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Abstract 

 

Arcellinida (testate lobose amoebae) were examined from 22 surface-sediment samples collected from homogenous 

environments in eastern Canadian lakes (Lac du Castor Blanc, SW Quebec; Oromocto Lake, SW New Brunswick) 

to: 1) evaluate the faunal consistency of assemblages within the targeted environments; and, 2) assess the 

Arcellinida assemblage response evident in samples collected from Oromocto Lake in 2010 CE (n = 10) and 2012 

CE (n = 6) to inter-annual changes in environmental conditions. Cluster analysis and detrended correspondence 

analysis (DCA), redundancy analysis (RDA), and Bray-Curtis Dissimilarity Matrix (BCDM) were used to identify 

the dominant arcellinidan assemblages, determine physicochemical controls over the Arcellinida distribution, and 

assess the assemblages’ faunal homogeneity, respectively. Cluster analysis, DCA, and BCDM results revealed two 

distinct and relatively homogenous arcellinidan assemblages: 1) Lac du Castor Blanc Assemblage; and 2) Oromocto 

Lake Assemblage, which could further be subdivided into Oromocto Lake 2010 CE (OL10), and 2012 CE (OL12) 

sub-assemblages. RDA results showed that 65.6% of the variance in the arcellinidan distribution could be attributed 

to four significant parameters; sand size fraction (32.1%), calcium (29.2%), manganese (2.7%), and organic content 

(1.5%). The OL10 and OL12 sub-assemblages aligned well with the respective sample collection dates of 2010 CE 

and 2012 CE, with proportions of the healthy-lake-indicating Diffluggiid taxa being higher in OL12, likely due to a 

concurrent slight increase in substrate organic content in the 2012 CE sediments. Our results confirm the faunal 

homogeneity of assemblages in limnologically similar environments, and demonstrate the rapid response of 

Arcellinida assemblages to changes in lake conditions at inter-annual time scales. 

 

Keywords: Lakes, homogenous environments, Arcellinida, assemblage dynamics, inter-annual change, multivariate 

statistics 
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1. Introduction 

 

Arcellinida, also known as testate lobose amoebae (Mitchell et al., 2008), or as thecamoebians (Patterson and 

Kumar, 2002), are a group of shelled benthic protozoans that inhabit most terrestrial freshwater aquatic 

environments (Medioli and Scott, 1988; Patterson and Kumar 2002). The geographical distribution of Arcellinida is 

wide, extending from the tropics (Dalby et al., 2000; Farooqui and Gaur, 2007; Patterson et al., 2015) to the Arctic 

region (Collins et al., 1990; Beyens and Chardez, 1995; Patterson et al., 2015). Within this extensive geographical 

range the group is primarily found in freshwater lakes, rivers, and ponds (Patterson and Kumar, 2002; Neville et al., 

2010; Schwind et al., 2015; Vázquez-Riveiros et al., 2007) and, to a lesser extent, brackish water habitats (Patterson 

et al., 1985; Charman et al., 2000). Arcellinida are distinguished by a test (shell) ranging in size from 5 to 500 μm 

and are either autogenous (i.e. secreted by the organism) or xenogenous (i.e. constructed by the process of 

agglutinating materials like sand grains and diatom frustules), with the latter being of greater use in limnological and 

paleolimnological studies (Patterson and Kumar, 2002). While Arcellinida are most abundant in Holocene terrestrial 

aquatic deposits, their fossil record extends throughout the Phanerozoic (Foissner and Schiller, 2001; van Hengstum 

et al., 2007) and into the Late Neoproterozoic (Porter and Knoll, 2000)  

 The number of studies investigating the reliability of Arcellinida as proxy for variability in lacustrine 

environmental conditions has been steadily growing for the past few decades (e.g., Patterson et al., 1985, Asioli et 

al., 1996; Reinhardt et al., 1998; Neville et al., 2010; Patterson et al., 2013; Steele et al., 2018; Gavel et al., 2018). 

This increased interest in Arcellinida is attributed to: 1) their abundance in lacustrine substrates (500-3000 tests/ml; 

Patterson and Kumar, 2002); 2) their rapid reproduction rates (few days to a week); 3) the durability of their tests, 

which enhances their preservation potential; 4) the relative ease of taxonomic identification compared to other 

lacustrine microfaunal groups (e.g. diatoms); and, 5) their sensitivity to a wide range of environmental parameters. 

These attributes make Arcellinida an ideal tool for monitoring environmental change, human-made or otherwise, in 

lakes. Recent arcellinidan studies have focused on quantifying the relationship between Arcellinida community (i.e. 

assemblages) dynamics and variations in many physicochemical parameters, like lake acidity (Kumar and 

Patterson, 2000), pH variability (Patterson et al., 2013), nutrient loading (Patterson et al., 2012), water quality (Roe 

et al., 2010), land-use changes (Patterson et al., 2002), road salt contamination (Roe & Patterson, 2014) and metal 

mining contamination (e.g., Asioli et al., 1996; Kihlman and Kauppila, 2009; Nasser et al., 2016). Most of these 

studies focused on assessing the response of the group to contemporary (i.e. spatial) or the long-term temporal 

impact of environmental variability. While the body of literature on lacustrine Arcellinida continues to grow, a gap 

remains in our understanding of the relationships between the dynamics of Arcellinida assemblages and short-term 

environmental trends in lakes. 

 The structure of microfaunal communities is in a state of constant change, mainly due to the influences of 

variations in biotic and abiotic factors in the environment (Brown et al., 2001). Environmental variability can occur 

over short- (seasonal and annual) to longer-time scales (subdecadal to thousands of years). Identifying the response 

of a microfaunal community (e.g. Arcellinida) to short-time scale changes is particularly imperative for accurately 

determining: 1) environmental preferences of certain taxa; 2) species and assemblage distributional patterns in 
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different lake ecosystems; and, 3) primary drivers of variability in community structure (Levin, 1992; Thrush et al., 

1997). While the sensitivity of testate amoebae assemblages to annual environmental changes has been frequently 

assessed in mediums like soil (Smith, 1973; Coûteaux, 1976; Laminger et al., 1980; Lousier, 1984), peatlands 

(Mazei and Tsyganov, 2007), rivers (Schwind et al., 2015) and ponds (Roe & Patterson, 2006; Neville et al., 2010), 

similar assessments in lacustrine environments are currently limited (Laminger, 1971; Schönborn, 1992; Foissner, 

1994; Kumar and Patterson, 2000; Farooqui et al., 2012; Davidova and Vasilev, 2013). 

 In this experiment, Arcellinida were examined from 22 surface sediment samples collected  from 

comparable limnological environments (e.g. similar substrates and water depth) in eastern Canadian lakes Lac du 

Castor Blanc (SW Quebec) and Oromocto Lake (SW New Brunswick), to: 1) evaluate the consistency of the faunal 

compositions of Arcellinida assemblages found within the targeted homogenous environments; and, 2) assess the 

dynamics of arcellinidan assemblages in response to inter-annual limnological changes in samples collected from 

Oromocto Lake in 2010 CE (n = 10) and 2012 CE (n = 6). Results from this study provide new insight into the 

sensitivity of Arcellinida to short-term environmental changes, which is critical for confirming the reliability of 

utilizing the group as a tool for monitoring subtle trends of lacustrine environmental change. 

 

2. Study Area  

 

2.1 Lac du Castor Blanc 

 

Lac du Castor Blanc (46.145726°, -76.037677°) is located in SW Quebec, approximately 90 km north of Ottawa in 

the Outaouais region (Figure 1B). The region is geologically part of the Grenville Super group characterised by 

Archean or Early Proterozoic metamorphic rocks hosting stratified zinc and iron deposits (Brown, 1982; Gauthier 

and Brown, 1986). The study area receives an average of 939.9 mm precipitation annually and is characterized by an 

annual temperature of 4.7°C (Environment Canada, 2018a). Areas of tall, high-density evergreens fringe the 

perimeter of the lake, with lower-density patches deciduous trees occurring further away from the lake shore.  

Lac du Castor Blanc is relatively small in size (Area = 152.2 ha) and has an elongated and relatively 

meandering morphology stretching for 3.7 km in the north-south direction (Figure 1B). The lake is situated 174 m 

above sea level, with a river from Lac à Webb draining into its northern basin. Bathymetric information for the lake 

is currently limited and is exclusive to the central western basin, informally referred to as Gracefield Camp Cove 

below, which is characterizing by a water depth ranging from 1.5 m to a maximum depth of 10.5 m (Supplementary 

Table 1). Human development of the area began in 1840 CE when Irish settlers formed a settlement called 

Gracefield south of the lake (Commission de toponymie, Quebec, 2015). A mica mine opened in 1896 CE and was 

in operation until the 1908 CE (Sabina, 1970). The lake has many cottages along the southern shoreline, as well as 

the large Gracefield Christian Camp and Retreat Centre, adjacent to Gracefield Camp Cove.  
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2.2 Oromocto Lake 

 

Oromocto Lake (45.642225°, -66.997384°) is found in SW New Brunswick, in Tweedside, a rural region within the 

greater Harvey area (Figure 1C). The lake is situated in the Saint John River Valley/Highland Foothills (Pronk and 

Allard, 2003). This region has been significantly modified by glacial and melt-water processes and is characterized 

by moderate relief and sand and gravel deposits forming eskers, kames and outwash deltas (Pronk & Allard, 2003). 

Oromocto Lake is at an elevation of 20.7 m above mean sea level. The only sizeable lake inlet is Dead Brook, a 

small stream that drains into Wightman Cove at the north end of the lake. The average precipitation for the study 

area is 1077 mm/year, and an average annual temperature is 5.6°C (Environment Canada, 2018b). The vegetation 

cover around the lake consists of coniferous, broadleaf and mixed wood trees (Hanson, 2014).  

 Oromocto Lake is elongated and widens gradually toward the southern end (Figure 1C). The northeastern 

section of the lake forms an arm that protrudes and tapers eastward. There are two main basins in the open water 

area, a small northern sub-basin (water depth = 8.9 m), and a bigger and deeper (13.5 m) southern basin (Hanson, 

2014).  Samples collected for this study were from Wightman Cove, which is flat-bottomed and draped by soft 

sediment in water depths varying from 2-5 m (Steele et al., 2018). There are a large number of cottages and year-

round homes found within Wightman Cove and elsewhere along the western margin of the lake.  

 

3. Materials and Methods 

 

3.1 Sampling Design and Field Work 

 

 Sixteen surface-sediment samples were collected from stations in Wightman Cove, Oromocto Lake over 

two field seasons in 2010 CE (n=10) and 2012 CE (n=6) to determine if arcellinidan assemblages varied in response 

to subtle inter-annual changes in environmental conditions (Figure 1C). Substrates characterized by relatively 

uniform environmental conditions (e.g. similar water depth and sedimentary composition) were sampled as they are 

often represented by arcellinidan assemblages with a relatively consistent faunal structure (Steele et al., 2018). This 

was a critical component of this experiment as relative homogeneity within both limnological conditions and the 

associated arcellinidan assemblage structure is required to ensure that any identified changes in Arcellinida 

assemblage dynamics can be attributed to short-term environmental variability rather than differences in the sampled 

environment (e.g. littoral vs. open water environments). Following the same site selection criteria used for Oromocto 

Lake, six surface-sediment samples were collected from the limnologically similar Gracefield Camp Cove of Lac du 

Castor Blanc, Quebec in 2010 CE as an outgroup against which to assess the homogeneity and consistency of 

arcellinidan assemblages found in Oromocto Lake. 
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Figure 1.  Map of the study areas. A) map of Canada showing the sampled lakes (yellow circles) in Quebec (light blue highlight) and New Brunswick (Light red 

highlight). B) A map showing the sampled sites (yellow circles) in Gracefield Camp Cove (red square), Lac du Castor Blanc, Quebec, Canada. C) A map 

showing the sampled sites (yellow circles) in Wightman Cove (red square), Oromocto Lake, New Brunswick, Canada.
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 Sample sites were selected using a Lowrance Elit-4x fish finder (depth uncertainty = ± 0.6 m) equipped 

with a bottom hardness indicator, which allowed for identification of muddy substrates where higher proportions of 

Arcellinida often dwell (Patterson and Kumar, 2002). The geographical locations of sampled sites in both lakes were 

determined using a Garmin GPSMPA 76Cx GPS unit (Supplementary Table 1). Water column environmental 

parameters data (e.g., dissolved oxygen [DO], pH, conductivity, and water temperature) were recorded in each lake 

basin, in the deepest sites, at 1m intervals using a YSI Multi-parameter instrument equipped with quatro cables 

(Supplementary Table 1). Both lakes were accessible by road and samples were collected from a small boat using a 

standard Ekman grab sampler. The top 0.5 cm of sediment from each grab, where living arcellinidan populations are 

often found, was retained for analysis.   

 

3.2 Laboratory Analyses 

 

Geochemical, sedimentological and micropaleontological analyses were carried out on sub-samples. The 

geochemical composition of the material was determined using inductively coupled mass spectrometry (ICP-MS: 

1F/AQ250 package) following aqua regia digestion at Bureau Veritas, Vancouver (Supplementary Table 1). Aqua 

regia digestion was chosen  as this method captures the concentration of heavy metals and metalloids that can 

potentially be bioavailable (Nasser et al., 2016; Santoro et al., 2017). 

 Loss-on-ignition (LOI) analysis was carried out following Heiri et al. (2001) on sub-samples to estimate the 

percentage of organic, carbonate, and minerogenic content in the sediment (Supplementary Table 1). Wet sediment 

subsamples (1 cc) were placed in weighed ceramic crucibles, which were subsequently placed in an oven overnight 

(70 C°) to dry. A programmable Fisher Scientific Muffle furnace was then used for the sequential burning of the 

dried sub-samples at 500°C and 950°C in order to calculate the percentage of organic matter and carbonate content 

in each sample, respectively. Data generated by LOI can provide valuable information on sediment sources, surface 

processes such as erosion and lake productivity (Huang et al., 2004). 

 Subsamples were prepared for particle size analysis (PSA) by digesting sub-samples in a heated bath (70 

C°) with 10% HCl and 30% H2O2 to remove carbonate and organic content, respectively (Murray, 2002; van 

Hengstum et al., 2007). Following digestion, sedimentary grain size in each sub-sample was analyzed using a 

Beckman Coulter LS13 320 laser diffraction analyzer fitted with a universal liquid medium (ULM) sample chamber 

over a measurement range between 0.4 and 2000lm. Samples were loaded into the instrument until an obscuration 

level of 103% was attained. GRADISTAT (Version 8) (Blott and Pye, 2001) was used to compile the results 

(Supplementary Table 1). Garnet15 (mean diameter 15 μm: ± 2 μm), an accuracy standard supplied by Beckman 

Coulter, was run once per month. An in-house mud sample (Cushendun Mud; mean diameter = 20.5 μm: ± 0.76 μm) 

was run at the start of every session as a precision control. 

 Arcellinida analysis was carried out on all sub-samples. Five cm3 of wet sediments were sieved through 

297µm and 37µm mesh to remove coarse and fine organic and mineral debris and retain arcellinidan tests. The 

samples were then split into six aliquots using a wet splitter (Scott and Hermelin, 1993) and examined wet in a 

gridded Petri Dish. Arcellinida species and strains in each sub-sample were identified and enumerated using an 
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Olympus SZH dissecting binocular microscope at magnifications ranging between 20-50x until counts of a 

statistically significant number (at least 250 where possible) were obtained following Patterson and Fishbein (1989) 

(Supplementary Table 2). Arcellinida were identified using photomicrographs from the existing literature that utilize 

the ‘strain’ intrasubspecific taxonomic concept (Reinhardt et al. 1998; Roe et al., 2010; Patterson et al., 2012; 

Patterson et al., 2013; Nasser et al., 2016; Steele et al., 2018; Gavel et al., 2018) (Supplementary Table 2). Scanning 

electron microscope (SEM) images of common Arcellinida species and strains were obtained using a Tescan Vega-

II XMU VP SEM at Carleton University. All plates were digitally produced using Adobe Photoshop™ (CC6) 

(Figure 2, Figure 3). 

 

3.3 Statistical Analyses 

 

The probable error (pe) was calculated for each sample using the following formula: 

pe 1.96
𝑠

𝑋
 

where s is the standard deviation of the population count and Xi is the number of counts (i.e. Arcellinida tests) at the 

station being investigated. A sample was deemed statistically insignificant if the probable error exceeded the total 

count for a sample (Patterson and Fishbein, 1989).  

 Standard error (SXi) was calculated for each sample using the following equation: 

𝑆 1.96
𝐹1 1 𝐹1

𝑁
 

where F1 is the fractional abundance of species and Ni is the total number of counts. Species were considered to be 

present in insignificant numbers if the standard error exceeded the total counts for that species in all the samples 

(Fishbein and Patterson 1993). Species with abundances higher than the standard error but are common only in a 

few samples were also removed as their inclusion would complicate the interpretation of ensuing statistical and 

multivariate analyses.  

 The Shannon Diversity Index (SDI; Shannon, 1948) was calculated in RStudio (version 0.98.1028) (R Core 

Team, 2014) to assess arcellinidan diversity as a measure of ecological health in both lakes. Samples were 

considered healthy if the SDI was between 2.5 and 3.5, in transition if SDI was between 1.5 and 2.5, and stressed if 

SDI was below 1.5 (Magurran, 1988; Patterson and Kumar, 2002). The ratio between centropyxid and difflugid 

species was calculated after the approach of Neville et al. (2010) and was used in tandem with SDI as a measure of 

the relative ecological health of the sampled lakes. 

 

3.3.1 Data screening and preparation 

 

To avoid any issues with running the multivariate statistical analysis, data sets used in this study (Arcellinida 

relative abundance, lake parameters, LOI, particle size and ICP-MS) went through a screening process, which 

removed any variables with >25% of data values being: 1) insignificant and, or missing data values; and, 2) above or 
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below instrumental detection limits. Any remaining values below the detection limit were converted to half the 

minimum detection limit, while any value above detection limit was converted to maximum detection limit 

(Reimann et al., 2008). 
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Figure 2: Arcellinina from Lac du Castor Blanc and Oromocto Lake. 1 Arcella vulgaris (Ehrenberg 1830). 2–3 

Centropyxis aculeata (Ehrenberg 1832) stain “aculeata”. 4–5 Centropyxis aculeata (Ehrenberg 1832) stain 

“discoides”. 6–7 Centropyxis constricta (Ehrenberg 1843) stain “aerophila”. 8–10 Centropyxis constricta 

(Ehrenberg 1843) stain “constricta”. 11 Centropyxis constricta (Ehrenberg 1843) stain “spinosa”. 12 Cucurbitella 

tricuspis (Carter 1856). 13–15 Mediolus corona (Wallich 1986). 16–17 Pontigulasia compressa (Carter 1864). 18-

19 Lagenodifflugia vas (Leidy 1874). 20 Lesquereusia spiralis (Ehrenberg 1840). 
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Figure 3: Arcellinina from Lac du Castor Blanc and Oromocto Lake.1 Heleopera sphagni (Leidy 1874). 2 Difflugia 

elegans (Penard 1890). 3 Difflugia bicornis (Penard, 1890). 4 Difflugia urceolata Carter 1864 strain “urceolata”. 5 

Difflugia urens (Patterson, MacKinnon, Scott, and Medioli 1985). 6 Difflugia glans (Penard 1902) strain “glans”. 7 

Difflugia glans (Penard 1902) strain “distenda”. 8 Difflugia glans (Penard 1902) strain “magna”. 9-10 Difflugia 

oblonga (Ehrenberg 1832) strain “oblonga”. 11–12 Difflugia oblonga (Ehrenberg 1832) strain “spinosa”. 13-14 

Difflugia oblonga (Ehrenberg 1832) strain “tenuis”. 15 Difflugia oblonga (Ehrenberg, 1832) strain “lanceolata”. 17 

Difflugia protaeiformis (Lamarck 1816) strain “acuminata”. 18 Difflugia protaeiformis (Lamarck 1816) strain 

“claviformis”. 19 Difflugia protaeiformis (Lamarck 1816) strain “curvicaulis”. 20 Difflugia protaeiformis (Lamarck 

1816) strain “sculpellum”. 
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The screening process resulted in the removal of ten measured parameters, all of which are from the ICP-MS dataset 

(omitted elements: boron [B], tungsten [W], Te [tellerium], Ge [germanium], Hf [Hafnium], Ta [tantalum], In 

[indium], Re [rhenium], Pd [palladium], and Pt [platinum]) 

 A logarithmic transformation was performed on the dataset due to most of the parameters exhibiting a 

strong non-normal distribution (p-value <0.005; n = 39/55 variables). A Hellinger transformation was used on the 

arcellinidan relative abundance data set as it is the recommended method of transformation when performing cluster 

analysis and ordination, especially linear methods like redundancy analysis, on species abundance data (Rao, 1995). 

 

3.3.2 Variables reduction 

 

A Principle Component Analysis (PCA; Pearson, 1901; Hotelling, 1933) plot was employed to evaluate 

redundancies in data to further reduce the number of parameters to be included in constrained ordination.  

 

3.3.3 Cluster analysis 

 

Q-mode and R-mode cluster analysis was carried out on the 33 arcellinidan species and strains in 22 samples 

determined to have statistically significant counts and not missing any values in the environmental data set. Q-mode 

cluster analysis was used to group samples according to similarities in their faunal structure using Ward’s Minimum 

variance method (Ward, 1963; Fishbein & Patterson, 1993), which is recorded as squared-Euclidean distances. R-

mode cluster analysis was used to determine which species and strains (n=33) are most closely associated with each 

other and to determine the faunal composition of the identified Arcellinida assemblages. The statistical significance 

of the identified clusters was calculated using the PVClust package in RStudio statistical software (version 

0.98.1028) (R Core Team, 2014). A two-way cluster analysis heatmap was generated using the cim function of the 

mixOmics package in RStudio.  

 

3.3.4 Detrended Correspondence Analysis (DCA) 

 

Detrended Correspondence Analysis (DCA; Hill, 1979) was used to determine the axil length, necessary for 

selecting the proper constrained ordination method (e.g. redundancy analysis vs. canonical correspondence 

analysis), and to compare similarities between identified Arcellinida assemblages in a multidimensional space. The 

results of DCA revealed that the gradient length of the species data is <2, which indicate that redundancy analysis is 

the appropriate ordination analysis for this data set.  

 

3.3.5 Redundancy analysis (RDA) 

 

Redundancy analysis (RDA; van den Wollenberg, 1997) was used on the 22 samples and 33 statistically significant 

species 
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and strains to assess and quantify the relationship between Arcellinida assemblages and the reduced measured 

variables. Redundancy analysis provided insight for interpreting the cluster analysis and the DCA results as it 

determines possible drivers of the variance in the arcellinidan distribution. Moreover, partial RDA coupled with 

variance partition provided an additional qualification of the proportion of the variance in the Arcellinida data set 

that can be attributed to the measured parameters. Variables with a p-value <0.05 were deemed to significantly 

contribute to the variance in the Arcellinida assemblages. 

 

3.3.6 Bray-Curtis Dissimilarity Matrix (BCDM) 

 

Bray-Curtis Dissimilarity Matrix (BCDM; Bray and Curtis, 1957) was performed on both the arcellinidan relative 

abundance and physicochemical parameters data sets to assess the faunal homogeneity of the identified assemblages 

by determining the level of dissimilarity between samples representing each assemblage. Additionally, BCDM was 

also used to confirm whether environmental conditions and arcellinidan assemblages differed between 2010 and 

2012 in Oromocto Lake (Supplementary Table 3). 

 

4. Results 

 

4.1 Lake Parameters 

 

Samples obtained from Gracefield Camp Cove in Lac du Castor Blanc are mostly from relatively shallow water 

depth (1.5-3.5 m; Supplementary Table 1). The lake has a median surface water pH and conductivity of 8.8 and 

165µm/S, respectively (Supplementary Table 1). Water temperature measurements recorded in deeper water (10.5 

m) indicate that thermal stratification develops during the summer months with a thermocline at 8.5 m water depth 

(Supplementary Table 4). However, the stratification must only be fully developed for a short time each year as the 

lake bottom waters were well oxygenated (DO levels = 12.07 µm/l; Supplementary Table 4).  

 As in the case of Gracefield Camp Cove, Lac du Castor Blanc, the bathymetry within Wightman Cove in 

Oromocto Lake is relatively shallow (2-5 m), with the exception of sample O16, which was collected from a water 

depth of 7 m (Supplementary Table 1). The surface of the lake is characterized by notably lower pH (7.44) and 

conductivity (21.1µm/S) compared to levels recorded at Lac du Castor Blanc (Supplementary Table 1). The 

prevailing W-SW wind direction and large fetch across Oromocto Lake results in the lake being unstratified with 

respect to dissolved oxygen (surface= 2.4 µm/l, bottom=2.2 µm/l) and water temperature (surface= 25°C, bottom= 

24°C; Supplementary Table 4).  

 

4.2 Textural and organic matter characteristics 

 

Textural and organic matter characteristics of study samples are listed in Supplementary Table 1. Samples from Lac 

du Castor Blanc are characterized by relatively low levels of organic matter (median = 2.7%; n = 6), carbonates 
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(median = 1.6%; n = 6) and minerogenic content (median = 3%; n = 6). The proportions of organic matter present at 

Oromocto Lake were similarly low (median = 2.4%; n = 16) and were further characterized by lower carbonate 

(median = 0.3%; n = 16) and higher minerogenic content (median = 19.2%; n=16) compared to Lac du Castor Blanc. 

Sediments from the sampled coves in both lakes are dominated by silt (Lac du Castor Blanc median = 79.2%, n = 6; 

and, Oromocto Lake median = 59.1%; n=16) with Oromocto Lake sediments having notably more sand (median 

sand% = 32.9%, n = 16; Lac du Castor Blanc median sand= 13.2%; n=6).    

 

4.3 Identified Arcellinida Assemblages and Primary Controls 

 

Thirty-four arcellinidan species and strains were identified in twenty-two samples. All samples were found to have 

statistically significant arcellinidan counts and none were removed from statistical analysis. Out of 34 identified 

species and strains, 33 occurred in statistically significant numbers with only one taxon, Heleopera sphagni (Leidy 

1874), yielding statistically insignificant number of tests.  

 Interpretation of the two-way cluster analysis “heatmap” revealed two distinct assemblages: 1) Lac du 

Castor Blanc Assemblage (LCA) (statistical significance = 99% [> 2 δ] ; n = 6); 2) Oromocto Lake Assemblage 

(OLA) (statistical significance = 94% [> 2 δ] ; n = 16), which was further divided into the Oromocto Lake 2010 

Sub-Assemblage (OL10; statistical significance = 92% [> 2 δ]; n = 10), and Oromocto Lake 2012 Sub-assemblage 

(OL12; statistical significance = 90% [> 2 δ]; n = 6) as shown in Figure 4. The two-way cluster analysis heatmap, 

however, revealed five outliers that were exclusive to OLA (O4, O5, O6, O7, and O11) (Figure 4). Samples O4, O6 

and O7 were collected during the 2010 field season but clustered separately from the remaining 2010 sample at a 

high level of statistical confidence (91% [> 2 δ]). The faunal composition of the three samples, however, were 

highly similar to that of the samples definitively comprising OL10, differing only in the proportions of minor 

arcellinidan taxa (relative abundance < 1.2%). Therefore, the three samples were considered to be part of the OL10 

sub-assemblage in this study. Sample O5 grouped with the samples collected during the 2012 samples, even though 

it was collected in 2010, while sample O11 that grouped most closely to the OL10 samples despite being collected 

in 2012 (Figure 4). The presence of some overlap between the sub-assemblages would be expected given the 

temporal and spatial nature of the study.    

 Results of the DCA revealed arcellinidan assemblages similar to those identified using Q- and R-mode 

cluster analysis (Figure 5). The DCA bi-plot also revealed a notable overlap between the samples of OL10 and 

OL12, particularly with samples O2, O3, and O5 plotting closely to the OL12 sub-assemblage (Figure 5). 

Redundancy Analysis results were consistent with both cluster analysis and DCA in that the same assemblages and 

sub-assemblages were observed in the RDA tri-plot (Figure 6A). Redundancy analysis showed that axis 1 explained 

most of the variance in the Arcellinida assemblages (60%; p<0.001). Along with PCA, RDA facilitated the 

reduction of the number of parameters to be included, by identifying four measured variables that collectively 

explain a major proportion of the variance in the identified assemblages (65.6%; Figure 6B). Of the four variables,  
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Figure 4. Combined Q-mode and R-mode cluster heatmap for the 22 samples and 33 statistically significant species 

and strains. Two faunal assemblages, and two sub-assemblages, are indicated. The colored squares (gradient of red) 

reflect the relative abundances of the Arcellinida species and strains. The statistical significance of the identified 

assemblages, as determined by using PVClust values, is displayed next to the assemblages (red number). AV = Arcella 

vulgaris; CAA = Centropyxis aculeata ‘‘aculeata’’, CAD = Centropyxis aculeata ‘‘discoides’’, CCA = Centropyxis 

constricta ‘‘aerophila’’, CCC = Centropyxis constricta ‘‘constricta’’, CCS = Centropyxis constricta ‘‘spinosa’’, CT= 

Cucurbitella tricuspis, CK = Cyclopyxis kahli, DB = Difflugia bidens, MC = Mediolus corona, DGG = Difflugia 

glans “glans”, DGM = Difflugia glans “magna”, DGD = Difflugia glans “distenda” , DOB = Difflugia oblonga 

“bryophila”, DOL = Difflugia oblonga “lanceolata”, DOL = Difflugia oblonga “linearis”, DOO = Difflugia oblonga 

“oblonga”, DOS = Difflugia oblonga “spinosa”, DOT = Difflugia oblonga “tenuis”, DP = Difflugia protaeiformis, 
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DA = Difflugia acuminata, DCL = Difflugia claviformis; DCUR = Difflugia curvicaulis; DSC = Difflugia scalpellum; 

DAI = Difflugia acuminate “immanata; DAB = Difflugia acuminate “bicornis”, DUU = Difflugia urceolata 

“urceolata”, DUE = Difflugia urceolata “elongata”, DU = Difflugia urens, DE = Difflugia elegans, LV = 

Lagenodifflugia vas, LS = Lesquereusia spiralis, PC = Pontigulasia compressa.  
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Figure 5: Detrended correspondence analysis (DCA) showing the results for the two Arcellinida assemblages and 

two sub-assemblages in multidimensional space.
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Figure 6: (A) Redundancy Analysis (RDA) species-environment-sample tri-plot for the 22 surface-sediment samples that yielded statistically significant 

proportions of 33 Arcellinida taxa. The tri-plot also shows the assemblages and sub-assemblages and their relationship with the measured variables. (B) Partial 

Redundancy Analysis (pRDA) with variance partitioning test showing the percentage variance in the Arcellinida data set that is explained by the measured variables. 

AV = Arcella vulgaris; CAA = Centropyxis aculeata ‘‘aculeata’’, CAD = Centropyxis aculeata ‘‘discoides’’, CCA = Centropyxis constricta ‘‘aerophila’’, CCC = 
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Centropyxis constricta ‘‘constricta’’, CCS = Centropyxis constricta ‘‘spinosa’’, CT= Cucurbitella tricuspis, CK = Cyclopyxis kahli, DB = Difflugia bidens, MC 

= Mediolus corona, DGG = Difflugia glans “glans”, DGM = Difflugia glans “magna”, DGD = Difflugia glans “distenda” , DOB = Difflugia oblonga “bryophila”, 

DOL = Difflugia oblonga “lanceolata”, DOL = Difflugia oblonga “linearis”, DOO = Difflugia oblonga “oblonga”, DOS = Difflugia oblonga “spinosa”, DOT = 

Difflugia oblonga “tenuis”, DP = Difflugia protaeiformis, DA = Difflugia acuminata, DCL = Difflugia claviformis; DCUR = Difflugia curvicaulis; DSC = Difflugia 

scalpellum; DAI = Difflugia acuminate “immanata; DAB = Difflugia acuminate “bicornis”, DUU = Difflugia urceolata “urceolata”, DUE = Difflugia urceolata 

“elongata”, DU = Difflugia urens, DE = Difflugia elegans, LV = Lagenodifflugia vas, LS = Lesquereusia spiralis, PC = Pontigulasia compressa.  



26 
 

sand particle size (32.1%) and calcium (Ca) (29.2%) explained the majority of the total variance (61.3%; p-

value=0.001). In comparison, manganese (Mn) (2.7%) and organic content (1.5%) are less significant (p-value 

>0.001), explaining a notably lower portion of the total variance (4.3%) (Figure 6B).  

 

4.4 Description of Identified Arcellinida Assemblages 

 

4.4.1 Lac du Castor Blanc Assemblage ‘LCA’ (n=6) 

 

The faunal structure of the Lac du Castor Blanc Assemblage (LCA) was dominated by Centropyxis constricta 

(Ehrenberg 1843) strain "aerophila" (median relative abundance = 44.8%), C. constricta (Ehrenberg 1843) strain 

"constricta" (median relative abundance = 19.7%), and C. constricta (Ehrenberg 1843) strain "spinosa" (median 

relative abundance = 10.2%; Supplementary Table 5). Other centropyxids like C. aculeata (Ehrenberg 1832) strain 

“aculeata” (median relative abundance = 2.4%) and C. aculeata (Ehrenberg 1832) strain “discoides” (median 

relative abundance = 2.3%) were also present but in low proportions. The dominance of centropyxid species and 

strains was illustrated by low D/C ratios characterizing the samples of LCA (0.044-0.15; Supplementary Table 5). 

The assemblage was also characterized by notable number of Cucurbitella tricuspis (Carter 1832) (median relative 

abundance = 11.2%). The measured SDI for samples comprising LCA (SDI range = 1.3-2) was reflective of low to 

moderate diversity and stressed to transitional environmental conditions (Supplementary Table 5). Samples 

comprising the LCA were collected close to shore in relatively shallow water depth (1.5-3.5m; Figure 1B). These 

samples were retrieved from silt-dominated (median silt% = 79.2%) substrates characterized by relatively low 

organic contents ranging between 2.2-2.9% (Supplementary Table 5).    

 Q-mode cluster analysis and DCA results indicated that LCA was highly distinguishable from the 

Oromocto Lake assemblage (Figures 4, 5). The results of RDA tri-plot show that LCA correlates positively with Ca, 

and negatively with the sand particle fraction and Mn (Figure 6A). 

 

4.4.2 Oromocto Lake Assemblage ‘OLA’ (n=16) 

 

Unlike the LCA, the Arcellinidan composition of the Oromocto Lake assemblage (OLA) was dominated by 

Difflugia oblonga Ehrenberg 1832 strain “oblonga” (median relative abundance = 15.9%), and D. oblonga 

Ehrenberg 1832 strain “tenuis” (median relative abundance = 11.2%; Supplementary Table 5).  Of the centropxiid 

species and strains, only C. constricta (Ehrenberg 1843) strain "aerophila" (median relative abundance = 10.3%) 

was present in high proportions. Other common species included D. elegans (median relative abundance = 7%), 

Lesquereusia spiralis (median relative abundance = 6.8%), C. tricuspis (Carter 1832) (median relative abundance = 

6.5%), D. glans (Penard 1902) strain “glans” (median relative abundance = 5.5%; Supplementary Table 5). The 

assemblage was highly diverse (SDI= 2.47-2.81) and had a high proportion of difflugids (D/C ratio= 1.5-3.2; 

Supplementary Table 5). Samples of the OLA were collected from substrates that were silt-dominated (median silt% 
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= 59%) but contained higher proportions of sand (median sand% = 32.9%). Compared to Lac du Castor Blanc, 

Oromocto Lake sediments have slightly higher levels of organic content (1.9-3.99%; Supplementary Table 5).  

 The DCA bi-plot showed samples comprising the OLA clustering distinctly from the LCA samples. While 

the OLA samples were grouped closely, their grouping was not as tight as that of the LCA samples (Figure 5). The 

RDA tri-plot showed that samples of OLA correlated positively with the sand size fraction, Mn, and organic content, 

and negatively with Ca (Figure 6A). 

 

 4.4.3 Oromocto Lake 2010 Sub-Assemblage ‘OL10’ (n=8) 

 

The faunal composition of the Oromocto Lake 2010 sub-assemblage (OL10) was dominated by Difflugia oblonga 

Ehrenberg 1832 strain “oblonga” (median relative abundance = 15.6%) and D. oblonga Ehrenberg 1832 strain 

“tenuis” (median relative abundance = 10%; Supplementary Table 5). Other common species included C. tricuspis 

(Carter 1832) (median relative abundance = 6.4%), D. glans (Penard 1902) strain “glans” (median relative 

abundance = 4.5%), and D. oblonga Ehrenberg 1832 strain “linearis” (median relative abundance = 3.8%). 

Centropyxid taxa were present but in low proportions as only C. constricta (Ehrenberg 1843) strain "aerophila" 

(median relative abundance = 13.2%) were present in notable numbers (Supplementary Table 2). This assemblage 

was diverse (SDI= 2.47-2.81) and had a high proportion of difflugids (D/C ratio= 1.5-3.2). Samples of this 

assemblage were collected from silt-dominated substrates (median silt% = 59%) except for sample O2 that was 

collected from silty substrates with notably high percentage of sand (median sand% = 59.1%). Oromocto Lake 

sediments have slightly higher levels of organic content (1.9-2.8%) and Mn (median Mn concentration = 1522 ppm) 

relative to the Lac du Castor Blanc material. (Supplementary Figure 5).  

 While samples comprising OL10 were seen grouping closely on the DCA plot, samples O2, O3, and O5 

appeared to overlap with the Oromocto Lake 2012 sub-assemblage (Figure 5). Redundancy Analysis results revealed 

a positive association between OL10 samples and Mn, Sand particle size, and a negative one with Ca (Figure 6). 

 

4.4.4 Oromocto Lake 2012 Sub-Assemblage ‘OL12’ (n=8) 

Similar to what was observed in sub-assemblage OL10, the faunal composition of the Oromocto Lake 2012 sub-

assemblage (OL12) was diverse with SDI measurements indicative of relatively healthy environmental conditions 

(SDI range = 2.53-2.81) and D/C ratios reflective of the dominance of difflugiid taxa (D/C ratio = 1.4-5.1). The 

samples of this sub-assemblage were dominated D. oblonga Ehrenberg 1832 strain “oblonga” (median relative 

abundance = 17%), and D. oblonga Ehrenberg 1832 strain “tenuis” (median relative abundance = 17%). Species 

like C. tricuspis (Carter 1832) (median relative abundance = 8.8%), and D. glans (Penard 1902) strain “glans” 

(median relative abundance = 7.6%) were also common members of the sub-assemblage. Members of the genus 

Centropyxis were present in sub-assemblage OL12 in low numbers. Samples comprising this sub-assemblage were 

acquired in the 2012 field season and were collected from water depths ranging from 2 m to 7 m. Compared to sub-

assemblage O10, samples comprising sub-assamblage OL12 were characterized by a small, yet notable, increase in 
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organic content (2.2-3.9%) and slightly lower Mn concentrations (median Mn concentration = 1177.5 ppm; 

(Supplementary Table 5).  

 The results of DCA were in agreement with the two-way cluster analysis heat map and showed samples of 

sub-assemblage OL12 loading tightly in multidimensional space (Figures 4, 5). Similar to what was observed with 

sub-assemblage OL10, the RDA plot showed that sub-assemblage OL12 correlating positively with organics and 

sand particle size, and negatively with the Ca (Figure 6).    

 

5. Discussion 

 

5.1 Arcellinida assemblage homogeneity 

 

Cluster analysis revealed two distinct arcellinidan assemblages, with one assemblage found in Lac du Castor Blanc 

(LCA) and the other in Oromocto Lake (OLA). The significant difference in the faunal composition and diversity of 

both assemblages reflected the different limnological conditions in both lakes. The LCA reflects stressed to 

transitional environmental conditions in Lac du Castor Blanc, while the OLA is indicative of healthier conditions. 

More specifically, the low diversity LCA (SDI range = 1.3-2) is dominated by opportunistic centropyxid species and 

strains (median D/C = 0.08) (Medioli and Scott, 1988; Patterson et al., 1996; Reinhardt et al., 1998). Conversely, the 

diverse OLA (SDI range = 2.4-2.8) is characterized by abundant difflugiid taxa and C. tricuspis (median D/C = 2.4), 

which are known to thrive in organic rich substrates and healthy environmental conditions (Collins et al., 1990).  

 While the arcellinidan structure of both assemblages differed significantly, the faunal composition of 

samples characterizing each assemblage were relatively homogenous. Cluster analysis and PVClust results provide 

support for this assessment and with samples comprising each assemblage grouping closely with a high degree of 

statistical significance (LCA = 99% [>2 δ]; OLA = 94% [>2δ]) (Figure 4). As expected, DCA and RAD plots 

revealed a notable separation between the LCA and OLA, as well as a close association of centropyxiids with the 

LCA and difflugiids with the OLA (Figure 5, 6A). The Bray-Curtis dissimilarity matrix provided further 

confirmation of the distinction between both assemblages and uniformity of their faunal composition 

(Supplementary Table 3). Samples comprising each assemblage had low dissimilarity (<0.3) values, in terms of the 

measured parameters and arcellinidan assemblage composition, and higher dissimilarity values when the LCA and 

OLA were compared (>0.3) (Supplementary Table 3). These results supported the findings of Steele et al. (2018) 

who confirmed the uniformity of arcellinidan assemblages in closely spaced samples collected from relatively 

homogenous limnological environments. 

 

5.2 Controls over Arcellinida assemblage composition 

 

While the RDA analysis revealed four significant measured parameters that collectively explained 65.6% of the 

variance recognized in the arcellinidan distribution, a considerable portion of the variance was explained by two 

variables: sand size fraction (32.1%) and Ca (29.2%; Figure 6B). This result is expected as values for these 
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parameters exhibited the highest variance amongst all the measured variables in both lakes (Supplementary Table 1). 

The sedimentary composition of lacustrine substrates has been shown to influence the faunal distribution of 

Arcellinida, with healthy and abundant assemblages often dwelling in silt- to mud-dominated substrates, while stress 

assemblages characterize sand-dominated substrates, where populations of bacteria and other prey in these generally 

higher energy environments are reduced (Dalby et al., 2000; Roe and Patterson, 2006; Steele et al., 2018). A major 

difference in the sedimentary composition between the basins examined was that sediment samples from Oromocto 

Lake had higher levels of sand (median sand% = 32.9%; n = 16) compared to the Lac du Castor Blanc samples 

(median sand% = 13.2%; n = 6; Supplementary Table 5). However, the sedimentary composition of the OLA was 

still dominated by the silt size fraction (median silt% = 59.1%; n = 16), which may account for the high faunal 

diversity in the OLA samples.  

 Calcium concentrations were particularly high in Lac du Castor Blanc (median Ca = 212150 ppm; n = 6) 

and comparatively lower in Oromocto Lake (media Ca = 2250 ppm; n = 16; Supplementary Table 5). The RDA plot 

reveals a strong association between the LCA, stress-indicating arcellinidan taxa (centropyxiids) and Ca along the 

first RDA axis (Figure 6A). High dissolved Ca concentrations in water can elevate pH levels, which may explain 

why the pH level of Lac du Castor Blanc (median pH = 8.88) is significantly higher than that of Oromocto Lake 

(median pH = 7.35). The variability of pH in lakes has been shown to impact the distribution of Arcellinida (Kumar 

and Patterson, 2000; Patterson and Kumar, 2002; Patterson et al., 2013). Therefore, the elevated pH in Lac du Castor 

Blanc may have contributed, along with other confounding variables, to stressing the more sensitive and specialized 

arcellinidan taxa (e.g. difflugiid species and C. tricuspis), thus providing a possible explanation for the relatively 

low D/C ratios characterizing the LCA. 

 Compared to sand particle size and Ca, the remaining contributing variables (Mn, and organic content) 

explain a significantly lower proportion of the total variance in the arcellinidan distribution. This reduced apparent 

contribution is attributed to the low variance in Mn concentrations and organic content across the dataset 

(Supplementary Table 1). Both variables, especially Mn, exhibited a relatively stronger influence on the distribution 

of Arcellinida in Oromocto Lake compared to Lac du Castor Blanc. Manganese is a redox-sensitive element that is 

common within the earth’s crust and highly soluble in surface and ground waters (Delfino et al., 1968).  The study 

area in Wightman Cove of Oromocto Lake is adjacent to an anticline along the western margin composed of 

fossiliferous Carboniferous sandstones and conglomerates. These rocks host Mn nodules (Robb, 1968), which 

dissolve and are carried by groundwater outflow through the many springs found along the western shore and within 

the lake. The Mn concentrations are higher toward the western side of the cove, suggesting that these springs are the 

most likely source of this assemblage control. While Mn is an essential micronutrient for lake biota (NAS, 1977; 

CWQG, 1987) it can be toxic when present in high concentrations (Fales and Ohki, 1982; Davies and Brinkman, 

1994). As Canadian Interim Sediment Quality Guidelines (ISQG) are yet to be established for Mn, it cannot be used 

to assess whether levels of Mn in Oromocto Lake are high enough to have any adverse effects on the arcellinidan 

community. However, the high diversity of OLA (SDI = 2.4-2.8) reflects healthy environmental conditions, 

indicating that although Mn seems to influence the arcellinidan community in the lake, its impact is most likely not 

deleterious.  
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5.3 Arcellinida assemblage dynamics in response to inter-annual environmental variability 

 

In addition to the identification of two primary arcellinidan assemblages, one each in Oromocto Lake and Lac du 

Castor Blanc, the recognition of two distinct sub-assemblages in Oromocto Lake (OL10 and OL12 sub-assemblages 

collected through two sampling seasons in 2010 CE and 2012 CE respectively) warrants special attention. The 

difference between sub-assemblages was driven by changes in the relative abundance of D. oblonga “oblonga”, and 

D. oblonga “tenuis” which underwent a small, yet notable, increase in relative abundance in sub-assemblage OL12 

(median relative abundance = 17% and 17.1%, respectively; n = 6) compared to sub-assemblage O10 (median 

relative abundance = 15.6% and 10%, respectively; n = 10; Supplementary Table 5). There was also a concurrent 

decline in the proportion of centropyxiid species and strains in sub-assemblage OL12. Ecosystems with higher 

proportions of difflugiid species and strains have previously been correlated with organic-rich substrates and 

relatively healthy environmental conditions (Collins et al., 1990). The increase in the proportions of difflugids here 

is similarly attributed to a small but significant increase in the levels of organic content in Wightman Cove between 

2010 CE (median organic content = 2.4%; range = 1.9-2.8%) and 2012 CE (median organic content = 2.8%; range = 

2.2-3.9%). These results are in agreement with the findings of Steele et al (2018), who reported a similar association 

between the increase of both organic content of sediments from Wightman Cove, which by 2016 CE had increased 

significantly to a median organic content of 15.3%, and the abundance of difflugiids taxa, particularly D. oblonga 

“oblonga” (median relative abundance = 22.8%; range = 19-26%).  The results presented here provide clear 

evidence of the sensitivity and responsiveness of Arcellinida assemblages to inter-annual changes in environmental 

conditions, and elucidates the potential of using the group as a reliable tool for monitoring subtle temporal 

limnological variability in lakes.  

 

6. Conclusions  

 

In this  experiment Arcellinida species and strains from 22 surface-sediment samples from similar limnological 

environments in the Gracefield Camp Cove, Lac du Castor Blanc and Wightman Cove, Oromocto Lake were used 

to: 1) evaluate the similarity of Arcellinida assemblages found in similar limnological environments; and 2) assess 

inter-annual arcellinidan assemblage dynamics that developed in response to subtle temporal changes in 

environmental conditions that in turn developed in the same area of Wightman cove between 2010 CE (n=10) and 

2012 CE (n=6).  

Statistical (cluster analysis and BCDM) and ordination analyses (DCA and RDA) were used to characterize 

the arcellinidan assemblages identified in each lake, and to quantify the response of individual taxa and assemblages 

to variations in sedimentary geochemistry, organic content, and relative abundance of mud, silt and sand. The Q- 

and R-mode Cluster analysis and DCA revealed that despite broad limnological similarities, the two lakes hosted 

distinct arcellinidan assemblages, the LCA and OLA, characterized by a relatively homogenous faunal structure in 

each. RDA analysis revealed that assemblage composition was most significantly controlled by four 

physicochemical parameters, which explained 65.6% of the total variance: sand size fraction; Ca; Mn; and organic 
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content. The PVClust analysis supported by BCDM support the interpretation of distinct sub-assemblages OL10 and 

OL12 developed in the years 2010 CE and 2012 CE within the same region of Wightman Cove, Oromocto Lake. 

The OL12 sub-assemblage was characterized by higher proportions of the healthy-lake-indicating diffluggiid taxa. 

We hypothesize that a slight increase in lake productivity as indicated by an increase in organic content of sediments 

between 2010 CE and 2012 CE contributed to the arcellinidan assemblage change. 

Results of this study demonstrate that there is a general homogeneity of assemblages found in lakes or 

contained sub-basins that are characterized by similar limnological conditions, which is of importance when 

designing sampling strategies for intra- and inter-lake research projects.  The observation that subtle inter-annual 

changes in arcellinidan assemblage in Wightman Cove was recognizable provide confirmation that Arcellinida can 

be successfully deployed as a tool for monitoring limnological change at short-term time scales in lacustrine 

research. 
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