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Abstract
The Ross Sea, Antarctica, while largely pristine, is experiencing increased anthro-
pogenic pressures, necessitating enhanced biomonitoring efforts for conservation 
purposes. Environmental DNA (eDNA) extracted from marine sponges provides a 
promising approach for biodiversity monitoring in remote areas by circumventing 
the need for time-consuming water filtration. Investigations into the efficacy of 
eDNA signal detection across the tree of life from marine sponges have yet to be 
fully explored. Here, we conducted a seawater and sponge eDNA metabarcoding 
survey at seven coastal locations in the Ross Sea to assess spatial eukaryote biodi-
versity patterns and investigate eDNA signal differences between both substrates. 
In total, we detected 1450 operational taxonomic units (OTUs) across 30 phyla. 
Significant differences in water and sponge eDNA signal richness and composition 
were observed, with a partial overlap in OTU detection between both substrates 
and, thereby, underscoring the crucial role of substrate selection in eDNA metabar-
coding surveys. Furthermore, alpha and beta diversity analyses revealed distinct 
eDNA signals among sampling locations, which were corroborated by known spe-
cies distributions. However, only 135 OTUs (9%) could be successfully assigned 
to species level, and 574 OTUs (40%) were unable to be taxonomically classified, 
due to limitations in the reference database. Our results provide evidence for the 
potential of eDNA monitoring in remote areas, demonstrate the need to consider 
more sophisticated sampling strategies whereby multiple eDNA substrates are in-
corporated, and highlight the importance of complete reference databases for ro-
bust taxonomy assignment of eDNA signals.
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1  |  INTRODUC TION

The Ross Sea is the southernmost sea on Earth, extending to 76° S 
latitude and encompassing a total area of 637,000 km2. This high-
latitude location has the coldest sea temperatures on the planet and 
significant ice coverage (Smith Jr. et al., 2014). Despite these poten-
tial ecological constraints, the Ross Sea contains some of the most 
productive waters globally, sustaining the largest phytoplankton 
biomass in the Southern Ocean (Smith Jr. et al., 2014). The Ross Sea 
also sustains high secondary productivity (Sala et al., 2002), includ-
ing a diverse benthic community with distinct characteristics (Clarke 
& Johnston, 2003), such as a high biomass of sponges, lack of reptan-
tian crustaceans, and reduced benthic fish diversity and abundance 
(Clarke & Johnston, 2003). Logistical difficulties in accessing remote 
nearshore Antarctic regions using traditional sampling and observa-
tional methods, and the likelihood that many taxonomic groups and 
cryptic species are under-described means that the biodiversities of 
these ecosystems are significantly underestimated (Clarke,  2008; 
Stark et al., 2014). A quantitative understanding of the spatial and 
temporal patterns in biodiversity around the coastal Ross Sea exists 
in some areas (Cummings et al., 2018), particularly around research 
stations, but remains understudied elsewhere (Clarke, 2008). Given 
the significant effects of environmental change now being seen in 
the Southern Ocean (Siegert et al., 2023), quantifying present-day 
biodiversity patterns is critical in detecting and understanding the 
implications for Antarctic ecosystems.

Environmental DNA (eDNA) surveys have been proposed as 
an innovative monitoring method (Ficetola et  al.,  2008; Thomsen 
& Willerslev,  2015), whereby species are detected indirectly 
through DNA signals obtained from environmental samples, such as 
water (Ficetola et  al.,  2008), sediment (Turner et  al.,  2015), or air 
(Lynggaard et al., 2022). Species detections through eDNA surveys 
can augment and extend other sampling methods (e.g., visual species 
observations) and, ultimately, facilitate large-scale monitoring across 
the tree of life with limited required field time (Bessey et al., 2021; 
Stat et al., 2017), a major benefit for remote or difficult-to-sample 
areas (Olmedo-Rojas et al., 2023). Within the marine biome, water 
is the most-used substrate (Bowers et al., 2021), and the accuracies 
of such eDNA surveys have been proven, by identifying high spatial 
(Jeunen et al., 2019) and temporal (Jensen et al., 2022; Minamoto 
et al., 2017) resolutions.

While eDNA metabarcoding surveys have enabled the trans-
formation of how the marine biome can be monitored (Takahashi 
et al., 2023), the need for immediate sample processing, i.e., water 
filtration, to halt DNA degradation (Sales et  al.,  2019) is a time-
consuming process. This can limit the practicality of the eDNA 
monitoring method in remote areas and reduces the number of sam-
ples incorporated into eDNA surveys (Bessey et al., 2021; Jeunen, 
von Ammon, et  al.,  2022). Further exacerbating the time commit-
ment for water filtration is the increased water volume required 
to be processed in marine eDNA studies compared to freshwater 

ecosystems (Bowers et al., 2021). To circumvent the need for water 
filtration, multiple alternative methods have been successfully tri-
aled, including passive filtration (Bessey et  al.,  2021; Jeunen, von 
Ammon, et al., 2022; Kirtane et al., 2020; Verdier et al., 2021), au-
tonomous sampling (Hansen et al., 2020; Yamahara et al., 2019), and 
direct sampling of filter-feeding organisms such as marine sponges 
(Brodnicke et al., 2023; Cai et al., 2022; Harper et al., 2023; Jeunen, 
Cane, et al., 2023; Jeunen, Lamare, et al., 2023; Mariani et al., 2019; 
Neave et al., 2023; Turon et al., 2020).

The use of marine sponges to investigate eDNA signals com-
menced after the observation of natural eDNA accumulation 
through their filter-feeding strategy (Mariani et al., 2019). Thus far, 
optimal DNA extraction protocols have been investigated (Harper 
et al., 2023), as well as eDNA retention time in sponges through a 
mesocosm experiment to gain insight into temporal detection (Cai 
et  al.,  2022). Furthermore, high spatial resolutions have been ob-
served, with different eDNA signals on small spatial scales repre-
senting the local biological community (i.e., fish and vertebrates; 
Jeunen, Cane, et al., 2023; Turon et al., 2020). Additionally, no sig-
nificant differences in vertebrate eDNA signals were reported be-
tween marine sponges and water eDNA when collected from the 
same location simultaneously (Jeunen, Cane, et  al.,  2023). Finally, 
variability in the efficiency of eDNA accumulation between differ-
ent marine sponge species has been observed (Cai et al., 2022; Turon 
et al., 2020) and potentially linked to filtration rates and microbial 
activity (Brodnicke et al., 2023).

Filter-feeding organisms for conducting eDNA surveys may 
hold great potential in the Ross Sea region, as (i) sponges are fre-
quently caught as bycatch in benthic trawls (Hanchet et al., 2008) 
and onboard fishing vessels (Jeunen, Lamare, et al., 2023), thereby 
facilitating expansive sampling opportunities; (ii) the Porifera com-
munity in the Ross Sea is abundant and diverse (Vargas et al., 2015), 
thereby limiting the potential negative impact when collecting tis-
sue biopsies from abundant species; and (iii) unlike passive eDNA 
filtration methods, filter-feeding organisms do not require extended 
deployment times to capture eDNA (Bessey et al., 2021; Jeunen, von 
Ammon, et al., 2022).

In this study, we explore the use of two eDNA substrates, that is, 
water and living sponges, to describe the eukaryotic biogeograph-
ical patterns at seven locations around the McMurdo Sound, Ross 
Sea, coastline (Figure  1; Table  1). Water eDNA samples were col-
lected at each location to determine if small-volume water samples 
can describe spatial patterns in marine communities. Sponges were 
collected at three locations to enable a direct comparison between 
near-bottom seawater and benthic sponge eDNA signals. Two ques-
tions were specifically addressed: (1) does the detected biodiversity, 
using a “universal” COI metabarcoding survey from small water vol-
umes, distinguish different coastal sampling locations, and (2) are 
eukaryote eDNA signals obtained from living sponges indistinguish-
able from or complementary to water eDNA signals collected at the 
same location and time?
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2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

Coastal biodiversity monitoring consisted of water and sponge 
eDNA sampling. Sample collection was conducted between October 
21 and 30, 2021 along the Ross Sea coastline (Figure  1; Table  1). 

Five replicate 500 mL water samples were collected at each of seven 
locations within 2 m of the ocean floor using a Niskin bottle. Water 
samples were filtered on site using standard eDNA syringe mini kits 
(Wilderlab, New Zealand). DNA/RNA Shield (Cat # R1100-50; Zymo 
Research, US) was added to the enclosed filter housing to preserve 
eDNA during transportation to the University of Otago's PCR-free 
eDNA facilities at Portobello Marine Laboratory (PML). At the same 

F I G U R E  1  (a) Map of Antarctica and the Southern Ocean with the sampling locations along the Ross Sea coastline indicated by a black 
square. Bathymetry of the Southern Ocean floor is color coded from light blue (shallow) to dark blue (deep sea). Bathymetry information was 
gathered from Quantarctica inside QGIS (https://​www.​scar.​org/​resou​rces/​quant​arctica). (b) Map of the Ross Sea coastline with the seven 
sampling locations indicated by colored dots, including Granite Harbor North (GHN; light blue), Granite Harbor Middle (GHM; blue), Granite 
Harbor South (GHS; dark blue), Cape Barne (CB; dark red), Cape Evans (CE; light red), Cziko Seamount (CZI; green), and Turtle Rock (TR; 
yellow). Images of the benthic diversity collected by ROV, including (c) GHN, (d) GHM, (e) GHS, (f) CB, (g) CE, (h) CZI, and (i) TR. (j) The target 
sponge, Haliclona scotti, prior to biopsy by ROV. Photo credit: Leigh Tait.

TA B L E  1  Sampling site information, including site identification, name, latitude, longitude, and eDNA sample number and depth of 
collection.

Site ID Site name Latitude Longitude
Seafloor depth 
(m)a

Sponge sampling 
depth (m)

CB Cape Barne 77°34.955′ S 166°15.822′ E 20 ~30

CE Cape Evans 77°38.095′ S 166°31.843′ E 19 19–34

CZI Cziko Seamount 77°38.927′ S 166°31.873′ E 18 22–30

GHM Granite Harbor Middle 77°00.2425′ S 162°35.2964′ E 17 NA

GHN Granite Harbor North 77°54.9510′ S 162°35.4300′ E 20 NA

GHS Granite Harbor South 77°00.9604′ S 162°52.5822′ E 20 NA

TR Turtle Rock 77°44.639′ S 166°46.175′ E 19 NA

aWater samples were collected <2 m above the seafloor, immediately below the access hole through the sea ice.
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time, five sponge specimens were collected by ROV at a depth range 
of 18–30 m from three out of the seven locations, thereby ena-
bling sponge and near-bottom water eDNA signal comparison. The 
sponge Haliclona scotti (Kirkpatrick, 1907) (Porifera; Demospongiae; 
Haplosclerida; Chalinidae) was targeted for this study, due to its re-
gional abundance, morphological characteristics facilitating identi-
fication by ROV footage prior to collection, and a form suited for 
obtaining tissue biopsies using an ROV with minimal disturbance 
(V. Cummings, pers. obs.). Specimens were placed in separate 
50 mL falcon tubes filled with 99.8% molecular-grade ethanol (Cat # 
BP2818500; Fisher BioReagents™, Fisher Scientific, US) and stored 
in the dark on ice during shipment to the University of Otago.

2.2  |  Laboratory processing of eDNA samples

Environmental DNA sample processing was conducted in a des-
ignated PCR-free clean room. Benches and equipment were de-
contaminated using a 10-min exposure to 10% bleach solution 
and wiped with ultrapure water (UltraPure™ DNase/RNase-Free 
Distilled Water, Invitrogen™) to reduce contamination risk prior to 
laboratory work. To identify external contaminating eDNA signals 
and potential cross-contamination, negative control samples were 
processed alongside eDNA samples and consisted of 50 μL ultrapure 
water for DNA extraction negatives and 2 μL ultrapure water for 
PCR no-template controls.

DNA extraction of water eDNA samples was performed on the 
DNA Shield buffer (David et  al.,  2021) using the Qiagen DNeasy 
Blood & Tissue Kit (Qiagen GmbH) according to the manufactur-
er's recommendations with slight modifications (Supplement S1). 
eDNA from marine sponge specimens was obtained through DNA 
extraction from tissue biopsies using the Qiagen DNeasy Blood & 
Tissue Kit with slight modifications (Jeunen et al., 2023; Supplement 
S2).

Input DNA of each sample for qPCR amplification was opti-
mized using a 10-fold dilution series to identify inhibitors and low-
template samples prior to library preparation (Murray et al., 2015). 
Amplification was carried out in 25 μL duplicate reactions. The 
qPCR Mastermix consisted of 1× SensiMix SYBR Lo-ROX Mix (Cat 
# QT625-05; Meridian Bioscience, UK), 0.4 μmol/L of the forward 
and reverse primer (Integrated DNA Technologies), 2 μL of template 
DNA, and ultrapure water as required. The thermal profile included 
an initial denaturation step of 95°C for 10 min, followed by 50 cycles 
of 30 s at 95°C, 30 s at 51°C, and 45 s at 72°C, and a final melt-curve 
analysis.

Library preparation followed a one-step amplification protocol 
using fusion primers (Berry et al., 2017). Fusion primers consisted of 
an Illumina adapter, a modified sequencing primer, a 6–8 bp barcode 
tag, and the template-specific primer (Leray et al., 2013; mlCOIintF: 
5′-GGWAC​WGG​WTG​AAC​WGT​WTA​YCCYCC-3′; jgHCO2198: 5′-
TAIAC​YTC​IGG​RTG​ICC​RAA​RAAYCA-3′) amplifying a ~313 bp frag-
ment of the cytochrome c oxidase subunit I (COI) gene region. Each 
sample was amplified in duplicate and assigned a unique barcode 

combination, whereby forward and reverse barcodes differed from 
each other in a single sample. The qPCR conditions followed the pro-
tocol as described above. Sample duplicates were pooled to reduce 
stochastic effects from PCR amplification (Alberdi et al., 2018; Leray 
& Knowlton, 2015). As an intermediary step to reduce the number of 
Qubit measurements and simplify equimolar pooling of the library, 
pooled duplicate PCR replicates were further pooled into mini-pools 
based on end-point qPCR fluorescence, Ct values, and melt-curve 
analysis. Mini-pools were visualized using gel electrophoresis to de-
termine the presence of a single band, and molarity of mini-pools 
was measured on Qubit (Cat # Q32854; Qubit™ dsDNA HS Assay 
Kit, ThermoFisher Scientific, US). The mini-pools were pooled at an 
equimolar concentration to produce a single DNA library. Due to dif-
ferences in cycle number between samples and negative controls, 
which contained a reduced amount of DNA, the latter were spiked 
into the library to ensure the library achieved an optimal concen-
tration for sequencing. Size selection was performed using Pippin 
Prep (Cat # PIP0001; Sage Science, US). The size-selected library 
was purified with Qiagen's QIAquick PCR Purification Kit (Cat # 
28104; Qiagen GmbH) prior to final library quantitation on qubit. 
Sequencing was performed on an Illumina MiSeq® v2 2 × 250 bp kit 
following the manufacturer's protocols, with 5% PhiX to minimize 
issues associated with low-complexity libraries.

2.3  |  Bioinformatic analysis and 
taxonomy assignment

Raw sequencing files were checked for quality using FastQC v 0.11.5 
(Andrews, 2010). Forward and reverse reads were merged using de-
fault settings in PEAR v 0.9.20 (Zhang et al., 2014). Sequencing data 
were demultiplexed using cutadapt v 4.0 (Martin,  2011). Quality 
filtering in VSEARCH v 2.13.3 (Rognes et al., 2016) was conducted 
on the following parameters: a maximum expected error of 1.0 
(‘--fastq_maxee’), a minimum length of 311 bp (‘--fastq_minlen’), a 
maximum length of 315 bp (‘--fastq_maxlen’), and a maximum num-
ber of ambiguous base calls of 0 (‘--fastq_maxns’). Filtered sequenc-
ing data were dereplicated (function: ‘vsearch --derep_fulllength’), 
and singleton unique sequences were discarded (‘--minuniquesize 2’). 
Chimeric sequences were removed from the dataset by the UCHIME 
algorithm (Edgar et al., 2011) implemented in VSEARCH. Remaining 
reads were clustered into Operational Taxonomic Units (OTUs) using 
a 97% similarity threshold (function: ‘vsearch --cluster_size’), and a 
frequency table was generated using the ‘--usearch_global’ func-
tion implemented in VSEARCH (Edgar, 2010). Further data filtering 
was conducted using default settings in the LULU algorithm v 0.1.0 
(Frøslev et al., 2017).

A custom-curated reference database was generated using 
CRABS v 0.1.4 (Jeunen, Dowle, et  al.,  2022). The custom-curated 
reference database was built from COI reference sequences ob-
tained from NCBI (Federhen,  2012) and BOLD (Ratnasingham & 
Hebert, 2007). Amplicon regions were extracted from downloaded 
sequences through in silico PCR analysis (function: ‘insilico_pcr’) 
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and pairwise global alignments (function: ‘pga’). Finally, the curated 
reference database was filtered (function: ‘seq_cleanup’) and derep-
licated (function: ‘dereplicate’). The final reference database was 
formatted using BLAST+ v 2.10.1+ (Camacho et al., 2009; function: 
‘makeblastdb’).

BLAST results obtained from the curated reference database 
for each OTU were parsed using an in-house Python script (LCA_
BLAST_calculator.py; https://​github.​com/​gjeun​en/​LCA_​BLAST_​
calcu​lator​). Finally, the taxonomic level of the assignment was 
determined based on similarity thresholds, with species-level as-
signments requiring a similarity threshold higher than 99%, genus-
level assignments when similarity was observed between 97% 
and 99%, family-level assignments for similarity between 95% 
and 97%, order-level assignments for similarity between 90% and 
95%, class-level assignments for similarity between 85% and 90%, 
and phylum-level assignments for similarity between 80% and 
85%. After taxonomy assignment, the OTU table underwent final 
processing prior to statistical analysis, whereby (i) detections per 
sample were set to zero if the number of reads was below the 0.1% 
threshold of the total number of reads across all samples to avoid 
issues related to tag jumping (Schnell et al., 2015), (ii) OTUs with a 
positive detection in negative control samples were removed from 
the analysis, (iii) OTUs which could not be assigned a taxonomy 
were removed, (iv) non-marine eDNA signals were removed from 
the final dataset, and (v) the data were transformed to presence–
absence, as the correlation between eDNA signal strength and 
biomass/abundance of an organism has not been established thus 
far (Ushio et al., 2017).

2.4  |  Statistical analysis

All statistical analyses were conducted in R v 4.0.5 (R; http://​R-​
proje​ct.​org). Rarefaction curves were generated from the unfil-
tered OTU table to assess sequencing coverage using the vegan v 
2.5-7 package. For the spatial analysis based on near-bottom water 
and sponge eDNA signals, OTU richness was compared between 
sampling locations through Welch's ANOVA, followed by the post 
hoc Games–Howell test to determine significant differences be-
tween locations. eDNA signal accumulation curves were gener-
ated in the BiodiversityR v 2.13-1 package to assess differences 
in total diversity between sampling locations. A permutational 
multivariate analysis of variance (PERMANOVA) was conducted 
to determine whether eDNA signal composition differed between 
locations using the vegan package. Significant differences in dis-
persion between groups were tested (PERMDISP) to aid in the 
interpretation of PERMANOVA results. A Principal Coordinates 
Analysis (PCoA) was performed using the vegan package to visual-
ize patterns of sample dissimilarity using the Jaccard index. For the 
comparison between near-bottom water and sponge eDNA sig-
nals, analyses were conducted per location to eliminate the impact 
of spatial variation observed in the spatial analysis. OTU richness 
was compared between substrates using a Student's two-sample 

t-test. A PERMANOVA was used to determine whether eDNA sig-
nal composition differed between substrates, while PERMDISP 
evaluated differences in dispersion between substrates to the 
centroid. A PcoA analysis was performed to visualize patterns of 
sample dissimilarity using the Jaccard index, while Venn diagrams 
were drawn to visualize overlap in eDNA signal detection between 
water and sponge samples. To determine the eDNA signals driving 
the difference observed between eDNA substrates in the ordina-
tion analysis, an indicator species analysis (ISA) was conducted 
using the indicspecies v 1.7-14 package.

3  |  RESULTS

3.1  |  Sequencing and diversity observations

After stringent quality filtering, we retained 898,234 sequences 
across 49 samples. Samples achieved an average of 18,331 ± 7523 
reads. Overall, eDNA samples achieved sufficient sequenc-
ing coverage based on the plateauing of rarefaction curves, ex-
cept for water and sponge samples collected at Cape Evans and 
sponges collected at Cape Barne (Supplement S3). Fifteen OTUs 
(1478 reads) were removed, due to a positive signal in negative 
control samples (Supplement S4). Taxonomy filtering removed 
an additional 209,666 (17.64%) reads assigned to 574 (35.45%) 
OTUs, as no taxonomy could be assigned to these sequences due 
to an incomplete reference database (Figure  2). Furthermore, 
only 135 (8.33%) OTUs could be assigned a species ID across all 
samples. While the proportion of OTUs assigned to species was 
similar between eDNA substrates (water: 9.24% ± 1.59%; sponge: 
10.83% ± 1.82%), the proportion of reads assigned to species 
was markedly different between water (36.03% ± 15.85%) and 
sponge samples (68.85% ± 9.61%) due to the co-amplification of 
host DNA (Haliclona scotti) in the marine sponge samples (water: 
No Detection; sponge: 25.46% ± 14.91%; Figure 2). The final fre-
quency table contained a total of 898,234 reads assigned to 876 
OTUs (Supplement S5).

Overall, we detected 30 phyla across the kingdoms Animalia 
(15 phyla), Chromista (nine phyla), Protozoa (four phyla), and 
Plantae (two phyla; Figure  3). Highest sequence diversity was 
observed within the phylum Arthropoda (158 OTUs), followed by 
Bacillariophyta (131 OTUs), and Oomycota (103 OTUs). Highest 
read abundance, on the other hand, was observed within the 
phylum Annelida (17.82%), followed by Cnidaria (16.19%) and 
Bacillariophyta (14.56%). The haptophyte Phaeocystis antarc-
tica Karsten, 1905 was the most frequently detected OTU con-
taining a species ID (sample detection: 91.84%; read abundance: 
2.53%), followed by the sea star Odontaster validus Koehler, 1906 
(sample detection: 83.67%; read abundance: 1.98%), the dinofla-
gellate Margalefidinium polykrikoides (Margalef) FGómez Richlen 
& D.M. Anderson, 2017 (sample detection: 81.63%; read abun-
dance: 0.08%), and the sea urchin Sterechinus neumayeri (Meissner, 
1900) (sample detection: 69.39%; read abundance: 2.85%). The 
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highest read abundance for an OTU containing a species ID was 
observed for the octocoral Alcyonium haddoni Wright & Studer, 
1889 (sample detection: 40.82%; read abundance: 14.08%), fol-
lowed by the sponge Haliclona scotti (sample detection: 30.61%; 
read abundance: 8.19%), Sterechinus neumayeri, Odontaster validus, 
Phaeocystis antarctica, the annelid Barrukia cristata (Willey, 1902) 
(sample detection: 61.22%; read abundance: 1.55%), the diatom 
Pseudo-nitzschia subcurvata (G.R. Hasle) G.A. Fryxell, 1993 (sample 
detection: 55.10%; read abundance: 1.46%), the seal Leptonychotes 

weddellii (Lesson, 1826) (sample detection: 59.18%; read abun-
dance: 1.38%), and the annelid Harmothoe crosetensis (McIntosh, 
1885; sample detection: 48.98%; read abundance: 1.20%).

3.2  |  Near-bottom water eDNA spatial analysis

We detected a total of 831 OTUs after stringent quality filter-
ing across the seven sampling sites along the Ross Sea coastline 

F I G U R E  2  Proportion of (a) OTUs and (b) reads assigned to seven taxonomic levels for eDNA samples collected at Granite Harbor North 
(GHN), Granite Harbor Middle (GHM), Granite Harbor South (GHS), Cape Barne (CB), Cape Evans (CE), Cziko Seamount (CZI), Turtle Rock 
(TR), and all samples combined. Samples are organized per substrate, i.e., near-bottom water eDNA and sponge eDNA.

F I G U R E  3  Observed OTU diversity within each sampling location (Granite Harbor North [GHN]; Granite Harbor Middle [GHM]; Granite 
Harbor South [GHS]; Cape Barne [CB]; Cape Evans [CE]; Cziko Seamount [CZI]; Turtle Rock [TR]) and sampling substrate (water; marine 
sponge) per phylum. Color coding follows location color of Figure 1. Number within colored circles indicates number of OTUs assigned to the 
phylum. Unfilled circles indicate OTU absence.
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(Figure  4). Significant differences in OTU richness were observed 
across locations according to Welch's ANOVA (F6,11 = 21.933; 
p = 1.22 × 10−5***). Samples collected at Cape Evans detected a 
significantly larger number of OTUs compared to Granite Harbor 
North, Granite Harbor Middle, Cziko Seamount, and Turtle Rock ac-
cording to the post hoc Games–Howell test (Figure 4a). While sam-
ples collected at Turtle Rock detected the lowest number of OTUs 
on average, the reduction in OTU number was not significantly dif-
ferent from the remainder of the study sites. Species accumulation 
curves revealed a similar pattern to OTU richness, whereby Cape 
Evans samples detected the largest diversity and Turtle Rock sam-
ples detected the lowest diversity (Figure 4b).

Significant differences in community composition among sam-
pling locations were also observed (PERMANOVA: F6,27 = 3.34; 
p < 0.001***), while no significant differences in dispersion were 
detected (PERMDISP: F6,27 = 1.7654; p = 0.123). Community dif-
ferences among sampling locations were confirmed by ordination 
analysis (PCoA analysis; Figure 4c), whereby Turtle Rock and Cape 
Evans separated from the remaining locations along the primary 
axis, which explained 12.9% of the variation in the dataset. Samples 
collected at the three Granite Harbor sites (GHN, GHM, and GHS) 
separated from the remaining locations along the secondary axis 
that explained 8.6% of the variation.

3.3  |  Sponge eDNA spatial analysis

We detected a total of 423 OTUs after stringent quality filtering 
across the three sampling sites along the Ross Sea coastline where 
sponges were collected by ROV (Figure  4). Unlike near-bottom 
water eDNA, no significant differences in OTU richness were ob-
served across locations according to Welch's ANOVA (F2,8 = 1.153; 
p = 0.365; Figure 4d). Species accumulation curves revealed similar 
results between the three sampling locations (Figure 4e), with near-
identical number of OTUs detected between locations.

Significant differences in community composition among 
the three sampling locations were also observed (PERMANOVA: 
F2,12 = 2.94; p < 0.001***), while no significant differences in dis-
persion were detected (PERMDISP: F2,12 = 0.1816; p = 0.857). 
Community differences among sampling locations were further 
confirmed by ordination analysis (PCoA analysis; Figure 4f), whereby 
Cziko Seamount and Cape Evans separated from each other along 
the primary axis, explaining 16.7% of the variation in the dataset. 
Sponges from Cape Barne, on the other hand, separated from the 
other two sites along the secondary axis that explained 11.5% of 
the variation.

3.4  |  Near-bottom water and sponge eDNA 
substrate analysis

We detected a total of 725 OTUs after stringent quality filter-
ing across the three sampling sites (Cape Barne, Cape Evans, and 

Cziko Seamount) and two substrates (water and sponge). On aver-
age, water samples contained a higher OTU diversity compared to 
the Haliclona scotti sponge. Significant differences in OTU richness 
were observed between the substrates within Cape Barne (t = 2.42; 
d.f. = 8; p < 0.05*) and Cape Evans (t = 11.63; d.f. = 8; p < 0.001***), 
while no significant difference in OTU richness was observed be-
tween substrates at Cziko Seamount (t = 2.00; d.f. = 8; p > 0.05) ac-
cording to Student's two-sample t-tests (Figure 5a–c).

Significant differences in community composition were also 
observed between substrates within each location (PERMANOVA; 
Cape Barne: F1,8 = 5.5992, p < 0.01**; Cape Evans: F1,8 = 6.436, 
p < 0.01**; Cziko Seamount: F1,8 = 3.5033, p < 0.01**). Community 
differences between substrates within each location were con-
firmed by ordination analysis (PCoA analysis; Figure  5d–f), 
whereby substrates separated from each other along the primary 
axis, explaining 32.2%, 34.9%, and 27.4% of the variation in the 
dataset for Cape Barne, Cape Evans, and Cziko Seamount, re-
spectively. The differences in community composition resulted 
in a partial OTU overlap between eDNA substrates within each 
sampling location, ranging from 30.0% at Cape Evans to 41.8% at 
Cziko Seamount (Figure  5g–i). Besides community composition 
differences between substrates, ordination analysis identified 
increased variation in sponge eDNA signals within a sampling 
location compared to water eDNA signals (Figure  5d–f), which 
was further corroborated by PERMDISP analysis (Cape Barne: 
F1,8 = 3.7409, p = 0.084; Cape Evans: F1,8 = 9.8741, p < 0.001***; 
Cziko Seamount: F1,8 = 7.0022, p < 0.01**).

To determine the eDNA signals driving the difference observed 
between substrates in the ordination analysis, an indicator species 
analysis (ISA) was conducted for each sampling location separately 
(Supplement S6). Rhodophyte and polychaete eDNA signals were 
indicative of sponge samples at Cziko Seamount, while mollusk 
and polychaete eDNA signals were indicative of sponge samples at 
Cape Barne. Due to the increased OTU diversity detected within 
water eDNA samples, the number of indicator species identified for 
water samples was larger than marine sponge samples and ranged 
from bacillariophytes to vertebrates, such as the Weddell seal 
(Leptonychotes weddellii; Supplement S6).

4  |  DISCUSSION

This study provides new insights into the potential of eDNA sur-
veys to aid in the monitoring of biodiversity and community com-
position in coastal Antarctica. Our results show distinct bottom 
water and sponge eDNA signals when investigated through a “uni-
versal” COI metabarcoding approach, thereby demonstrating that 
eDNA substrate choice critically influences the detected marine 
community and highlighting the need to establish more sophisti-
cated sampling strategies beyond the standard surface water sam-
pling used to date in marine environments (Jeunen et  al.,  2019; 
Koziol et al., 2019). Additionally, the ability to describe community 
structures along the Ross Sea coastline from low-volume water 
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samples, as well as marine sponges facilitates more comprehen-
sive monitoring in isolated regions where the efficiency of tra-
ditional survey techniques is hampered (Cecchetto et  al.,  2021; 
Fediajevaite et  al.,  2021). Furthermore, our data showcase the 
importance of complete reference databases for robust taxonomy 
assignment, an element exacerbated for remote and understudied 
areas (Jackman et al., 2021).

Environmental DNA signals obtained from water samples and 
Haliclona scotti tissue biopsies revealed distinct eukaryote commu-
nity compositions. While water is the most-used substrate in marine 
eDNA studies (Bowers et al., 2021; Takahashi et al., 2023), only a 
partial overlap with sponge eDNA signals was observed, ranging 
from 30.0% at Cape Evans to 41.8% at Cziko Seamount. Indicator 
species analysis revealed a higher diversity and frequency of benthic 

F I G U R E  4  Boxplots representing average (a) water OTU richness among the seven sampling locations sorted from north to south and 
(d) sponge OTU richness. Outliers are indicated by colored circles. The median is indicated by a black line within each boxplot. Significant 
differences in OTU richness among locations according to Welch's ANOVA and Games–Howell post hoc test are indicated by a different 
lowercase letter. (b) Water eDNA and (e) sponge eDNA species accumulation curves for each location, with the number of samples on x-
axis and number of OTUs on y-axis. Vertical lines depict standard error values. (c) Water eDNA and (f) sponge eDNA Principal Coordinates 
Analysis (PCoA) depicting similarity in community composition based on OTU incidence (Jaccard index; presence–absence). Ellipses 
surrounding each group of samples represent 95% confidence intervals. Granite Harbor North (GHN), Granite Harbor Middle (GHM), Granite 
Harbor South (GHS), Cape Barne (CB), Cape Evans (CE), Cziko Seamount (CZ), and Turtle Rock (TR). Color coding follows location color of 
Figure 1.
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and sediment-living organisms from H. scotti eDNA, while water 
eDNA indicator species were mostly composed of planktonic and 
nektonic organisms (Supplement S6). The difference in eukaryote 
eDNA signals between substrates is, therefore, potentially influ-
enced by ecological factors such as species habitat preference, a 
known contributing factor to observed differences between water 
and sediment eDNA (Holman et al., 2019; Koziol et al., 2019; Shaw 
et al., 2016). Our results provide further evidence for the inability 
of single-substrate eDNA surveys to uncover the total biodiver-
sity within a region (Holman et al., 2019; Koziol et al., 2019; Shaw 
et al., 2016). Hence, future eDNA surveys might incorporate a sam-
pling strategy that moves beyond the current standard of surface 
water sampling used to date and that is more tailored toward the 
aims of the study. For example, investigations into Antarctica's domi-
nant benthos could benefit from sponge or sediment sampling, while 

eDNA monitoring of plankton and nekton might require water sam-
pling to increase species detection probability (Holman et al., 2019; 
Koziol et al., 2019).

Interestingly, the observed difference between water and 
sponge eDNA signals in this study is in stark contrast with the 
highly similar vertebrate eDNA signals found in water and sponges 
by Jeunen et  al. (2023). eDNA obtained from Haliclona scotti in 
the present study detected only three benthic fish species, all 
within the Trematomus genus (rockcods; Boulenger, 1902), and 
failed to detect five other pelagic fish species and Weddell Seals 
(Leptonychotes weddellii) that were observed in the water eDNA 
samples. The discrepancy with Jeunen et al. (2023) could poten-
tially be due to technical limitations in our experimental design. 
First, unlike the targeted metabarcoding approach employed by 
Jeunen et  al. (2023), we opted for a “universal” metabarcoding 

F I G U R E  5  Boxplots representing average OTU richness between near-bottom water (blue) and sponge (orange) eDNA signals for the 
three sampling locations, including (a) Cape Barne (CB), (b) Cape Evans (CE), and (c) Cziko Seamount (CZI). Outliers are indicated by colored 
circles. The median is indicated by a black line within each boxplot. Student's two-sample t-test statistics are provided at the top left-hand 
corner for each comparison. Principal Coordinates Analysis (PCoA) depicting similarity in community composition based on OTU incidence 
(Jaccard index; presence–absence) for the three sampling locations, including (d) CB, (e) CE, and (f) CZI. Water and sponge eDNA signals are 
depicted in blue circles and orange triangles, respectively. Ellipses surrounding each group of samples represent 95% confidence intervals. 
Venn diagrams depicting OTU overlap between water (blue) and sponge (orange) eDNA signals for the three sampling locations, including (g) 
CB, (h) CE, and (i) CZI. Total number of OTUs for each eDNA substrate is represented between brackets. Venn diagram size is proportional to 
the number of detected OTUs.
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approach through COI amplification (Leray et al., 2013) to uncover 
a broader range of taxonomic groups, thereby increasing false-
negative detection rates through highly variable amplification 
efficiencies. Second, H. scotti host DNA constituted on average 
32.76% of reads (CBSP1: 3.00%; CZSP2: 79.46%) within sponge 
samples and failed to be detected in our water eDNA survey. 
The presence of host DNA most likely increased the risk of false-
negative detections in our sponge eDNA survey. To alleviate this 
issue, the use of blocking primers could be considered in future 
studies (Rojahn et al., 2021; Wilcox et al., 2014). The false-negative 
detections of H. scotti in the water eDNA samples, on the other 
hand, most likely originated from low amplification efficiency for 
this target organism, due to the presence of multiple mismatches 
in the forward and reverse primer-binding region (Supplement 
S7). Third, missing taxa in near-bottom water eDNA samples 
could have been induced by the processing of smaller water vol-
umes (i.e., 500 mL) rather than the standard vacuum filtration 
of ~2000 mL in the marine environment (Bowers et  al.,  2021; 
Takahashi et  al.,  2023), a consideration made based on logistics 
of in situ sampling in Antarctic field conditions. A fourth potential 
influencing factor for the observed differences between sponges 
and water samples could be the preservation technique used for 
each treatment (i.e., sponges were stored in ethanol and water 
eDNA in DNA Shield), whereby different preservation methods 
have been shown to influence downstream results in eDNA com-
parative studies (Minamoto et al., 2016; Sales et al., 2019).

The efficiency of sponge eDNA metabarcoding surveys could be 
further enhanced by gaining a better understanding of how sponges 
accumulate eDNA and how to optimally obtain eDNA from sponge 
tissue biopsies (Harper et  al.,  2023; Mariani et  al.,  2019). The in-
creased variability observed in eDNA composition between Haliclona 
scotti samples within a site compared to water eDNA signals demon-
strates the need for protocol optimization (Figure 5d–f). Unlike the 
myriad of studies on protocol optimization for water eDNA (Sanches 
& Schreier, 2020; Spens et al., 2016), only a single study has investi-
gated the impact of various DNA extraction protocols on eDNA sig-
nal recovery from sponge tissues thus far (Harper et al., 2023). Since 
the use of optimized protocols is linked to increased DNA concen-
tration, diversity detection consistency, and probability of rare taxa 
(Spens et al., 2016), additional research into protocol optimization for 
sponge eDNA surveys is required. Furthermore, differences in eDNA 
accumulation efficiency have been observed for various sponge spe-
cies (Cai et al., 2022; Turon et al., 2020) and linked to filtration rates 
and microbial activity (Brodnicke et al., 2023). While our survey tar-
geted a sponge species with a form suited for obtaining tissue biop-
sies using an ROV with minimal disturbance, to limit negative impacts 
on the benthic community, increasing our knowledge on which spe-
cies are most suitable for eDNA monitoring would enhance species 
detection through sponge eDNA metabarcoding surveys.

The eDNA diversity we recorded from water at the seven 
sampling locations showed strong spatial structuring based on 
known species distributions in the Ross Sea region (Cummings 
et al., 2018; Thrush et al., 2006). The distinct water eDNA signals 

we recovered at each location were significantly different when 
analyzed for richness (Figure  4a) and composition (Figure  4c). 
Highest diversity was observed at Cape Evans, a relatively ex-
posed bay with seafloor bathymetry providing protection from 
icebergs in the nearshore area. The site has a high proportion 
of rocky substrata and a high abundance of sessile organisms 
(Figure  1g). Lowest diversity, on the other hand, was observed 
at Turtle Rock, a relatively sheltered site south of the Erebus Ice 
Tongue. The seafloor is composed largely of soft sediment and the 
benthos by sea stars, sea urchins, and infaunal bivalves (Figure 1i). 
The spatially discrepant eDNA signals observed in this study and 
elsewhere (Beentjes et al., 2019; Minamoto et al., 2017; Murphy & 
Jenkins, 2010; O'Donnell et al., 2017) demonstrate the potential 
of eDNA surveys as a non-invasive method for species detection 
and monitoring. Indeed, our ability to recover 1450 genetic signals 
across 30 phyla and identify 135 species from a limited number 
of low-volume samples improves our capability of biodiversity 
monitoring across the tree of life in logistically difficult-to-sample 
regions (Cecchetto et al., 2021).

The power of eDNA metabarcoding stems from species detec-
tion based on mathematical criteria applied to sequences obtained 
from environmental samples (Alberdi & Gilbert, 2019). However, the 
reliance on reference databases for taxonomy assignment is limit-
ing the robustness of taxonomy assignment in remote regions and 
for understudied taxonomic groups (Ammon et al., 2018). Only 135 
(8.33%) OTUs could be assigned a species ID, even though the cy-
tochrome b oxidase subunit I (COI) amplicon fragment used in this 
study (Leray et al., 2013) provides species-level taxonomic resolution 
(Bucklin et al., 2010). Furthermore, the proportion of OTUs assigned 
to a higher taxonomic resolution differed among taxonomic groups 
and was correlated to the extensiveness of molecular research pub-
lished on the phylum. For example, a large proportion of OTUs as-
signed to Porifera (58.33%), Chordata (81.82%), and Echinodermata 
(92.86%) phyla achieved a taxonomic resolution of genus or species, 
while Ochrophyta (76.70%), Oomycota (82.18%), and Arthropoda 
(89.87%) were mostly assigned to phylum level. Hence, effort should 
be directed to filling these gaps in the sequence database where 
possible.

In conclusion, our near-bottom water and marine sponge eDNA 
survey along the Ross Sea coastline provide evidence for the po-
tential of eDNA metabarcoding for biomonitoring in isolated areas 
using two low-tech solutions, that is, 500 mL manual water filtration 
through a syringe setup and marine sponge biopsies. While spatial 
eDNA patterns distinguished sampling locations, comparisons with 
visually analyzed benthic community composition require further 
research. Additionally, the distinct eDNA signals recovered from 
both substrates indicate a need to incorporate more sophisticated 
sampling strategies beyond the standard surface water sampling 
used to date to capture the full diversity at a particular site.
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