic length and
thickness outputs are derived by modeling the particle as a
rectangle which matches both the area (filled) and perimeter
measures (which are both directly computed from the pixels
of the image), to simultaneously solve the equations (area
[filled] = GL�GT) and (perimeter = 2� [GL+GT]). To visual-
ize this process, you would start with a square with the same
area as the particle and then flatten/elongate this into a rect-
angle until it has the same perimeter as the particle, with the
length and width of this rectangle being the geodesic length
and thickness. As a circle has a lower perimeter-to-area ratio
than a square, geodesics cannot be computed for a circle, but
VisualSpreadsheet outputs a geodesic length and thickness for
all images, including all 30 circular valve-view images (see
Supporting Information Appendix D for example outputs). For
the 60 images considered, 2� (GL+GT) did equal perimeter,
but GL�GT did not equal the area (filled) output for any
examples. Using the provided root metrics (area [filled] and
perimeter) and the quadratic equation to solve the stated
simultaneous equations we were able to produce GL and GT
values that meet the stated rules, but do not match the
VisualSpreadsheet GL and GT outputs (see Supporting Informa-
tion Appendix D for values). This indicates that there is an
error with the inbuilt automated calculation of FlowCam geo-
desics, and their use (and outputs derived from them) should
be approached with caution.

The 30 girdle-view diatom images are essentially rectangles
representing the side-on view of squat cylinders whose length
would be the cylinder diameter and width would be the cylin-
der height for a cylindrical volume calculation (where
volume = π [diameter/2]2 height). The FlowCam automated
biovolume (cylinder) output uses GT to represent diameter
and GL to represent height, which is the reverse of what
would be appropriate for the 30 cells considered here (diame-
ter and height are swapped). In addition to the described fault
in geodesics derivation, this automatically applied formula is
not appropriate for these diatom cells—an issue that is com-
pounded by the cubing in the formula. A cylindrical volume
could be manually calculated from FlowCam outputs of girdle-
view images by using the more reliable FL for diameter and

FW for height, although this would need to be flipped for tall/
narrow diatoms (Spaulding et al. 2012).

Cylindrical volume cannot be calculated based on valve-
view images of centric diatoms (the circular top view of the
cylinder) alone, as the cylinder height cannot be extracted.
The FlowCam automated biovolume (cylinder) output does
not differentiate cell orientation, and so again uses GL and GT
as inputs. The automated biovolume (cylinder) output is not
appropriate for any valve-view diatom images for three rea-
sons; (i) FlowCam geodesics are incorrect, (ii) geodesics cannot
be calculated for circles, and (iii) no automated value can rep-
resent cylinder height. A cylindrical volume could be manu-
ally calculated for valve-view images by using ABD or ESD for
diameter and approximating height by manually determining
a diameter-to-height ratio based on sufficient girdle-view
images of the same species (our sample size of 30 was not large
enough for this, see Supporting Information Appendix D).
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Fig. 3. Manual and automated cylindrical volume estimates for an exam-
ple (a) girdle-view cell (G17), and (b) valve-view cell (V6). Diameter was
represented by ESD (rather than ABD) for the valve-view cell because the
cell has no large protrusions but does include translucent inner compo-
nents. The feret width of girdle-view cell G17 was used to approximate
height for valve-view cell V6, as both cells have a similar feret length
(approximate diameter) and height cannot be directly measured for
valve-view images.
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To visualize these issues with the automated biovolume
(cylinder) output, an example girdle-view and valve-view
image is shown in Fig. 3, along with diagrams to approximate
the correct and automated diameter, height, and volume mea-
sures. These examples clearly highlight that due to the com-
plexities of calculating measures based on two-dimensional
images, automated outputs can exhibit marked errors. Given
this finding, the veracity of the 10 studies that used FlowCam
geodesic length, geodesic width or biovolume (cylinder) out-
puts is brought into question, especially where those findings
were compared to previous data collected using traditional
manual microscopy techniques (Krause and Lomas 2020). It is
vital that researchers carefully consider which automated out-
puts they make use of and take the time to check that they
accurately represent the features they are estimating for their
specific cells.

Discussion
This study has evaluated the efficacy of methods reporting

across the 116 peer reviewed studies published between 2017
and 2020 that used a FlowCam for phytoplankton analysis.
We identified a variety of method details that were poorly
documented, despite their potential to significantly affect
study outcomes. These include failures to provide sufficient
details for methods used to collect and prepare phytoplankton
samples for FlowCam analysis (78% of studies missing critical
details), the FlowCam technical specifications (99%) and spe-
cific settings and hardware employed (94%), the approaches
used for sorting of images (60%) and use of cell measurement
estimates (84%). No single study reported their methods in
sufficient detail to enable the study to be reproduced by inde-
pendent researchers. The possibility of independent replica-
tion of study findings is crucial for validation and comparison
of findings (Baker 2016). Comprehensive description of the
methods used to collect and process FlowCam images also
facilitates scientific progress, allowing future users to build on
existing studies rather than starting from first principles in
each case. By identifying a specific list of methods details that
can impact FlowCam phytoplankton study findings, we con-
tribute one step toward better scientific methods reporting in
the future.

The identified critical shortcomings in the reporting of
FlowCam methods make the findings of most published stud-
ies difficult to interpret and compare, hampering rigorous
evaluation of the capabilities of the FlowCam and resulting in
lower confidence in the findings presented by such studies.
For example, Park et al. (2019a) presented and evaluated a
method for counting Microcystis colonies using FlowCam mea-
surement outputs and a novel model algorithm to convert
these size measures to cell counts, concluding that their tech-
nique can be used for rapid and unbiased analysis of algal
blooms (when compared to traditional manual microscopy).
However, key method details are missing from this study

including the version of VisualSpreadsheet used, the sample
preservation methods, the FlowCam sample processing
methods, and most crucially which of the 47 available Flow-
Cam measurement outputs were used for their technique.
Because of these omissions it is not possible to either evaluate
the rigor of or make use of the proposed method.

Readers unfamiliar with the intricacies of the FlowCam are
unlikely to understand from the methods presented that most
papers do not make use of the widely advertised auto-
classification capabilities of the device. The statement that classifi-
cations were conducted “using VisualSpreadsheet software,”
employed by many papers (Bergkemper and Weisse 2017; Fil-
eman et al. 2017; Wirth et al. 2019), is insufficient given that this
software can be used solely for processing samples through the
FlowCam, for auto-classifications of images produced by the
FlowCam or simply as an image-viewing interface for manual
sorting of images. Furthermore, some papers have provided
detailed explanation in their methods section of the creation of
image libraries for the apparent purpose of auto-classification,
only to reveal later in the discussion section that the image
library was not used or tested in the study (Park et al. 2019a). It is
therefore unsurprising that even experienced FlowCam users are
confused about its capabilities. For example, Kydd et al. (2018)

referenced Álvarez et al. (2014) as evidence of the FlowCam auto-
classification capabilities, yet the latter study did not test this.
Jyothibabu et al. (2018b) stated that the FlowCam imaged “all
particles present in the sample,” although some particles will be
out of the plane of focus or will fall through between image cap-
tures even with FOV flow cells (Camoying and Yñiguez 2016).
Similarly, Cabanelas et al. (2016) stated that the FlowCam pro-
vides the “actual cell diameter” of cells; the FlowCam provides
three different measures of cell diameter, none of which could be
definitively taken as the “actual” diameter in all contexts.

Automated devices like the FlowCam can rapidly produce a
large number of potentially valuable outputs, but users must
be careful not to use these blindly. We have outlined how
automated FlowCam outputs for cell density, taxonomic com-
position, and cell size need to be deliberately chosen, cali-
brated, and validated for the specific sample being analyzed.
As we have shown with the shape-based biovolume outputs,
similar-sounding outputs are not necessarily computed in sim-
ilar ways and are not necessarily accurate or suitable for use
with all images. We have demonstrated that FlowCam geode-
sic measures and their derivatives are incorrectly calculated,
bringing into question the validity of studies making use of
these outputs. There is clearly confusion regarding the deriva-
tion of these values by those making use of them. For exam-
ple, Greer et al. (2020) state that “FlowCAM software provided
estimates of biovolume (μm3) for each phytoplankton group
based on a projected two-dimensional shape (e.g., cylinder,
prolate spheroid, or sphere) of each particle using the ESD,”
although none of these estimates are based on the ESD. Simi-
larly, Yang et al. (2017a,b) confuses the computation of ABD
and ESD, which we have shown to be distinctly different,
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stating “the volume of each cell was estimated using the ABD
algorithm, which equates the volume estimated from an
equivalent spherical diameter.”

There are important implications for the identified issues
with FlowCam methods and the observed misunderstandings
by FlowCam users. If waterbody managers tasked with making
decisions on closing or reopening waterbodies and fisheries due
to the presence of harmful algae are basing their decisions on
FlowCam data, inaccurate cell identifications (caused by reduced
image quality), inaccurate cell densities (caused by imbalanced
sample processing techniques) or inaccurate cell biovolumes
(caused by improper selection of measurement outputs) can
have significant health and economic risks. There can be major
implications for study outcomes in cases where FlowCam data
collected with questionable methods are compared to other
studies or inserted into large existing datasets, such as for the
analysis of long-term ecological trends or for quantifying blue
carbon sequestration in the context of greenhouse gas reduction
(Dunne et al. 2007; Lovelock and Duarte 2019).

As an example, Lomas et al. (2019) and Krause and Lomas
(2020) both used the FlowCam automated biovolume (cylinder)
measure to represent biovolume of mixed diatom samples when
proposing and validating a new method for calculating cold-water
diatom elemental density, an important measure used to reflect
diatom standing stocks and carbon flux, and for predicting the
influences of climate change. Lomas et al. (2019) present the new
cold-water diatom allometry calculation based on FlowCam
biovolume (cylinder) outputs, while Krause and Lomas (2020) test
the calculation on additional FlowCam biovolume (cylinder) out-
puts and then also compare these findings to those of several
prior studies (not using FlowCam) that relied on existing temper-
ate diatom allometry calculations, concluding that the new
method is different (with diatom contributions significantly
increased) but superior. We have shown (in Case Study 3) that
this FlowCam output is calculated incorrectly and produces either
over- or under-estimates of biovolume depending on diatom ori-
entation. Lomas et al. (2019) do not describe any FlowCam image
sorting, while Krause and Lomas (2020) specifically state that
images were manually sorted to exclude empty frustules, but do
not mention cell orientation. Lomas et al. (2019) state that their
FlowCam biovolume (cylinder) estimates compared favorably to
manual microscopic quantification (no data are provided), but we
know that this measure is incorrect, especially for unsorted cell
orientations. Partially based on faulty FlowCam outputs, these
studies claim that previous non-FlowCam studies have systemati-
cally underestimated the role of diatoms in polar waters, and sug-
gest future studies should use the new calculations. This example
illustrates the wide reach (well beyond other FlowCam users) of
the implications for the inappropriate use of FlowCam outputs
and insufficient FlowCam methods reporting.

The gaps in methods reporting that we have described here are
not unique to FlowCam, digital imaging more broadly, or even
aquatic research in general. Within the field of medical research,

for example, various reviews have identified similarly widespread
deficiencies in the reporting of methods (Meinert et al. 1984;
Chan and Altman 2005). In response to these shortcomings,
researchers in these fields have developed clear standards for
reporting medical research, in the form of explicit guidelines such
as the Consolidated Standards of Reporting Trials (CONSORT) for
randomized controlled trials (Altman 1996). Subsequent reviews
have established that articles that follow the established CON-
SORT guidelines report key methods details more thoroughly
(Plint et al. 2006; Kane et al. 2007; Turner et al. 2012). Standard-
ized reporting guidelines have been developed for a range of med-
ical techniques, including observational studies in epidemiology
(Von Elm et al. 2007), biomedical studies involving animals
(Kilkenny et al. 2010), clinical trial protocols (Chan et al. 2013)
and functional Magnetic Resonance Imaging (MRI) studies
(Carp 2012). This proven success of standardized reporting guide-
lines in the medical field indicates that reporting guidelines would
also be beneficial to other fields and technological platforms,
including digital imaging.

Rigorous reporting of plankton imaging methods is even
more vital in light of recent advances in the realms of artificial
intelligence and deep learning, which are an important next
step for dealing with the data produced by devices like the
FlowCam (Gonz�alez et al. 2017). To be able to assist with
plankton analysis, these fields require large datasets for algo-
rithm development and validation, but these datasets need to
be standardized with critical image collection methods fully
preserved. A recent working group produced a technical man-
ual specifically setting out a protocol for submitting appropri-
ate plankton image datasets to global open-access data
repositories such as SeaBASS, OBIS, and EcoTaxa, including
the details required when describing the methods for image
collection (Neeley et al. 2021). These include descriptions of
the instrument used, key instrument settings employed, image
post-processing methods and metrics included. However,
those guidelines are not specific to any plankton imaging
device, and our paper serves as a guide to which details are
necessary to include for the FlowCam specifically.

Due to the proliferation of new scientific technologies over
recent decades, no editor or reviewer can be expected to
understand the intricacies and methods reporting require-
ments of each new device. The responsibility to report
methods in sufficient detail ultimately falls to the authors,
and users familiar with each technology should aim to pro-
duce specific but clear reporting guidelines to assist authors
with meeting this responsibility, as we have done here. Cru-
cially, most journals now allow for the inclusion of extensive
online Supporting Information, in which methods can be
described in full detail without compromising the clarity of
manuscripts. Where this option is not available, authors can
take advantage of alternative means for providing access to
supporting documents, such as the Open Science Framework
[OpenScienceFramework.org].
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Comments and recommendations
Based on the findings of the present study, we have identi-

fied a key set of characteristics that should be reported by
studies using the FlowCam to image phytoplankton, to ensure
that future studies allow for the possibility of independent
replication and to facilitate scientific progress in this field:

1. FlowCam technical specifications: Full FlowCam model number
and machine serial number, camera type (color or mono-
chrome and resolution), pump type (peristaltic, syringe or
ALH), and the details of any upgrades to the machine.

2. Sample details: Cell concentration, preservation methods,
dilution or concentration details, pre-filtration details, and
sample particle composition (presence of detritus, etc.).

3. FlowCam setup details: Flow cell sizes and types (standard or
FOV), objectives used for each flow cell, image collection
mode (auto-image, scatter-triggered or fluorescence-trig-
gered, including wavelengths), framerate, flow rate, sample
volume imaged, number of images collected, any other rel-
evant context settings (shutter speed, gain, intensity, size
filters), and the methods used to determine cell density.

4. Image sorting details: Manual, automated or combination of
automated and manual, and which software used for any
automated sorting. Details of inclusion/exclusion criteria
for sorting. If VisualSpreadsheet or Classifier Advanced; image
library description and sizes, choices of particle property
settings and all other settings, and an evaluation of the
accuracy of auto-classifications.

5. Measurement outputs (if used): Measurement type(s) used,
with a justification with careful consideration for this
choice for the cell-types being analyzed and/or calibration
to traditional forms of measurement.

An example supplementary information template is provided
(Supporting Information Appendix E), which should facilitate
researchers to provide the necessary detail without cluttering
their methods sections. This guideline could be easily adapted
for other FlowCam uses, and for future additions to the Flow-
Cam range. In addition, the principles applied here can be
adapted to produce similar guidelines for other devices, from
other digital imaging devices to any automated or semi-
automated technologies.

Adequate methods reporting is essential for scientific pro-
gress and to ensure the rigor, comparability, and reproduc-
ibility of published scientific outputs. We have documented
widespread deficiencies in the reporting of FlowCam
methods for phytoplankton analysis and have shown via
case studies that these may have significant implications for
the reproducibility and interpretation of published research.
Researchers in this field and others should aim to rigorously
report all relevant method details for future work, and we
hope that our findings and recommendations will
facilitate this.
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