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Abstract  

Arcellinida (testate lobose amoebae), a group of benthic protists, were examined from 46 

sediment-water interface samples collected from oligotrophic Oromocto Lake, New Brunswick, 

Canada. To assess (1) assemblage homogeneity at a sub-meter spatial scale, and (2) the necessity 

for collecting samples from multiple stations during intra-lake surveys, multiple samples were 

collected from three stations (quadrats 1, 2 and 3) across the north basin of Oromocto Lake, with 

quadrat 1 (n=16) being the furthest to the west, quadrat 2 (n=15) situated closer to the center of 

the basin and quadrat 3 (n=15) positioned 300 m south of the mouth of Dead Brook, an inlet 

stream. Results from cluster analysis and Non-metric Multidimensional Scaling (NMDS) 

analysis identified two major Arcellinida assemblages, A1 and A2, the latter containing two sub-

assemblages (A2a and A2b). Redundancy Analysis and Variance Partitioning results indicated 

that seven statistically significant environmental variables (K, S, Sb, Ti, Zn, Fe, and Mn) 

explained 41.5% of the total variation in the Arcellinida distribution. Iron, Ti and K, indicators of 

detrital runoff, had the greatest influence on assemblage variance. The results of this study reveal 

that closely spaced samples (~10 cm) in an open-water setting are comprised of homogenous 

arcellinidan assemblages, indicating that replicate sampling is not required. The results, however, 

must be tempered with respect to the various water properties and physical characteristics that 

comprise individual lakes as collection of several samples may likely be necessary when 

sampling multiple sites of a lake basin characterized by varying water depths (e.g. littoral zone 

vs. open water), or lakes impacted by geogenic or anthropogenic stressors (e.g. eutrophication, or 

industrial contamination).  

Key words: Arcellinina, Lake sediments, New Brunswick, Intra-lake survey, Sub-meter scale sampling, 

Multivariate analysis.  
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Introduction 

Arcellinida (also known as testate lobose amoebae) are a group of unicellular benthic 

protozoans that is abundantly preserved in lake sediments from the equator to poles (e.g. [1-12]). 

While the group is most commonly described in Holocene lacustrine sediment records [13], its 

fossil record extends through the Phanerozoic and into the Neoproterozoic [14-16]. Arcellinida 

are mainly found in freshwater habitats (e.g. lakes, rivers and ponds; [1-13]) and, to a lesser 

extent, in brackish water settings, including tidal marshes [17, 18]. The beret- or sac-like shaped 

tests (shells) of Arcellinida are either autogenous (secreted by the organism) or xenogenous 

(comprised of agglutinated grains obtained from the substrate), and range from ca. 30-300 µm in 

size [19]. Through the last few decades, Arcellinida have become important environmental 

indicators in lacustrine studies due to their abundance in organic-rich sediments, rapid 

reproduction time (days to weeks), resistivity of their tests to decay and their sensitivity to a wide 

range of environmental variables (e.g. pH, water temperature, salinity, eutrophication, and 

pollutants; [19]).  

Arcellinida analyses are used to characterize ecosystem variability either within a lake 

(intra-lake) (e.g. [1-5, 7-11, 13-15, 20]) or between several lakes (inter-lake) (e.g. [4, 6, 7, 10, 

11]). Intra-lake studies are useful for characterizing spatial patterns on a small-scale, while inter-

lake studies are typically designed to provide information on a landscape scale. To enhance the 

quality of such spatial surveys, researchers strive to incorporate three critical components in their 

research design: (1) high quality and high-resolution sample recovery and data acquisition; (2) 

rapid collection and analysis of spatial data; and (3) cost-effectiveness. In reality, only one or 

two of these components is achieved as sampling a large number of lakes is generally laborious 

and is controlled by several constraints (e.g. limited time, resources, and/or budget). This is 
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particularly true in many inter-lake studies where only one or two samples are collected from 

each lake under the assumption that one sample is an adequate representation of the lake 

environmental conditions [4, 12, 20, 21].  

While intra-lake surveys are controlled by the same aforementioned constraints, 

researchers are often able to collect samples from multiple stations as moving from site to site 

within a lake is logistically easier than moving equipment between lakes. Such stations are 

usually distributed to maximize the spatial coverage and thus enhance the potential of capturing 

spatial environmental gradients across the sampled lake. In both inter- and intra-lake surveys, the 

collection of replicate samples from each station is often neglected as it is assumed that one 

sample is adequate to capture an Arcellinida assemblage composition representative of each 

station. However, when the aim of the study is to assess environmental gradients or the lake 

health using benthic bio-indicators, a patchy distribution of taxa could negatively influence 

assemblage characterization if an inadequate number of samples have been collected [22]. For 

example, studies carried out on marine benthic foraminifera, an allied group to Arcellinida, have 

demonstrated that the group often displays a patchy ecological distribution on relatively 

homogenous substrates, even at the sub-meter scale, which means that replicate sampling is often 

required to capture assemblage variability [22]. To test the validity of collecting a single sample 

from each station in intra-lake studies, Arcellinida assemblage homogeneity must be assessed at 

sub-meter scale in order to confirm, or refute, whether replicate samples are required to capture a 

representative assemblage composition. Although intra-lake surveys could easily be designed to 

test this assumption, this line of research has to date not been explored by arcellinidan 

researchers. Additionally, only a small number of Arcellinida-based intra-lake surveys currently 

exist, none of which were conducted at a sub-meter scale (e.g. [2, 3, 7]). 
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The research presented in this paper is designed to assess whether Arcellinida show 

patchy distribution at sub-meter resolution and whether replicate sample collection at individual 

sample stations in a lacustrine open-water setting is required. The results of this research have 

implications for the development of future inter- and intra-lake sampling protocols involving 

assessment of arcellinidan faunas. 

 

Study Area 

Oromocto Lake is an oligotrophic lake located in SW New Brunswick, in the Tweedside district 

of the rural community of Harvey and is situated within the Saint John River Valley/ Highland 

Foothills [23]. The north basin of Oromocto Lake is characterized by a silty-mud substrate with 

varying aquatic vegetation cover and a small stream, Dead Brook, inflowing from the NE. The 

substrate variability observed in the north basin of Oromocto lake made it a suitable environment 

to: 1) test homogeneity (sample reproducibility) of arcellinidan assemblages obtained from 

closely spaced samples within relatively small one m2 quadrats; and 2) determine whether single 

or multiple samples are required from each station to generally characterize the Arcellinida 

faunas found in open water lake habitats with modest variation in submerged vegetation cover 

and additional influences, such as an inlet stream.  
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Materials and Methods 

Study Design and Field Methods 

Forty-six sediment-water-interface samples were collected using a purpose built 1-m2 quadrat 

(5x5 grid) from three stations in the north basin of Oromocto Lake in August 2016 (Figure 1, 

Figure 2). Each quadrat was partitioned into 25 square grids in order to facilitate high-resolution 

10 cm replicate sample spacing. The siting of each quadrat within the basin was carefully 

determined in order to capture the full range of environmental heterogeneity in the open-water 

area of the basin. A YSI Professional Plus multiparameter instrument was used, at each site, to 

record changes in several water property parameters (e.g. pH, water temperature [°C], 

conductivity [µs], and dissolved oxygen [DO mgL-1]), all of which were found to be consistent 

across the basin. Therefore, the primary variables used in site selection were submerged aquatic 

vegetation cover and water depth. Sample stations were accessed by boat, with quadrat partitions 

being subsampled using SCUBA (RT Patterson was the diver), the only practical option for 

accurate, high-resolution sampling at <1 m2 scale (Figure 2). The location of each sample station 

was logged using a Garmin 76CSx GPS, and substrate characteristics and water depth were 

assessed using LowranceHDS-7 side-scan sonar. Quadrat 1 (Q1; 45.641127°N, -66.999987°W), 

characterized by the shallowest water depth (3 m) of the three quadrants, was located furthest 

west in an area where there was nearly complete coverage (~92%) of the substrate by vegetation. 

Quadrat 2 (Q2; 45.641914°N, -66.997589°W) was positioned in the middle of the basin in 

deeper water (5 m) with slightly less vegetation cover (~66%). Quadrat 3 (Q3; 45.642866°N, -

66.994968°W), sited near the eastern margin of the basin 300 m to the south of Dead Brook, a 

slow-moving stream that comprises the largest single inflow into Oromocto Lake (Figure 1). 
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This was the deepest sampling station (6 m) and was located in an area with a muddy bottom and 

scant vegetation cover (<5%). Water property data indicated that all stations were well above any 

potential thermocline in the lake, meaning that low oxygen conditions would not be a limiting 

factor in controlling the makeup of the arcellinidan assemblages.  

After positioning the quadrat on the lake bed at each sample station, the upper 3 mm of 

sediment was carefully collected in situ, from the intersections between the gridlines, using an 

inert polystyrene laboratory spoon and placed in pre-labeled sample bottles. The full allocation 

of 16 samples was collected from Q1. Two sample bottles were lost during subsequent sampling 

at Q2 and Q3 (Q2 sample B3 and Q3 sample B3), resulting in 15 samples being collected from 

each of these stations, giving a total of 46 samples.  

 

Laboratory Methods 

Estimation of vegetation cover 

A general estimation of the vegetation cover within each quadrat was determined post sampling 

by examining underwater photographs taken each quadrat prior to sampling. The percentage of 

vegetation cover was first estimated for each grid in the three quadrats, which was then averaged 

to estimate the total coverage of vegetation in each quadrat. 
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Geochemical Analysis 

To provide insights into geochemical variability at a <1 m2 sampling scale, and to help explain 

possible variation in Arcellinida communities, all the 46 samples were, also, analyzed using Itrax 

high-resolution core-scanning x-ray fluorescence (Itrax-XRF). Following procedures outlined in 

Gregory et al., [24], 5 cc of sediment was sub-sampled from each quadrat sample and 

homogenized, centrifuged at 4000 rpm for 4 minutes, and the supernatant decanted. The samples 

were allowed to dry at room temperature until they reached the consistency of moist paste. 

Samples were then transported to the McMaster University Itrax Core Scanning Facility, 

Hamilton, Ontario, and loaded into a custom-made acrylic container with 0.5 cm wide partitions 

for analysis (see [24] for additional description of the Sequence Sample Reservoir [SSR] vessel). 

Samples were analyzed using the Mo x-ray tube at 30 kV and 17 mA for 20 seconds at 0.2 mm 

resolution using standard Itrax procedures [25]. Itrax-XRF analysis using the SSR provided 15 

data values for each sample. The median value for each sample was taken as a measure of central 

tendency as many elements had a non-normal distribution ([24]; Supplementary Table 1). 

 

Loss-On-Ignition 

Loss on Ignition (LOI) analysis was performed on subsamples from all 46 samples to determine 

the percentages of moisture, organics, and carbonates (see [26]). The moisture content was 

determined by comparing measurements before and after samples were placed in an oven at 

100°C for 24 hours. A Fisher Scientific Muffle Oven was then programmed for sequential 
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burning at 550°C and 900°C to determine percentages of organics and carbonates, respectively 

(Supplementary Table 1). 

 

Particle Size Analysis 

Subsamples from all 46 samples were prepared for particle size analysis by digestion with 10% 

HCl and 35% H2O2 to break down carbonate and organic material, respectively [27]. The 

reaction was sped up by placing samples in an 80°C water bath. The remaining sediment was 

analyzed using a Beckman Coulter LS 13 320 laser diffraction analyzer with a universal liquid 

medium (ULM) sample chamber. The measurements were compiled using MATLAB and 

processed with GRADISTAT (Version 8; [28]; Supplementary Table 1). 

Micropaleontological Analysis 

Arcellinida analysis was carried out on all 46 sediment-water interface samples. The samples 

were homogenized and 1-cc subsamples were collected. The subsamples were wet sieved 

through a 297-µm mesh and then a 37-µm mesh to remove both coarse and fine organic and 

mineral detritus respectively. The subsamples were subsequently subdivided into six aliquots for 

quantitative analysis using a wet splitter [29]. Arcellinida taxa in each aliquot were distributed 

across a gridded petri dish, identified and quantified using an Olympus SZH dissecting binocular 

microscope. A statistically significant number of arcellinidan species and strains was 

enumerated, ranging between 200-300 counts per sample ([see 30]; Supplementary Table 2). 

Identification of Arcellinida specimens was carried out with reference to well-illustrated papers 

that used the same species/strain taxonomic approach as presented here, principally [4, 18, 31]). 
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The Shannon-Weaver Diversity index (SDI) [32] was used as a measure of diversity within a 

given sample. Specimens of the most common species and strains were picked from samples 

using a fine-tipped brush, transferred to a Scanning electron microscope (SEM) stub covered in 

double sided tape, coated in gold to enhance conductivity, and imaged using a Tescan Vega-II 

XMU VP scanning electron microscope in the Carleton University Nano Imaging Facility. All 

SEM plates were formatted using Adobe Photoshop™ CS 2017.  

Statistical Analysis 

Data Screening 

Prior to statistical analysis, both species and environmental datasets were screened according to 

Reimann et al. [33]. Samples comprising more than 50% insignificant species counts or 

environmental variable values were removed. In addition to the exclusion of the samples lost 

during field work (Q2B3 and Q3B3), this screening step resulted in the removal of four 

additional samples from the subsequent statistical analyses (Q1A1, Q2D3, Q3D3, and Q3D4; 

Table 1, Table 2), reducing the total of analyzed samples to 42.  
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Cluster Analysis 

PVClust R statistical software package was used to group samples containing statistically similar 

arcellinidan assemblage compositions and to determine the statistical significance of the 

identified assemblages. The analysis was carried out using Ward’s Minimum variance method 

[34] and recorded as Euclidean distances [35].  

 

Non-metric Multidimensional Scaling (NMDS) 

Non-metric Multidimensional Scaling (NMDS; [36]) was used to analyze the spatial patterns 

occurring within the arcellinidan dataset in two-dimensional ordination space, using Euclidean 

distances. 

 

Redundancy Analysis and Variance Partitioning 

RDA [37] was carried out to assess the relationship between the 28 species and strains of 

Arcellinida and a select set of 8 out of 31 measured environmental variables within the 42 

surface sediment samples that passed the screening procedure. Partial RDA was conducted with 

the Variance Partitioning test to determine the statistical significance of selected environmental 

parameters, which is essential for determining the main drivers for variability within the 

identified Arcellinida assemblages.  
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Results 

Cluster Analysis 

A total of 28 Arcellinida species and strains were observed in samples from Oromocto Lake, 

with number of specimens/cc ranging from 281-775 (mean =545; Supplementary Table 2). The 

results of the cluster analysis show that the arcellinidan samples can be divided into two 

statistically distinct (96% [> 2 δ] significance) assemblages, Assemblage 1 (A1), and 

Assemblage 2 (A2) (Figure 3). Assemblage A1 corresponded with samples from Q1, while A2 

comprises samples from Q2 and Q3. The cluster algorithm produced an additional bifurcation 

within A2 that shows samples from Q2 and Q3 further clustering into two subgroupings (A2a 

and A2b, respectively). However, with a statistical separation of only 61% [<1 δ] significance, 

there is inadequate statistical evidence to recognize the variance between the faunas of Q2 and 

Q3 as more than informally designated sub-assemblages (Figure 3). The samples from each 

quadrat grouped distinctively as A1 (Q1), A2a (Q2), and A2b (Q3), with the exception of four 

outliers: Q1A2, Q1A3, and Q3A4, which grouped with the Q2 samples in A2a; while Q2A4 

grouped with Q3 samples in A2b (Figure 3). 

 

Non-metric Multidimensional Scaling 

The NMDS analysis produced results that were similar to those obtained from the cluster 

analysis. As observed in the cluster analysis results, samples from within each quadrat grouped 
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together (Figure 4), however, the results of the NMDS analysis did not provide the same clear 

distinction between assemblages (Figure 3). Instead, the NMDS results showed some overlap 

between samples from Q1 (A1) and Q2 (A2a), and considerable overlap between samples from 

Q2 (A2a) and Q3 (A2b). There was no overlap between samples from Q1 (A1) and Q3 (A2b). 

This overlap between quadrats provides further evidence of the low level of significance 

associated with the sub-assemblages A2a and A2b in the cluster analysis results (Figure 3, 4).  

 

Redundancy Analysis and Variance Partitioning 

The RDA and partial RDA with variance partitioning was carried out on the environmental data 

(Itrax-XRF-derived geochemistry, LOI-derived organic and carbonate content, particle size 

analysis parameters; Table 1) and species data (quantified Arcellinida species and strains; Table 

2). The results indicated that three axes were significant. Axes one and two were significant at 

p<0.05 and axis three was significant axis three was significant at p<0.45. This explained 37.1% 

of the total variance in the data. Using a manual assessment approach (i.e. known environmental 

significance and/or adverse impact of the variable), coupled with Variance Partitioning test, it 

was determined that, of the 31 variables assessed, seven were most important in controlling the 

variability within the arcellinidan assemblages. Potassium was the most statistically significant 

controlling variable, explaining 12.6% of the variance, followed by S (6.2%), Ti (5.4%), Zn 

(4.6%), Fe (4.3%), Sb (4.3%), and Mn (4.1%). Collectively, these seven variables explained 

41.5% of the total variance (Figure 5b). The contribution of other important substrate-related 

environmental variables (e.g. LOI and PSA parameters) toward explaining the variance in the 

identified Arcellinida assemblages was insignificant, hence resulting in the exclusion of these 
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variables from all ensuing analyses. An additional variable, Shannon Diversity Index (SDI), was 

plotted passively on the RDA plot. The RDA tri-plot shows each quadrat clearly discriminated 

from the others and impacted by distinct environmental variables (Figure 5a). Quadrat 1 samples 

were closely correlated with Mn, and S, while Q3 samples were highly influenced by Fe, Ti, K, 

Zn, and Sb. The Quadrat 2 grouped alone and was seemingly affected equally by the seven 

variables (Figure 5a). The special variability grid (Figure 6) demonstrated the same results as the 

RDA tri-plot. The notable difference in the relative amounts (in counts per seconds) of each of 

the seven statistically significant elements, as well as the SDI, can be seen across the three 

quadrats. The increase of Ti, and the decrease in SDI, from Q1 to Q3 were the most visible 

(Figure 6). 

 

Arcellinida Assemblages 

Assemblage 1 (A1) 

The fauna within A1 is dominated by Difflugia oblonga Ehrenberg 1832 strain “oblonga” (x̄= 

19.0%, σ = 2.3), Difflugia elegans Penard 1890 (x̄ = 10.6%, σ =2.6), and Centropyxis aculeata 

(Ehrenberg 1832) strain “aculeata” (x̄ = 8.8%, σ = 2.5). Also common in samples of A1 are 

Difflugia glans Penard 1902 strain “glans” (x̄ = 7.4%, σ = 2.1), and Centropyxis constricta 

(Ehrenberg 1843) strain “aerophila” (x̄ = 6.4%, σ = 1.6) (Figure 7, 8). The SDI values from the 

samples within A1 range from 2.53 – 2.96.  Samples associated with A1 were collected from the 

shallowest (3 m), most vegetated (~91.7% cover) of the three quadrat stations, with mostly silty 

(x̄ = 66%, σ = 12) to sandy (x̄ = 25%, σ = 14) substrates. 
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Assemblage 2a (A2a) 

As with assemblage A1, A2a is dominated by D. oblonga “oblonga” (x̄ = 23.2%, σ = 2.5), D. 

glans “glans” (x̄ = 11.2%, σ = 2.2), D. elegans (x̄ = 10.0%, σ = 2.7), and C. aculeata “aculeata” 

(x̄ = 7.1%, σ = 2.2). A2a also includes relatively high numbers of Lesquereusia spiralis 

(Ehrenberg 1840) (x̄ = 6.7%, σ = 1.5) (Figure 7, 8). The SDI values from A2a (1.69 – 2.80) are 

slightly lower than those of A1 and have a broader range. Cluster analysis revealed that A2a was 

mainly composed of samples from Q2 (5 m water depth, with moderate vegetation cover (66%)), 

and with the addition of outliers Q1A3 and Q3A4. As observed for A1, the A2a samples were 

obtained from silty (x̄ = 54%, σ = 13) to sandy (x̄ = 37%, σ = 15) sediments. 

 

Assemblage 2b (A2b) 

A2b was highly similar to A1 and A2a, with the dominant fauna being D. oblonga “oblonga” (x̄ 

= 26.0%, σ = 3.2), D. glans “glans” (x̄ = 11.8%, σ = 2.2), L. spiralis (x̄ = 8.1%, σ = 2.0), and D. 

elegans (x̄ = 7.1%, σ = 1.9). A2b also includes moderate frequencies of Cucurbitella tricuspis 

(Carter 1856) (x̄ = 5.3%, σ = 1.4) (Figure 7, 8). The SDI values from the samples in A2b (1.73-

2.52) were significantly lower than those of A1 but still within the range of the A2a values. 

Although the cluster analysis indicated that A2b mostly contains samples from the deep (6 m), 

non-vegetated Q3 station (with the addition of sample Q2A4), the substrate composition of 
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samples within A2b is very similar to that of A1 and A2a, with 61% ± 10 σ silt and 29% ± 13 σ 

sand. 

 

Discussion 

Drivers of Arcellinidan Assemblage Variability 

The cluster and NMDS analyses show that, although the faunal assemblages within the three 

quadrats were relatively similar, there were identifiable differences when directly comparing the 

assemblages within Q1 (shallow, heavily vegetated substrate) and Q3, sited in deeper water 300 

m southward of the mouth of Dead Brook on a non-vegetated muddy-silt substrate. Despite these 

differences, there was considerable overlap between the assemblages found in Q1 and Q2 and 

between the assemblages found in Q2 and Q3. The most abundant species identified did not vary 

significantly between any of the three quadrats though, which included; D. oblonga “oblonga”, 

D. glans “glans”, D. elegans, C. aculeata “aculeata”, L. spiralis, C. constricta “aerophila”, and 

C. tricuspis. This mixed assemblage of both centropyxids and difflugids with moderate to high 

diversity (SDI >1.7) is typical of oligotrophic lake systems [7, 38, 39]. Although non-

agglutinated Arcellinida are occasionally observed in oligotrophic systems, none were observed 

in the sampled Oromocto Lake sediments. The relative abundance of the observed taxa provides 

important data on the relative health and productive environmental conditions of the basin [39]. 

The general overall faunal similarity is, in part, attributable to the relatively similar muddy-silt 

substrate as determined by grain size analysis, and similar organic content (Table 1), which are 
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both important controls on the distribution of arcellinidan taxa [19]. Another contributing factor 

to the relatively similar sedimentary regime in the basin is related to the relatively shallow waters 

of the north basin that permit more wave and wind driven mixing within the water column, 

which prevents nutrient gradients from forming [38].   

Various diversity indices are commonly used as a quantitative measure of not only how 

many species are present in a sample, but how evenly individual specimens are distributed as 

well [40]. Species diversity is thus an important component of all lake ecosystems, with the SDI 

being one of the most commonly used in arcellinidan research [19]. SDI is typically only 

passively plotted in statistical analysis (e.g. RDA) as this value is an amalgamation of directly 

measured variables that contribute to the species makeup in a given assemblage [4]. In typical 

arcellinidan assemblages a SDI value of 1.5-2.5 is indicative of a transitional state, while values 

below 1.5 are characteristic of an environment under stress [19, 41]. In the Oromocto Lake 

samples, SDI varied from relatively high values associated with A1 (2.53-2.96), which is 

contributed to by the diverse niche space available within the highly-vegetated Q1, to lower 

transitional SDI (1.73-2.52) values found in A2b, the assemblage dominated by samples from in 

Q3. These depressed SDI values are to be expected in the reduced niche space available on the 

non-vegetated silty-mud substrate, with probable additional contributions from unknown 

confounding variables related to the site being adjacent to the mouth of Dead Brook.  Prentice et 

al. [42] investigated the influence of aquatic vegetation composition on arcellinidan assemblages 

in a dated sediment record from Loch Leven, Scotland. Highly diverse arcellinidan assemblages, 

mainly dominated by difflugid taxa (e.g. D. oblonga “oblonga”) were primarily associated with 

plants that are indicative of oligo-mesotrophic conditions, particularly isoetids, which may play 

an important role in maintaining oxygen levels in healthy benthic communities. In contrast, they 
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noted that higher proportions of species such as C. tricuspis, Mediolus corona and Difflugia 

amphora were more typically associated with inferred eutrophic conditions. This may in part 

reflect reduced oxygen conditions associated with the decomposition of charophyte biomass or 

changes in plant community structure [42]. While the structure of the aquatic macrophyte 

community characterizing the northern basin of Oromocto Lake was not investigated in this 

study, the dominance of D. oblonga “oblonga” throughout all assemblages, coupled with the 

overall intermediate to high SDI values, reflects the relatively stable oligotrophic conditions 

observed.  

 

Variables Contributing to Assemblage Composition   

The RDA results identified seven significant environmental parameters that can be used to 

provide evidence as to why the assemblages in Q1 and Q3 plotted distinctly (Figure 5, 6). 

Titanium, Fe and K are all proxies of runoff, as they are geochemically stable, hosted by resistant 

minerals, and generally unaltered in most geochemical environments [43, 44]. Titanium in 

particular is a proxy for erosion and transport of fine sand [45]. It has previously been 

demonstrated that arcellinidan taxa are sensitive to runoff, which influences a wide variety of 

ecologically important variables (e.g. grain size, nutrients). Peak occurrences of all three 

elements were in Q3, downstream of the mouth of Dead Brook, and they were least abundant in 

Q1, the most distal sample station.  

The proportions of Zn and Sb are also highest in Q3. Zinc enrichment is generally 

associated with anthropogenic sources, or very high terrigenous supply [46, 47]. Antimony is 

found naturally at low concentrations, but higher levels are usually associated with 
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anthropogenic input [48]. As Dead Brook has its origin in an area of cleared farmland and built 

infrastructure, and is also a source of terrigenous sediment during spring runoff, this is the most 

likely explanation for elevated levels of Zn and Sb in Q3.  

Manganese and S concentrations are both highest in Q1. Manganese is naturally common 

within the earth’s crust and is easily soluble in groundwater [49]. Oromocto Lake is 

characterized by an anticline that dips toward the western side of the northern basin, where Q1 is 

located, and Mn nodules are common in the Carboniferous bedrock found there [50]. Dissolved 

Mn originating from these nodules is transported as groundwater downslope within the anticline 

and outflows in the numerous springs found along the western shore, where it subsequently 

preferentially accumulates in the basin near the source. Sulfur is found in relatively low 

concentrations in the environment, but higher levels occur in nutrient-rich locations where 

natural biochemical S cycling occurs [51]. This is likely why there is a spike in S concentration 

within the highly vegetated, nutrient-rich site at Q1, while the poorly vegetated Q3 is 

characterized by lower levels of S. Interestingly, other substrate-related environmental variables 

(e.g. LOI and PSA parameters) explained an insignificant portion of the total variance and thus 

were excluded from all statistical analysis. This is not surprising, however, as the values of these 

variables were relatively uniformed across all quadrats and exhibited low variance throughout 

the entire environmental dataset. 

 

Homogeneity of Closely Spaced Samples: Are Replicate Samples Necessary?  

In addition to collecting samples from sites across the northern basin of Oromocto Lake, 

the experimental design for this study included the collection of multiple samples at 10 cm 
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spacing within quadrats at each sample station, to determine whether arcellinidan faunas from 

similar adjacent sedimentary environments are homogenous or characterized by a patchy 

assemblage distribution. This type of investigation has not previously been carried out using 

arcellinidans, although similar research has been carried out on marine benthic foraminifera (an 

allied microfossil group). Buzas et al., (2015 [22]) concluded that the density of benthic 

foraminifera varies spatially and temporally within a habitat, but that these differences are not 

always statistically significant. In this study, the cluster analysis, NMDS analysis, and RDA 

results indicate that the distribution of arcellinidan species and strains is quite homogenous in 

closely spaced samples. The samples within each of the three quadrats grouped closely together, 

with minimal outliers (Figure 3, 4, 5). These results indicate that when collecting a sediment-

water interface sample from open water sampling stations, there will be a high level of 

confidence that the arcellinidan assemblage observed will be reflective of the sample's 

environment, meaning that the collection of replicate samples for a given habitat is not required. 

The concentration of the arcellinidan populations quantified were also very similar within each 

quadrat (Table 2), indicating that this important ecological factor does not vary at the local scale 

when key environmental controls (substrate, water depth, vegetation cover) are similar. Multiple 

station sampling, however, will likely be necessary when different habitats within a basin are 

assessed (e.g. water depth in littoral zone vs. open water sites), or when a lake is impacted by 

environmental stressors (e.g. eutrophication, industrial or municipal contamination) that might 

have a different impact across a lake basin.  
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Conclusions 

The objectives of this study were to assess (1) the variability of arcellinidan assemblages from 

relatively similar open water habitats within a single lake basin; and (2) determine the 

homogeneity of faunas from closely spaced samples (sample reproducibility). Forty-two samples 

from three stations across the northern basin of Oromocto Lake, NB were used to obtain 

arcellinidan species distributional data that was compared against various measured 

environmental parameters and SDI. Cluster analysis, NMDS analysis, and the RDA results were 

used to characterize the distinct environmental characteristics that influenced the arcellinidan 

assemblages found within each quadrat. The results indicate that closely spaced (~10 cm) 

samples yield highly homogenous arcellinidan assemblages, indicating that local faunal 

patchiness is not an issue with this group, and that analysis of replicate samples is not a 

requirement in open water settings. However, multiple stations may need to be assessed across 

lake basins to capture full environmental variability. For instance, samples collected from mid-

basin in a deep lake with a thermocline, where low oxygen conditions prevail, would not provide 

a representative arcellinidan population. As arcellinidans are oxygen consuming heterotrophic 

protists, samples from sites shallower than the thermocline are required under these conditions 

[7, 19]. In addition, as demonstrated by the assemblage characteristics of the site at Q3, inflow 

streams, such as Dead Brook, are likely to affect the homogeneity of a lake bottom and should be 

avoided, or included as a supplemental station if the physical characteristics of these 

environments are of interest to the researcher. 
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Figures in Text 

Fig. 1 Map of the study region, Oromocto Lake, New Brunswick, showing the locations of the 

three sampled quadrats. 

 

Fig. 2 Photos of underwater operations during sample collection showing quadrat design.  (A) 

sampling using SCUBA gear; (B) relatively vegetated conditions within Quadrat 1; (C) more 

sparsely distributed submerged vegetation in Quadrat 2; and (D) the muddy, non-vegetated 

substrate at Quadrat 3. Sixteen samples from each quadrat (4 rows and 4 columns) were 

collected, with one sample lost from each of Quadrat 2 and 3 (46 samples total). 

 

Fig. 3 PVClust Cluster Analysis dendrogram for the 42 sediment-water interface samples that 

had no missing values, with the two major assemblages (A1 and A2) and two sub-assemblages 

(A2a and A2b) indicated. Below the cluster analysis is a visualization of the assemblage 

composition within each quadrat. The green squares represent Assemblage 1, the red squares 

Assemblage 2A, and the blue squares Assemblage 2B. It is apparent that the quadrats show quite 

uniform assemblage compositions. 
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Fig. 4 Non-metric Multidimensional Scaling (NMDS) bi-plot of the 42 samples with the 

previously defined clusters identified. 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, DA = Difflugia amphora, DB = Difflugia bidens, 

MC = Mediolus corona, DF = Difflugia fragosa, DGG = Difflugia glans “glans”, DGM = 

Difflugia glans “magna”, DGD = Difflugia glans “distenda”, DG = Difflugia globulosa, DOB = 

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

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

Difflugia oblonga “tenuis”, DPA = Difflugia protaeiformis “acuminata”, DUU = Difflugia 

urceolata “urceolata”, DU = Difflugia urens, DE = Difflugia elegans, LV = Lagenodifflugia vas, 

LS = Lesquereusia spiralis, PC = Pontigulasia compressa. 

 

Fig. 5 (A) Redundancy Analysis (RDA) species-environment sample triplot for the 42 samples. 

Ti = Titanium, Fe = Iron, K = Potassium, Zn = Zinc, Mn = Magnesium, S = Sulphur, Sb = 

Antimony, SDI = Shannon Diversity Index. 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, DA = Difflugia amphora, DB = Difflugia bidens, 

MC = Mediolus corona, DF = Difflugia fragosa, DGG = Difflugia glans “glans”, DGM = 

Difflugia glans “magna”, DGD = Difflugia glans “distenda”, DG = Difflugia globulosa, DOB = 

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

“linearis”, DOO = Difflugia oblonga “oblonga”, DOS = Difflugia oblonga “spinosa”, DOT = 
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Difflugia oblonga “tenuis”, DPA = Difflugia protaeiformis “acuminata”, DUU = Difflugia 

urceolata “urceolata”, DU = Difflugia urens, DE = Difflugia elegans, LV = Lagenodifflugia vas, 

LS = Lesquereusia spiralis, PC = Pontigulasia compressa. (B) Partial Redundancy Analysis 

(pRDA) and variance partitioning results showing the percentage of Arcellinida distribution 

variation that is explained by the eight environmental variables. 

Fig. 6 Spatial variability grid of the measured eight statistically significant environmental 

variables across each of the three sample quadrats. 

 

Fig. 7 Scanning electron microscope images of selected Arcellinida tests (shells) from Oromocto 

Lake. (1-5) Centropyxis aculeata (Ehrenberg 1832) “aculeata”. (6-8) Centropyxis constricta 

(Ehrenberg 1843) ‘‘aerophila’’. (9-13) Centropyxis constricta (Ehrenberg 1843) “constricta”. 

(14-17) Cucurbitella tricuspis (Carter 1856). (18, 19) Mediolus corona (Wallich 1864). (20) 

Cyclopyxis kahli (Deflandre, 1929). (21, 22) Difflugia bidens Penard 1902. (23-25) 

Lagenodifflugia vas (Leidy 1874). (26-28) Lesquereusia spiralis (Ehrenberg 1840). (29, 30) 

Pontigulasia compressa (Carter 1864). 

 

Fig. 8 (1-3) Difflugia glans (Penard 1902) “magna”. (4-6) Difflugia glans (Penard 1902) “glans”. 

(7) Difflugia glans (Penard 1902) “distenda”. (8) Difflugia globulosa (Penard 1902). (9) 

Difflugia fragosa Hempel 1898. (10, 11) Difflugia oblonga Ehrenberg 1832 “lanceolata”. (12-14) 

Difflugia elegans Penard 1890. (15, 16) Difflugia urens Patterson et al. 1985. (17-19) Difflugia 

oblonga Ehrenberg 1832 “oblonga”. (20, 21) Difflugia oblonga Ehrenberg 1832 “spinosa”. (22, 

23) Difflugia oblonga Ehrenberg 1832 “tenuis”. (24, 25) Difflugia protaeiformis Lamark 1816 

“acuminata”. 


