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Executive Summary 
 

DNA metabarcoding is a rapidly expanding area of research and a novel approach to assessment 

of biodiversity, especially valuable for characterization of microbial communities. New studies 

investigating potential uses of metabarcoding for monitoring bacterial, algal, protozoan and 

invertebrate communities are being published at ever increasing rate. The benefits of 

metabarcoding include the ability to capture much greater biodiversity in comparison to 

visual/microscopic assessments, process a great number of samples simultaneously using the 

high-throughput next-generation sequencing technology, and to use genetic markers for 

identification purposes thus excluding the analyst bias. As the cost of sequencing continuously 

goes down and new approaches are being explored, it becomes more and more evident that 

metabarcoding will eventually be adopted as a tool for routine biomonitoring of aquatic systems. 

The current metabarcoding methods have not been developed yet to the point of producing 

highly accurate, reproducible and quantitatively unbiased assessments and the success rates have 

been variable among various studies. This why is it important to conduct studies aimed at 

developing appropriate methods for specific ecosystems and taxonomic groups of organisms. 

The goal of this pilot project was to explore the DNA metabarcoding approach to biological 

assessment of New Jersey wadeable streams. We used methodology previously recommended to 

characterize the whole eukaryotic community by Illumina Mi-Seq sequencing of the V9 

fragment of 18S rDNA gene following the Earth Microbiome Project protocol. In order to 

compare the outcome of molecular characterization of stream biofilms community with 

traditional microscopy-based assessment, we also enumerated diatoms in the same samples. To 

evaluate the response of biofilm communities to impairment we sampled 14 sites along a 

disturbance gradient. To estimate variability of the results obtained by both methods, we 

analyzed three field replicate samples per sampling site and two lab replicates per sample, which 

were two separate DNA extractions. 

Metabarcoding revealed a vast variety of eukaryotic organisms inhabiting stream biofilms, 

including some sequences representing potentially pathogenic taxa. A total of 6,995,104 

sequences that belonged to 5,869 unique Operational Taxonomic Units (OTUs) were recovered. 

Diatoms were the most abundant microeukaryotes in the studied biofilms. Both microscopy-
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based and metabarcoding approaches recovered strong relationships between community 

composition and impairment, which means that molecular characterization of biofilm eukaryotic 

communities can be an effective tool for monitoring stream health. The results of this study 

demonstrated good reproducibility of the metabarcoding using hyperviariable 18S-V9 region and 

indicated that several groups of molecularly characterized microbial eukaryotes had similarly 

robust response to impairment, although diatoms showed the strongest association with water 

quality. To further develop metabarcoding approach to stream monitoring, we suggest expanding 

this project by 1) sampling a wider range of wadeable streams in various ecoregions of New 

Jersey, 2) conducting a simultaneous assessment of water chemistry, habitat characteristics, 

macroinvertebrate and diatom morphology-based assessment and metabarcoding of biofilms, 3) 

exploring several molecular markers in addition to 18S-V9 region to target various groups of 

organisms that may have been insufficiently sampled by 18S-V9 sequencing.  
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Introduction 

A.1.Use of microbial eukaryotes for water-quality monitoring in rivers and streams. 

 Biological monitoring of rivers and streams most frequently involves assessment of fish, 

benthic macroinvertebrate and algal assemblages. Among various microbial eukaryotic 

organisms found in biofilms, only algae, and especially diatoms are routinely used for 

bioassessment of stream health. The use of algae in bioassessments depends on morphological 

identification under light and electron microscopy and on the knowledge of their indicative 

properties (Stevenson 2014). Many algal taxa are known to be good indicators of specific 

environmental conditions, while the diversity of assemblages has been shown to decline in 

particularly stressful conditions. The drawbacks of these morphology-based methods include 

relatively high costs, the need for a high-level taxonomic expertise, inconsistencies in 

identification, and a lack of clear boundaries among morphologically defined taxa. Many algal 

taxa as well as aquatic fungi and heterotrophic protists have few morphological characters that 

could be observed with conventional microscopy and, therefore, are not used in biomonitoring. 

Even for diatoms that, unlike many other protists, have character-rich cell skeletons, 

identification to species level is often hampered by the presence of cryptic and pseudocryptic 

species (e.g., Vanormelingen et al. 2013), morphological plasticity, and unknown degree of 

geographic variability in species morphology. Ultimately, this leads to considerable uncertainties 

in environmental inferences and lower confidence of these biological indicators. 

 

A.2. Molecular approach to characterization of microbial assemblages  

 DNA metabarcoding is a rapidly evolving methodology that allows for automated 

identification of organisms from environmental samples and is thus less affected by human bias 

(Ji et al. 2013, Pawlowski et al. 2018, Taberlet et al. 2012). This approach is based on high-

throughput next-generation sequencing (NGS) of short DNA fragments from whole communities 

and the obtained sequences are then matched to reference sequences with known taxonomic 

assignments (Keck et al. 2017). Metabarcoding is known for its high sensitivity and ability to 

detect the presence of rare or low-abundance species (Zhan et al. 2013). It is quickly becoming 

less expensive and less time- and labor-consuming compared to traditional morphological 
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methods to identify taxa (Pawlowski et al. 2012, Bourlat et al. 2013). In the last few years, DNA 

metabarcoding has been successfully used to evaluate microbial communities, including 

eukaryotes, in various environments including oceanic (de Vargas et al. 2015; Grattepanche et al. 

2016, Lindeque et al. 2013, Rachik et al. 2018, Xu et al. 2017) and lake (Filker et al. 2016, Wang 

et al. 2014) plankton, marine benthos (Bik et al. 2012, Chariton et al. 2010), sediment cores 

(Stoof-Leichsenring 2012, 2015) and streams (e.g., Apothéloz-Perret-Gentil et al. 2017, Volant 

et al. 2016).  

 High-throughput technology is quickly developing, and while the first environmental 

metabarcoding studies mostly used the Roche 454 pyrosequencing technology, the preferred 

sequencing platform for the last 3-4 years has been Illumina. Some researchers are also exploring 

the use of the Ion Torrent platform and Single molecule real time (SMRT) sequencing developed 

by Pacific Biosciences (PacBio). The scientific community is also intensively experimenting 

with various laboratory protocols and molecular markers that can either amplify DNA of a wide 

variety of taxa or be more selective in targeting specific groups of organisms.  

 Because diatoms are the microorganisms most commonly used for freshwater 

biomonitoring, several studies have investigated the potential use of DNA metabarcoding of 

diatoms for routine bioassessments (Kermarrec et al. 2013, 2014, Kelly et al. 2018, Rivera et al. 

2018, Rimet et al. 2018, Visco et al. 2015, Zimmermann et al. 2011, 2015). A variety of markers 

have been explored on different sequencing platforms for barcoding diatoms (Vasselon et al. 

2017, Apothéloz-Perret-Gentil et al. 2017, Zimmermann et al. 2011), such as the V4 

hypervariable region of the 18S rDNA gene (Zimmermann et al. 2011, Luddington et al. 2012, 

Visco et al. 2015), D2/D3 region of the LSU rDNA gene (Hamsher et al. 2011), the ITS regions 

(Moniz & Kaczmarska 2009, 2010), and fragments of the rbcL (Hamsher et al. 2011, 

Macgillivary & Kaczmarska 2011) and cox1 genes (Evans et al. 2007, Evans & Mann 2009). 

Experiments conducted by Zimmermann et al. (2011) and Kermarrec et al. (2013) identified 

rbcL and 18S fragments as the most efficient molecular markers for discriminating diatom taxa 

at a level suitable for biomonitoring purposes. There is a growing consensus that the rbcL gene is 

the most suitable for metabarcoding of diatoms as it is a protein-coding gene, which allows for 

easily aligned sequences without significant intragenomic variability (Kelly et al. 2018). The 

main advantage of using 18S metabarcoding is its ability to amplify a wide variety of eukaryotic 

taxa, including diatoms. Curated and updatable libraries of reference diatom sequences (Rimet et 
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al. 2015, Zimmermann et al. 2014) were developed for these genes. The effects of laboratory 

procedures, such as methods of DNA extractions and PCR bias were investigated (Vasselon et al. 

2016, 2018).  

 In addition to diatoms, other groups of microbial organisms have been explored as 

subjects of DNA metabarcoding assessments. An attractive option is an amplification of the 

same molecular marker across the whole eukaryotic community (Aguilar et al. 2014; Volant et 

al. 2016). Several authors have even attempted to characterize all prokaryotes and eukaryotes 

simultaneously in river biofilms (Mesa et al. 2017) or river water columns (Van Rossum et al. 

2018). Separate amplifications of 16S and 18S gene fragments are usually performed 

simultaneously to estimate a more complete microbial community structure (e.g., Tragin et al. 

2018). For example, amplification of prokaryotic 16S (Zankarini et al. 2017) or plastid-specific 

UPA (Sherwood et al. 2017) gene fragments allows for molecular identification of both bacteria 

and algae. Characterizing microbial communities in totality opens ample opportunities for 

unraveling interspecific interactions and complex ecological networks of organisms from 

specific habitats. 

 

A.3. Objectives of the project 

 

 The goal of this pilot project was to evaluate the feasibility of a DNA metabarcoding 

approach for biological monitoring of New Jersey rivers and streams. Because multiple methods 

for NGS of environmental samples have been proposed and there is no consensus yet in which 

DNA marker or bioinformatics pipeline is the gold standard, we decided to try a method 

recommended by the Earth Microbiome Project (EMP, Thompson et al. 2017). We sequenced 

the V9 hypervariable region of 18S eukaryotic gene on the Illumina MiSeq platform. This gene 

is the most commonly sequenced in protists; therefore, there are many sequences available in 

GenBank that correspond to a vast variety of microbial eukaryotes. An obvious advantage of 

using this universal marker is characterization of the whole microbial eukaryote community as 

opposed to capturing only a portion of biodiversity if using markers specific to various 

taxonomic groups. Another advantage of using this particular marker was the availability of a 

complete protocol for constructing amplicon libraries using one-step PCR, which greatly reduces 

the cost of sequencing if when carried out on a large scale. The EMP protocol has previously 
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been used to characterize eukaryotic plankton communities of the open ocean (de Vargas et al. 

2015) and estuaries (Abad et al. 2016). 

 The New Jersey DEP has sponsored several projects focused on river health assessment and 

abundant information is available on the water quality and biota in the NJ streams. Because most 

of New Jersey DEP’s water quality biomonitoring methods were developed for wadeable 

streams, we chose to focus on these habitats for this pilot project. Our goal was to obtain biofilm 

samples from sites that cover a disturbance gradient from high-quality to severely degraded and 

explore their respective microbial eukaryotic community response to disturbance.  

 To evaluate possible advantages and disadvantages of a metabarcoding approach for stream 

health assessment compared to one based on morphological identification of organisms, we also 

carried out diatom enumeration in the same samples. In contrast to other taxonomic groups of 

protists, diatoms of New Jersey rivers and streams are well-studied (Ponader et al. 2007) and 

various region-specific diatom metrics are available for relating diatom assemblage composition 

to environmental stressors (e.g. Potapova et al 2004, Potapova & Charles 2007). Diatoms are 

also often a conspicuous component of river biofilms and, therefore, are well-suited for 

evaluating differences between molecular- and morphology-based bioassessments. 

 

 

B. Methods 

B.1. Sample collection 

Fourteen sites throughout New Jersey were sampled in this study (Figure 1). Sites were 

selected based on historical water quality data available from the Water Quality Portal 

(https://www.waterqualitydata.us/), US Geological Survey Surface-Water Data for New Jersey 

(https://waterdata.usgs.gov/nj/nwis/sw) and the Delaware River Watershed Initiative (DRWI) 

(https://4states1source.org/), representing a gradient of high to low water quality in terms of 

nutrients, conductivity, and in-stream and riparian habitat conditions (Ponader et al. 2007). Three 

sites: Dunnfield Creek, Flat Brook and Neldons Brook were considered to be minimally impaired 

based on low nutrient and conductivity values (Table 1). Dunnfield Creek and Flat Brook have 

also been characterized earlier as high-quality sites based on macroinvertebrate IBI values (Kroll 

2013). Four sites (Mulhockaway Creek, Musconetcong R. Lower, Musconetcong R. at Point 
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Mountain and Pequest R.) were considered to be moderately impaired based on water-quality 

data. These sites had Total Nitrogen (TN) values between 1 and 3 mg L-1, Total Phosphorus (TP) 

between 0.02 and 0.04 mg L-1, and conductivity between 336 and 645 µS cm-1. Seven other sites 

(Musconetcong R. at Stephens State Park, Assunpink Creek, Rahway R. near Springfield, 

Rahway R. at Rahway, Passaic R., Ramapo R., and Saddle R.) were classified as heavily 

impaired based on comparatively high nutrient concentrations and/or high conductivity. These 

sites, except Musconetcong R. at Stephens State Park, had total phosphorus values at or higher 

than 0.1 mg L-1, while Musconetcong R. at Stephens State Park site was classified as heavily 

impaired based on a relatively high conductivity value (708 µS cm-1). 

Samples of epilithic biofilms were collected between June and August 2017 (Table 1). At 

each site, three replicates of biofilm samples were collected, each from a single fully submerged 

rock using the ‘top-rock’ scraping method (Moulton et al. 2002) and suspended in ambient 

stream water in 250 mL bottles. Rocks were semi-quantitatively selected to represent in-stream 

habitat variability, where present (e.g. shallow vs. deep water; fast- vs. slow-moving water; less 

vs. greater canopy cover). Additionally, water temperature, pH, and conductivity were measured 

at each site (Table 1). 

 

B.2. Laboratory methods – sample preparation 

Fifty-milliliter aliquots of each sample were transferred to 50 mL conical-bottom tubes and 

centrifuged for 5 minutes. Supernatant stream water was aspirated using a vacuum pump. Each 

remaining pellet was resuspended with an additional aliquot of sample, up to 50 mL. Samples 

were re-centrifuged, aspirated, and re-suspended until all stream water was removed from each 

sample, leaving each with a single pellet of biomass. 

 

B.3. Morphology-based diatom identification and enumeration 

Biomass samples were re-suspended in deionized water and digested in 30% H2O2 to remove 

organic material. To remove acid, digested samples were centrifuged at 4,000 RPM for 10 

minutes. Supernatant was decanted, and pellets were re-suspended in deionized water. This 
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rinsing process was repeated five times. Permanent slides of each subsample were prepared using 

Naphrax mounting medium (Brunel Microscopes, UK). The slides were examined with a Zeiss 

AxioImager A1 light microscope (LM) equipped with an AxioScopeMRm digital camera using 

DIC under oil immersion at 1000-1600x total magnification. At least four hundred valves were 

identified and enumerated to the lowest taxonomic level using standard floras (Hofmann et al. 

2013, Krammer & Lange-Bertalot 1986, 1988, 1991a,b, Spaulding et al. 2018) and other current 

sources of diatom identification. 

B.4. Amplicon library preparation and sequencing 

Biofilm pellets were frozen at -200 C. Genomic DNA was extracted from each sample, in 

duplicate, using the Qiagen /MoBio PowerSoil DNA Isolation Kit following manufacturer’s 

instructions. DNA concentration of the elutant was quantified using a QuBit 2.0 fluorometer 

prior to amplification, using Quibit dsDNA high sensitivity assay kits (Life Technologies, 

Thermo Fisher Scientific, Carlsbad, CA, USA). 

NGS library preparation was carried out following a modified version of the Earth 

Microbiome Project (Gilbert et al. 2010) 18S Illumina Amplicon Protocol, version November 

2016 (Caporaso et al. 2012). Forward and barcoded reverse primer constructs were those 

designed by L.W. Parfrey for the Illumina MiSeq platform, targeting microbial eukaryotes using 

the hypervariable v9 region of 18S SSU rRNA on the basis of primers developed by Amaral-

Zettler et al. (2009). The forward primer construct consisted of 5’ Illumina adapter, forward 

primer pad, forward primer linker and forward primer 1391f: 

AATGATACGGCGACCACCGAGATCTACAC TATCGCCGTT CG 

GTACACACCGCCCGTC 

The reverse barcoded primer construct consisted of reverse complement of 3′ Illumina adapter, 
Golay barcode, reverse primer pad, reverse primer linker and reverse primer EukBr: 

CAAGCAGAAGACGGCATACGAGAT XXXXXXXXXXXX AGTCAGTCAG CA 

TGATCCTTCTGCAGGTTCACCTAC 

PCR reaction mixtures were prepared using 1.0 µL template DNA, 13.0 µL PCR-grade water, 

10.0 uL Platinum Hot Start PCR Master Mix, 0.5 µL of forward primer and 0.5 µL of barcoded 

reverse primer, each at a 10 µM concentration, for a total reaction volume of 25 µL. DNA 
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amplification was carried out using the following thermocycler conditions: an initial denaturing 

for 3 min. at 94 degrees C, 35 replication cycles of 94 degrees C for 45 seconds, 57 degrees C for 

60 seconds, and 72 degrees C for 90 seconds. A final extension of 72 degrees C for 10 minutes 

was carried out. DNA extraction aliquots were not amplified in triplicate as recommended by the 

Earth Microbiome 18S protocol to reduce the risk of contamination during either the 

amplification or pooling steps. PCR products were visualized using gel electrophoresis to verify 

amplification and a target amplicon size of ~260 +/- 50 bp. PCR products were purified using a 

Qiagen QIAquick Purification kit following manufacturer’s instructions and quantified using a 

QuBit fluorometer. Equal amplicon masses of each sample were pooled and submitted for 

paired-end (2 x 300 bp) sequencing on the Illumina MiSeq platform. The sequencing was carried 

out at the QB3 Vincent J. Coates Genomics Sequencing Lab, UC Berkley. 

 

B.5. Bioinformatics pipeline 

 Sequence analysis was carried out floowing the R tutorial ‘A DADA2 workflow for Big 

Data: Paired-end’ (Callahan et al. 2016b). Demultiplexed paired-end sequences (2x300 base-pare 

reads) and primers and adapters were trimmed using Cutadapt v. 1.18 (Martin 2011). The 

resulting V9 fragments were on average 127 bp long. The reads were then checked for quality, 

denoised, truncated and merged using DADA2 workflow. Several truncation options in DADA2 

were explored because the number of sequences obtained by this package heavily depend on the 

degree of trimming, and because the choice of truncation length is rather arbitrary and based on 

the visual inspection of sequence quality plots. After sequences were trimmed, our quality plots 

did not exhibit an obvious sharp decline in sequence quality, and therefore the reads could have 

been truncated at different lengths. The results reported in this report were obtained with 

truncating forward reads at 82 bp and reverse reads at 98 bp. When longer reads were merged, 

fewer sequences were produced, but the usual recommendation from the DADA2 developers 

was to truncate sequences at the shortest possible length because the merging algorithm tends to 

discard sequences with lower quality scores, thus leaving out too many rare sequences. Chimeras 

were identified and removed, and taxonomic assignment of sequences was done using the RDP 

Naïve Bayes Classifier algorithm (Wang et al. 2007) and aligning to the Silva reference database 

v. 128 (Pruesse et al. 2007), using subsets of OTUs clustered at 97% identity with consensus 
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taxonomy with >=80% bootstrap support. OTUs were identified to genus or lowest possible 

taxonomic level. For diatom OTUs identified at or above ‘Class’ level, GenBank BLAST 

searches were carried out to further verify their taxonomic identities. 

 For downstream analysis, we used the R package ‘phyloseq’ to combine the resulting 

taxonomy table with the respective matrix of OTUs by sample and associated field data 

(https://github.com/joey711/phyloseq). We used the analysis wrapper functions to filter OTUs to 

remove any non-eukaryote OTUs. We assigned OTUs to major taxonomic groups and 

constructed barplots to explore diversity and abundance within and among sites (Figs 2-5). We 

then subset our data by major eukaryote group and Hellinger-transformed each OTU matrix. We 

constructed non-constrained (NMDS) ordinations with fitted environmental variables to visualize 

sample-environment relationships for all data sets. For all data sets, we conducted 

PERMANOVA analyses to test for significant differences among sites in assemblage 

composition using a Bray-Curtis dissimilarity and ‘Site’ as the treatment. To test the effect of 

impairment on assemblage composition, we conducted Canonical Correspondence Analyses 

(CCA) with impairment category as a single constraining variable. We evaluated PERMANOVA 

model performance and CCA results to determine whether discrimination between site and 

impairment category was better predicted by all eukaryote OTUs, diatom OTUs only, or those of 

a single major eukaryote group. 

Morphology-based diatom methods were initially assessed by calculating diatom-inferred 

nutrient metrics for each sample (Potapova and Charles 2007). We plotted TN and TP metric 

scores by site, arranged in average increasing order. We also constructed an NMDS ordination 

and a CCA constrained by impairment category for our diatom count data set. We used the same 

method as above to perform a PERMANOVA on transformed morphological assemblage data by 

site. We used the CCA and PERMANOVA to compare the performance of diatom 

metabarcoding vs. morphology-based methods. 
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C. Results and Discussion 

 

C.1. DNA metabarcoding 

C.1.1. Taxonomic assignment of OTUs  

A total of 6,995,104 sequences obtained by the DADA2 procedure belonged to 5,869 OTUs 

(Appendix 1). 3,831 of these OTUs, representing approximately 37% of total abundance, were 

only assigned to the level of “Eukaryota” using the SILVA reference database and could not be 

assigned any lower-level taxonomic group. A subsequent BLAST search for these “unassigned 

eukaryotic” OTUs assigned 3,202 of these, leaving only 629 (11%) left as “unassigned 

Eukaryote” in this report. These unassigned OTUs represent only 1.7% of total abundance. The 

high proportion of unassigned Eukaryotes using the SILVA database may be due to the relatively 

low Eukaryote sequence diversity available in the reference database (104,020 18S sequences) 

and because the 18S-V9 region is found at the end of the 18S gene.  

The most diverse (assigned) eukaryotic lineage in our dataset (2,717 OTUs) was the SAR 

supergroup that includes Stramenopiles, Alveolates and Rhizaria. Stramenopiles, also known as 

Heterokonts, constitute a major evolutionary lineage of heterotrophic and phototrophic 

eukaryotes characterized by the presence of two different flagella. This group is extremely 

diverse morphologically with representatives ranging from nanoflagellates to giant kelp species. 

Among Stramenopiles, the most diverse were diatoms (359 OTUs), Peronosporomycetes, or 

water moulds (159 OTUs) and Chrysophyceae, or golden algae (129 OTUs). Among other 

groups of Stramenopiles, the genus Blastocystis, which includes some representatives potentially 

pathogenic for humans (Ramírez et al. 2017), was detected at very low abundance. Alveolata that 

in freshwaters are mostly represented by heterotrophic ciliates and dinoflagellates were almost as 

diverse as Stramenoplies. Most Rhizaria OTUs belonged to Cercozoa.  

The second most diverse major group in the whole dataset were Opisthokonta with 1775 

unique OTUs. This lineage includes two major groups, fungi and animals (subgroup Metazoa 

within Holozoa). In our dataset, there were 1025 unique fungal OTUs and 750 unique Holozoan 

OTUs, mostly assigned to Arthropods (288 OTUs), Nematodes (95 OTUs), and Rotifers (85 

OTUs).  
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The next major group in terms of OTUs diversity was Excavata with 247 unique OTUs. 

Although the Excavata sequences were not especially abundant and most of their representatives 

were common freshwater euglenoids, this group also included representatives of some genera 

(e.g. Naegleria) that include species known to be human pathogens (Siddiqui & Khan 2012). No 

pathogenic species from these genera were detected in this study, but the ability of the method to 

detect such sequences is notable. 

In the Archaeplastida clade (499 OTUs), most OTUs (366) were classified as Chlorophyta, 

including green algae. 100 OTUs were identified as Charophyta, including land plants, while 33 

OTUs were assigned to Rhodophyta, or red algae.  

The less diverse eukaryotic groups were Amoebozoa (398 OTUs) and Cryptophyceae (63 

OTUs). These groups were not abundant in terms of the number of sequences. 

The most abundant OTUs across the dataset were sequences of several diatoms, such as 

Melosira varians, Navicula and Cyclotella spp., unspecified diatoms, bdelloid rotifers, 

unspecified Metazoans (animals), Saprolegnia sp. (water mould), and green alga Stigeoclonium 

sp. The prevalence of the diatom and holozoan sequences reflect the well-known dominance of 

diatoms and benthic invertebrates in the stream benthic communities.  

C.1.2. Among- and within-site variation of taxonomic composition 

Figure 2 shows the numbers of sequences grouped by major eukaryotic groups in 14 stream 

sites with six replicates (three field and two lab replicates pooled). The three major groups 

almost invariably were diatoms, holozoans and green algae, but the proportions of various 

groups somewhat varied. The largest difference was in between shaded sites (e.g., Neldons Bk.) 

that had much higher proportions of heterotrophic organisms and open sites that had larger 

populations of algae. As the sites in Figure 2 are ordered along the disturbance gradient, it is 

obvious that the proportions of major groups were unrelated to impairment. 

Figures 3 and 4 demonstrate that among-site variability of taxonomic composition of the 

assemblages was greater than variability among field and lab replicates, thus indicating adequate 

quantitative assessment of the abundance of various taxa using metabarcoding and good 

reproducibility of the method. 
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Although the numbers of unique OTUs varied considerably among sites and, to a lesser 

extent, among field and lab replicates (lower plot in Figure 5), the proportions of major 

taxonomic groups were surprisingly stable across the samples (upper plot in Figure 5). Although 

too few other studies of total eukaryotic assemblages in epilithic biofilms are available for 

comparison, Zancarini et al (2017) also reported rather stable proportions of diatom, 

cyanobacterial and green algal OTUs across four river sampling sites. Levi et al. (2017) found 

rather similar taxonomic composition of eukaryotic assemblages in samples collected from 

different river sites but from the same type of substrate; the most variation in that study was 

found among substrates. In studies of marine eukaryotic plankton, proportions of major 

taxonomic groups were also found to be quite similar of the same size fractions in samples 

collected across large geographic areas (de Vargas et al. 2015) 

The ordinations of all eukaryotic taxa in the dataset, either including all or excluding rare 

OTUs showed clear alignment of assemblages along a disturbance gradient. Moreover, as Figure 

6 shows in an NMDS ordination of all eukaryotic OTUs, there was clear clustering of field and 

lab replicates representing different sites along a disturbance gradient. This indicates strong 

reproducibility of the results obtained by the method we used in this study, but other studies have 

reported low reproducibility and their insufficient accuracy for quantitative assessments (Leray 

& Knowlton 2017, Vasselon et al. 2018, Zimmermann et al. 2015). The reasons for these 

deficiencies include, but are not limited to PCR bias, or better amplification of certain taxa 

compared to others, highly variable copy numbers of marker genes in various taxa, the 

overriding effect of high-biomass organisms, and the influence of extraction methods (Vasselon 

et al. 2017). Although promising, DNA metabarcoding methods are not yet sufficiently tested to 

replace current methods for routine biomonitoring and further work is necessary to adapt them to 

that purpose. 

 

C.2. Morphology-and molecular-based characterization of diatom assemblages 

As a result of microscopical identification, a total of 236 diatom taxa were found in 42 

examined samples (Appendix 2). The taxa with the highest number of occurrences were 

Cocconeis placentula (41), Achnanthdium minutissimum (40), Amphora pediculus (36), 

Sellaphora atomus (36), Rhoicosphenia abbreviata (32), Achnanthidium rivulare (31), Navicula 
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gregaria (30) and Nitzschia amphibia (30). The species that reached maximum abundance were 

Achnanthidium rivulare (77%), Sellaphora atomus (75%), Cocconeis placentula (52%), 

Achnanthidium pyrenaicum (45%), Rhoicosphenia abbreviata (32%), and Hippodonta 

pseudacceptata (29%). These taxa are commonly reported from rivers and streams of the eastern 

United States and New Jersey in particular (Potapova et al. 2004, Ponader et al. 2007).  

A few diatom taxa found in this survey are notable because they have not been previously 

reported for the New Jersey rivers and streams. The first is Navicula peregrinopsis (Figure 7), 

that reached considerable abundance in all heavily impaired sites except Assunpink Cr. and was 

especially abundant in two sites with exceptionally high conductivity: Rahway R. near 

Springfield and Saddle R. Examination of slides housed at ANSP Diatom Herbarium and 

representing diatom samples collected in the same watercourses in 2001-2009 showed that in the 

past this species was present at very low abundance and either was not included in the counts at 

all or, later, when its abundance started to increase, was misidentified and reported as other 

species. N. peregrinopsis was only recently described from Holocene brackish-water coastal 

sediment in Connecticut (Witkowski et al. 2000) and has not been included in floras typically 

used for identification of river diatoms. It appears to be spreading and increasing in abundance 

because of the wide-spread salinization of urban streams in the recent decades.  

Another rare species, Ellerbeckia arenaria, was found in samples from Musconetcong R. 

(M3), but not identified in the counts because of its low abundance. In fact, only frustule 

fragments of that species were encountered. This large-celled centric diatom is not usually found 

in streams and rivers but is more characteristic of subaerial habitats and large alkaline lakes. It is 

not clear at this point why this species appeared in Musconetcong R. Several sequences that are 

assigned the name of “Paralia (Ellerbeckia) sol” appear exclusively in M3 and two other sites 

from Musconetcong R. at relatively high abundance. It is clear that these sequences are in fact 

those of Ellerebeckia arenaria, but there was no overlap between our E. arenaria sequences as 

the only 18S partial sequence of this taxon in the GenBank does not reach the V9 region. This 

illustrated two points: first, that the metabarcoding is extremely sensitive because it detected this 

diatom in all sites along the Musconetcong R. and second, that it is heavily biased towards 

detection of large-celled organisms. 
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The latter point of overrepresentation of sequences of the large-celled species is also 

illustrated by the high abundance of the sequences of another large-celled diatom, Melosira 

varians, in our samples. This species was also frequently observed on slides, but not necessarily 

at a high abundance. The mismatch between the prevalence of Melosira varians sequences in the 

metabarcoding results and low to moderate cell numbers observed under the microscope was 

also noted by Kelly et al. (2018) in samples from British rivers. The cells of this diatom have 

high volume and apparently relatively high copy numbers of 18S rDNA. Several OTUs that 

matched the genus Navicula, but not assigned to any particular species were likewise very 

abundant. Morphological examination showed that Navicula species were quite diverse and 

abundant in our dataset, and some, especially N. peregrinopsis, had a very large cell volume, 

which may explain their relatively high contribution to OTUs abundance. The other abundant 

sequences were assigned to Rhoicosphenia abbreviata, Gomphonema sp., Cocconeis sp., 

Eolimna minima (=small-celled Sellaphora spp., including S. atomus + S. nigri), Amphora sp., 

Ulnaria sp., Sellaphora spp., and Cyclotella meneghiniana, all taxa common on the slides. A 

notable discrepancy was the relatively low abundance of sequences from small-celled diatoms 

from the family Achnanthidiaceae, which were often very abundant on slides. This may be 

explained by both low cell volume and insufficient coverage of these taxa in the reference 

database. Most of the 18S rDNA sequences of Achnanthidiaceae available in GenBank are too 

short and do not reach the V9 region of the gene.  

In order to investigate the response of diatom assemblages to impairment, two metrics (TN-

diatom index and TP –diatom index) developed by Potapova & Charles (2007) for diatom-based 

assessment of nutrient enrichment of rivers of eastern US were calculated from count data. As 

can be seen in Figure 8, the values of both metrics showed a nearly perfect relation to the degree 

of stream impairment. There was some variability among field replicates in moderately impacted 

sites, but this is expected if only a single rock is sampled. In most routine biomonitoring 

programs, multiple subsamples are pooled per sampled site and a composite sample is 

subsequently analyzed, thus smoothing out the within-site assemblage variability. 

Unconstrained (NMDS) ordinations of diatom count data, displaying subsamples and species 

(Figures 9 & 10, respectively) showed that the diatom assemblages were highly responsive to 

impairment. Figure 10 displays taxa reaching 10% relative abundance in at least one sample, 
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though all taxa were included in the ordination. Taxa are labeled using corresponding “short 

names” in Appendix 2. The first NMDS axis reflects the major gradient in species composition, 

which corresponds to a disturbance gradient with minimally impacted sites (Dunnfield CR., Flat 

Bk. and Neldons Bk.) and corresponding dominant species positioned on the right and the most 

impacted sites on the left. This “disturbance gradient” is positively correlated to nutrient 

concentrations and conductivity. The second NMDS axis was mostly related to pH and separated 

diatom assemblages of Assunpink creek from the other sites. Unlike the other 13 sites, 

Assunpink creek has naturally soft water, which is still reflected by the composition of diatom 

assemblages despite of the masking effect of pollution. The NMDS also showed that within-site 

variation was lower than among-site variation in minimally impaired sites, but field replicates of 

the moderately and heavily impaired sites were often not clustered together, indicating a 

comparable degree of within- and among-site variability. This is likely caused by the 

homogenization of diatom flora in disturbed sites that are becoming more similar in their diatom 

species composition when experiencing similar impacts.  

NMDS ordination of all diatom molecular OTUs also revealed a clear response to 

disturbance, with obviously tighter clustering of most site subsamples (Figure 11) as compared to 

the NMDS ordination of count data. Taxonomic assignment of OTUs that reached at least 20% 

relative abundance in at least one subsample (and shown in Figure 12) revealed similar trends to 

taxa identified by morphology. OTUs likely corresponding to morphologically identified taxa are 

plotted with red text, while OTUs not appearing in count data are plotted with green text (Figure 

12), all using taxon “short names” (Appendix 1). Notably, DNA metabarcoding revealed a high 

abundance of OTUs corresponding to abundant taxa found in diatom counts, including 

Cocconeis spp., Rhoicosphenia abbreviata, Melosira varians, Gomphonema spp., Ulnaria ulna, 

Amphora spp., and small-celled naviculoid diatoms (e.g. Eolimna minima, Sellaphora 

seminulum, and Mayamaea atomus). DNA metabarcoding also identified abundant taxa known 

to inhabit low-pH and low-conductivity environments, including Frustulia spp., and taxa 

inhabiting moderately- to heavily impaired sites in terms of nutrient concentrations and 

conductivity, including Amphora pediculus, small-celled naviculoid diatoms, and Pleurosira 

laevis. Interestingly, Achnanthidium minutissmum was found in high abundance in low-

conductivity sites using both morphological and molecular methods. As previously noted, the 

large diatoms are either moderately abundant (Melosira varians) or very rare (Ellerbeckia 
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arenaria) in counts, but found in high abundance using DNA metabarcoding. The congruence 

between count data and OTUs in this study not only indicates especially high reproducibility of 

diatom diversity using DNA metabarcoding, particularly in minimally impacted sites, but also a 

higher likelihood of capturing the entire diatom assemblage within a site.  

NMDS ordinations of some other major eukaryotic groups showed significant response to 

environment as well. As seen in Figure 13, Chlorophyta (green algae) assemblages in minimally 

impaired sites showed clear separation from moderately and severely impaired sites, and within-

site variability was clearly lower than among-site variability for the minimally impaired sites. 

Holozoa and “SAR_other” demonstrated a similar pattern of variation among impairment groups 

(Figures 14 and 15, respectively).  

Among-site differences were significant for each data set, providing further support for 

high reproducibility of morphology-based and metabarcoding (Table 2). The response to 

impairment was significant in all data sets, as indicated by CCA ordinations constrained by 

impairment category only (Table 3). The F-ratios indicate that the molecular diatom data had the 

strongest response to impairment, while Chlorophyta (green algae) molecular data demonstrated 

the second strongest response, even stronger than that of the diatom microscopic count dataset. 

Although our analyses show that molecularly characterized eukaryotes may serve as good 

environmental indicators, there are no metrics yet developed to measure water quality based on 

molecular data, as is the case for diatom counting methods. However, the metabarcoding method 

can more clearly distinguish among-site differences than traditional methods can, and OTUs 

positioned at both ends of the disturbance gradient are good candidates to be indicators of water 

quality. 

The discrepancies between molecular and morphology-inferred community structure are 

often reported for protists (Elbrecht & Leese 2015), and are considered as the main deficiency of 

metabarcoding approach. One problem is a so-called PCR-bias, which is a tendency for the PCR 

procedure to amplify the DNA fragments with variable efficiency in different taxa (e.g., 

Kanagawa 2003). A related problem is the highly variable gene copy numbers among the taxa. 

For example, Godhe et al. (2008) demonstrated various diatom species differ in the number of 

18S rDNA molecules per cell by several orders of magnitude, and the copy numbers are 
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positively correlated with cell biovolume. Since larger organisms have more DNA, their random 

occurrence in small subsamples used for DNA extraction may dramatically change the 

proportions of OTUs in the resulting data (e.g., Elbrecht et al. 2017).  

C.3. Further steps towards developing metabarcoding of biofilm communities for the purposes of 

stream biomonitoring in New Jersey 

The method we used in this pilot project (sequencing V9 fragment of 18S rDNA using 

the Earth Microbiome Protocol) was very successful in characterizing the diversity of microbial 

eukaryotes in stream biofilms. Their assemblages showed a strong and consistent response to 

stream impairment. Although insufficient reproducibility of DNA metabarcoding for stream 

bioassessment has been reported by other authors, the molecular data obtained in our study 

revealed lower among-replicate than among-site variation. DNA metabarcoding of diatoms 

outperformed morphological counts, showing a stronger relationship to environmental 

impairment. In minimally disturbed and heavily degraded sites, it appeared that DNA 

metabarcoding adequately captured the “true” diversity of diatom sequences, but not necessarily 

in moderately impacted sites. This is not surprising, as moderately impaired sites are usually the 

most diverse (Townsend et al. 1997). Because we used a modified amplicon library preparation 

protocol in which we only performed one DNA extraction per site, we likely failed to capture the 

full diversity of microbial eukaryotes. The Earth Microbiome Project offers a similar 16S rDNA 

amplicon library protocol, designed for prokaryotes, with the same pooling protocol. While there 

is a greater risk of contamination of prokaryotic samples, this is less of a concern with eukaryotic 

DNA; therefore, pooling several amplicon PCR products could better capture diversity and 

reduce the effects of PCR bias.  

Our ability to identify diatom OTUs below the Class level was limited by our reference 

DNA database, which reflects the low diversity of diatom 18S-V9 sequence fragments available 

in GenBank. While a wide diversity of partial 18S rDNA sequences are available, many do not 

include the V9 region, which is found at the end of the 18S gene. Therefore, we were not able to 

compare most taxonomic identities of our diatom sequences to those found in our counts. This 

finding underscores the need to obtain reference sequences for a large number of taxa commonly 

found in New Jersey streams. 
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The rbcL gene allows for finer taxonomic assignment of diatoms and therefore is worth 

considering for NGS-based bioassessment studies. A diatom-specific DNA reference database 

for rbcL, R-Syst::diatom, is rapidly developing in Europe for the purpose of environmental 

metabarcoding as it is gaining popularity as the preferred diatom-based bioassessment method 

for its reproducibility and specificity. For example, a recent study by Kelly et al. (2018) 

demonstrated a relatively reliable recovery of diatom community structure when using a rbcL 

gene fragment for sequencing diatoms. Unlike the Earth Microbiome Project procedure, which 

uses one-step PCR, the methods used by Kelly et al. (2018) and other authors who applied 

metabarcoding to stream diatom assemblages (Apothéloz-Perret-Gentil et al. 2017, Zimmermann 

et al. 2015, Vasselon et al. 2017) are based on dual PCR (Bourlat et al. 2016). No taxon-specific 

primer constructs suitable for the single-step PCR metabarcoding have been developed so far. In 

comparison to the EMP protocol, the two-step PCR considerably increases the cost of the lab 

portion of the metabarcoding and is another source of potential error. On the other hand, the two-

step PCR procedures more often have been reported to produce consistent results as assessed by 

the mock-community experiments and replicate sampling (Kermarreck et al. 2013, Kelly et al. 

2018). An obvious disadvantage of using taxon-selective primers is targeting only a single group 

of organisms instead of covering a vast variety of microbial eukaryotes. Additionally, developing 

metabarcoding methods for covering all eukaryotes and suitable for quantitative assessment is an 

area of intensive research. 

Given the promising results of eukaryotic DNA metabarcoding in this pilot study, we 

suggest expanding this investigation by sampling a larger set of sites and testing reliability and 

reproducibility of the method by assessing additional sources of variability (seasonal, among-

substrates, etc). We advise against modifying the existing EMP amplicon library preparation 

protocol and suggest pooling PCR products in triplicate to more adequately capture eukaryotic 

diversity and increase reproducibility among replicates. In order to ascertain taxonomic identities 

of eukaryotic groups poorly represented in existing 18S reference databases, we suggest further 

trials of metabarcoding covering a narrower range of taxa using the two-step PCR procedures. 

The following markers covering exclusively diatoms can be explored: rbcL (Kelly et al. 2018, 

Kermarrec et al. 2013, 2014, Stoof-Leichsenring 2012, 2015) and V4-18S (Zimmermann 2011). 

The UPA primers targeting a fragment of 23S plastid gene and thus amplifying most algal 

groups (Sherwood et al. 2017) can also be explored as a potential biomonitoring tool. 
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Although groups of eukaryotes other than diatoms can serve as valuable bioindicators, an 

advantage of using diatoms for these early steps of developing metabarcoding protocol is the 

ability for direct comparison of sequencing results to microscopic observations. An obstacle for 

such a direct comparison is, however, the lack of reference sequences in the public databases. 

Although initial reference databases have been developed for European taxa (Rimet at al. 2015), 

and many of those should be applicable to North American diatoms, many taxa in eastern US 

rivers are endemic to this region or are at least much more common than in the other parts of the 

world. Therefore, it is necessary to obtain sequences for many local taxa, which requires 

culturing and Sanger-sequencing of several loci that potentially could be used for metabarcoding. 

This labor-intensive process also requires a good knowledge of local diatom flora and the ability 

to distinguish unique species of living cells. As it was emphasized by several authors (e.g. Stein 

et al. 2014, Visco et al. 2015, Pawlowski et al. 2018), a considerable initial investment is 

required for the development of the metabarcoding bioassesment and its incorporation into 

routine biomonitoring programs, but once developed, this method will be much more cost-

effective than morphology-based identifications. 

All environmental metabarcoding studies show at least some discrepancies between 

molecular and morphology-based identification results. Therefore, it is important to include 

parallel molecular and morphological assessments in future studies for calibration purposes, as 

both approaches have their strengths and weaknesses and provide complementary information 

(Groendahl et al. 2017, Rimet et al. 2018).  

 

D. Conclusions 

Metabarcoding of microeukaryotic stream biofilm assemblages using the 18S-V9 Earth 

Microbiome Protocol and Illumina MiSeq technology produced repeatable results and revealed a 

vast diversity of organisms typically found in fresh waters, including a few potentially 

pathogenic protists, albeit detected at very low abundance. We found good correspondence 

between identities of diatoms observed under the microscope and revealed by next-generation 

amplicon sequencing. 
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While traditional microscopic identification of diatoms produced a reliable and solid 

assessment of stream impairment in this project, molecular signatures of diatoms had even 

stronger response to impairment. Metabarcoding thus represents a powerful tool to scale-up 

biomonitoring programs as it allows a rapid processing of many samples in a cost- and time-

effective manner. At the same time, metabarcoding requires additional testing to estimate its 

reliability and potential sources of error. Reference sequence databases need further development 

in order to identify organisms present in study sites, especially for universal eukaryotic gene 

markers such as the V9 region of 18S. Calibrating metabarcoding methods against microscopy-

based enumeration will be required at the stage of method development, if added to standard 

bioassessment protocols. An added benefit of microscopy is the potential to compare results of 

recent and past observations as the permanent diatom slides are easily available for examination 

in the public collections. For instance, we could track a recent expansion of a salt-tolerant diatom 

species in New Jersey streams, which would likely indicate a response to salinization. We 

envision that future biomonitoring programs will combine large-scale molecular assessments 

combined with occasional selective microscopical examination of the assemblages as the two 

approaches are likely to yield complementary results. 
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G. Tables 

Table 1. Locations and water-quality characteristics of sampling sites. 

SITE NAME Code Latitude Longitude USGS or DRWI 
site code 

Nearest 
AMNET 

Site 
DATE EC, 

µS/cm pH TN, 
mg/L 

TP, 
mg/L Impairment 

Dunnfield Creek D 40.97106 -75.12669 USGS 01442760 AN0012 3-Jun-17 39 6.8 0.1 0.01 Good 

Flat Brook F 41.10888 -74.95195 USGS 01440000 AN007-8 3-Jun-17 238 7.2 0.2 0.01 Good 

Neldons Brook N 41.08489 -74.82656 USGS 01443466 AN0023A 3-Jun-17 209 7.2 0.3 0.01 Good 

Musconetcong R. 
Lower M2 40.70397 -74.98880 DRWI NHML2 AN0072 21-Jun-17 610 8.4 2.7 0.02 Fair 

Musconetcong at Point 
Mountain M3 40.76749 -74.91166 DRWI NUM25 AN0069 21-Jun-17 640 8.4 1.9 0.03 Fair 

Mulhockaway Creek Mh 40.64750 -74.96888 USGS 01396660 AN0321 21-Jun-17 336 8.3 1 0.03 Fair 

Pequest R. P4 40.83719 -74.95371 DRWI NPQ28 AN0043 21-Jun-17 645 8.9 1.4 0.04 Fair 

Musconetcong at 
Stephens SP M5 40.87370 -74.80565 DRWI NLM26 AN0064 21-Jun-17 708 8.8 1 0.03 Poor 

Assunpink Creek A 40.21722 -74.76861 USGS 01464020 AN0116 1-Aug-17 494 7.2 5 0.5 Poor 

Passaic River P9 40.88472 -74.22611 USGS 01389500 AN0274 1-Aug-17 595 8.1 2.9 0.2 Poor 

Rahway River near 
Springfield R7 40.68750 -74.31167 USGS 01394500 AN0194 1-Aug-17 913 7.6 1.3 0.12 Poor 

Rahway River at 
Rahway R8 40.61889 -74.28333 USGS 01395000 AN0195 1-Aug-17 746 7.9 1.3 0.1 Poor 

Ramapo River Ra 41.09806 -74.16278 USGS 01387500 AN0266 1-Aug-17 845 7.6 1.7 0.1 Poor 

Saddle River S 40.89028 -74.08056 USGS 01391500 AN0290 1-Aug-17 1169 8.2 5.1 0.9 Poor 
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Table 2:  PERMANOVA assemblage ~ site model performance. EukOTU = Eukaryote OTU 
data set (n = 5,869); DtOTU = Diatom-only OTU data set (n = 359); ChlorOTU = Chlorophyta-
only OTU data set (n = 366); HolOTU = Holozoa-only OTU data set (n = 750); SAROTU = 
SAR_other-only OTU data set (n = 2,070); DtCount = diatom morphological count data set (n= 
236). 

Model Df SumsOfSqs MeanSq F R2 p-value 
EukOTU ~ 

site 13 17.0439 1.31107 10.515 0.66133 <0.001 

DtOTU ~ 
site 13 17.1364 1.31818 25.162 0.82372 <0.001 

ChlorOTU ~ 
site 13 17.6796 1.35997 16.355 0.75232 <0.001 

HolOTU ~ 
site 13 15.204 1.16955 6.726 0.55538 <0.001 

SAROTU ~ 
site 13 16.099 1.23841 7.3569 0.57739 <0.001 

DtCount ~ 
site 13 5.9351 0.05384 8.479 0.79744 <0.001 

 

Table 3. CCA assemblage ~ impairment model performance of metabarcoding and morphology-
based data sets. Each CCA is constrained only by site impairment classification. EukOTU = 
Eukaryote OTU data set (n=5,869); DtOTU = Diatom-only OTU data set (n=359); ChlorOTU = 
Chlorophyta-only OTU data set (n = 366); HolOTU = Holozoa-only OTU data set (n = 750); 
SAROTU = SAR_other-only OTU data set (n = 2,070); DtCount = diatom morphological count 
data set (n = 236). PVE1 – percent variance in species data explained by the first (constrained) 
CCA axis. 

Model PVE1 (%) F-ratio p-value 
EukOTU ~ Impairment 5.3 4.6 0.01 
DtOTU ~ Impairment 10.3 9.4 0.01 

ChlorOTU ~ Impairment 7.6 6.7 0.01 
HolOTU ~ Impairment 4.4 3.7 0.01 
SAROTU ~ Impairment 4.3 3.7 0.01 
DtCount ~ Impairment 11.9 5.4 0.01 
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H. Figures 

 

 

 

Figure 1. Map of sampling sites. Green - least impaired, purple – moderately impaired, red- 
severely impaired. 
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Figure 2. Taxonomic composition of eukaryotic assemblages in studied stream sites, as the 
percentage (upper plot) and absolute numbers (lower plot) of sequences from major eukaryotic 
groups. Unassigned sequences are omitted. The dominant groups across the dataset are diatoms 
(Bacillariophyta), Holozoa, and green algae (Chlorophyta).  
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Figure 3. Taxonomic composition of eukaryotic assemblages in field replicate samples, 
expressed as percentages (upper plot) and absolute numbers (lower plot) of sequences from 
major eukaryotic groups. Unassigned sequences are omitted. Sequences from two lab replicates 
for each field replicate were pooled together. Within-site variability is lower than among-site 
variability. 
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Figure 4. Taxonomic composition of eukaryotic assemblages in 84 stream biofilm samples from 
14 stream sites, 3 field replicates per site, 2 lab replicates per field replicate, expressed as the 
percentage (upper plot) and absolute numbers (lower plot) of sequences assigned to major 
eukaryotic groups. Unassigned sequences are omitted. Six columns within each site are sorted by 
field replicate and then by lab replicate, so that the first two columns represent two lab replicates 
of the first field replicate, the next two columns represent two lab replicates of the second field 
replicate, etc. 
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Figure 5. Taxonomic composition of eukaryotic assemblages in 84 stream biofilm samples from 
14 stream sites, 3 field replicates per site, 2 lab replicates per field replicate. Abundance is 
expressed as presence of individual OTUs assigned to major eukaryotic groups, as percentages 
(upper plot) and absolute numbers (lower plot). Six columns within each site are sorted by field 
replicate and then by lab replicate, so that the first two columns represent two lab replicates of 
the first field replicate, the next two columns represent two lab replicates of the second field 
replicate, etc.  



35 
 

 

 

 

Figure 6. NMDS plot of all 5,869 eukaryotic OTUs and fitted environmental variables. Relative 
abundance data were Hellinger-transformed. Shades of green– samples from the least impaired 
sites; shades of blue– samples from the moderately impaired sites; shades of red– samples from 
the heavily impaired sites. Cond. – electrical conductivity; TP – Total Phosphorus, TN – Total 
Nitrogen. 
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Figure 7. Selected specimens of Navicula peregrinopsis from studied streams. This species is 
reported for the first time from the State of New Jersey; its populations appear to expand in 
response to increased salinization of rivers. Scale bar = 10 µm. 
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Figure 8. Diatom nutrient indices (Potapova & Charles 2007) calculated for 42 samples from 14 
New Jersey rivers. Green circles represent minimally impaired sites, blue circles – moderately 
impaired sites and red circles – heavily impaired sites. Index values vary from 0 (no nutrient 
impairment) to 10 (extremely high nutrient impairment). 
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Figure 9. NMDS ordination of diatom count data: plot showing position of samples and fitted 
vectors of environmental variables. Green symbols – samples from the least impaired sites; blue 
symbols – samples from the moderately impaired sites; red symbols – samples from the heavily 
impaired sites. Various shades represent different sites, while three different symbols (circles, 
squares and diamonds) represent three field replicates. Cond. – electrical conductivity; TP – 
Total Phosphorus, TN – Total Nitrogen. 
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Figure 10. NMDS ordination of diatom count data: plot showing position taxa and fitted vectors 
of environmental variables. Only taxa that reached 10% relative abundance in at least one sample 
are identified by “short codes” in red text. Taxon “short names” are in Appendix 2. 
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Figure 11. NMDS ordination of 359 diatom molecular OTUs: plot showing position of samples 
and fitted vectors of environmental variables. Green symbols – samples from the least impaired 
sites; blue symbols – samples from the moderately impaired sites; red symbols – samples from 
the heavily impaired sites. Various shades represent different sites, while three different symbols 
(circles, squares and diamonds) represent three field replicates. Cond. – electrical conductivity; 
TP – Total Phosphorus, TN – Total Nitrogen. 
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Figure 12. NMDS ordination of 359 diatom molecular OTUs: plot showing position of taxa and 
fitted vectors of environmental variables. Only OTUs that reached 20% relative abundance in at 
least one sample are shown. The OTUs assigned to taxa also found in microscope counts are 
labeled by red text, while those that did not appear in counts are labeled by green text. OTU 
labels are “short names” available in Appendix 1. 
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Figure 13. NMDS ordination of 366 Chlorophyta molecular OTUs: plot showing position of 
samples and fitted vectors of environmental variables. Green symbols – samples from the least 
impaired sites; blue symbols – samples from the moderately impaired sites; red symbols – 
samples from the heavily impaired sites. Various shades represent different sites, while three 
different symbols (circles, squares and diamonds) represent three field replicates. Cond. – 
electrical conductivity; TP – Total Phosphorus, TN – Total Nitrogen. 
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Figure 14. NMDS ordination of 750 Holozoa molecular OTUs: plot showing position of samples 
and fitted vectors of environmental variables. Green symbols – samples from the least impaired 
sites; blue symbols – samples from the moderately impaired sites; red symbols – samples from 
the heavily impaired sites. Various shades represent different sites, while three different symbols 
(circles, squares and diamonds) represent three field replicates. Cond. – electrical conductivity; 
TP – Total Phosphorus, TN – Total Nitrogen.  
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Figure 15. NMDS ordination of 2,070 “SAR_other” molecular OTUs: plot showing position of 
samples and fitted vectors of environmental variables. Green symbols – samples from the least 
impaired sites; blue symbols – samples from the moderately impaired sites; red symbols – 
samples from the heavily impaired sites. Various shades represent different sites, while three 
different symbols (circles, squares and diamonds) represent three field replicates. Cond. – 
electrical conductivity; TP – Total Phosphorus, TN – Total Nitrogen. 
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I. Appendices 

APPENDIX 1.  Excel file with metabarcoding data: a matrix of unique sequences with 
their abundance in each sample. 

APPENDIX 2.  Excel file with diatom species data, counts. 

 


	FINAL REPORT
	Prepared for:
	TABLE OF CONTENTS
	Page
	LIST OF TABLES
	LIST OF FIGURES
	Executive Summary
	Krammer, K. & Lange-Bertalot, H. 1986. Bacillariophyceae. 1. Teil: Naviculaceae In: Ettl, H., J. Gerloff, H. Heynig and D. Mollenhauer (eds.) Süsswasserflora von Mitteleuropa, Band 2/1. Gustav Fisher Verlag, Jena. 876 pp.
	Krammer, K. & Lange-Bertalot, H. 1988. Bacillariophyceae. 2. Teil: Bacillariaceae, Epithemiaceae, Surirellaceae. in Ettl, H., Gerloff, J., Heynig, H. and Mollenhauer, D. (eds) Süsswasserflora von Mitteleuropa, Band 2/2. VEB Gustav Fischer Verlag: Jena...
	Levi, P.S., P. Starnawski, B. Poulsen, A. Baattrup-Pedersen, A. Schramm & T. Riis. 2017. Microbial community diversity and composition varies with habitat characteristics and biofilm function in macrophyte‐rich streams. Oikos 126: 398-409.
	Taberlet, P., E. Coissac, F. Pompanon, C. Brochmann & E. Willersley. 2012. Towards next-generation biodiversity assessment using DNA metabarcoding. Molecular Ecology 21(8): 2045-50.
	Vanormelingen, P., K.M. Evans, V.A. Chepurnov, W. Vyverman & D.G. Mann. 2013. Molecular species discovery in the diatom Sellaphora and its congruence with mating trials. Fottea 13(2): 133–148.
	Van Rossum, T., M.I. Uyaguari-Diaz, M. Vlok, M.A. Peabody, A. Tian, K.I. Cronin, M. Chan, M.A. Croxen, W.W.L. Hsiao, J. Isaac-Renton, P.K.C. Tang, N.A. Prystajecky, C.A. Suttle, F.S.L. Brinkman. 2018. Spatiotemporal dynamics of river viruses, bacteria...
	Witkowski, A., H. Lange-Bertalot & D. Metzeltin. 2000. Diatom Flora of Marine Coasts I Iconographia Diatomologica 7: 1-925.

