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Abstract
Arcellinida (testate lobose amoebae) are widely used as bio-indicators of lacustrine environmental change. Too much obscuring
organic material in a gridded wet Petri dish preparation makes it difficult to observe all specimens present and slows quantifi-
cation as the organic material has to be carefully worked through with a dissection probe. Chemical deflocculation using soda ash
(Na2CO3·H2O), potassium hydroxide (KOH), or sodium hexametaphosphate ((NaPO3)6) has previously been shown to disag-
gregate and reduce organic content in lake sediments, but to date, no attempt has been made to comparatively evaluate the
efficiency of these deflocculants in disaggregating organic content and their impact on Arcellinida analysis in lacustrine sedi-
ments. Here, we assess the effectiveness of soda ash, potassium hydroxide, and sodium hexametaphosphate treatments on
removing organic content and the impact of those digestions on Arcellinida preservation in 126 sample aliquots subdivided
from three sediment samples (YK-20, YK-25, and YK-57) collected from three lakes near Yellowknife, Northwest Territories,
Canada. Following treatment, cluster analysis and Bray-Curtis dissimilarity matrix (BCDM) were utilized to determine whether
treatments resulted in dissolution-driven changes in Arcellinida assemblage composition. Observed Arcellinida tests in aliquots
increased drastically after treatment of organic-rich samples (47.5–452.7% in organic-rich aliquots and by 14.8% in aliquots with
less organic matter). The BCDM results revealed that treatment with 5% KOH resulted in the highest reduction in observed
organic content without significantly affecting Arcellinida assemblage structure, while soda ash and sodium hexametaphosphate
treatments resulted in marginal organic matter reduction and caused severe damage to the arcellinidan tests.

Keywords Arcellinida . Lake sediments . Organic content . Chemical treatment . Sample preparation methods . Arcellinidan
analysis

Introduction

Arcellinida (testate lobose amoebae) are a cosmopolitan group
of benthic-shelled microorganisms (15–200 μm) that are im-
portant bio-indicators of environmental change in fresh and
brackish water aquatic systems [1, 2]. The group is character-
ized by tests (i.e., shells) that are either secreted by the organ-
ism or constructed by binding particles from the surrounding
environment (e.g., sediment particles and/or diatom frustules),
with the latter type being of greater use in limnological and
paleolimnological studies [2]. Arcellinida analysis of samples
derived from lake sediments generally involves identifying
and quantifying tests in wet preparations in a Petri dish under
a dissecting microscope. Prior to analysis, it is desirable to
remove as much organic and minerogenic material as possible
as this extraneous matter obscures specimens. In the early
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1980s, Arcellinida researchers adapted the approach used in
analysis of foraminifera in organic-rich salt marsh samples
(e.g., [3–5]) to lacustrine environments. That sample prepara-
tion protocol involves gently washing sediment samples
through coarse (500–1000 μm) and fine (44–63 μm) sieves
to remove organic and minerogenic particles that are larger
and smaller than arcellinidan tests. Scott and Hermlin [6]
complemented sieving with using an improved version of
the Elmgren [7] wet splitter, which allowed for dividing
sieved samples into smaller and more manageable aliquots.

While sieving and splitting still form the standard
arcellinidan sample preparation protocol, variations in the
mesh-size used for coarse (1000–100 μm) and fine sieving
(63–15 μm) and types of wet splitter (six vs. eight chambers)
have been employed over the past 30 years (Table 1). A po-
tential byproduct of these variations in preparation protocols is
the introduction of various types of uncertainties during and
after sample preparation that can negatively impact the quality
of quantitative Arcellinida data. A few recent studies have
investigated the potential statistical impact of preparation pro-
tocol variation focusing on the loss of arcellinidan tests during
sample preparation [8, 9], the impact of using different filters
on the density and species richness [10], and the effects of
refrigerated sample storage on assemblage composition [11].
A potential source of uncertainty that has been overlooked is
the impact of residual organic content on the quality of quan-
titative arcellinidan analysis.

Significant amounts of residual organic debris often sur-
vive the standard preparation processes and may mask or trap
arcellinidan tests, which consequently impedes their analysis.
Sample agitation, using either a stirring rod or laboratory
benchtop wrist shaker, or repeating the process of sieving
and splitting have been suggested as means to further loosen
the organic colloidal content (e.g., [4, 5]). However, these
methods do not substantially reduce the total amount of or-
ganic content and may increase the potential of Arcellinida
test loss during sample processing (e.g., process of decanting,
sieving, and splitting; [12]). In order to better assess the impact
of the organic content on arcellinidan analysis, the develop-
ment of a more robust sample preparation technique that can
maximize the reduction of the organic content is required.

Numerous studies on lacustrine (e.g., chironomids;
[13, 14]) and marine bio-indicators (e.g., foraminifera;
[15, 16]) have utilized chemical deflocculation to disag-
gregate organic and minerogenic colloidal content prior
to sample preparation. Chemical sample preparation
methods often involve soaking sediments in a known
volume and concentration of a selected chemical
deflocculant for a specific duration prior to sieving
and splitting the sample. To the best of our knowledge,
only a limited number of lacustrine arcellinidan studies
employed chemical deflocculants including sodium
hexametaphosphate ((NaPO3)6), sodium carbonate

monohydrate (soda ash; Na2CO3·H20), or potassium hy-
droxide (KOH), to disaggregate and reduce amorphous
organic content in lake sediment samples. The lack of
enthusiasm among Arcellinida researchers to employ
chemical deflocculation is attributed to a perception that
the harsh nature of these methods may cause severe
damage to arcellinidan tests [2]. Hendon and Charman
[17] have compared the effects of using several sample
preparation methods, including KOH treatment, on
peatland testate amoebae density, species richness, and
test retention. While their study revealed that KOH
treatment produced superior results in terms reduction
of organic content and retention of arcellinidan tests; it
also showed that treatment damaged a significant num-
ber of tests in the process thus impacting the statistical
quality of the resultant quantitative arcellinidan analysis.
The use of soda ash and sodium hexametaphosphate
have also been reported to reduce organic content in
lake sediments while causing little to no damage to
arcellinidan tests [18–20]. However, no attempt has pre-
viously been made to compare the efficacy of organic
content reduction using these various chemical
deflocculants and to assess their impact on arcellinidan
test preservation and associated assemblage structure in
lake sediment samples.

In this study, we assess the impact of three chemical
deflocculant treatment methods; soda ash (Na2CO3·H2O), po-
tassium hydroxide (KOH), and sodium hexametaphosphate
((NaPO3)6), on organic content reduction and arcellinidan test
preservation in 126 subsample aliquots derived from three
sediment-water interface samples (YK-20, YK-25, and YK-
57) from three lakes near the City of Yellowknife, Northwest
Territories, Canada. The study aims to (1) determine the opti-
mal deflocculant method and deflocculant chemical concen-
tration for reducing organic content in arcellinidan bearing
lake sediment preparations, (2) assess the level of arcellinidan
dissolution caused by the various chemical treatment
methods, and (3) assess the impact of chemical treatment
and residual organic content on arcellinidan analysis and fau-
nal composition.

Study Area

The samples, used in this study, were collected from three
lakes located within a radius of ~ 30 km around the City of
Yellowknife, Northwest Territories, Canada (Fig. 1). The ele-
vation of the study area ranges from 157 m above mean sea
level (AMSL) close to Great Slave Lake to 350–400 mAMSL
to the north of Thistlethwaite Lake [21]. The Yellowknife
River, the main drainage system in the study area, flows south-
ward into Yellowknife Bay of the Great Slave Lake. The study
area is characterized by a subarctic, continental climate where
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Table 1 Sample preparation techniques employed in 44 Arcellinida studies between 1983 and 2018

Author (s) Year Coarse sieving (μ) Fine sieving (μ) Splitting (Scott and
Hermlin, 1993)

Chemical treatment

Scott and Medioli 1983 500 63 No

Patterson et al 1985 500 63 No

Ellison and Ogden 1987 100 44 No 6% Calgon

Medioli and Scott 1988 500 63 No

Collins et al 1990 Not mentioned 63 No

Asioli et al 1996 Not mentioned 45 No

Patterson et al 1996 1000 63 Yes

Bubridge et al. 1998 Not mentioned 44 No Soda ash

Reinhardt et al 1998 1000 55 Yes

Kliza and Shroeder-Adams 1999 Not mentioned 63 No

Dalby et al. 2000 1000 43 Yes

Dallimore et al 2000 Not mentioned 44 Yes (eight chambers)

Kumar and Patterson 2000 1000 55 Yes

Patterson and Kumar 2000 1000 55 Yes

Dalby et al. 2002 1000 43 Yes Soda ash

Patterson and Kumar 2002a 1000 40–55 Yes

Patterson and Kumar 2002b 454 43 Yes

Dallimore 2004 Not mentioned 44 Yes

Boudreau et al. 2005 500 44 Yes

Escobar et al 2005 Not mentioned 63 No

Reinhardt et al 2005 150 45 Yes

Kaupilla et al 2006 1000 56 Yes (eight chambers)

Roe and Patterson 2006 250 37 Yes

Escobar et al 2008 707 53 Yes

Kihlman and Kauppila 2009 1000 56 Yes

Lorencova 2009 1000 36 Yes

Sonnenburg and Reinhardt 2009 250 45 Yes

Kihlman and Kauppila 2010 500 56 Yes

Roe et al 2010 Not mentioned 37 Yes (not specified)

Neville et al 2010 500 45, 63 No

Wall et al 2010 250 25, 47, 63 No

Farooqui et al 2012 105 20 No 5% KOH

Kihlman and Kauppila 2012 500 56 Yes

McCarthy et al 2012 Not mentioned 63 No 10% Calgon (HMP)

Patterson et al 2012 250 37 Yes

Warchorn et al 2012 Not mentioned 43 No

Neville et al 2013 250 37 Yes

Patterson et al 2013 Not mentioned 37 Yes

Qin et al 2013 300 35 No

Sonnenburg et al 2013 1000 250 Yes (eight chambers)

Patterson et al 2015 297 37 Yes

Nasser et al 2016 297 37 Yes

Qin et al 2016 500 35 No

Segala et al 2016 Not mentioned Not mentioned No

Steel et al 2018 297 37 Yes
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summers are short, dry, and cool with a mean annual temper-
ature of − 4.3 °C and a relatively low mean annual precipita-
tion of 170.7 mm [22].

Rocks underlying the investigated lakes belong to the
Yellowknife Supergroup of the southern Slave structural
province of the Canadian Shield. These include Archean
metavolcanic and metasedimentary rocks intruded by
younger granitoids and diabase dykes. Surficial sediments
in the Yellowknife area are dominated by fine clastic la-
custrine sediments deposited in Glacial Lake McConnell
and a relatively thick (< 2 m) and discontinuous layer of
glacigenic sediments [21]. Holocene-aged peat is also
common in the study region and can be greater than
1 m thick in bogs and wetlands [21].

Methodology

Sample Selection

The 126 aliquots analyzed here were subsampled from
three samples (YK20, YK25, and YK57) collected in
June 2014 using an Ekman grab (Fig. 1). More than 100
lakes from this area are being investigated as part of an
inter-lake spatial assessment of the impact of legacy gold
mine-induced arsenic contamination on the arcellinidan
distribution within a radius of 30 km around the City of
Yellowknife ([23, 24). The three lakes selected for this
study were chosen to include samples with both high and

low total organic carbon (TOC) from that large data set
based on observed organic concentration using Rock-
Eval® Analysis 6, as well as visual inspection of the den-
sity of amorphous organic matter under a dissecting micro-
scope. The highest organic content density and TOC
(26.38%) was observed in YK20. Surprisingly, YK57 is
also characterized by high observed organic content densi-
ty even though the sample’s TOC is the lowest among the
selected samples (7.03%). In contrast, a low organic matter
density was observed in YK25 despite the relatively higher
TOC of the sample (26.08%) (Table 2).

Arcellinida Taxonomy

The arcellinidan species and strains were identified using sev-
eral well-illustrated papers that employed the strain taxonomic
concept (e.g., [25–28] [29–31]; [23]). As lacustrine
arcellinidan species can display a significant amount of

Fig. 1 aMap of Canada showing the study location in the Northwest Territories, Canada (dark blue) as a yellow circle. bAmap showing sampling sites
(green and yellow circles) within 30-km radius around the City of Yellowknife. Lakes sampled in this study (n = 3) are represented as yellow circles

Table 2 Total organic matter (TOC) and particle size analysis results for
YK20, YK25, and YK57

Site ID Rock Eval Particle size analysis

TOC (%) Sand (%) Silt (%) Clay (%)

YK20 26.38 5.87 76.82 17.31

YK25 26.08 13.61 71.19 15.2

YK57 7.03 10.13 77.43 12.44
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environmentally controlled morphological variability (e.g.,
[32, 34]), the accepted practice has been to designate informal
infrasubspecific “strain” names for these ecophenotypes ([2,
33]). Ic under the International Zoological Code of
Nomenclature (art. 45.5; 4th edition, [61]). However, they
have been extensively used in the literature for delineating
environmentally significant populations within lacustrine en-
vironments ([2, 26, 35]; [36, 37]).

Chemical Treatment Methods

To determine the most efficient combination of treatment
method, chemical concentration, and treatment exposure time
for reducing the organic content in arcellinidan samples, the
experimental component of the study was divided into three
testing stages. Figure 2 provides an overview of the standard
arcellinidan sample preparation method (Fig. 2a) and the steps

Fig. 2 Schematic view of sample preparation methods used in this study.
a Standard Arcellinida sample preparation protocol. A sediment sample
(often 3 cm3) is sieved through coarse (297 μm; 30 s) and fine (38 μm;
2 min) sieves and split prior to arcellinidan analysis. b First chemical
methods testing stage, in which the impact of chemical treatment on
organic content reduction was assessed. Three sediment subsamples
(3 cm3 each), from each YK sample, were split into six aliquots (n =
54). Five aliquots were treated with different concentrations of a
chemical deflocculant for 3 h before sieving. A single aliquot was
processed following the standard sample preparation protocol (control
subsample). c Second chemical methods testing stage, in which optimal

treatment duration was determined and impact on Arcellinida tests was
assessed. Three sediment subsamples (1 cm3 each), from each YK
sample, were split into six aliquots (n = 54). Aliquots were treated with
one selected concentration of each chemical deflocculant for different
treatment durations prior to sieving. d Third chemical methods testing
stage. Three sediment subsamples (1 cm3 subsample per YK sample)
were split into six aliquots (n = 18). Three aliquots were treated with the
optimal chemical method and concentration for 3 h, and three were
processed following the standard sample preparation protocol. Treated
and control sub-samples were sieved prior to arcellinidan analysis
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followed during the three chemical testing stages (Fig. 2b,
c, d). Nine subsamples (3 cm3 each) were collected from the
YK20, YK25, and YK57 lake sediment grab samples (three
subsamples per YK sample) to carry out the first testing stage.
Each of the nine subsamples was divided into six aliquots
using a wet splitter, resulting in a total of 54 aliquots [6].
The aliquots were then centrifuged at 4000 rpm for 4 min
and excess water was carefully decanted to mitigate diluting
the chemical concentrations that were to be added to each sub-
sample. A single aliquot from each sample served as a control
sub-sample and was prepared following the standard
arcellinidan sample preparation protocol described above
(Fig. 2a), while the remaining aliquots were treated using
20 ml of five different concentrations of soda ash, KOH, and
sodium hexametaphosphate for 3 h (Fig. 2b). After 3 h, all

treated aliquots were gently sieved using 297 μm (30 s) and
37 μm sieves (2 min). The aliquots were then placed in a
gridded Petri dish and the proportion of residual organic con-
tent was visually inspected under an Olympus SZH dissecting
binocular microscope. Photomicrographs of random grids for
treated and control aliquots were taken to determine the dif-
ference between the amount of organic content reduced by the
chemical treatment methods and the standard sample prepara-
tion protocol (Figs. 3, 4, and 5). The chemical concentration of
each chemical deflocculant responsible for reducing the
highest proportion of organic content was selected for further
testing.

During the second stage of the experiment, three 1-cm3

subsamples from each YK sample was split into six aliquots
(total number of aliquots = 54) and treated with the selected

Fig. 3 Photomicrographs
showing the level of organic
content reduction in chemically
treated, with different
concentrations of soda ash, KOH,
and sodium hexametaphosphate,
and control YK20 sub-samples
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chemical concentrations for different time intervals prior to
sieving (i.e., 2 min, 10 min, 30 min, 1 h, 2 h, and 3 h; Fig.
2c). This stage was essential for determining the optimal du-
ration for the treatment and assessing the impact of the chem-
ical treatment on the integrity of arcellinidan tests. The chem-
ical method causing the least damage to Arcellinida tests was
selected for further testing in stage 3.

The final testing stage involved splitting an additional three
1 cm3 from each YK sample into six aliquots (total number of
aliquots = 18), treating three aliquots with the selected chem-
ical, and preparing the remaining three aliquots following the
standard sample preparation protocol (Fig. 2a, d). Arcellinida
in all aliquots were identified and quantified in totality to
determine whether treating the subsample with the selected
chemical treatment method will allow for identifying more

arcellinidan tests, which would otherwise be concealed or
trapped within the organic cover. Results from this stage were
important for assessing the impact of residual organic content
on the arcellinidan test retention as well as the impact of the
selected chemical treatment on arcellinidan tests and popula-
tion composition.

Statistical Methods

Arcellinidan data generated in the third testing stage (Table 3)
was analyzed using RStudio statistical software (version
0.98.1028; [52]). Q-mode cluster analysis was performed on
the Arcellinida fractional abundance data using the Ward
Minimum Variance clustering method [53] to identify any
variations in the composition of faunal assemblages resulting

Fig. 4 Photomicrographs
showing the level of organic
content reduction in chemically
treated, with different
concentrations of soda ash, KOH,
and sodium hexametaphosphate,
and control YK25 sub-samples
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from the chemical treatments. The statistical significance of
each identified assemblage was determined using the PVClust
package (Fig. 6). The Bray-Curtis dissimilarity matrix
(BCDM; [55]) of the Arcellinida count data was generated
to assess the level of similarity between the samples compris-
ing each assemblage (Supplementary Table 1), and thus detect
any subtle changes in faunal composition after chemical treat-
ment. Standard error (Sxi) was calculated for each taxon in the
treated and control sub-sample using the following equation:

Sxi ¼ 1:96

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F1 1−F1ð Þ
Ni

r

where F1 is the fractional abundance of species and Ni is
the total number of counts. Determining the standard error
was important for assessing whether a reduction in

organic content via chemical deflocculation is associated
with lower standard errors of arcellinidan total counts of
dominant, common, and minor taxa ([54]; Supplementary
Table 2).

Results

Chemical Methods Testing

Stage 1—Determining Optimal Concentrations

Of the three chemicals used in the experiment, treatment with
KOH showed the greatest reduction in organic content in
comparison to the control sub-samples (n = 3). Higher

Fig. 5 Photomicrographs
showing the level of organic
content reduction in chemically
treated, with different
concentrations of soda ash, KOH,
and sodium hexametaphosphate,
and control YK57 sub-samples
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concentrations of KOH provided greater reduction in visible
organic content, with 45% concentration providing the
greatest reduction, and 2% still producing a notable decrease
in visible organic content. Because the 5%, 10%, and 15%
KOH concentrations provided a similar reduction in visible
organic debris as 45% KOH exposures, a 5% KOH concen-
tration was selected for further testing.

Treatment of aliquots using different concentrations of so-
da ash (1%, 2%, 5%, 10%, and 16.6%; n = 15) showed negli-
gible reduction in visible organic debris except for a meager
reduction observed in sub-samples treated with 1% soda ash
(Figs. 3, 4, and 5). Therefore, the 1% soda ash concentration
was selected for the next testing stage.

A minor reduction of visible organic content occurred after
treatment with sodium hexametaphosphate in comparison to
standard sieving treatments (n = 15; Figs. 3, 4, and 5). The 5%
sodium hexametaphosphate concentration was selected for the
second testing stage as it reduced slightly higher proportions
of organic content compared to the rest of the sodium
hexametaphosphate concentrations (2%, 10%, 15%, and
50%).

Stage 2—Determining Optimal Exposure Times

Treatment of organic-rich samples with KOH provided a sig-
nificant reduction in organic content for all exposure times
(2 min, 10 min, 30 min, 1 h, 2 h, and 3 h; Fig. 2c). Samples
treated for longer durations (1 h, 2 h, and 3 h) exhibited greater
reduction in visible organic content, with the 3-h treatment
exhibiting the highest reductions in organic content.
Exposure to the chemical for > 24 h did not further reduce
organic matter substantially. The removal of organic content
when sodium hexametaphosphate and soda ash were used did
not differ substantially over time and remained similar in both
the treated and control sub-samples when visually inspected
under a dissecting microscope.

In terms of damage/dissolution to arcellinidan tests, treat-
ment with sodium hexametaphosphate caused severe damage
to Arcellinida tests, most of which were agglutinated, with
signs of damage (e.g., test breakage) manifesting after only
2 h of low concentrations treatment (2% and 5%) and after
45 min when higher concentrations were used (10–50%).
Samples treated with soda ash exhibited no discernable signs
of damage after 24 h of treatment in lower concentrations (1–
2%) and after 3 h in higher concentrations (5–16.6%).
However, a peculiar side effect of the treatment was that tests,
particularly those of pyriform and globular morphologies, be-
came more elastic the longer the treatment lasted. These tests
eventually became easier to break. This change in test robust-
ness was only detected when the test condition was carefully
examined using a microscope probe. Severe arcellinidan test
damage caused by KOH treatment was observed after 1 day
for the 2% concentration and after 3 h for the 5%T
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concentration. However, the tests were damaged after 1 h
when higher concentrations are used (10–45%). Damage
caused by lower concentrations did not impede the identifica-
tion of Arcellinida tests. Therefore, treatment with 5% KOH
for 3 h was selected as the most efficient chemical treatment
method for reducing organic content and was further tested in
the third stage.

Stage 3—Comparison of Treated and Untreated Sample
Counts

The control subsamples of YK20 have a median total
arcellinidan count of 347 (range = 327–369) and a total iden-
tified species of 21 (Table 3; Fig. 7). It was possible in the
treated subsamples to increase the total counted arcellinidan

Fig. 6 Q-mode cluster analysis
dendrogram showing three
identified Arcellinida
assemblages: (1) moderate diver-
sity assemblage (MDA), (2)
Centropyxis aculeata assemblage
(CPA), and (3) Difflugia elegans
assemblage (DEA). Six faunal
sub-assemblages are also indicat-
ed with the colored rectangles.
The statistical significance of each
assemblage and sub-assemblage
was indicated by the results of
PVClust (red numbers; p value <
0.05)

Fig. 7 A histogram plot showing
the total number of Arcellinida
tests (x-axis) retained in all 5%
KOH treated and control sub-
samples (y-axis). The different
colors reflect the identified as-
semblages and sub-assemblages.
MDA—moderate diversity as-
semblage; CAA—Centropyxis
aculeata assemblage; DEA—
Difflugia elegans assemblage

Behind the Organic Veil: Assessing the Impact of Chemical Deflocculation on Organic Content Reduction and... 453



tests to a median of 512 tests and a range of 495–538 (Table 3;
Fig. 7). The total arcellinidan test counts in the treated and
control splits of sample YK25 only differed slightly with a
median of 74 and 85, and a range of 72–77, and 84–87, re-
spectively. However, the number of identified species differed
notably, with 14 identified in the control splits, and 20 in the
treated splits (Table 3; Fig. 7). Subsamples of YK57 showed a
significant (p value < 0.0001; n = 6) disparity in the total tests
counted for control and treated subsamples. Control aliquots
yielded a median total test count of 165 (range = 134–174),
while treated aliquots yielded a significantly higher median of
908 (range = 908–912) (Table 3; Fig. 7). Surprisingly, the
number of species identified in the treated splits (n = 19) was
slightly less than that identified in the control splits (n = 21).
This small decline in species richness in the treated aliquots
likely attributes low abundance of the missing taxa, even in
the control aliquots, rather than damage caused by the chem-
ical treatment because damaged remains of the missing spe-
cies were not observed in the treated aliquots.

Identified Arcellinida Assemblages

Interpretation of the Q-mode cluster analysis, supplemented
with PVClust results, led to the identification of three distinct
arcellinidan assemblages that corresponded well with the three
analyzed surface sediment samples: (1) moderate diversity as-
semblage (MD; statistical significance = 99%; p value < 0.05),
(2)Difflugia elegans assemblage (DE; statistical significance =
97%; p value < 0.05), and (3)Centropyxis aculeata assemblage
(CA; statistical significance = 94%; p value < 0.05) (Fig. 6).
Based on the PVClust and Bray-Curtis results, each assemblage
was further divided into two sub-assemblages: (1) moderate
diversity control sub-assemblage (MDC; statistical signifi-
cance = 90%; p value < 0.05), (2) moderate diversity treated
sub-assemblage (MST; statistical significance = 89%; p value
< 0.05), (3) Difflugia elegans control sub-assemblage (DEC;
statistical significance = 80%; p value < 0.05), (4) Difflugia
elegans treated sub-assemblage (DET; statistical significance =
82%; p value < 0.05), (5) Centropyxis aculeata control sub-
assemblage (CAC; statistical significance = 98%; p value <
0.05), and (6) Centropyxis aculeata treated sub-assemblage
(CAT; statistical significance = 100%; p value < 0.05) (Fig. 6).
A single outlier (YK25–treated 3) is observed plotting with the
samples of the DEC sub-assemblage, when it should be plotting
with DET.

Moderate Diversity Assemblage (MD)

The MD assemblage was found only in the YK20 aliquots
(n = 6) (Fig. 6). The faunal composition of the assemblage is
co-dominated byDifflugia elegans [45] (median proportion =
27.1%) and Centropyxis aculeata [56] strain “aculeata” (me-
dian proportion = 16.8%) (Table 3). Other taxa like

C. aculeata strain “discoides” (median proportion = 9.9%;
n = 6), C. constricta [38] strain “aerophila” (median propor-
tion = 8.7%; n = 6), D. oblonga Ehrenberg, 1932 strain
“oblonga” (median proportion = 7.7%; n = 6), Conicocassis
pontigulasiformis [40] [41] (median proportion = 6.5%; n =
6), and D. globulosa Dujardin, 1837 (median proportion =
4.6%; n = 6) are commonly present in all aliquots (Table 3).
The sediment composition of MD samples is dominated by
the silt fraction (76.82%; Table 2). Faunal diversity of MD is
moderate with the calculated Shannon Diversity Index (SDI)
values falling in the range of 2.28–2.35 [57] (Table 1).

The MDC and MDT sub-assemblages share a relatively
similar faunal structure, with D. elegans being the dominant
taxa (median proportion = 27.5% and 23.6% in MDC and
MDT, respectively). However, the sub-assemblages differed
in the proportions of D. oblonga “oblonga: (MDC median
proportions = 9.6%; MDT median proportions = 7.7%) and
C. constricta “aerophila” (MDC median proportions = 7%;
MDT median proportions = 9.6%). Additionally, the total
number of species identified increased slightly in MDT (n =
23) compared to MDC (n = 21) (Table 3). A single species,
Difflugia curvicaulis Penard, 1899, was only present inMDC,
while D. urceolata [51] stain “urceolata”, D. urens [4], and
D. bicornis [45] were only present in MDT. Total arcellinidan
counts in treated samples were associated with lower median
standard error values with a percentage of reduction ranging
between 0.54 and 50.10% (n = 3) (Supplementary Table 2).
Only one taxon (D. acuminata) exhibited a notable increase in
median standard error (median Sxi increase % = 16.5; n = 3).

Results of the BCDM showed that the faunal structure of
the MD assemblage differed notably from that of the DE (me-
dian dissimilarity coefficient = 0.43) and CA assemblages
(median dissimilarity coefficient = 0.59). The results also
showed that while the dissimilarity coefficients for the two
MD sub-assemblages are notably low (median = 0.144; n =
36), MDT subsamples were characterized by a slightly higher
median (0.12) when compared to samples of MDC (median
dissimilarity coefficient = 0.09).

Difflugia Elegans Assemblage (DE)

The DE assemblage was found exclusively in YK25 subsam-
ples (Fig. 6). Similar to the MD assemblage, both D. elegans
(median proportion = 42.7%; n = 6) and C. aculeata
“aculeata” (median proportion = 25.5%; n = 6) dominated
the arcellinidan population in the DE assemblage. Notable
numbers of D. protaeiformis [49] strain “protaeiformis” (me-
dian proportion = 7%; n = 6) and C. constricta “constricta”
(median proportion = 5.1%; n = 6) are also present in most
DE samples. Samples of DE were collected from a silt-
dominated substrate (71.19%; Table 2). The SDI range calcu-
lated for the assemblage (1.44–1.94) was reflective of relative-
ly poor faunal diversity [57].
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The faunal composition of the DEC and DET sub-
assemblages was relatively similar, except for small but notable
differences in the abundance of the dominating taxa, with DEC
samples having higher numbers of C. aculeata “aculeata” (me-
dian proportion = 25.5%; n = 3) compared to DET (median
proportion = 22%; n = 3), and DET samples having slightly
higher proportions of D. elegans (median proportion = 47.6%;
n = 3) in comparison to DEC (median proportion = 39.8%; n =
3). The number of species identified notably increased from 14
in the DEC samples to 20 in the DET samples. Additionally,
D. glans [44] strain “distenda” were only present in the control
samples, while C. pontigulasiformis, D. acuminata Ehrenberg,
1838, D. urceolata “urceolata”, D. urens, and Pontigulasia
compressa [51] were only present in the treated aliquots.
Similar to the MDA, counted arcellinidan taxa were associated
with relatively low median standard error values (median re-
duction % range = 2.24–48.3%; n = 3) (Supplementary
Table 2). Two taxa, C. constricta “aerophila” (median Sxi in-
crease % = 41.8; n = 3) and C. aculeata “discoides” (median
Sxi increase % = 45.7; n = 3) exhibited a notable increase in
median standard error.

The BCDM results showed that samples of the DE assem-
blage differed from that of MD (median dissimilarity coeffi-
cient = 0.43) and CA assemblages (median dissimilarity coeffi-
cient = 0.55). The median dissimilarity coefficient for the DEC
and DET (0.21) was low, indicating a high level of similarity
between the faunal assemblage seen in the DE sub-assemblages.

Centropyxis aculeata Assemblage (CA)

The CA assemblage was found in YK57 subsamples. Unlike
the previous two assemblages, the faunal composition of the
CA assemblage was dominated by C. aculeata “aculeata”
(median proportion = 57%; n = 6). Species like C. aculeata
(Eherenberg, 1838) strain “discoides” (median proportion =
14%; n = 6) and D. globulosa (median proportion = 13.1%;
n = 6) are also present in elevated numbers. Similar to MD
and DE, sample of CA samples was collected from a silty
substrate (77.43%; Table 2). The SDI values for the assem-
blages are between 1.39 and 1.91 and are reflective of rela-
tively poor faunal diversity of the assemblage [57].

While C. aculeata “aculeata” dominated the faunal struc-
ture of the CAC (median proportion = 57.3%; n = 3) and CAT
(median proportion = 53.7%; n = 3). However, higher num-
bers of Cucurbitella tricuspis (Carter, 1856) (median propor-
tion = 11.9%; n = 3) and D. elegans (median proportion =
5.2%; n = 3) characterized samples of CAC, while
C. aculeata “discoides” (median proportion = 14%; n = 3)
and D. globulosa (median proportion = 13.1%; n = 3) were
more abundant in the CAT samples. A small decline in the
number of identified species was observed in the CATsamples
(n = 18) compared to the CAC samples (n = 21). Four
arcellinidan taxa, namely D. amphora [44], Difflugia sp.,

D. oblonga Ehrenberg 1838 strain “spinosa” , and
D. curvicaulis are only present in the CAC samples, while
D. oblonga “oblong” was only present in the CAT samples.
Total counts of Arcellinida taxa were associated with notably
reduced median standard error values in the treated aliquots
(median reduction % range = 0.379–93.2%; n = 3)
(Supplementary Table 2).

Similar to the previous assemblages, the BCDM results
revealed that the faunal structure of CAC differed notably
from that of MD (median dissimilarity coefficient = 0.59)
and DE (median dissimilarity coefficient = 0.55). While the
dissimilarity coefficients for the CAC and CAT sub-
assemblages are notably low (median = 0.21; n = 36), CAT
sub-samples are characterized by notably lower median dis-
similarity coefficient (0.06) when compared to the CAC sub-
samples (median = 0.29).

Discussion

Reduction of Organic Content Using Chemical
Treatment

Previous lake arcellinidan and peatland testate amoebae stud-
ies have reported a reduction in the organic content in samples
treated with soda ash [19], sodium hexametaphosphate [18,
20], or KOH [17, 58, 59]. Our results show that the three
tested chemical treatment methods removed varying propor-
tions of organic content depending on the type of chemical
used, its concentration, and the duration of treatment. Organic-
content removal was highest in subsamples treated with KOH,
varying to inconsequentially small amounts in sodium
hexametaphosphate and soda ash-treated subsamples
(Figs. 3, 4, and 5). The substantial reduction of organic content
in the KOH-treated subsamples is consistent with the findings
of other testate amoebae and Arcellinida studies [17, 58, 59].
Our results also reveal an increase in organic content reduction
with increase in KOH concentration. In contrast, the meager
reduction of organic content in soda ash- and sodium
hexametaphosphate-treated sub-samples is surprising, espe-
cially since multiple studies have reported notable reductions
in organic content in sample treated with sodium
hexametaphosphate (e.g., [18, 20]) and soda ash (e.g., [19]).
The sodium hexametaphosphate- and soda ash treatments are
less effective than KOH in deflocculating the organic colloidal
particles, and in turn reducing the organic content in lake
sediments.

Damage to Arcellinida Tests

While various chemical treatment methods have typically
been used in the preparation of palynological and microfaunal
samples, such methods have been infrequently used in
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peatland testate amoebae and, to an even lesser extent, lake
arcellinidan studies due to the potential for destruction of tests.
Our results show that all three tested chemical treatment pro-
tocols resulted in damage to arcellinidan tests, but the degree
of damage depended on the type of chemical, the concentra-
tion used, and the duration of exposure to the treatment. Test
damage caused by the treatment methods was not exclusive to
a certain test type (i.e., secreted vs. agglutinated), taxon, or a
set of species and strains of Arcellinida.

The rapid severe damage to tests caused by sodium
hexametaphosphate treatment was surprising since previous
studies that have employed different concentrations of sodium
hexametaphosphate (6–10%; [18, 20]) reported insignificant,
or no damage to arcellinidan test even after treating samples
for long periods of time (e.g., 12 h; [18]). More surprising, and
concerning, is the nature of damage induced by the soda ash
treatment method. The peculiar side effect of the treatment
described above—more elastic tests resulting from longer
chemical exposure—may only be detected through examining
test robustness with a microscope probe. This form of test
damage has not previously been reported (e.g., 30-min treat-
ment; [19]) or even after several weeks of continuous soda ash
treatment [60].

Treatment using KOH led to varying degrees of test dam-
age. Hendon and Charman [17] found that treating peatland
samples with 10% KOH led to the identification of more
Arcellinidan tests but caused enough damage to hinder statis-
tical analysis of arcellinidans in some samples. Conversely,
Charman et al. [58] reported notably enhanced arcellinidan
analysis and significantly lower test damage when samples
were treated with 5% KOH instead. Our results corroborated
the findings of Charman et al. [58] and showed that test dam-
age caused by the 2% and 5% KOH concentrations was not
severe enough to hamper test identification and enumeration.
However, Farooqui et al. [59] reported notable test damage in
samples treated with 5% KOH, even though the arcellinidan
population in treated samples was found to be relatively abun-
dant and diverse. The samples were initially treated in 5%
KOH and later aceytolyzed with acetic acid. In their study,
to test different testate amoebae sample preparation methods,
Hendon and Charman [17] found that acetylation was the
most damaging of all evaluated methods including treatment
using KOH. This suggests that test loss reported by Farooqui
et al. [59] may be attributed to the adverse effects of acetyla-
tion rather than treatment with KOH.

Arcellinidan Test Retention and Faunal Composition

Testing of the selected chemical treatments on the three sam-
ples demonstrates that chemical treatment is beneficial in sam-
ples with high organic content. Comparing treated and un-
treated sample aliquots demonstrated that treatment liberated
a significant proportion of tests from organic colloidal content.

These tests would otherwise be undetected when the samples
were prepared with the standard methods.

The results of the third testing stage revealed that 5% KOH
treatment enhanced arcellinidan test identification and enu-
meration by reducing significant amounts of organic debris
without causing severe damage to arcellinidan tests. This im-
provement in analysis quality was reflected in a notable in-
crease in the total arcellinidan tests identified in the treated
subsamples, with an elevated increase in YK20 subsamples
(median increase percentage = 47.5%) and a more drastic in-
crease in YK57 subsamples (median increase percentage =
452.7%; Fig. 7, Table 3). Similar findings have been reported
in studies that observed notable reductions of organic content
and elevated number of tests identified in KOH-treated sam-
ples (e.g., [17, 58, 59]). The disparity between the total test
counts in control and KOH-treated subsamples confirmed that
a considerable number of tests may be trapped or concealed by
residual organic content when the standard sample preparation
method is employed. Interestingly, the total number of tests
identified in the treated subsamples of YK25 increased slight-
ly (median increase percentage = 14.8%; Fig. 7, Table 3). This
small increase in test retention is expected and is attributed to
the thin coverage of organic detritus in the YK25 subsamples
(Figs. 3, 4, and 5). These results suggest that chemical treat-
ment may only be necessary for samples characterized by
dense organic content (e.g., YK20 and YK57).

The three identified assemblages represented the three an-
alyzed samples and were characterized by a relatively consis-
tent faunal structure (Fig. 6, Table 3, Supplementary Table 1).
Similarly, sub-assemblages identified in this study shared a
relatively consistent arcellinidan composition, differing only
in the concentrations of the dominant arcellinidan taxa, and
uncommon taxa (< 5% relative abundance). These results are
consistent with the findings of Charman et al. [58] who ob-
served relatively consistent faunal structure for the
arcellinidan population identified in 5% KOH-treated sam-
ples. This consistency in the faunal compositions of the iden-
tified assemblages and sub-assemblages suggests that the
chemical treatment is not differentially impacting the faunal
structure of arcellinidan assemblage in general, or certain
arcellinidan taxa in particular. Additionally, the notable reduc-
tion in the median standard error (Sxi) for most total
arcellinidan taxa counts in the treated samples suggest an en-
hanced accuracy of the arcellinidan analysis (Supplementary
Table 2).

Conclusions

We assessed the impact of three chemical deflocculation
methods (soda ash (Na2CO3·H2O), potassium hydroxide
(KOH), or sodium hexametaphosphate ((NaPO3)6) on organic
content reduction and destruction of arcellinidan tests in three
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lacustrine sediment samples. Of the three tested chemical
methods, treatment with 5% KOH was the most effective in
reducing considerable proportions of organic content, which
led to the identification and enumeration of much higher num-
bers of arcellinidan tests.

However, improvement of the total number of arcellinidan
tests retained was more subtle in samples characterized by
reduced organic concentrations to start with, indicating that
chemical treatment is generally only necessary in samples
where both TOC is elevated (e.g., TOC > 20%) and the ob-
served organic content density is high when visually assessed
under a dissecting microscope. The 5% KOH treatment
caused acceptable levels of damage that was neither exclusive
to certain arcellinidan taxa nor severe enough to hamper
arcellinidan analysis. The arcellinidan assemblages and sub-
assemblages identified in 5% KOH-treated and control sub-
samples were characterized by relatively consistent faunal
compositions, indicating that chemical treatment is not severe-
ly impacting the faunal composition of the identified assem-
blages. However, the aggressive nature of KOH treatment,
even at lower concentrations, must be taken into consideration
when samples characterized by fragile or damaged tests are
analyzed.
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