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Abstract Fully or semi-automated methods are
becoming viable, cost-effective alternatives to manual
approaches for characterizing zooplankton. The goal
of this study was to compare a semi-automated
approach (FlowCAM®) and a traditional microscopy
method for characterizing zooplankton body size,
density, and community structure. We demonstrate
that estimating mass from FlowCAM® profile area
had similar accuracy to a commonly used length to
mass regression model. FlowCAM® and microscopy
produced related length measurements for Daphnia,
Calanoida, and Cyclopoida. Length measurements of
rotifers, nauplii, and Sididae were not significantly
related between the two methods, likely because of
high morphological variation within taxa. Density
comparisons between methods indicated high corre-
lation between the semi-automated approach and
microscopy-derived densities with a subtle bias of
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lower densities with the semi-automated method.
After applying a correction factor, independent sam-
ples showed similar density estimates between meth-
ods, with community composition also not differing
between methods. Comparison of processing time
between the two methods showed that the semi-
automated approach was 11 min (33%) faster per
sample. With corrections, semi-automated methods
represent a viable and cost-effective alternative to
traditional microscopy methods for the processing of
zooplankton samples.

Keywords Zooplankton - Flow cytometry - Body
mass estimates - Automated devices - Microscopy -
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Introduction

Accurately characterizing plankton communities
often requires large sample sizes and extensive
processing time to account for spatial and temporal
heterogeneity in freshwater (e.g., Lewis, 1979; Pinel-
Alloul et al., 1999; Detmer et al., 2017a) and marine
environments (e.g., Calbet et al., 2001; Siokou-
Frangou et al., 2008). The characterization of plankton
communities has traditionally been accomplished
using microscopy techniques, which can be laborious
and subject to a degree of variation among individuals
processing samples (Culverhouse et al., 2003). To
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reduce sample processing time and improve accuracy,
automated (i.e., no post-processing) and semi-auto-
mated (i.e., post-processing required) methods using
novel hardware and software technologies have been
developed (e.g., Davis et al., 1992; Sieracki et al.,
1998; Grosjean et al., 2004; Culverhouse et al., 2006;
Benfield et al., 2007; Gorsky et al., 2010). Automated
and semi-automated plankton imaging methods are
now widely available with the capacity to quickly
extract large amounts of information from imaged data
sets. Although technological advances have the
potential to expedite plankton sample processing, the
utility of the method depends on reliability—here
defined as a machine’s ability to accurately quantify
plankton body dimensions, densities, and community
composition—in a timely manner.

Accurate measures of plankton body size and
abundance are necessary to estimate and characterize
many important metrics including size frequency
distributions, individual and standing crop biomass,
secondary production, filtration capacity, and resource
availability to higher trophic levels (e.g., Makarewicz
& Likens, 1979; Hamilton et al., 1990; Detmer et al.,
2017b; Collins et al., 2018). Flow-through imaging
systems coupled with novel machine learning algo-
rithms can simultaneously identify and calculate
multiple metrics of imaged particles, potentially
yielding rapid and accurate estimates of individual
body characteristics across the plankton size spectrum.
Yet, like any tool or method, there is the potential for
methodological biases that, if unaccounted for, can
influence the interpretability of data. For phytoplank-
ton, several studies have provided evidence for,
mechanisms to explain, and methods to resolve biases
in particle size and abundance estimates between
automated and microscopy methods (e.g., Jakobsen &
Carstensen, 2011; Moberg & Sosik, 2012; Alvarez
et al., 2014). In contrast, methodological comparisons
for assessing larger planktonic particles such as
mesozooplankton taxa (i.e., > 200 pm) are less
prevalent (but see Kydd et al., 2017; Wong et al,,
2017). Complex body morphology, variation in
organism orientation during imaging (e.g., portrait
vs. side profile), errors during the instrument imaging
process, and the capture of partial body images have
been cited as potentially introducing biases through
flow cytometer imaging errors (Kydd et al., 2017;
Wong et al., 2017). If unaccounted for, such biases can
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skew particle size estimates, frequency distributions,
and other important ecological metrics.

Taxon-specific and community-level analyses are
important for understanding population demograph-
ics, food web dynamics, and ecosystem function (e.g.,
Makarewicz & Likens, 1979; Saunders & Lewis,
1988). Thus, biases concerning the numbers and types
of particles imaged may affect population- and
community-level indices. Studies comparing density
estimates of phytoplankton and zooplankton between
microscopy and image analysis methods are numerous
and have identified congruence between traditional
and novel approaches in some instances (e.g., Sieracki
et al., 1998; Busky & Hyatt, 2006; Ide et al., 2008;
Zarauz & Irigoien, 2008) and a lack of congruence in
others (e.g., Jakobsen & Carstensen, 2011; Kydd et al.,
2017; Alvarez et al., 2014; Garmendia et al., 2013).
Inconsistencies between methods for mesozooplank-
ton density estimates warrant exploration and rectifi-
cation (Ide et al., 2008; LeBourg et al., 2015; Kydd
et al.,, 2017; Stanislawczyk et al., 2018). To the
knowledge of the authors, no community-level com-
parison between microscopy and image analysis
methods has been published for zooplankton. Because
community-level analyses depend on accurate density
estimates of populations, corrections for any density
biases should also improve confidence in zooplankton
community metrics, as has been addressed in macroin-
vertebrate gear comparisons (Turner & Trexler, 1997,
Garcia-Criado & Trigal, 2005).

We evaluated the reliability of a semi-automated
method by comparing it to traditional microscopy. Our
goals were to (1) characterize detection rates and body
sizes, (2) assess the accuracy of population and
community analyses, and (3) determine processing
efficiency in terms of processing time per sample. In
the first section, we evaluated the influence of
zooplankton body size on instrument detection rates,
the number of individuals imaged relative to the
number of individuals that passed through the flow
cell. We further quantified and contrasted body mass
estimates derived from two-dimensional profile area
(i.e., the area of the zooplankton delineated from the
image generated by FlowCAM®) and microscopy-
derived body length. We also compared lengths of
several zooplankton taxa from Illinois reservoirs
between FlowCAM® and microscopy. In the second
section, to assess population and community metrics,
we first evaluated the relationship between taxa-
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specific density estimates from FlowCAM® to density
estimates from a standard microscopy method. We
next determined if a systematic correction was
required to adjust for any methodological biases. We
used taxa-specific densities to evaluate congruence
between FlowCAM® and microscopy characteriza-
tion of zooplankton community structure and to
determine if taxonomic biases exist between methods.
Finally in the third section, processing efficiency (i.e.,
time per sample) of FlowCAM® was compared with
microscopy to estimate the time—cost savings of the
semi-automated method.

Methods
Organisms

Zooplankton in the present study were obtained from
mesocosms and a routine reservoir sampling program
in the state of Illinois. From aquatic mesocosms
housed at the Kaskaskia Biological Station (Sullivan,
Mlinois, USA), Daphnia pulex Leydig, 1860 were
collected, narcotized with sodium bicarbonate, and
processed. D. pulex in the mesocosms originated from
several nearby reservoirs and have been self-sustain-
ing for approximately 9 years. D. pulex was chosen as
a model organism because of its widespread use in
laboratory studies (Pennak, 1973; Krueger & Dodson,
1981; Thorp & Covich, 1991). In addition, zooplank-
ton were collected from 12 central Illinois reservoirs,
sampled from May to September of 2016 and 2017 and
preserved in 4% Lugols solution. Eight samples were
collected per reservoir (four nearshore and four
offshore) using a 63-um zooplankton net with a
diameter of 0.5 m and width to depth ratio of 1:3.
Collections occurred at inshore sites at a depth of 1 m
and at offshore sites to a depth where dissolved oxygen
dropped below 3 ppm (see Detmer et al., 2019).

Instrument configuration and procedure
for FlowCAM® and microscopy

All analyses were completed using the FlowCAM®
VS-1 benchtop model and its paired particle analysis
software (VisualSpreadsheet© version 4.1.95) to
enumerate and measure body characteristics of indi-
viduals. Samples were run using one of two config-
urations: one for mesozooplankton taxa (mean taxon

size > 200 um; e.g., Daphnia, Copepoda, Bos-
minidae) and one for microzooplankton taxa (mean
taxon size < 200 pum; e.g., nauplii and Rotifera). For
objectives characterizing a range of zooplankton sizes,
samples were first separated as mesozooplankton and
microzooplankton using a layered sieve consisting of
200 pm and 63 pm, respectively. Mesozooplankton
runs used a configuration of a 2x objective lens, D12
thick wall collimator, FC1000FV Field of View flow
cell (1000 pm depth, 3000 pm width), 0.5-cm inner
diameter tubing, an imaging rate of 20 frames/second,
and a flow rate of 7.5 ml/min. The DI2 thick
collimator was used for even illumination and the
FC1000FV Field of View flow cell was used to permit
organisms up to 2.5 mm in size to be reliably
processed, according to the manufacturer’s specifica-
tions. Microzooplankton runs used a 4x objective
lens, FC300 flow cell (300 pm depth, 3000 pm width),
0.16 cm inner diameter tubing, an imaging rate of 20
frames/s, and a flow rate of 2 ml/min. Autolmage
mode was used to process both groups as this setting is
recommended for both high density (Fluid Imaging
Technologies Inc., 2011) and preserved samples
(Poulton, 2016). Both processing methods used a
12.5-ml internal syringe pump (model C-70) and a
magnetic stir plate was used to ensure uniform sample
distribution. Samples were diluted (20-400 ml
depending on sample density) to reduce zooplankton
density and decrease the likelihood of clogging the
device during processing. Samples were diluted to >
50 ml when the density was estimated at > 1000
individuals per liter (~ 10% of samples), between 20
and 50 ml where density was estimated at 400—1000
individuals per liter (~40% of samples), and 20 ml
where density was estimated at < 400 individuals per
liter (~ 50% of samples). Processing included imag-
ing 10% of the volume for mesozooplankton runs and
5% for microzooplankton runs, except in evaluations
of detection rate when known numbers of individuals
were passed through.

Once the sample was photographed, images were
auto-identified by the VisualSpreadsheet© software
and categorized by taxonomic group. Image libraries
of organisms categorized by taxa were compiled
during a pilot period and were used as a reference for
the auto-categorization of organisms processed (see
Supplemental Table 1). An additional step of manual
post-processing validation was included because sort-
ing accuracy can vary between runs. Once images

@ Springer



102

Hydrobiologia (2019) 838:99-110

were correctly sorted, the total number of images per
taxa was recorded and densities derived. Zooplankton
identification was based on keys from Thorp & Covich
(1991). Particles lengths were then estimated for each
identified organism. Length estimates were the max-
imum Feret diameter, or the maximum distance
between two tangents made by the outline of the
particle, and area-based diameter (ABD), or the
diameter of the area of the particle when shaped as a
circle (Fluid Imaging Technologies Inc., 2011).
Length estimates for both particle metrics in a sample
represented the sample mean for each taxon.

Sample processing by microscopy for field-based
samples began with subsampling by 1 ml aliquots
from concentrated samples described above using a
Hensen-Stemple pipette (see Detmer et al., 2019).
Zooplankton were then identified (Thorp & Covich,
1991) and whole subsamples counted until at least 200
organisms of all taxa (except water mites and mussel
veligers) were enumerated or until 10% of the total
sample was counted (Welker et al., 1994). For each
taxon, body lengths (i.e., total body length excluding
spines; mm) were measured for all individuals when
fewer than 20 were encountered or 20 random
individuals for more numerous taxa using a digitizing
pad and the Java image processing software Imagel
(version 1.45). All statistical analyses were performed
in R version 3.0 statistical program (R Core team,
2013) and effects were considered significant at
o = 0.05.

Characterization of detection rate and body size

Evaluation of the instrument’s capacity to detect and
measure zooplankton was evaluated in three compo-
nents. First, we evaluated detection rate, defined as the
proportion of organisms imaged to the number of
organisms passed through the flow cell, of the
FlowCAM® for different size classes of D. pulex.
Second, we explored whether two-dimensional profile
area, which can easily be measured with semi-
automated methods such as FlowCAM®, could be
used as an alternate and more rapid approach to
estimating dry-weight body mass. Specifically, we
compared FlowCAM® and traditional approaches for
estimating dry-weight body mass of D. pulex by
relating measured dry-weight body mass to two-
dimensional profile area derived from FlowCAM as
well as to estimates of body mass using an established,

@ Springer

widely used length to dry-weight body mass relation-
ship (Dumont et al., 1975). Third, we compared
lengths derived from FlowCAM® and microscopy for
several taxa from samples collected in Illinois
reservoirs.

For the first component, to assess detection rates of
FlowCAM® across a range of D. pulex body sizes, we
measured, sorted, and enumerated similarly sized
individuals into aggregated size classes, described
here as bins because there were multiple replicates in
each size class. Detection rate processing was unique
from general processing of zooplankton because a
known number of individuals were processed inde-
pendent of volume. Size class binning of zooplankton
for analyses is described by Dumont et al. (1975).
Each size class bin replicate included 10-16 individual
zooplankton. There were 4—6 replicates per each size
class bin and designated size class bins were 0.25 mm
and ranged from 0.50 to 1.75 mm. Mean microscopy
body lengths were calculated per bin. Each bin was
independently processed through the FlowCAM® and
the proportion of individuals imaged relative to the
number of individuals in the aggregate bin was
recorded as the detection rate. We related detection
rate (dependent variable) to mean FlowCAM® D.
pulex body length (independent variable).

In the second component, we examined if individ-
ual profile area metrics of D. pulex derived from
FlowCAM® provide accurate estimates of individual
dry-weight body mass. We compared relationships of
measured dry-weight body mass (i.e., balance-derived
weights of D. pulex) to profile area and estimated mass
from a traditional microscopy method that uses length
measurements to estimate mass. Because dry-weight
masses of individual zooplankton at the lower end of
the size spectrum evaluated were below the limit of the
scale, we followed a method similar to the previous
section where all D. pulex were measured under a
compound microscope and individuals of similar sizes
sorted into 0.25-mm-size bins ranging from 0.5 to
1.75 mm. For this component, there were four repli-
cates per each size class bin and in each size class bin
replicate, count and mean length of each size-aggre-
gated sample were recorded with the number of
individuals, which ranged from 2 to 19 individual
zooplankton. Because of risk of physical damage to
individuals during FlowCAM® processing and sub-
sequent alteration of individual D. pulex body metrics,
we split the 4 replicate size class bins into two paired,
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equivalent groups where D. pulex were either (1) dried
and weighed for group mass (dry-weight), or (2)
processed for profile area (ABD; pm?) with Flow-
CAM® (profile group). Thus, each size class bin had
two replicates for each method and there were 12
replicates in total for each method. Pairs of size groups
that were divided to be dried and weighed or processed
by FlowCAM® did not differ in microscopy body
length (Student’s ¢ test, P > 0.05) and method of
processing was randomly assigned. For the dry-weight
group, we followed the methods of Dumont et al.,
(1975) for drying and weighing, using a Cahn C-35
microbalance, and report mean dry-weight per indi-
vidual (pg), which was calculated by dividing the
group mass by the number of individuals. Mean
individual dry-weight mass for each individual bin
was also predicted from microscopy lengths using a
length to dry-weight regression equation (Dumont
etal., 1975), and linear regression was used to evaluate
the relationship between measured and predicted mass
(Dumont et al., 1975). Similarly, mean D. pulex dry-
weight body mass from the group that was weighed
was related to FlowCAM® mean individual profile
area. Data were log;, transformed for lengths from
both methods to meet the assumptions of simple linear
regression. The two linear models were then compared
using Akaike’s information criterion corrected for
small sample size (AIC.; Burnham and Anderson,
2002) to determine whether FlowCAM® body profile
area was superior, inferior, or similar in predicting
body mass as a commonly used length to mass
regression model from Dumont et al. (1975). Models
with the lowest AIC, values have the most relative
support from the data (Burnham & Anderson, 2002),
and we considered models within 2 AIC. units as
having similar levels of support.

In the third and final component of this section, we
compared body size measurements between the two
methods using zooplankton samples, 35 total, from a
routine reservoir sampling program in Illinois. Body
sizes of common and abundant zooplankton taxa were
estimated via the FlowCAM® and microscopy. Com-
mon and abundant was defined as being present in two
or more reservoirs and in samples where ten or more
individuals were measured for both methods for each
taxon (Table 1). Mean body length estimates between
methods were tested with model II regression where
FlowCAM® length was related to microscopy length.

Model II regression was used because size was not
experimentally controlled.

Characterization of populations and communities

Samples collected from Illinois reservoirs were used
for population and community analyses. Meso- and
microzooplankton methodologies for density were
compared with an analysis of covariance (ANCOVA),
where the two techniques were used as the covariate,
to test whether the semi-automated approach pro-
cessed zooplankton-size categories differently. Thirty
of the original 35 samples were initially included in
the analysis, with the remaining five samples withheld
as an independent data set for assessing correction
factors derived from linear regression models relating
density estimates from FlowCAM® and microscopy
approaches. If an interaction or difference in intercept
was observed, each method would be characterized
separately. Model II regression models were used to
algebraically derive coefficients (i.e., slope, intercept)
to develop model corrections for each method sepa-
rately. Coefficients were used to adjust for bias so that
the relationship between the FlowCAM® and micro-
scopy methods was 1:1 and the intercept to zero (e.g.,
if the slope of the relationship between the two
methods indicated that FlowCAM®-derived density
was only 50% of organisms evaluated with the
microscope, the correction would be 2x). To quantify
the validity of the correction, accuracy was estimated
for the five samples that were withheld as test data.
Accuracy here is defined as the percentage difference
from 100% (a 1:1 ratio) for the corrected FlowCAM®
density value divided by the density derived from
microscopy. Accuracy was evaluated with a one
sample ¢ test to evaluate whether densities were
consistent with an ideal ratio of 1:1 for FlowCAM®
density to microscopy density. Density data for these
analyses were log;o (x 4+ 10) transformed.

Densities from microscopy and corrected densities
from FlowCAM® were used to compare community
composition estimates between the two methods. To
visualize = community composition differences
between methods, non-metric multidimensional scal-
ing was used (NMDS; Bray & Curtis, 1957; Minchin,
1987). If microscopy and FlowCAM® characterize
zooplankton communities similarly, we predict no
significant differences between methods. This was
evaluated with a permutational analysis of variance
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Fig. 1 Relationship between FlowCAM® detection rate, the
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individuals that passed through the flow cell, and mean lengths
of Daphnia pulex (detection rate = 0.81 — 0.30 x microscopy
length). Mean lengths were calculated from each 0.25-mm-size
bin between 0.5 and 1.75 mm, with 10 — 16 D. pulex per bin.
Detection rates were determined with a device configuration of
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Fig. 2 Relationship between FlowCAM® profile area (ABD)
and directly measured mass (dry-weight; Fig. 2A) and between
mass predicted from the Dumont et al. (1975) regression
equation and directly measured mass (Fig. 2B)

Taxa-specific relationships between microscopy
and FlowCAM® were variable for length estimation.
Calanoida, Cyclopoida, and Daphnia each exhibited
strong positive relationships between each of the
FlowCAM® particle properties (maximum feret
diameter and ABD) and microscopy measurements,
whereas no relationships were detected for nauplii,
Rotifera, and Sididae (Table 1). For all taxonomic
groups, FlowCAM® maximum feret lengths were
similar to or exceeded those from microscopy, indi-
cating that maximum feret length measures from
FlowCAM® was likely including measurements of
appendages and/or spines not included in standard
microscopy-derived length estimations. Conversely,
FlowCAM® ABD lengths were consistently lower
than microscopy measurements for all taxonomic
groups (Table 1) indicating that body shape diverged
strongly from circular. Despite variation in the rela-
tionships between the two methods for the various
taxa, all differences from microscopy to FlowCAM®
maximum feret lengths were < 10%, except for
nauplii (13%), Rotifera (31%), and Sididae (15%).
Collectively, zooplankton body lengths for all taxa
from all reservoir samples were strongly similar
between the feret length from FlowCAM® and
microscopy (Fig. 3; Table 1; P < 0.01, R? = 0.93).
Agreement between methods across taxa and rela-
tively small differences within the taxonomic groups
evaluated indicate that although precision is not
always high for a particular taxon, community body
size structure estimates are likely reliable and correc-
tions possible to improve estimates.
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Fig. 3 The relationship between zooplankton length as deter-

mined by microscopy and FlowCAM® (log;o(mean microscopy
length) = 0.02 + 0.95 x log;p(mean FlowCAM® length))
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Characterization of populations and communities

Because of interaction between macro- and micro-
zooplankton methods (Fj,s3 = 1.50, P = 0.03),
densities of each size group were analyzed indepen-
dently. Regression of density estimates for mesozoo-
plankton (adjusted R* = 0.69, P < 0.01; Fig. 4) and
microzooplankton (adjusted R* = 0.51, P < 0.01)
methods were positively related between the semi-
automated and microscopy techniques.

Accuracy after the correction was high for both
methods. The percentage difference between Flow-
CAM®-corrected and microscopy values for meso-
zooplankton was 4.5% =+ 4.9% (mean £ SE) and did
not differ significantly from an ideal ratio of 1:1 (one
sample 7 test, 73, = 1.10, P = 0.28). A similar pattern
was observed for microzooplankton, where the per-
centage difference between FlowCAM®-corrected
and microscopy-derived density estimates was low,
with a mean difference of 2.1% (£ 3.5% SE) that did
not differ from an ideal 1:1 ratio (9 = — 0.61,
P =0.56).

After applying the density correction, zooplankton
community structure did not differ between micro-
scopy and FlowCAM® (PERMANOVA;
F150=0.87, P=0.51). The NMDS supported the
PERMANOVA and showed that reservoir samples
processed by FlowCAM® had a very similar

Microzooplankton: A.'A‘".
57 adjR*=0.51
P<0.01

41 Mesozooplankton:
adj R>=0.69

Log,,(FlowCAM® density (L") + 10)

Log,,(microscopy density (L") + 10)

Fig. 4 Comparison between microscopy and semi-automated
density estimates for microzooplankton (empty triangles; log,o
(FlowCAM® density + 10) = — 0.51 + 1.06 x log;y (mi-
croscopy density 4+ 10)) and mesozooplankton (filled circles;
logig (FlowCAM® density + 10) = — 0.05 + 0.80 x log;q
(microscopy density + 10)), with a dotted line for the 1:1
relationship
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community structure to those derived by microscopy
and no systematic biases were observed, as evidenced
by the close proximity of data points between methods
for a given sample (Fig.5). Strong congruence
between methods suggests the absence of taxonomic
bias.

Processing efficiency

Total sample processing time for microscopy was
greater (34 £ 3 min; mean £ 95% CI) than the
FlowCAM® method (23 £ 3 min; mean & 95%
CI). Total processing time via the FlowCAM®
approach, including the post-processing validation
step, was 11 min (£ 2 min, 95% CI) or 33% (£ 5%,
95% CI) faster, on average, than the standard
microscopy method. There was a moderate relation-
ship in the time to process samples using both methods
(Fig. 6; adjusted R? = 0.55, P < 0.01) indicating that
samples that are more time intensive with the
microscopy method are also more time intensive with
the FlowCAM® method.

3
N ~ ¢ \%/”
é)g' 0\..‘%‘;]) b(/o\.O/‘
z s = ':Oo/,
/ / T ™

-05 0.0 05
NMDS1

Fig. 5 NMDS plot of zooplankton community structure
derived from microscopy and FlowCAM® methods applied to
samples collected from Illinois reservoirs. Open circles are
microscopy-derived values and closed circles represent com-
munity structure quantified from corrected FlowCAM® densi-
ties. Each sample-method couplet is connected by a line to show
the distance between methods in their sample-specific commu-
nity measurement. NMDS 2D stress was 0.20
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Fig. 6 Relationship between total processing times (minutes)
for microscopy and FlowCAM® methods (FlowCAM®
time = 21.2 + 0.56 x microscopy time) relative to a 1:1
relationship (dotted line)

Discussion

We found congruence between microscopy and
FlowCAM® methods across several tests and levels
of biological organization. Comparison of body mass
estimates from profile area were shown to be equiv-
alent to the length-to-mass equation developed by
Dumont et al. (1975). Notably, we also identified a
methodological bias involving individuals near the
upper size threshold of the instrument that affected
density estimates (Kydd et al., 2017; Wong et al,,
2017). We also demonstrated that the application of a
correction factor to biased density estimates improved
comparability of data between the semi-automated
and microscopy methods, resulting in strong congru-
ence for several zooplankton taxa and overall com-
munity structure. Our findings highlight that the
reliability of semi-automated methods requires vali-
dation before usage. After a thorough vetting, semi-
automated methods can increase processing efficiency
of zooplankton samples by reducing processing times
without sacrificing accuracy.

Detection rates of individual zooplankton were
inversely related to body size. In general, detection
rates were lower than 100% for all organisms, despite
optimization of the device, with a notable decline for
organisms larger than 1 mm. Large organisms that
approach the processing size threshold of the device
have a disproportionally greater probability of being
excluded or partially imaged from datasets depending
on the system configuration. The acceptable imaging

region of the camera field of view is typically specified
as ‘constrained,” the recommended configuration by
the manufacturer. In this setting, the maximum range
of the camera field of view (1024 x 768 resolution or
1280 x 960 pixels) is reduced slightly by the user to
create a buffer (i.e., unacceptable imaging region)
between the acceptable imaging region and the edge of
the flow cell. Particles that overlap with the buffer area
during the imaging process are excluded because they
could not be fully imaged (Fluid Imaging Technolo-
gies Inc., 2011). For field of view flow cell models, this
occurs at the upper and lower edges of the camera field
of view because the left and right edges of the flow cell
are constrained by the physical walls of the flow cell.
Therefore, this specific device configuration ensures
datasets include only individuals imaged in their
entirety, but the exclusion of individuals is related to
body size. As body size increases, organisms occupy a
larger proportion of the acceptable imaging region,
increasing the probability of overlap between a
particle and the buffer area leading to exclusion from
imaged datasets. Unequal detection probabilities of
individuals by size may potentially skew size fre-
quency distributions by over-representing small indi-
viduals or particles and reducing overall density
estimates (e.g., Kydd et al., 2017; Wong et al.,,
2017). Alternatively, if the imaging region of the
camera field of view is specified as ‘unconstrained,’
the acceptable imaging region spans the maximum
range of the camera field of view, and particles that lie
across the edge of the field of view are imaged as
partial particles (Fluid Imaging Technologies Inc.,
2011). The inclusion of partially imaged particles in
the development of reliable datasets is sometimes
undesirable, particularly in studies considering met-
rics of particle size. Although inclusion of partial
particle images may be warranted in some studies
interested in zooplankton density or rare taxa, we
recommend greater consideration of the configuration
(i.e., constrained or unconstrained) of the imaging
region of the camera field of view and how each can
influence imaged datasets.

For D. pulex, two-dimensional body profile area
was as closely related to individual mass as body
length. Our findings indicate that profile area derived
from imaging systems can be used as a reliable
alternative and more rapid approach to accurately
estimate individual biomass (Billones et al., 1999;
Alcaraz et al., 2003; Hernandez-Ledén & Montero,
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2006). Consequently, estimates of body mass derived
from profile area can be used to estimate other
ecological metrics, including standing crop biomass
and secondary production.

For multiple taxa, we detected positive relation-
ships between mean body size estimates from the two
methods. Similar to previous studies, however,
FlowCAM® length estimates for several zooplankton
taxa were slightly greater than microscopy-based
estimates (Kydd et al., 2017; Wong et al., 2017).
Length-estimation algorithms of FlowCAM® are
likely affected by complexities in body morphology,
such that appendages and spines that extend beyond
the body are included in length measurements by
FlowCAM®, while these components are excluded in
microscopy length measurements (See Wong et al.,
2017). For some taxa (i.e., Calanoida, Cyclopoida,
Daphnia), these differences in length measurements
were systematic between methods (e.g., exclusion of a
single tail spine), suggesting that length estimates
could be corrected for comparability, while other taxa
(i.e., nauplii, Rotifera, Sididae) exhibited no such
relationship despite similar measurement methods.
The lack of a relationship between methods for these
taxa is likely from the morphological diversity present
within these coarse taxonomic categories. High vari-
ation in aspect ratio among species of nauplii and
rotifers could also have influenced the lack of
relationship between methods as some taxa, such as
Kellicottia longispina (Kellicot, 1879), have a very
low aspect ratio driven by long spines and an elongate
form while others have a higher aspect ratio, such as
Keratella testudo (Ehrenberg, 1832). Variation in
aspect ratio may cause different taxa to move through
the cytometer differently with a greater or lower
likelihood of rolling, which could influence the
likelihood of dorsal profile images versus side profile
images (see supplemental Fig. 1 for example). Data in
the present study suggest that FlowCAM® users
should use caution when generating taxon-specific
metrics because systematic error can be propagated
when calculating other biometrics.

Our study identified a potential mechanism respon-
sible for the previously documented underestimation
of zooplankton densities by semi-automated methods
(Jakobsen & Cartensen, 2011; Kydd et al., 2017). The
present study suggests that although the micro- and
mesozooplankton techniques yielded similar results
and biases, the slopes were significantly different with
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mesozooplankton being shallower. Different relation-
ships for the two methods indicate that size frequency
distribution of the zooplankton community under
consideration and device setup need to be taken into
account in order to reduce bias. As hypothesized by
Kydd et al. (2017), our findings suggest that body size
can contribute to enumeration biases due to patterns
associated with detection rate and the configuration of
the imaging system. After applying a density correc-
tion, however, we observed that semi-automated
methods provided reliable estimates of densities and
community structure congruent with those provided
by traditional manual microscopy, with no taxonomic-
specific biases. Given these results, we recommend
that before using FlowCAM® or other similar tech-
nologies to produce estimates of zooplankton biomass,
density, or community structure, potential size- and
taxonomic-related biases need to be quantified in order
to develop appropriate correction factors and an
understanding of potential uncertainties where cor-
rection factors are not possible.

One major consideration when deciding whether to
invest in a new technology is the time and resulting
cost savings. The present study provides evidence that
there can be a reduction in processing effort associated
with the use of the semi-automated approach. We
found that the identification software was fairly
accurate at identifying zooplankton correctly and it
rarely misclassified zooplankton as non-zooplankton
particles. As a result, a short period of post-processing
time was needed to correct misidentifications (i.e.,
detrital material identified as zooplankton, or zoo-
plankton that had been misclassified as other zoo-
plankton or detrital material). In addition, when the
number of imaged debris particles was large (e.g.,
turbid samples), a long post-processing time was often
required because there were simply more imaged
particles to sort through. Our experience suggests that
samples with low quantities of suspended particulate
material (e.g., offshore locations with oligotrophic
conditions) would require less post-processing time
and potentially be much more efficient than manual
microscopy methods.
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