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a b s t r a c t

This study assessed the possibility of replacing conventional microscopic methods of
species-level identification and quantification of Arcellinida with a more rapid method
utilizing the FlowCam R⃝ with VisualSpreadsheet R⃝ (FCVS; Fluid Imaging Technologies,
Inc.). Arcellinida are an established group of benthic bioindicators of water and sediment
quality in lakes. The use of Arcellinida proxy analysis in lakes and peatlands has
dramatically increased since the 1980s, but the labor-intensive nature of identifying
and quantifying Arcellinida through microscopy limits the number of samples analyzed.
A flow cytometer and microscope with machine learning software has been used to
enhance the speed of micropaleontological analysis for some groups (e.g., diatoms), but
the potential of using the instrument to analyze Arcellinida in lake sediments has not
previously been assessed. The FCVS was assessed here as a method of rapidly analyzing
Arcellinida by comparing the results obtained by FCVS with results previously obtained
through conventional microscopy in a 2016 study, using the same 46 sediment-water
interface samples collected from three quadrats (1–3) in Wightman Cove, Oromocto
Lake, New Brunswick, Canada. The FCVS was found to be most suitable for cate-
gorizing taxa as morpho-groups rather than using conventional taxonomic species.
Therefore, results of the 2016 study were reclassified at the morphological level to
facilitate comparison. Results of cluster analysis and Bray–Curtis dissimilarity matrix
(BCDM) analysis showed that arcellinidan assemblages obtained through conventional
microscopy and FCVS were comparable. Analysis using FCVS reduced operator analysis
time by approximately 45%. FCVS shows potential as a reliable method for more rapid
analysis of lacustrine Arcellinida, particularly for very large sample data sets; however,
FCVS technology can only resolve Arcellinida at the morphological level, meaning that
conventional microscopy methods are required if finer species-level taxonomic results
are required.
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1. Introduction

Arcellinida (testate lobose amoebae) are benthic protozoans that are abundant in most freshwater to brackish water
sediments (Charman et al., 2000; Patterson and Kumar, 2002). The tests (shells) are preserved in Quaternary lake
deposits and can be found throughout the fossil record into the Neoproterozoic (Medioli and Scott, 1983; Medioli et al.,
1990a,b; Porter and Knoll, 2000). The beret- or amphora-shaped tests range in size from 30–300 µm. Tests may comprise
agglutinated grains from the substrate (xenogenous) or be secreted by the organism (autogenous; Patterson and Kumar,
2002).

During the past few decades, testate amoebae have been analyzed in freshwater habitats across the globe and have been
developed into valuable bioindicators of ecosystem health, water quality, seasonal and land-use change (e.g., urbanization,
agriculture, forestry, and mining), and paleoenvironments (Creevy et al., 2018; Farooqui et al., 2011; Liu et al., 2019;
Marcisz et al., 2019; Nasser et al., 2016; Neville et al., 2010; Patterson et al., 2013; Roe and Patterson, 2006; Roe et al.,
2010; Swindles et al., 2018; Taylor et al., 2019). The growing interest in Arcellinida has mainly been linked to their high
abundance in organic-rich lake sediments, their rapid reproduction time (days to weeks), the durability of their tests,
and their sensitivity to environmental change (Patterson and Kumar, 2002). Compared to other groups of microfossils
(e.g., diatoms), Arcellinida within lake samples are taxonomically easy to identify since there are relatively few species in
a given sample set (typically only ∼30 species; Supplementary Table 1). However, micropaleontological analysis of each
arcellinidan sample still requires several hours (average of nine hours per sample). The most commonly used methods
of Arcellinida analysis incorporate labor intensive sample preparation (isolating tests through wet sieving and splitting
samples into smaller aliquots) followed by manual identification and quantification of Arcellinida in petri dishes under
a microscope (Patterson and Kumar, 2002). For each sample, a statistically significant number of specimens must then
be counted. The number of specimens counted per sample depends on the diversity of species observed but is typically
∼150–200 specimens (Patterson and Fishbein, 1989). For an entire sample set, the process can take several weeks to
months depending on the total number of samples to be analyzed, so the time required for quantification of specimens in
each sample is often the limiting factor with regards to the scale of lacustrine studies undertaken. In order to maximize
the potential of Arcellinida as useful and cost effective bioindicators of environmental change in lakes, the development
of methods that allow for more rapid identification and enumeration of Arcellinida is desirable.

Recently, instruments that combine flow cytometry, imaging, and particle recognition software have been deployed
to rapidly analyze many groups of bioindicators (e.g., diatoms, foraminifera, various algae; (Black et al., 2019; Jyothibabu
et al., 2018; Patil and Anil, 2019)), but these methods have not yet been applied to quantitative Arcellinida research.
One such instrument, the Flow Cytometer and Microscope (FlowCam R⃝; FC), is equipped with VisualSpreadsheet R⃝ (VS)
software that is designed to detect, image, enumerate, and characterize microscopic (30–300 µm) particles in a fluid
stream (Fluid Imaging Technologies, Inc., 2014; Sieracki et al., 1998)). Here, FCVS technology is assessed as a potential
tool for more rapidly detecting, imaging, characterizing, and classifying Arcellinida assemblages within lake sediment-
water interface samples. The specific objective of this study is to evaluate the utility of the FCVS in Arcellinida analysis
by determining: (1) whether the FCVS-derived arcellinidan assemblages reflect the same environmental variability as
observed using conventional microscopy-derived assemblages and; (2) whether or not the instrument can be used to
reduce Arcellinida analysis time. If both of these objectives can be met, there is considerable potential for use of the FCVS
to permit design and implementation of higher quality, more cost effective, and higher resolution projects.

The FC instrument works by pumping fluid from a sample reservoir through thin plastic tubing into a flow cell
composed of a glass chamber where particles are detected and imaged by a camera (Sieracki et al., 1998). The VS software
stores the images and characterizes each particle by morphological, gray-scale, color, and spectral measurements. The
software allows FCVS operators to create libraries of images that are most representative of target particles. These libraries
can then be used to create filters that select for target particles in subsequent sample runs. During post-processing, the
filters are used to sort particles that are similar to those in the libraries into separate classes. The more images collected
the more refined the libraries become. In this manner, the FCVS can quickly characterize, sort, and count thousands of
particles (Fluid Imaging Technologies, Inc., 2014; Sieracki et al., 1998).

Using the FCVS to analyze Arcellinida presents some challenges. The FCVS was originally designed for aqueous
applications (Sieracki et al., 1998), although it was subsequently adapted to study particles within sediment samples
(D’Anjou et al., 2014; Kitahashi et al., 2018; Magonono et al., 2018; Mani et al., 2019). Sediment-water interface samples,
such as those examined for Arcellinida, often contain high amounts of organic and minerogenic matter and generally
require additional preparation to prevent blockage of the instrument’s flow cell by these particles (Kitahashi et al., 2018).
Sample dilution alone is not an efficient option, since this would significantly increase the length of time required for the
instrument’s sample processing. Conventional organic digestion methods are also not generally suitable as Arcellinida tests
are easily damaged (Patterson and Kumar, 2002). Recent research has demonstrated that preparation methods involving
chemical deflocculation is most effective for preparing arcellinidan samples for FCVS analysis (Nasser et al., 2019).

Although the FCVS system provides useful particle abundance and size data, it does not reliably provide species-level
results (Álvarez et al., 2014; Buskey and Hyatt, 2006; Camoying and Yñiguez, 2016; Kitahashi et al., 2018). Arcellinida
generally have a simple morphology and are typically globular, elongate or compressed in shape. Past studies and recent
molecular phylogenetic analyses indicate that testate amoebae morphology is closely associated with environmental
habitat (Bobrov et al., 1999; Koenig et al., 2018; Lansac-Tôha et al., 2014; Mazei and Warren, 2012; Macumber et al.,
2020; Mulot et al., 2017). Therefore, a morpho-group concept of classifying Arcellinida requires further validation and



R.E. Steele, R.T. Patterson, P.B. Hamilton et al. / Environmental Technology & Innovation 17 (2020) 100580 3

Fig. 1. Map of the study area; a. within New Brunswick, Canada; b. the location of Wightman Cove, Oromocto Lake, New Brunswick, Canada; and
c. the sample locations of Quadrats 1, 2, and 3.
Source: Modified from Steele et al. (2018).

is investigated in this study. To this end the FCVS was used to reanalyze samples studied in Steele et al. (2018), recently
published research carried out using conventional microscopy.

2. Methods

2.1. Microscope analysis of Arcellinida

2.1.1. Sample collection
Forty-six sediment-water interface samples (upper 3 mm of sediment) were collected from Wightman Cove, Oromocto

Lake, Tweedside district, Harvey Station, York County, New Brunswick, Canada on August 3, 2016 (Fig. 1). A detailed
description of the study area and field work methods are presented in Steele et al. (2018), which assessed the level of
Arcellinida assemblage variability at the species level across a small basin. Samples were collected from three quadrats
within Wightman Cove that varied in substrate composition. Quadrat 1 (Q1; 45.641127◦ (N), −66.999987◦ (W)) was the
shallowest sampling location (3 m) and was characterized by the highest abundance of lake bottom vegetation (∼92% of
substrate covered). Quadrat 2 (Q2; 45.641914◦ (N), −66.997589◦ (W)) was located in the central part of the basin at a
water depth of 5 m, with ∼66% vegetation cover. Quadrat 3 (Q3; 45.642866◦ (N), −66.994968◦ (W)) was located in the
eastern part of the basin, 300 m south of Dead Brook (a slow-moving inlet stream). Q3 was the deepest sampling location
(6 m) and was characterized by an unvegetated muddy substrate (<5% vegetation cover; Fig. 2).

2.1.2. Species-level Arcellinida analysis
Sample preparation, conventional microscopy methods and analytical results obtained through species-level analysis

of Wightman Cove samples are reported in Steele et al. (2018). Arcellinida species and informal strains were identified
and quantified with reference to well-illustrated papers and keys that follow the same species/strain identification (Kumar
and Dalby, 1998; Nasser et al., 2016; Patterson et al., 2012, 2013, 2015; Patterson and Kumar, 2000a,b, 2002; Reinhardt
et al., 1998; Roe et al., 2010; Roe and Patterson, 2014).

2.2. FlowCam VisualSpreadsheet R⃝ analysis of Arcellinida

2.2.1. Modified sample preparation
Arcellinida-bearing samples typically contain high amounts of sediment and organic matter that can block the flow cell

and/or prevent clear images of tests from being captured (Kitahashi et al., 2018). To resolve this issue without damaging
tests through harsh digestion methods and without having to increase analysis time through sample dilution, a modified



4 R.E. Steele, R.T. Patterson, P.B. Hamilton et al. / Environmental Technology & Innovation 17 (2020) 100580

Fig. 2. Photographs of underwater operations during sample collection from three quadrats in Wightman Cove, Oromocto Lake, New Brunswick,
Canada; a. sampling of Quadrat 1 using SCUBA gear within high aquatic vegetation cover; b. more sparsely distributed vegetation in Quadrat 2; and
c. the muddy, non-vegetated substrate at Quadrat 3. Sixteen samples from each Quadrat were collected, with one sample lost from each of Quadrat
2 and 3 (46 samples total).
Source: Modified from Steele et al. (2018).

sample preparation protocol developed by Nasser et al. (2019) has been implemented in this study. This protocol uses low
concentration (5%) potassium hydroxide (KOH), a chemical deflocculant, to disaggregate and remove a portion of organic
and minerogenic colloidal matter without severely damaging Arcellinida tests.

Prior to FCVS analysis, six aliquots of each subsample were treated with 5% KOH for one hour. Aliquots were then
wet sieved through a 297-µm mesh (for thirty seconds) and a 37-µm mesh (for two minutes) to remove the KOH and
any remaining coarse or fine debris. Each aliquot was diluted to 15 ml with distilled water prior to analysis. Even after
treatment there was still a relatively high proportion of debris in most samples. Therefore, samples had to be kept in
suspension within the sample reservoir, and the high number of debris particles imaged by the instrument increased
the overall number of particles to be classified. A combination of chemical treatment and sample dilution limited the
number of particles within the flow cell, causing fewer particles to overlap; thus, tests were relatively clearly imaged and
identified to the morphological level.

2.2.2. A morpho-group approach
Using extra sediment-water interface samples from the Oromocto Lake sample dataset, several trial runs were

completed to determine the FlowCam’s image quality and the taxonomic level of Arcellinida that the instrument was able
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Fig. 3. FlowCam VisualSpreadsheet R⃝ derived images of Arcellinida showing the six morpho-groups used for classification: a. compressed irregular,
b. spherical, c. pyriform, d. linear, e. horned, and f. collared.

to detect. As a result of the preliminary trials, a classification concept modified from Mazei and Warren’s morphological
groups of difflugiids (2012, 2014, and 2015) was implemented in this study, which included the following six morpho-
groups easily identifiable from the FCVS images (Fig. 3): (1) compressed with irregular shape; (2) spherical or ovoid;
(3) pyriform; (4) elongate; (5) horned (aborally spined), and; (6) collared (urceolate, lobed, or teethed). The 28 species
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Fig. 4. PVClust cluster analysis dendrogram for the 42 sediment-water interface samples that had no missing values analyzed through a. microscopy
at the species level in Steele et al. (2018), b. microscopy at the morphology level, and c. FlowCam at the morphology level. For each analysis, major
arcellinidan assemblages and sub-assemblages are indicated as well as assemblage compositions within each Quadrat.

and strains observed in the 46 sediment-water interface samples (Steele et al., 2018) were reclassified into these six
morpho-groups, and relative abundances of each morpho-group were tallied (Supplementary Table 2).
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Table 1
Median Quadrat Bray–Curtis Dissimilarity Matrix values for morpho-group relative
abundances from the:
a. Microscope-obtained dataset

Q1 – M Q2 – M Q3 – M

Q1 – M 0.0950 0.1313 0.1887
Q2 – M – 0.0796 0.1177
Q3 – M – – 0.0830

b. FlowCam-obtained dataset

Q1 – FC Q2 – FC Q3 – FC

Q1 – FC 0.1009 0.1557 0.2108
Q2 – FC – 0.0859 0.1114
Q3 – FC – – 0.0652

c. Microscope- and FlowCam- obtained datasets

Q1 – FC Q2 – FC Q3 – FC

Q1 – M 0.3719 – –
Q2 – M – 0.4410 –
Q3 – M – – 0.4024

2.2.3. FlowCam sample processing
Arcellinida analysis was carried out on each of the six aliquots of all 46 sediment-water interface samples by the

FCVS on Auto Image Mode at 4X magnification with a FC300 (300 µm deep) flow cell. At the beginning of each day of
operation, the microscope was manually focused using extra sediment-water interface samples from the dataset. Prior
to each sample run, the instrument was flushed and primed with distilled water. Each 15 ml aliquot was processed at
a flow rate of 1.7 ml/min and imaged at a constant rate of 20 frames per second (the suggested settings for the particle
and sample size used). To minimize blockage to the flow cell, samples were kept in suspension within the sample holder
using a stir rod. For most samples, adequately clear images of tests were captured by the FCVS, including at least five
target images that could be selected for each library. There was an issue with the FC300 model in that the flow cell is
slightly wider than the objective lens. This results in some particles in the fluid flow passing outside the field of view of
the digital camera, and as a result these particles, presumably including some Arcellinida specimens, were not imaged.
This issue has been addressed in newer FlowCam models where the objective lens is now as wide as the flow cell.

2.2.4. Post-processing with VisualSpreadsheet R⃝

Within the Library window of VS, 49 operator-created libraries were chosen by selecting images that captured most
types, sizes, and orientations of particles (including organic and minerogenic debris, pollen, diatoms, and Arcellinida tests).
Statistical filters were then generated by the software from the library images, and several operator-defined value filters
were created to help ensure accurate sorting of particles. A classification template called ‘Arcellinida’ was created within
the VS Classification Window. The template included 15 classes containing the previously generated statistical and value
filters. Six classes containing no filters were added to the template, corresponding to the six morphological groups used
in this study.

The aliquots of each of the 46 sediment-water interface samples were processed using the ‘Arcellinida’ template. When
running the ‘‘real-time’’ automated classification, the software was able to perform preliminary sorting, but could not
reliably distinguish tests from debris particles. For each aliquot, particles were automatically sorted into the first 15 classes
by the software, and any identified tests were manually moved by the operator into one of the six classes corresponding
to morphology (Fig. 3). In this manner, Arcellinida tests were identified to a morphological level and quantified until a
statistically significant number of tests (>150 per sample) was reached (Patterson and Fishbein, 1989). The FlowCam data
was exported into an Excel Spreadsheet, and relative abundances were recorded (Supplementary Table 3).

2.3. Statistical methods

Statistical analyses were carried out on the two microscope datasets and the FlowCam dataset using RStudio (version
1.1.463). Q-mode cluster analysis was performed on the three datasets separately, using Ward’s Minimum Variance
method (Ward, 1963) to group samples containing similar arcellinidan assemblage compositions (after Fishbein and
Patterson, 1993). The PVClust package was used to determine the statistical significance of the identified assemblages
(Fig. 4). A Bray–Curtis dissimilarity index matrix (BCDM; Bray and Curtis, 1957) was generated using the two morphology-
level datasets to assess the level of similarity between and within the relative abundances obtained through microscopy
and through FlowCam (Table 1, Supplementary Table 4).
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Table 2
Comparison of microscope and FlowCam VisualSpreadsheet R⃝ Arcellinida analysis time per sample.

Microscope FlowCam

Subsampling (3 cc) 1 min 1 min
Splitting (into 6 aliquots) 1 h 1 h
Chemical deflocculation – 1 h
Sieving 2 min 2 min
FlowCam processing
6 aliquots × ∼8 min/aliquot

– 48 min

Test ID/Quantification
Microscope: ∼4 aliquots, 120
min/aliquot
FlowCam: ∼2 aliquots, 60
min/aliquot

8 h 2 h

Total analysis time per sample 9 h 3 min 4 h 51 min

2.4. Analysis time comparison: Microscope vs FlowCam

To determine whether FCVS analysis was able to reduce Arcellinida analysis time, each step of preparation and analysis
using conventional microscopy and FCVS was recorded to generate an estimated average duration time per sample
(Table 2). The average times were estimated based on the amount of time it would take an experienced individual to
complete each step of Arcellinida analysis on samples containing average sizes and concentrations of tests and debris.
The average times excluded consideration for the time required to create the FCVS libraries, filters, and the classification
template, since they can all be saved, quickly modified, and reused on future sample sets.

3. Results

3.1. Cluster analysis

3.1.1. Identified Arcellinidan assemblages
The Q-mode PVClust cluster analysis of the 28 Arcellinida species recognized within the 46 sediment-water interface

samples (Steele et al., 2018) identified two distinct assemblages: Assemblage 1 (A1; Approximately Unbiased (AU) p-value
= 0.97) and Assemblage 2 (A2; AU p-value = 0.98) (Fig. 4a). Within A2, sub-assemblages A2a and A2b were identified at a
lower level of significance (AU p-values = 0.00 and 0.61). The identified assemblages and sub-assemblages corresponded
well with the three sampling locations including Q1 (A1), Q2 (A2a), and Q3 (A2b), with the exception of four outliers:
Q1A2, Q1A3 and Q3A4 clustered with Q2 samples in A2a, and Q2A4 with Q3 samples in A2b (Fig. 4a).

The PVClust cluster analysis results from the morphology-level microscope dataset showed two statistically significant
assemblages (Fig. 4b): Microscope Assemblage 1 (AU p-value = 0.99) and Microscope Assemblage 2 (AU p-value = 0.98).
MA2 was further divided into two statistically less significant groups recognized as sub-assemblages: MA2a and MA2b
(AU p-values = 0.88 and 0.57, respectively). These three groupings roughly correspond to the three sampling locations,
with eight outliers clustering with Q3 samples (Q1A3, Q2A4, Q2C1, Q2D3, Q2D4, Q2A3, Q2C2, and Q2C3) and three outliers
clustering with Q2 samples (Q1B3, Q1B4, and Q1A2) (Fig. 4b).

The FlowCam dataset grouped into two distinct assemblages at a high statistical significance (AU p-value = 0.99):
FlowCam Assemblages 1 and 2 (Fig. 4c). FA2 was further divided into three sub-assemblages: FA2a, FA2b, and FA2c (AU
p-values = 0.92, 1.00, and 0.93, respectively). In this case, FA1 corresponded to sampling location Q3, FA2b corresponded
with Q2, and samples within FA2a and FA2c corresponded with Q1. There were 8 outliers observed: Q2B1, Q2C4, Q2D3,
Q1A2, Q2D1 clustered with Q3 samples; Q1D1 and Q3C4 grouped with Q2 samples; and Q2A1 clustered with Q1 samples
(Fig. 4c)’’.

3.1.2. Faunal structure of assemblages
Within the dataset analyzed by conventional microscopy, the relative abundances of morphologies showed highly

similar faunal structure between assemblages associated with Q3 and Q2 samples: MA1 was co-dominated by pyriform
(33%) and spherical morphologies (29%), followed by compressed irregular (14%), horned (11%), linear (9%), and collared
tests (4%); MA2a had similarly higher proportions of pyriform tests (29%) followed by spherical (24%), compressed irregular
(21%), and horned (14%), linear (9%), and collared tests (3%) (Fig. 5a). These relative abundances of morphologies are
consistent with the fauna observed in Steele et al. (2018). A2b and A2a, the assemblages associated with Q3 and Q2
samples, were dominated by a pyriform species (Difflugia oblonga Ehrenberg, 1832 strain ‘‘oblonga’’ at 26% in A2b and 11%
in A2a), and spherical species (12% Difflugia glans Penard, 1902 strain ‘‘glans’’, 8% Lesquereusia spiralis (Ehrenberg, 1840),
and 5% Cucurbitella tricuspis (Carter, 1856) in A2b; 11% D. glans ‘‘glans’’, and 7% L. spiralis in A2a). In both assemblages, a
horned species, Difflugia elegans Penard, 1890, was observed at relatively high frequency (7%) (Steele et al., 2018).

The microscope-obtained morphological assemblage that corresponded to Q1 samples was composed of more evenly
distributed morphologies: MA2b was co-dominated by compressed irregular (23%), pyriform (22%), and spherical tests
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Fig. 5. Relative abundances of morpho-groups in a. the microscope-derived assemblages, and b. the FlowCam-derived assemblages. Species included in
each morphological class are shown in a. CCA Centropyxis aculeata ‘‘aculeata’’, CAD C.a. ‘‘discoides’’, CCA C. constricta ‘‘aerophila’’, CCC C.c. ‘‘constricta’’,
CCS C.c. ‘‘spinosa’’, CK Cyclopyxis khali, CT Cucurbitella tricuspis, DB Difflugia bidens, DGG D, glans ‘‘glans’’, DG D. globulosa, LS Lesquereusia spiralis,
DOB D. oblonga ‘‘bryophila’’, DOO D.o. ‘‘oblonga’’, DOS D.o. ‘‘spinosa, DOT D.o. ‘‘tenuis’’, LV Lagenodifflugia vas, PC Pontigulasia compressa, DGM D. glans
‘‘magna’’, DGD D. glans ‘‘distenda’’, DOLin D.o. ‘‘linearis’’, DOLan D.o. ‘‘lanceolata’’, DF D. fragosa, DPA D. protaeiformis ‘‘acuminata’’, DE D. elegans, DA
D. amphora, MC Mediolis corona, DUU D. urceolata ‘‘urceolata’’, DU D. urens.

(22%), followed by horned (17%), linear (10%), and collared (6%) tests (Fig. 5a). This relative increase in compressed
irregular species and decrease in pyriform species compared to MA1 and MA2a was consistent with the fauna observed
in Steele et al. (2018). A1, the assemblage associated with Q1 samples, was dominated by D. oblonga ‘‘oblonga’’ (19%),
D. elegans (11%), two compressed irregular strains (9% Centropyxis aculeata (Ehrenberg, 1832) strain ‘‘aculeata’’ and 6%
Centropyxis constricta (Ehrenberg, 1843) strain ‘‘aerophila’’), and 7% D. glans ‘‘glans’’ (Steele et al., 2018).

All four FCVS-obtained assemblages were similar in their faunal structure. FA1, corresponding with Q3 samples, was
dominated by spherical tests (58%), followed by linear (23%), pyriform (13%), horned (4%), compressed irregular (2%),
and collared (<1%); FA2b (associated with Q2 samples) had similarly higher proportions of spherical (47%) and linear
tests (30%), with lower abundances of pyriform (14%), horned (5%), compressed irregular (4%), and collared tests (<1%)
(Fig. 5b). The two assemblages found within Q1 samples were highly comparable, with the main difference being the
abundance of compressed irregular tests: FA2a was dominated by spherical morphologies (39%), followed by linear (26%),
compressed irregular (16%), pyriform (11%), horned (8%), and collared tests (<1%); and FA2c had higher abundances of



10 R.E. Steele, R.T. Patterson, P.B. Hamilton et al. / Environmental Technology & Innovation 17 (2020) 100580

spherical (39%), linear (33%), and pyriform tests (12%), with lower proportions of horned (9%), compressed irregular (6%),
and collared (<1%) tests (Fig. 5b).

The faunal assemblage structures identified using conventional microscopy and FCVS were notably different. A higher
proportion of pyriform tests were identified through conventional microscopy, while spherical and linear tests were more
frequently identified using FCVS. The identification of collared tests (urceolate, lobed, or teethed) using FCVS images was
significantly reduced compared to the proportions identified using conventional microscopy (Fig. 5).

3.2. Bray–Curtis dissimilarity matrix

The results of the BCDM show statistically measurable similarities within the conventional microscopy dataset and
the FCVS dataset. The results of this analysis also show the statistically measured differences in morpho-group relative
abundances between the two methods (Table 1, Supplementary Table 3). Differences between sampling locations were
also measured within each method. The BCDM dissimilarity coefficients range from 0–1 and can be perceived as a
percentage of similarity. For instance, within the conventional microscopy dataset (Table 1a) a comparison within Q1
samples resulted in a mean dissimilarity coefficient of 0.0950. This indicates that the relative abundances of morpho-
groups within Q1 samples were approximately 90.5% similar. In the same manner, Q2 samples were approximately 92.0%
similar to each other, and Q3 samples were approximately 91.7% similar. The samples from Q1 were more similar to those
from Q2 (86.9%) than samples from Q3 (81.1%), and samples from Q2 were relatively similar to those from Q3 (88.2%)
(Table 1a). This higher similarity between Q1 and Q2 samples, as well as between Q2 and Q3 samples, support the slight
overlaps with these quadrats observed in the cluster analysis (Fig. 4b).

Within the FCVS dataset (Table 1b), the relative abundances in samples within each quadrat were highly similar (89.9%
similarity within Q1, 91.4% similarity within Q2, and 93.5% similarity within Q3 samples). The BCDM results showed a
lower similarity between Q1 and Q3 samples (78.9%) than between Q1 and Q2 samples (84.4%) or Q2 and Q3 (88.9%)
(Table 1b). These observations are consistent with the results of conventional microscopy cluster analysis, which found
the greatest difference between Q1 and Q3 samples (Fig. 4c). Although Q1 clustered into two sub-assemblages (FA2a and
FA2c; Fig. 4c), the BCDM indicated that relative abundances in Q1 samples were highly similar, suggesting that FA2a and
FA2c could be considered a single sub-assemblage.

When comparing the relative abundances obtained from conventional microscopy and the FCVS method (Table 1c),
the differences between Q1 samples were notable (only 62.8% similar) and the differences between Q2 and Q3 were both
quite significant (similarities of 55.9% and 59.8%, respectively). These results further describe the differences observed
between the two methods when comparing the faunal assemblage makeup.

3.3. Analysis time comparison: Microscope vs FlowCam

Arcellinida analysis times required using conventional microscopy and the FCVS were compared (Table 2). It was
estimated that sample preparation for microscopy (including subsampling, wet splitting, and sieving methods) took
approximately 1 h and 3 min per sample, while sample preparation for the FCVS took an additional hour for chemical
deflocculation (2 h and 3 min total). The FCVS protocol required approximately 48 min to process each sample, including
all 6 aliquots at an average run time of 8 min per aliquot. In order to identify and quantify >150 tests per sample, an
average of 4 aliquots was required to be analyzed for microscopy and 2 aliquots using FCVS. This process was estimated
to take 8 h per sample (120 min per aliquot) for microscopy and 2 h per sample (60 min per aliquot) for post-processing
FCVS data. In total, it would take an estimated 9 h and 3 min for conventional microscopic Arcellinida analysis of a single
sample, and 4 h and 51 min for FCVS analysis (Table 2).

4. Discussion

4.1. Method modifications

One of the major challenges to FCVS analysis of lacustrine Arcellinida is the organic-rich nature of the sediment-water
interface samples. Running samples that have been processed using standard preparation methods (sieving and splitting
only) is not possible due to sediment build-up within the narrow FC tubing. Kitahashi et al. (2018) also acknowledged
this difficulty with the instrument when running marine sediment samples. To solve this problem, they used a high-
density solution instead of water. Here, this issue was mitigated by treating samples with a chemical deflocculant, 5% KOH.
Removing a portion of organic and minerogenic colloidal matter considerably reduced the frequency of sediment build-up
and reduced the amount of debris particles imaged. The treatment did not seem to cause severe damage to Arcellinida
tests, as there were no observable differences in the number of broken tests compared to the previous microscopic analysis
(estimated <5% of broken tests in both cases). The additional sample preparation protocols employed in this study using
the recommended approach of Nasser et al. (2019) greatly improved the utility of the FCVS for processing organic-rich
sediment samples.

The FCVS low image resolution and limited ability to resolve taxonomic units lower than genus level has been
acknowledged in several recent studies (Álvarez et al., 2014; Buskey and Hyatt, 2006; Camoying and Yñiguez, 2016;
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Kitahashi et al., 2018). Some FlowCam users have attempted to optimize the FCVS hardware and software settings to
obtain higher resolution images (Camoying and Yñiguez, 2016), while other researchers suggest re-examining samples
under a microscope when encountering specimens that are difficult to identify from FCVS images (Buskey and Hyatt,
2006; Kitahashi et al., 2018). Alternatively, it has been found that classifying FCVS imaged taxa into ‘‘functional classes’’
of higher taxonomic groupings or ‘‘shape classes’’ based on morphology is often sufficient for most ecological studies
(Álvarez et al., 2014).

The species-level microscopy results from Steele et al. (2018) clustered into three assemblages (A1, A2a, and A2b),
which reflected the three different ecological environments within Wightman Cove, Oromocto Lake. In that previous
study, the high diversity of A1 corresponded with the shallow, densely vegetated location of Q1; the lower diversity
of A2b was related to the deeper, non-vegetated site of Q3 and its close proximity to runoff from Dead Brook. A2a was
characteristically similar to A1 and A2b, reflecting the mid-basin environment of Q2 between Q1 and Q3 (Figs. 2 and 4a;
Steele et al., 2018). When reclassifying the microscope-obtained data into six major morpho-groups, statistical analyses
recognized the same distinct variation in assemblages between samples from Q1 and Q3, and a significant similarity of Q2
samples with the assemblages from Q1 and Q3 (Fig. 4b, Table 1). These results suggest that the species level arcellinidan
assemblages resulting from slight substrate differences between the three sampling locations were also observed at the
morphological level. This indicates that the morphology-level conventional microscope dataset was reliable and could be
used as an alternative taxonomic database for evaluation of the FCVS-obtained results as found by Álvarez et al. (2014).

4.2. FlowCam Arcellinidan assemblage variability

The PVClust cluster analysis results of the FCVS-obtained dataset showed that Q1 was characterized by two distinct
sub-assemblages (FA2a and FA2c; Fig. 4c). This slight division between Q1 samples can be observed in the faunal structures
where FA2a contains a higher abundance of compressed irregular tests than FA2c (16% and 6%, respectively). The low
mean dissimilarity coefficient (0.1009) derived from the BCDM, however, indicated that the two sub-clusters could be
considered one sub-assemblage (Table 1).

Other than the division within Q1 samples, the cluster results from the FCVS dataset were nearly identical to those
obtained through microscopy. Although the assemblages identified using both methods corresponded well to sample
location, the faunal structures discriminated using the two methods differed considerably (Fig. 5). When comparing the
relative abundances between the two methods, the BCDM resulted in a similarity of only 55.9–62.8%.

The FCVS method more frequently identified spherical and linear morphologies compared to conventional microscopy;
and although collared tests were rarely counted during microscopy (3%–6%), their identification was extremely rare
during FCVS analysis (<1%). This considerable difference in relative abundances of morpho-groups between the two
methods could be attributed to image resolution and specimen orientation with the FCVS. Morphologies that have
smoother textures (e.g., spherical and linear) may be more distinguishable from debris particles and therefore more
easily recorded from FCVS images. Many Arcellinida, especially Centropyxids and those within the collared morpho-group,
have distinguishing characteristics that can be hidden by certain orientations. Since FCVS does not allow for manual
manipulation of tests orientation (as in conventional microscopy), this could explain why certain groups were recorded
less frequently during FCVS analysis. The assemblage results from both methods should still be valid, since in both cases
a statistically significant number of tests were counted.

The overall comparison of Arcellinida analysis results suggest that both conventional microscopy and the FCVS methods
distinguish the same variation in morphological assemblages. It is likely that these assemblage patterns are both a result of
slight differences in sampling environment; therefore, the results support the use of FCVS as an effective tool for analyzing
Arcellinida at the morphological level.

4.3. FlowCam VisualSpreadsheet R⃝ Arcellinida analysis time

In addition to testing whether or not variations in Arcellinida assemblages could be accurately detected from FCVS-
obtained data, it was important to know whether the instrument was able to reduce analytical time. After comparing the
time it would take an experienced operator to perform each step of Arcellinida analysis (including sample preparation and
the identification and quantification of specimens) using either conventional microscopy or the FCVS, it was determined
that, despite having to carry out sample deflocculation, the FCVS was able to reduce analysis time by roughly 45% (Table 2).
This represents a significant time saving, particularly for projects where there are a large number of samples.

There can be a significant difference between sediment samples with regard to the organic and minerogenic content, as
well as the total concentration and size of contained Arcellinida specimens. These factors can affect overall analysis time,
though both conventional microscopic and FCVS methods would be equally affected. It is also possible that identification
and quantification times required for Arcellinida analysis using conventional microscopic approaches might be reduced if
disaggregation methods were applied during standard sample preparation (Nasser et al., 2019). However, it is likely that
the FCVS approach would still significantly reduce required overall analytical time.
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5. Summary and conclusions

This study was designed to assess the possibility of replacing conventional microscopic methods of species-level
identification and quantification of Arcellinida with a more rapid FCVS-based method. The dataset employed was
comprised of 46 samples from three quadrats (stations) in Wightman Cove, Oromocto Lake, New Brunswick, Canada,
which had previously been analyzed using conventional microscopy (Steele et al., 2018). It was determined that FCVS
could provide a 45% saving in analytical time despite having to employ an additional preparation technique whereby
samples had to be left for one hour in a 5% KOH solution to deflocculate organic debris, which tends to clog the flow cell
in the FCVS. The FCVS was inferior to conventional microscopy in that the lower resolution microscope in the instrument
made it difficult for it to resolve specimens to the species or strain level. However, when a morpho-group approach to
taxonomic division was employed, for both FCVS and conventional microscopy, very similar results were obtained. The
six morphological groups used in this study, based on Mazei and Warren (2012, 2014, 2015) morphological groupings
of difflugiids were easily identified from the imaged particles (Fig. 3). Since the assemblages obtained through FCVS
were comparable to morpho-groups distinguished through microscopy, the results reported here support the use of a
morphological classification scheme for Arcellinida research.

Although the software could not automatically distinguish between tests and debris particles, the software’s classi-
fication resulted in categories of characteristically similar particle images for more efficient manual identification and
enumeration of tests. In addition to poor image (and therefore taxonomic) resolution and the software’s inability to
‘identify’ specific Arcellinida taxa, another limitation of the instrument and software was the learning curve associated
with becoming proficient with the instrument (e.g., determining optimal instrument settings and input parameters for
the creation of libraries, filters, and classification templates, etc.). Another drawback was specimen loss during analysis.
With the FC300 model used here, some specimens in the fluid flow were outside the field of view of the objective lens,
meaning it was difficult to ensure imaging of all specimens in a sample. Furthermore, any remarkable specimens observed
during FCVS analysis cannot be easily retrieved by the user for more detailed examination.

Arcellinida analysis using the FCVS was only possible when carried out semi-manually at the morphological level,
but the FCVS-obtained assemblages did reflect substrate variation in the same manner as the conventional microscopy-
obtained results (Fig. 4). It was determined that the FlowCam can reduce Arcellinida analysis time by a significant amount
(Table 2), once the learning curve associated with the instrument and software is overcome. This study indicates that the
FCVS has potential as a method for more rapid analysis of Arcellinida but cannot fully replace conventional microscopic
methods where identification of specific taxa is required. The FCVS is potentially a more useful method for analyzing large
numbers of samples but will provide coarser taxonomic resolution assemblage results. The more labor- and time-intensive
microscopic methods may be a better option for analyzing smaller data sets and will provide species-level assemblage
results.
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