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Antarctic krill (Euphausia superba Dana) is a key species of the Southern Ocean
ecosystem, immensely abundant and targeted by the krill fishery. For their
sustainable management, krill distribution and biomass estimates are required,
typically achieved through acoustic-trawl surveys. We explore how krill
environmental DNA (eDNA) can contribute to our understanding or Antarctic
krill habitat and distribution. We collected eDNA samples by filtering five liters of
seawater per sample in the East Antarctic Southern Ocean from the surface (5 m
depth) and seafloor (381-4422 m depth, total n = 110). We used quantitative PCR
to measure Antarctic krill eDNA abundance and age, and eDNA metabarcoding
to detect any krill species. This eDNA data was compared to acoustic, visual and
trawl detections of Antarctic krill. Antarctic krill eDNA was common in surface
samples and largely overlapped with visual and trawl detections. Highest eDNA
concentrations were detected above krill swarms, with concentrations declining
with increasing distance from swarms. Near recent eDNA sampling locations, krill
swarms were more likely acoustically detected than near old eDNA sampling
locations. Antarctic krill detections were less common in seafloor locations, and
detections were concentrated in the continental slope area to the south of the
survey area, both for visual detections and for recent eDNA detections. Both
methods detected Antarctic krill at great depths (recent eDNA: 4300 m; visual:
3080 m). In both eDNA and trawl data, Antarctic krill was the dominant krill
species, followed by Thysanoessa macrura G.O. Sars, which was particularly
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abundant in larval stages throughout the survey area, including at Antarctic krill
swarm locations. We recommend the inclusion of eDNA data for Antarctic krill
distribution estimates and understanding of habitat use, particularly in difficult-
to-access areas, such as under ice or benthic habitats.
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1 Introduction

Antarctic krill (Euphausia superba Dana) is a key species of the
Southern Ocean, feeding on primary producers (phytoplankton)
and small zooplankton, and in turn being preyed upon by a vast
array of Southern Ocean predators, including fish, seabirds, seals
and whales (Trathan and Hill, 2016; Schmidt and Atkinson, 2016),
thus forming a central node in the Southern Ocean food web (Siegel,
20165 Everson, 2008). Antarctic krill is enormously abundant, with
an estimated biomass of 379 million tons (Atkinson et al., 2009) -
possibly the most abundant wild animal species on earth (Tarling
and Fielding, 2016). Antarctic krill can form dense swarms near the
surface (epipelagic zone; upper 250 m), which can contain
hundreds, sometimes thousands of individual krill per cubic
meter (Tarling et al, 2009; Cox et al, 2011). Typical smaller
swarms extend 50-100 m horizontally, but occasional densely
packed superswarms can extend over many kilometers in length
and over 100 m in depth, containing vast amounts of krill biomass
(Tarling et al., 2009; Cox et al., 2011). Antarctic krill are good
swimmers and may actively move large distances (Atkinson et al.,
2008; Kils, 1982; Richerson et al, 2015). They can also perform
seasonal and diel vertical migration, e.g. moving to the food-rich
surface (epipelagic zone) at night to avoid visual predators, and
retreating to the deeper, darker mesopelagic zone during the day
(Bahlburg et al., 2023; Kalinowski and Witek, 1980). They have also
been observed near the seafloor in the bathypelagic zone down to
3500 m, where they may actively feed on seabed detritus year-round
(Clarke and Tyler, 2008; Schmidt et al., 2011), making the benthic
environment a potentially important retreat habitat for Antarctic
krill. The rapid sinking of their carbon-rich fecal pellets and molts
and their vertical migrations contribute to the marine biological
carbon pump and long-term carbon storage in seafloor sediments
(Gleiber et al., 2012; Cavan et al., 2019; Smith et al., 2025). Krill also
play an important role in nutrient cycling (e.g. iron, nitrogen),
which is critical for phytoplankton growth in the Southern Ocean
(Schmidt et al,, 2011; Cavan et al, 2019). During the Antarctic
winter, sea ice forms an important part of Antarctic krill’s habitat,
particularly for larval and juvenile krill (Meyer et al., 2017).
Antarctic krill’s distribution range may be contracting southwards
(Atkinson et al., 2019; Kawaguchi et al., 2024), likely driven by
climate change pressures such as increasing water temperatures,
reduced sea ice extent and ocean acidification (Flores et al., 2012;
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Cavanagh et al,, 2021), however, the overall status of Antarctic krill
population changes remain unclear (Atkinson et al, 2004; Cox
et al., 2018).

Antarctic krill are also targeted by the krill fishery due to their
dense nutritional and specialized pharmaceutical values, with the
main fishery products sold as meal and oil (Kawaguchi and Nicol,
2020; Hill, 2013). The krill fishery is expanding, particularly around
the Antarctic Peninsula, South Orkneys and South Georgia Islands
and may expand into East Antarctica again after a multi-decade
hiatus in this region (Kawaguchi and Nicol, 2020; Trathan, 2023).
The krill fishery is sustainably managed by the Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR;
ccamlr.org; Constable and Nicol (2002); Miller and Agnew (2000)),
which takes a precautionary approach to the management of krill
fishing. To set precautionary catch limits, the CCAMLR requires
biomass estimates for each management zone, which are achieved
through acoustic-trawl surveys (e.g. Krafft et al., 2021; Cox et al,
2022; Hewitt et al., 2004). Acoustic-trawl surveys are typically
carried out from a ship equipped with scientific (i.e. calibrated)
downward looking echosounders accompanied by scientific net
sampling. Both net and acoustic data are required for Antarctic
krill biomass estimation (Reiss et al., 2008; Watkins et al., 2016; Cox
et al,, 2011). The management zones of the Antarctic Peninsula,
South Orkney Islands, and South Georgia are relatively small
(CCAMLR management areas 48.1, 48.2 and 48.3, see https://
gis.ccamlr.org/) and accessible, and surveys are conducted
regularly (Skaret et al., 2023; Fielding et al.,, 2014; Cutter et al.,
2022). In contrast, the management zones off East Antarctica cover
larger areas (CCAMLR management areas 58.4.1 and 58.4.2, see
https://gis.ccamlr.org/), and distances to commercial ports are
greater, making this area harder to access and more difficult to
survey comprehensively. As a result, East Antarctic management
zones are less frequently surveyed, leading to sparser temporal and
geographic coverage of distribution and biomass surveys in this
region (Jarvis et al., 2010; Cox et al., 2022; Baldo et al., 2006), which
makes accurate and up-to-date Antarctic krill biomass estimates in
East Antarctica challenging.

Here we explore whether environmental DNA (eDNA) -
genetic material shed into the environment by all organisms,
including krill - can provide an additional data layer to
determine Antarctic krill distribution and abundance. The use of
eDNA-based surveys is rapidly expanding across a huge range of
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habitats, including marine, freshwater and terrestrial (Ruppert et al.,
2019; Taberlet et al., 2018). In the marine environment eDNA
surveys are for example used to determine reef biodiversity (Dugal
et al,, 2023; Mathon et al., 2022), to assess species distributions (Yu
et al, 2022; Gargan et al., 2017) or to detect marine invasive species
(LeBlanc et al., 2020; Ellis et al., 2022), to name a few applications.

Typically, two methods can be employed when assessing eDNA
samples for species presence and/or abundance: firstly, species-
specific assays using quantitative PCR (qQPCR) can be used to assess
the presence and abundance of eDNA shed by a single species
(Langlois et al.,, 2021). These markers need to be carefully designed
and validated to ensure their species-specificity, as cross-
amplification of eDNA of different species could lead to false
positive detections (De Brauwer et al., 2023; Langlois et al., 2021).
Species-specific assays are typically more sensitive at detecting the
presence of a species than metabarcoding assays (see below; Yu
et al,, 2022; McColl-Gausden et al., 2023) and separate assays have
been developed to detect the presence and distribution of many
species, including marine invasive species (Clarke et al., 2023; Roux
etal., 2020; Wood et al., 2017). eDNA abundance can correlate with
species abundance (Rourke et al., 2022; Lacoursiere-Roussel et al.,
2016; Yates et al., 2019; Salter et al., 2019), but calibrations are
difficult and many variables (e.g. volume of the body of water,
currents, eDNA degradation properties) can affect eDNA
abundance, persistence and detectability (Yates et al., 2021). As
eDNA may persist in some environments for extended periods,
several studies have attempted to determine eDNA fragmentation
by developing sets of species-specific markers of different amplicon
length (Jo et al., 2017; Bylemans et al., 2018; Suter et al., 2023). More
fragmented eDNA could indicate longer time since eDNA
shedding, and incorporating such temporal aspects to eDNA-
based surveys could greatly aid the interpretation of eDNA
abundance measurements.

Secondly, metabarcoding markers can be used to detect
multiple taxa simultaneously, for example all animal species
(Suter et al.,, 2021; Nester et al., 2024; Jeunen et al., 2019) or all
fish species (Miya, 2022; Bessey et al., 2020). Metabarcoding
markers amplify sections of genes or DNA that are shared
between all targeted taxa and act as ‘barcodes’ these DNA
sequences differ between taxa, and through comparisons to
reference databases the taxonomic composition of mixed eDNA
samples can be determined (Deiner et al., 2017). Metabarcoding
data can provide presence/absence information of taxa, as well as an
estimate of relative abundance of taxa within a sample. Through
elaborate calibrations taxa abundance across samples can be
estimated from metabarcoding data, but these methods are
complex, and not typically employed (Deiner et al, 2017; Luo
et al., 2022).

In this study, we assess how eDNA-based methods can
contribute to Antarctic krill surveys, using eDNA samples
collected in East Antarctica from seawater collected near the
surface and the seafloor. We firstly use two Antarctic krill-specific
qPCR markers of different lengths (Suter et al., 2023) to assess
Antarctic krill eDNA abundance and eDNA age. We use the eDNA
concentration of the short marker to estimate overall krill eDNA
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abundance. In addition, we estimate the age of Antarctic krill eDNA
in each sample by comparing the relative abundance of the short
and the long marker using a model fitted to experimental data of
known age and the concept that if the short and long markers are
similarly abundant, the eDNA is considered relatively intact and
therefore recent. If the short marker is more abundant than the long
marker, the eDNA is considered fragmented and therefore old.
Secondly, we use a euphausiid-specific metabarcoding marker that
can detect any Southern Ocean krill species (Suter et al., 2023),
revealing overall krill distribution patterns in the Southern Ocean.
To achieve a broad, semi-quantitative eDNA abundance estimate of
all krill species, we use the species-specific assay to calibrate the
metabarcoding data across samples.

We then compare this eDNA-data to other Antarctic krill
survey methods, including acoustic, visual and trawl surveys, to
get a holistic perspective on Antarctic krill distribution and
abundance in the Southern Ocean. We explore how Antarctic
krill eDNA spreads and decays through the Southern Ocean
environment, assess whether krill eDNA abundance and age
patterns are reflected in Antarctic krill assessments of other data
streams and highlight strengths and challenges for each data stream.
Lastly, we recommend how eDNA-methods should be used in
conjunction with other data streams in future surveys to improve
our understanding of Antarctic krill distribution and habitat use.

2 Methods
2.1 Survey area

Multidisciplinary data was collected on board the RV
Investigator on a research expedition named “Trends in
Euphausiids off Mawson, Predators and Oceanography
(TEMPO)” (IN2021_VO01) between 13 February and 12 March
2021 in the eastern sector of the CCAMLR Division 58.4.2. The
survey area was divided into six longitudinal transects (transect 1:
55°E; transect 2: 60°E; transect 3: 65°E; transect 4: 70°E; transect 5:
75°E, transect 6: 80°E), south of 62°S for transects 1 — 4, and south of
63°S for transects 5 and 6, with the southern end of each transect
limited by the sea ice edge, varying between approximately 65°S and
68°S (Figure 1). Multiple data streams were collected: eDNA,
acoustic, visual and trawl data (Table 1). The research was
conducted under the Antarctic Marine Living Resources
Conservation Act 1981 (Australia) Permit AMLR 20-23-4512.

2.2 Data collection

2.2.1 eDNA samples
2.2.1.1 Sample collection

Seawater samples (5 L each) were collected at 50 CTD stations.
At each station, a sample was collected from the surface
(approximately 5 m depth) as well as from near the seafloor
(seafloor depth at CTD stations ranged from 381 m to 4422 m
depth), resulting in a total of 98 CTD samples (two seafloor eDNA
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FIGURE 1

Overview of the survey area in relation to the broader Antarctic (map inset) and collected samples. Numbers 1 — 6 (white background) denote the six
survey transects. Triangles denote sampling stations; black lines represent acoustic data collection along transects (1-6). T15 and T18 (grey
background) indicate the location of two targeted krill swarms. Dotted lines indicate Southern Ocean oceanic fronts during the TEMPO voyage
following Foppert et al. (2024): the northern line denotes the Southern Antarctic Circumpolar Current Front, at southern line the Southern Boundary
of the Antarctic Circumpolar Current. The red wavy lines south of each transect indicate the sea ice edge at the time of each transect.

samples were unsuccessful). CTD operations were conducted using
Sea-Bird SBE911 instrumentation and 31 x 12 L Niskin bottles on a
rosette. In addition, two eDNA samples each were collected within
two krill swarms (T15 and T18) from the ship’s uncontaminated
seawater line (5 L, depth approximately 5 m), and as the ship was
moving away from the krill swarm, four further samples were
collected at each krill swarm (n = 12). Seawater was transferred
from the CTDs into a 5 L Cole-Parmer essentials wide mouth
carboy (Cole-Palmer), or directly collected in these carboys if
sampled from the uncontaminated seawater line. Samples were
kept in a refrigerator at 4°C until filtering. Samples were filtered
onto hydrophilic polyvinylidene fluoride membrane filter discs (5
um pore size, 47 mm diameter; Merck) using a Masterflex L/S
peristaltic pump (John Morris Scientific), either until all water was
filtered (most samples), or until the filter got clogged, in which case
the filtered volume was recorded. Every 10™ sample was a field
control consisting of 5 L Milli-Q water processed as described
above. After each filtering round, all filtering equipment and
laboratory desk surfaces were sterilized using 1% bleach followed
by thorough rinsing with Milli-Q water. After filtering, every filter
was halved, and both halves stored in separate 1.5 mL DNA LoBind
Tubes (Eppendorf), which were stored at -80°C until
DNA extraction.

2.2.1.2 DNA extraction

DNA was extracted from one half filter per sample, while the
other half was kept for biobanking (Jarman et al., 2018) at -80°C for
future studies. Samples were sent to eDNA frontiers (eDNA
frontiers, Perth, Australia; http://www.ednafrontiers.com/) for
DNA extraction using Qiagen DNeasy Blood & Tissue Kit
(Qiagen) with the following minor modifications from the
manufacturer’s protocol: 540 ul of buffer ATL and 60 ul
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proteinase K were added to the filters and incubated at 56°C
overnight, and samples were eluted in 100 pl elution buffer. Nine
extraction blanks containing no filter material were extracted with
the samples.

2.2.2 Species-specific E. superba assay
2.2.2.1 gPCR markers and conditions

To estimate Antarctic krill eDNA concentrations and eDNA
age, two species-specific primer combinations developed by Suter
et al. (2023) were used to amplify a short 16S rRNA gene fragment
(henceforth called “short marker”) and a long 16S rRNA gene
fragment (henceforth called “long marker”). The short and long
marker use the same forward primer (E_superba_16S_F3: 5-
TATTAAAGGATCATTCACACA-3’) and fluorescent probe
(E_superba_16S_Probe: 5’-/56-FAM/CGCCCCAAT/ZEN/
AAAATAAATTCCACAAT/3TABKFQ/-3’), but different reverse
primers, resulting in different lengths of amplicons: the short
marker uses the E_superba_16S_R1 reverse primer (5’-
AAGTGGAGTAGTTGATTAAAAC-3’), resulting in an amplicon
length of 126 base pairs (bp), while the long marker uses the
E_superba_16S_R3 reverse primer (5 -
GTGCTAAGTAACTCGGCAAA-3), resulting in an amplicon
length of 412 bp. Quantitative PCR (qPCR) amplifications were
conducted in 10 UL total reaction volume, including 2X PrimeTime
gene expression master mix (integrated DNA Technologies), 0.5
UM of forward and reverse primer, 0.25 UM Probe and 2 pL of
undiluted DNA template.

All qPCR amplifications were done in triplicates on a
QuantStudio 6 Real Time PCR System (Thermo Fisher Scientific)
using 384 well plates with the following cycling conditions: 95°C for
3 min, 45 cycles of 95°C for 15 sec, 60°C for 30 sec, 65°C for 45 sec,
followed by a final extension of 72°C for 2 min. All qPCR plates

frontiersin.org


http://www.ednafrontiers.com/
https://doi.org/10.3389/fmars.2025.1502498
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

92UBI2S dulIe|y Ul SI213U0I4

S0

[SSIRVFETM I

TABLE 1 Data streams collected in this study: what, where and how they measure presence or abundance of krill species, and a summary of their strengths and challenges.

eDNA gPCR eDNA metabarcoding Acoustic Visual Trawl — RMT8 Trawl — RMT1
Target species E. superba Any euphausiid species E. superba E. superba Any euphausiid species E. superba, T. macrura,
‘other’
euphausiid (grouped)
Target Any, plus faeces, moults, etc Any, plus faeces, moults, etc Adult, juvenile Adult, juvenile Adult, juvenile Larvae
developmental stage
Data type Krill eDNA presence, abundance and age Krill eDNA presence, estimate of Krill biomass, krill density Krill abundance Krill density Krill density

Detection unit

Radius of detection

DNA fragments

Unclear; potentially ~2.8 km for recent,
further for old eDNA

eDNA abundance

DNA fragment

Unclear - likely multiple km

Acoustic reflection
of swarms

250 m from ship

Video footage

~5 m from camera

Trawl catch

~200 m depth

Trawl catch

~200 m depth

Sampling depth

Surface (5 m), Seafloor (down to 4422 m)

Surface (5 m), Seafloor (down to
4422 m)

Surface (within 250 m)

Surface (5 m), Seafloor (down
to 4422 m)

Surface (within 200 m)

Surface (within 200 m)

Sampling location At CTD stations (n = 50) At CTD stations (n = 50) Continuously At CTD stations (n = 50) At trawl stations (n = 53) At trawl stations (n = 48)
Detection time Potentially hours (short) for recent DNA Potentially days Immediate Immediate Immediate Immediate
Potentially days (long) for old DNA
Strengths - Large temporal, geographic and - Large temporal, geographic - Precise estimate of - Any depth can be - Developmental - Larval stages can be
depth coverage and depth coverage biomass surveyed stage, sex, size differentiated
- eDNA abundance and age provide - Any Kiill species can be - Continuous survey - Estimate of krill of krill measurable - Multiple krill species can
dynamic picture detected - Fast data processing abundance - Any Kiill species can be be detected
- Any developmental stage detectable - Any developmental - Fast data processing detected
stage detectable - Fast data processing
Challenges - Data processing, analysis and - Data curation complex and - Only adult/juvenile krill - Very limited detection - Limited depth - Adult/juvenile krill not
interpretation complex and slow slow detectable radius - Only adult/juvenile representative
- Origin of eDNA variable - Abundance estimates - limited detection radius - Only immediate presence krill detectable - Limited depth

- Developmental stage, size etc not
measurable
- Relatively sparse data collection

imprecise

- Origin of eDNA variable

- developmental stage, size etc
not measurable

- Relatively sparse
data collection

- only immediate presence
of krill detectable

of krill detectable

- Only adult/juvenile krill
detectable

- Species ID uncertain

- Relatively sparse
data collection

- Relatively sparse data
collection

- Krill swarms are
often missed

- Relatively sparse data
collection

- Larvae of several krill
species cannot
be differentiated

- Slow data processing
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included triplicates of non-template negative controls (NTCs) and
positive control (gblock fragment with 100 copies, see Suter et al.
(2023)). Pre-PCR setups were prepared in a physically separate and
PCR product free laboratory to minimize the risk of contamination.

2.2.2.2 Limits of detection and quantification

The copy number of gblock fragments per UL was calculated
from the DNA concentration - measured using a Qubit DNA HS
assay kit with a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad,
CA, USA) - and the molecular weight of the gblock fragment. To
determine both the limit of detection (LOD) and limit of
quantification (LOQ) for each marker, the gblock fragment was
serially diluted to the following copy numbers per dilution standard:
100, 10, 2, 1, 0.5, 0.25, 0.125, 0.0625. qPCR amplifications were done
in 12 replica per marker per standard with the PCR conditions as
described above. The lowest standard with 95% of amplifications
across all replicates determined the LOD, and the lowest standard
with a coefficient of variation (CV) below 35% determined the LOQ
(Klymus et al., 2020b). To derive the LODs, LOQs and primer
efficiencies of the assay, the data was analyzed in RStudio (v
2022.02.2) following Klymus et al. (2020a) and Suter et al. (2023).

2.2.2.3 eDNA abundance calculations

qPCR results were quantified if at least two out of three
technical replicas were within an acceptable quantification cycle
(Cq) range, following Suter et al. (2023) and De Ronde et al. (2017).
Acceptable ranges increased with increasing mean Cq value (range
for mean Cq < 32 was 0.5, for > 32 it was 0.7, for > 33 it was 0.9, for
Cq > 34 it was 1.3 and for > 35 it was 1.5). Outliers falling outside of
these ranges were excluded if the other two technical replica fell
within the acceptable range. Average Cq values of acceptable
technical replicas were used. qPCR results that only had Cq
values for one of three technical replicas were excluded. Copy
number per qPCR sample were calculated separately for each
qPCR plate using the intercept and slope calculated for each
marker during the standard curve assessment, the Cq value of the
samples and the Cq value of the standard gblock fragments (100
copies) on each qPCR plate. If copies detected in both markers per
sample were below the limit of detection for three technical replicas,
the data was removed. If only one of the two markers was below this
threshold, copy numbers were retained, as the sample was
considered to contain krill eDNA. The copy numbers per PCR
amplification were then multiplied by 100 to calculate copy
numbers per 5 L sample (DNA of half a filter eluted in 100 pl, 2
pl used per qPCR), and in samples were less than 5 L of seawater
was filtered due to filter clogging, the copy number was divided by
the proportion of 5 L that was filtered for those samples.

2.2.2.4 eDNA age classification

Antarctic krill eDNA detected in samples was estimated to
“recent”, “old” or “undetermined” based on the level of DNA
fragmentation detected in each sample. The underlying concept
to this approach assumes that eDNA recently shed into the
environment is relatively intact and consists of long DNA
fragments. A long and a short eDNA marker would therefore
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detect similar concentrations of eDNA. However, the longer the
eDNA remains in the environment, the more fragmented it
becomes. The proportion of short vs long fragments therefore
increases, and a short marker would detect higher concentrations
of eDNA than a long marker. To determine the likelihood of a
sample of the current study being “recent” or “old”, we applied a
binomial generalized linear model developed by Suter et al. (2023)
based on experimental Antarctic krill eDNA fragmentation data of
known eDNA age. Samples associated with model probabilities
close to zero (<0.1) were considered “recent”, whereas samples
associated with model probabilities close to one (>0.9) were
considered “old”. Samples that were not clearly “recent” or “old”,
i.e. with probabilities between 0.1 and 0.9, were classified as
“undetermined”. If krill eDNA was only detected with the short
marker, the eDNA was considered fragmented and therefore “old”.
If eDNA was only detected with the long marker, eDNA was
considered present at “undetermined” age, and the short marker
read numbers were copied from the long marker read numbers.

2.2.3 Euphausiid metabarcoding
2.2.3.1 PCR and sequencing

A 168 euphausiid-specific metabarcoding marker [forward primer
Euph_F: GTGACGATAAGACCCTATA (Suter et al., 2023); reverse
primer Crust16S_R(short): ATTAC GCTGTTATCCCTAAAG (Berry
et al., 2017)] was used to determine which krill species were present in
each sample. PCR amplifications were conducted in two rounds: the
first round was amplified on a QuantStudio 6 Real Time PCR System
(Thermo Fisher Scientific), with the reaction mix containing 0.5 UM
each of forward and reverse primer, 0.2 pl 100x Bovine Serum
Albumin (NEB), 0.5 pl Evagreen (Biotium), 5 ul AmpliTaq Gold™
360 Master Mix in 1 x reaction buffer (Life Technologies), and up to 5
ng eDNA in a total reaction volume of 10 pl. First round primers were
composed of marker specific primers, a unique combination of 7 bp
multiplex-identifier (MID) tags and Illumina sequencing primers.
Thermal cycling conditions were 95°C for 10 min, followed by
40 cycles of 95°C for 30s, 56°C for 30s, and 72°C for45s, with a
final extension of 72°C for 5 min. The amplification product of the first
round was diluted 1:20 for the second round PCR, where the reaction
mix contained 0.1 UM each of forward and reverse primer, 5 pl
AmpliTaq Gold™ 360 Master Mix in 1x reaction buffer (Life
Technologies), 2 pl of diluted PCR product from round one, in a
total reaction volume of 10 pl. PCR amplifications were conducted with
the following thermal cycling conditions: 95°C for 10 min, followed by
10 cycles of 95°C for 30s, 55°C for 20s, and 72°C for 45 s, with a final
extension of 72°C for 5 min. With the second-round primers,
sequencing adapters and two additional 8 bp MIDs (unique i5/i7
combination for each sample) were added to the final amplicons.
Second round PCR products were pooled and purified using
Agencourt AMPure XP beads (Beckman Coulter). The pooled
library amplicons were assessed on a 2100 Bioanalyzer (Agilent
Technologies), quantified using the Qubit dsSDNA HS assay on a
QUBIT 2.0 fluorometer (Life Technologies), diluted to 2 nM and sent
to the Ramaciotti Centre for Genomics (UNSW; https://
www.ramaciotti.unsw.edu.au) for Illumina NextSeq 1000-150 bp
paired-end sequencing.
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2.2.3.2 Euphausiid species identification

Paired-end raw sequencing data was processed using the
pipeline described in Suter et al. (2023) with the software usearch
v11.0.667 (Edgar, 2010). In brief, paired-end reads were merged
using the usearch command “fastq_mergepairs”, first-round MID
tags and primers were identified, filtered and trimmed using the R
package “ShortRead” (Morgan et al., 2009) and reads were
dereplicated using the usearch command “fastx_uniques”. To
maintain maximal read diversity, zero-radius OTUs (zOTUs)
were identified using the usearch command “fastx_uniques” and
the zOTU table was calculated using the usearch command
“unoise3”. zOTU sequences were searched against the NCBI
nucleotide database using the command “blastn” (Madden, 2013),
and taxonomy was assigned through lowest common ancestor
assessment using MEGAN (Huson et al, 2016) and manual
curation. In general, if the NCBI match contained at least 97%
identical DNA bases, species-level taxonomic assignment was
possible. Read numbers below 100 for any zOTU in any sample
were set to zero.

2.2.3.3 Metabarcoding semi-quantitative copy number
estimate

To estimate semi-quantitative metabarcoding krill copy
numbers per CTD sample, primer standard curve intercept was
estimated using a sample where only Antarctic krill was detected in
the metabarcoding assay, the sample’s first round metabarcoding
qPCR Cq value, the Antarctic krill copy number determined from
the species-specific QPCR assay, and primer standard curve slope
that assumed PCR primer efficiency of 2 (100% efficient). This
intercept was then used to calculate the overall amplicon copy
numbers for all other samples, taking DNA dilutions and filtered
volume into account as well as multiplying by 100 to extrapolate
copy numbers from each qPCR mix to copy numbers per 5 L
sample. Relative read abundance of any krill species detected in each
sample was used to estimate the copy number for each krill species
in each sample.

To estimate metabarcoding krill copy numbers for target trawl
samples, Antarctic krill copy numbers from the species-specific
qPCR assay were transferred to the Antarctic krill metabarcoding
dataset. Relative read abundances of each krill species together with
these Antarctic krill copy numbers were then used to estimate copy
numbers for other krill species present in these samples. This
approach was possible as all target trawl samples contained some
Antarctic krill metabarcoding reads, whereas in the CTD samples,
some samples only contained eDNA from other krill species,
without any Antarctic krill eDNA present that would have
allowed estimation of overall krill metabarcoding copy numbers
in those samples.

2.2.4 Acoustic estimates of krill biomass

Krill were sampled as part of a line-transect survey carried out
from RV Investigator using a calibrated scientific echosounder
operating at 120 kHz. The echosounder transducer was drop keel-
mounted and faced vertically downward. Acoustic echoes arising
from krill were isolated using the swarms-based method described
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in Krafft et al. (2021) to a maximum depth of 250 m. Krill swarm
metrics describing morphology (e.g. length), energy (e.g. mean
volume backscattering strength (Sv, dB re 1 m-1; see MacLennan
et al. (2002)) and position (e.g. mean depth of swarm) were
extracted for each krill swarm using Echoview version 13.1
(Echoview, Hobart, Australia) using validated methods (e.g.
Tarling et al., 2009; Cox et al., 2011). Krill echoes were then
integrated along transect on a one nautical mile by 250 m grid.
The integrated values, called Nautical Area Scattering Coefficient
(NASC; MacLennan et al., 2002) with units (m*NM?), are a linear
measure of average acoustic energy scattered by krill and were
converted to a real krill biomass density (g wetmass/m?) following
standard methods (Krafft et al., 2021; Cox et al., 2022).

2.2.5 Visual krill abundance

A Canon HFG10 camera in a waterproof housing was attached
to the CTD rosette to enable filming at each CTD station. Once the
CTD was approximately 30m from the sea floor and still
descending, the camera and lights were switched on and filming
commenced. Filming continued as the CTD reached approximately
five m from the seafloor at which point it stopped descending and
maintained this depth for a further five minutes. After five minutes
at the seafloor the camera and lights were switched off and the CTD
made its ascent to the surface. Once the CTD reached
approximately five m from the surface, the process was repeated,
so that 5 minutes of footage at both the bottom and the surface was
obtained at each CTD station.

In total, surface and seafloor videos from 50 CTDs were used for
analysis (255 minutes footage at both the bottom and surface).
Abundance data was obtained first as a binary yes/no occurrence,
whereby videos were watched in their entirety and then categorized
as either containing at least a single krill (‘yes’) or no krill (‘no’).
‘Yes’ videos were then re-watched twice to gain abundance data. To
account for movement of the camera and currents, we used two
measures of abundance to form the basis of a categorical abundance
classification. First, we measured MaxN - the maximum number of
individuals in a single frame, which is usually used for stationary
baited underwater videos with a single maximum obtained over a
set filming period (e.g. Gardner and Struthers, 2013; Campbell et al.,
2015; Schobernd et al., 2014). Since MaxN measures are typically
taken by cameras fixed to the substrate, this method alone
underestimated the abundance when the camera was substantially
moving. Therefore, we also used absolute abundance by counting all
krill occurrences throughout the 5-minute videos, which is usually
used when calculating abundance from moving transects (e.g.
French et al.,, 2021; Pelletier et al., 2011). A combination of these
methods meant that our data fell broadly into three abundance
categories: “low”, < 10 krill; “medium”, 10-100 krill; and “high”, >
100 krill.

2.2.6 Trawls

Trawls were conducted with a Rectangular Midwater Trawl
(RMT 8 + 1). This incorporated two nets: a primary net which was
optimized for adult and juvenile krill with an 8 m* mouth opening
equipped with a flow meter, and a 4 mm mesh aperture (RMT 8)

frontiersin.org


https://doi.org/10.3389/fmars.2025.1502498
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Suter et al.

and a smaller secondary net optimized for zooplankton and larval
krill with a 1 m®> mouth opening and a 300 um mesh aperture (RMT
1). At some locations, only one of the two nets were successfully
deployed. Trawls were either conducted as target trawls (nravrs =
15; npyv1 = 13) which were acoustically targeted at krill swarms to
capture a sample of the target (10 to 108 m deep), or routine trawls
(nrymrs = 38; nrayry = 35) at pre-determined stations to examine the
distribution of zooplankton, which were performed as oblique
trawls from 200 meters depth to 10 meters depth. RMT 8 samples
were sorted into broad taxonomic groups, photographed,
individuals counted and preserved. RMT 8 target trawls capturing
E. superba were subsampled with a 1 liter jug and 200 individuals
were randomly selected for measuring body length, sex and
maturity stage. The number of individuals of other krill species
caught in the net during routine trawls were counted. When the
number of individual krill was likely to be more than ~1,000
individuals, approximate number of individuals were estimated by
measuring total volume of the species in milliliters using a
volumetric cylinder, and multiplied by conversion factors of 16.1,
29.7, 16.1 for E. crystallorophias, Thysanoessa macrura, and E.
triacantha respectively (assuming wet weights of 62.2, 33.7, and
62.2 mg, with density of 1), to derive individual numbers.
Numerical densities of these species were expressed in individuals
per 1000 m®>. RMT 1 samples were preserved in 5% buffered
formaldehyde and seawater solution for later analysis in the
laboratory at the Institute for Marine and Antarctic Studies,
Hobart, Australia (Weldrick et al., 2024). After rinsing in filtered
seawater and splitting into subsamples (Motoda, 1985), individual
euphausiids were enumerated and identified to species level for E.
superba and T. macrura, or grouped into “other Euphausiids”, using
a Leica M165 C stereoscopic microscope. The counts were adjusted
based on the splitting ratio and the calibration value from flowmeter
readings. Numerical densities were calculated for each euphausiid
group per sampling site and expressed as the number of individuals
per 1000 m’,

2.3 Data analysis

2.3.1 eDNA

Antarctic krill eDNA detection and abundance was explored
using the short marker, as this marker was more sensitive than the
long marker and detected Antarctic krill in more samples than the
long marker. eDNA age was calculated using both species-specific
qPCR markers (short and long), and both eDNA abundance and
age were visualized separately for CTD surface and seafloor samples
using R packages SOmap (Maschette et al,, 2019) and “ggplot2”
(Wickham, 2016). To assess whether sampling depth (surface vs
seafloor) affected the likelihood of detecting Antarctic krill eDNA in
CTD samples, we used a binomial generalized linear model with
logit link and with krill eDNA detection (eDNA present/absent) as
the dependent and sampling depth (surface/seafloor) as the
explanatory variable. To assess whether eDNA amounts decreased
with increasing distance from two separate krill swarms, a linear
model with eDNA amounts as the dependent variable and distance
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from swarm and separate swarms as explanatory variables was
fitted. Using this model, we extrapolated the distance from swarms
at which the swarm’s eDNA signal may still be detected, using the
lowest value of a recent eDNA detection in CTD samples as the
threshold of detectability (26 copies).

Using the euphausiid-specific metabarcoding marker, presence
of different krill species, relative abundance within samples and
total estimated euphausiid eDNA abundance was calculated and
visualized separately for CTD surface and seafloor samples as well
as for the two krill swarms where samples were taken at
increasing distances.

To compare the two eDNA analysis methods (qPCR and
metabarcoding), the co-occurrence of Antarctic krill eDNA
detections was investigated and visualized, taking eDNA
abundance and age into account. Specifically, the overlap of
Antarctic krill eDNA detections was visualized with an Euler
diagram (R package “eulerr”, Larsson, 2020). The relationship of
eDNA age, abundance and detection overlap between methods was
further visualized using stacked barplots in R package “ggplot2”,
separately for overlapping and non-overlapping eDNA detections.
The relationship of metabarcoding eDNA abundance with gPCR
eDNA abundance was explored using a linear regression model,
with sampling depth (surface or seafloor) included as an
explanatory variable.

2.3.2 Acoustics

Surface eDNA samples collected from CTDs were compared to
acoustic areal krill biomass estimates in the immediately
surrounding waters. The acoustic data were converted to
presence/absence by thresholding at the 25th percentile of the
non-zero acoustic biomass values. For each surface eDNA sample,
acoustic presence was collated up to 15km either side of the CTD
station location. The relationship between acoustic presence and
eDNA age class was examined by fitting a binomial generalized
additive model with logit link using the mgcv R package (Wood,
2017), with a cyclic smooth term for normalized time of day and
distance from station, and a factor term for eDNA age class. Models
with combinations of those terms were compared using Akaike’s
information criterion (AIC) and comparisons between age classes
were conducted using Tukey’s multiple comparisons method and
the emmeans R package (Lenth, 2024). These analyses were
repeated with distances of 5 and 10 km, and thresholds of 0 and
the 10™ percentile of the non-zero acoustic biomass values, with
equivalent results (not presented here).

Krill are known to exhibit diurnal vertical migration as well as
variations in swarming behavior (Tarling et al., 2018; Bahlburg
et al,, 2023). The normalized time of day term in the above model
allows for acoustic detection probability to vary according to the
solar cycle. The times of midnight, sunrise, noon, and sunset around
each acoustic biomass estimate were calculated using the suncalc R
package (Thieurmel and Elmarhraoui, 2022). The normalized time
of day was calculated by linear interpolation of the acoustic
sampling time to a value in the range of 0 to 2, where 0
corresponds to midnight, 0.5 to sunrise, 1.0 to noon, 1.5 to
sunset, and 2 to midnight.
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2.3.3 Visual

Visual detections and abundance estimates of Antarctic krill
were plotted separately for surface and seafloor samples using R
packages “SOmap” and “ggplot2”. To assess whether sampling
depth (surface vs seafloor) affected the likelihood of detecting
Antarctic krill visually, we used a binomial generalized linear
model with logit link, and with krill visual detection (krill
present/absent) as the dependent and sampling depth (surface/
seafloor) as the explanatory variable. The relationship of visual
abundance, eDNA abundance and eDNA age was explored using
samples of known age (recent or old, undetermined age was
excluded). Recent or old eDNA samples were only associated
with low or medium visual abundances at the surface, therefore a
binomial generalized linear model with logit link and with visual
abundance as the dependent and eDNA abundance and age (recent
or old) as explanatory variables was used. This data was further
visualized using stacked barplots (R package ggplot2). There was
not enough overlap between visual and eDNA detections at the
seafloor to conduct meaningful statistical comparisons of eDNA
abundance and age with visual abundance.

2.3.4 Trawl

Trawl detections and abundance estimates of euphausiid species
were visualized separately for adult or juvenile krill (data from RMT 8
catches) and larval krill (data from RMT 1 catches) using R packages
“SOmap” and “ggplot2”, separately for target and regular trawls.
Differences of krill densities between target and regular trawls were
explored separately for RMT 8 and RMT trawls by summarizing
detections (number of detections; minimum, maximum and average
densities detected) by trawl type and species detected. Trawl locations
were matched to CTD locations if they were within 2,794 m of each
other (see results — estimated distance of eDNA detectability from
krill swarm), and trawl results were compared to eDNA results for
trawls where both RMT 8 and RMT 1 data was successfully collected.
Overlap of krill detections between trawls and eDNA were visualized
using an Euler diagram (R package “eulerr”), and the relationship of
krill densities determined by trawls with eDNA data was explored
using a linear regression model with trawl krill density as the
dependent variable and krill eDNA abundance, age and trawl type
as the explanatory variables.

2.4 Data availability

Raw metabarcoding sequencing data, R markdown code for data
processing and CTD videos are available from the Australian Antarctic
Data Centre (Suter 2025). All other data, metadata and R markdown
codes for data processing and analyses are available on GitHub: https://
github.com/Australian AntarcticDivision/tempo-krill-comparisons.
Specifically, the R markdown file “TEMPO_qPCR_data.Rmd”
provides the code for all data processing, including LOD/LOQ
calculations, krill gPCR and metabarcoding data processing, and
linking the genetic data to other data streams. The R markdown file
“TEMPO_qPCR _analysis.Rmd” provides the code for all figures,
tables, statistical analyses and additional Supplementary Material.
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3 Results
3.1 Krill detections in eDNA samples

3.1.1 Species-specific E. superba assay

Limit of detection, limit of quantification, primer efficiency and
standard curve intercept for the short and long marker are listed in
Supplementary Table S1 and illustrated in Supplementary
Figure S1.

Using the combination of the short and long marker, Antarctic
krill was detected in most CTD surface samples (44 out of 50
samples), with short marker copy numbers varying from 26 to 2734
(median: 276) copies per sample (Figure 2A; Supplementary Figure
S2). Based on eDNA fragmentation, 15 samples were classified as
“recent”, 21 as “old” and eight as “undetermined”. Recent samples
were largely found in transect 2 and further south, whereas many
old samples were detected in transect 4 and further
north (Figure 2A).

In CTD samples collected near the seafloor, substantially fewer
samples contained Antarctic krill eDNA (29 out of 48, Figure 2B)
than surface samples (44 out of 50, z = 2.985, p = 0.003, Figure 2A).
eDNA abundance in seafloor samples was generally lower than in
surface samples: apart from of one sample (3609 copies, recent),
seafloor samples had less than 1000 copies (ranging from 20 to 955,
median 158, Supplementary Figure S2). When compared to the
surface, fewer samples were classified as recent, but a larger
proportion of samples were classified as old in seafloor samples
(seafloor: six recent, 15 old, eight undetermined, Figure 2B),
however, due to small sample numbers, eDNA abundance and
age patterns could not be formally assessed. Recent eDNA was
generally detected further south near the continental slope, while
older DNA was detected throughout the survey area. Antarctic krill
eDNA was detected at great depth: nine detections were between
3000 m and 4000 m depth (one recent, six old, two undetermined
age), four detections below 4000 m (one recent, one old, two
undetermined age), with the deepest detection at 4327 m depth
(undetermined age) and the deepest recent eDNA detection at 4300
m depth.

At two target trawl krill swarm locations (T15 and T18,
Figure 1), eDNA was collected while the ship was positioned
above the detected krill swarms (two samples each) and at several
short intervals as the ship was moving away from/around the
swarms. Preliminary analyses indicated that T15 likely falls into
the ‘superswarm’ category, while T18 was of smaller, ‘standard
swarm’ size (Tarling et al., 2009). While the ship was above these
krill swarms, very high short marker copy numbers were detected
(T15: 1,213,447 and 117,420 copies; T18: 49,360 and 4,428 copies) —
higher than the highest copy numbers for any CTD samples at the
surface (2,734 copies). The amount of eDNA significantly decreased
with increasing distance from the swarms, and overall at T18
significantly lower eDNA concentrations were detected than at
T15 (Figure 2E; Supplementary Table S2). At both swarm
locations, the short marker copy numbers at the furthest distance
measured from the swarm (T15: 837 m; T18: 739 m) was still greater
than any surface detections from CTD samples (T15: 10,976 copies;

frontiersin.org


https://github.com/AustralianAntarcticDivision/tempo-krill-comparisons
https://github.com/AustralianAntarcticDivision/tempo-krill-comparisons
https://doi.org/10.3389/fmars.2025.1502498
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Suter et al.

Surface

Seafloor

10.3389/fmars.2025.1502498

eDNA age Depth (m)
[
© recent
1000
undetermined
2000
* oid
3000
I 4000
Log(eDNA copy numbers) 556
eDNA detection

* eDNA absent
©  eDNA present

Q0o -
© i i

Surface Seafloor

8 @

Krill species
E. crystallorophias
E. frigida
E. superba
T. gregaria

T. macrura

Depth (m)
0

1000
2000
3000
4000

6000

o
3

ShL
3

Krill species

B = costatorophias

log(Euphausiid copies)

S

Short marker, log(copies per sample)
3

8Ll
3

®

1 & rigiaa
[ & superva
B 7 macrura

8LL

0 200 400 600

Distance from swarm [m]

800 0

FIGURE 2

Top: Antarctic krill eDNA detected with the species-specific gPCR markers at CTD stations, in surface (A) and seafloor (B) samples. Colour denotes
eDNA age estimated from DNA fragmentation, circle size corresponds to short marker copy numbers, dotted lines denote Southern Ocean oceanic
fronts (see Figure 1) and red wavy lines indicate sea ice edge (see Figure 1). Middle: Krill species detected with the krill-specific metabarcoding
marker at CTD stations, in surface (C) and seafloor (D) samples. Pie fractions correspond to metabarcoding read proportions within each sample,
and circle size corresponds to estimates of overall krill eDNA abundance. Bottom: eDNA at two targeted krill swarms, T15 and T18. (E) Antarctic krill
eDNA abundance measured with the species-specific markers significantly decreases with increasing distance from krill swarms, and overall at T18
significantly lower eDNA concentrations were detected than at T15. Letters within circles denote the order of sampling (at T18 the ship returned
towards the swarm). (F) Krill species detected at increasing distance from krill swarms.

T18: 3,730 copies). When the linear model was extrapolated to the
lowest short marker copy number of any recent Antarctic krill
eDNA detection (26 copies), the estimated distance at which the
recent eDNA signal may still be detectable from a krill swarm was
2,794 m (T15) and 2,107 m (T18).

None of the negative PCR controls (36 NTC qPCRs) or the
negative DNA extraction controls (54 qPCRs) amplified with either
species-specific marker. Of the 11 field controls (66 qPCR
amplifications), one qPCR amplification was positive. As only one

Frontiers in Marine Science

200

10

400 600
Distance from swarm [m]

800

of three technical replicas amplified, this control sample was still
considered to be krill negative.

3.1.2 Euphausiid metabarcoding

Across all samples, five euphausiid species were detected:
Euphausia superba, E. frigida Hansen, E. crystallorophias Holt &
Tattersall, Thysanoessa macrura G.O. Sars and T. gregaria G.O.
Sars. In the 50 CTD surface samples, predominantly two species
were detected: E. superba (in 24 samples) and T. macrura (in 13
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samples, Figure 2C). Traces of eDNA of E. frigida were found in one
sample and of T. gregaria in two samples. The two southernmost
samples in transect five (near 68°S) contained eDNA of
E. crystallorophias.

In seafloor samples, predominantly E. superba was detected (25
samples), with traces of three other species present (T. macrura:
three samples; T. gregaria: two samples; E. crystallorophias: one
sample; Figure 2D). When estimates of semi-quantitative copy
numbers were considered, generally less eDNA was detected in
seafloor samples when compared to surface samples.

At the krill swarm locations where eDNA was sampled as the
ship was moving away from the swarm, E. superba was the
dominant krill species detected at swarm T15, however, at
increasing distances from the swarm, substantial amounts of T.
macrura eDNA were detected (Figure 2F, top). At swarm T18, only
small proportions of reads were assigned to E. superba, while T.
macrura was the dominant species detected (Figure 2F, bottom). At
swarm T15, eDNA traces of E. crystallorophias (1 sample) and E.
frigida (3 samples) were detected, while at swarm T18 eDNA traces
of E. crystallorophias (1 sample) and E. frigida (4 samples)
were detected.

3.1.3 Species-specific gPCR vs metabarcoding
performance

There was a large overlap of samples where the species-specific
assay (QPCR) and the metabarcoding assay both detected Antarctic
krill eDNA (57 samples). However, in 30 additional samples, only
the species-specific assay detected Antarctic krill eDNA
(Supplementary Figure S3). These detections contained relatively
low eDNA concentrations, and eDNA was often fragmented (26-
861 copies; 20 samples old, six undetermined, four recent, see also
Supplementary Figure S4A). In six samples, Antarctic krill eDNA
was only detected with the metabarcoding marker (Supplementary
Figure S3). The semi-quantitative estimate of metabarcoding copy
numbers indicated that the eDNA concentrations in these samples
was low for Antarctic krill (9-67 copies, median across all samples:
343 copies, see also Supplementary Figure S4B).

10.3389/fmars.2025.1502498

Antarctic krill eDNA copy numbers measured with the short
species-specific marker positively correlated with copy numbers
estimated from the metabarcoding assay, however, there was also a
strong effect of sampling depth (Supplementary Table S3;
Supplementary Figure S5), indicating that metabarcoding tended
to overestimate the amount of Antarctic krill eDNA in surface
samples, but not in seafloor samples, when compared to the species-
specific marker.

3.2 Comparison to other methods

3.2.1 Acoustic

Acoustic detections of Antarctic krill across the survey area were
previously reported in Cox et al. (2022) and are shown in Figure 3.
Detection of acoustic biomass was best explained by the binomial
generalized linear model that included terms for time of day and eDNA
age class (decrease in AIC of 74.6 relative to the intercept-only model,
Supplementary Table S4). Krill swarms were most likely to be detected
around noon (Supplementary Figure S6). There was little evidence to
suggest that adding distance (within the 15km limit) to this model
further improved the fit (decrease in AIC of 1.4). Pairwise contrasts
indicated that the probability of detecting acoustic biomass within 15
km of a “recent” eDNA sample (probability 0.35, averaged over the diel
cycle) was significantly higher than for an “old” eDNA sample
(probability 0.18; difference t(723) = 4.285, p < 0.001). The
probability of detecting acoustic biomass within 15 km of an eDNA
sample in which krill was not detected was 0.23, and this was not found
to be significantly different from either “recent” or “old” eDNA samples
(recent: t(723) = 2.303, p > 0.05; old: t(723) = 1.166, p > 0.05), but we
note the low number (n = 6) of “no krill” eDNA samples.

3.2.2 Visual

At surface CTD stations, Antarctic krill were visually detected at
18 out of 50 surveyed locations, largely south of the Polar Front,
with some higher concentrations detected at the southern ends of
transect two and three (Figure 4A). Antarctic krill eDNA was
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Top: Visual detection of Antarctic krill at the surface (A) and seafloor (B).

detected at every surface CTD station where Antarctic krill was
visually detected (18 stations). In addition, Antarctic krill eDNA
was also detected at 26 additional CTD surface locations where
Antarctic krill was visually absent. At surface stations, there was no
evidence that Antarctic krill eDNA abundance was associated with
low or medium visual Antarctic krill abundance (likelihood ratio
test 0.505, df = 1, p = 0.477, see also Supplementary Table S5).
However, eDNA age was associated with visual detections: the
probability of visually detecting medium krill abundances at
surface stations was higher when the eDNA age was “recent”
(likelihood ratio test 4.253, df = 1, p 0.039,
Supplementary Figure 7A).

Similar to the pattern observed with eDNA, visual krill
detections at the seafloor were less frequent (seven of 48 CTD
station) than visual detections at the surface (18 out of 50 CTD
stations, z = 2.365, p = 0.018, Figures 4A, B). The distribution of
visual detections at depth was also similar to “recent” eDNA
detections, i.e. concentrated at the southern end of the survey
area (south of the Southern Boundary Front), near the
continental slope (Figure 4B). Visual abundances at the seafloor
were generally lower than at the surface, except for a krill swarm
detected at the southern end of transect five at 381 m depth, where
hundreds of Antarctic krill were caught on camera (Figure 4B;
Supplementary Figure 7B) - the same location where exceptionally
high concentrations of recent eDNA were detected (see above). Two
visual detections were below 3000 m depth, with the deepest
detection at 3080 m. At five of the seven visual detection
locations, Antarctic krill eDNA was present. At one location (960
m depth, transect one), Antarctic krill eEDNA was only detected with
the metabarcoding assay, but not with the qPCR markers. At the
deepest visual detection location (3080 m, transect three), eDNA
was not detected with either method (qPCR or metabarcoding). At
both those locations, visual krill abundance was low (1-10 krill,
Supplementary Figure 7B). Antarctic krill eDNA was furthermore
detected at 24 seafloor locations where visual detections were
absent. There was not enough overlap between visual and eDNA
detections at the seafloor to conduct meaningful statistical
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comparisons of eDNA abundance and age with visual abundance
but see Supplementary Figure 7B for a visualization of the data.

3.2.3 Trawl

Krill densities (individuals per 1000 m®) were estimated for
juvenile and adult krill from RMT 8 trawls, and for larval krill
from RMT 1 trawls, at routine locations (pre-determined survey
design; npyirs = 38; nryvr1 = 35) and at target locations (after acoustic
detection of krill swarms; ngpyrrs = 15; npaver = 13). Similar to eDNA
metabarcoding results, the most commonly detected juvenile/adult
krill species across all RMT 8 trawls was E. superba (35 of 53 trawls,
mean density of 281.91 krill per 1000 m?), followed by T. macrura (27
of 53 trawls, mean density 25.80 krill per 1000 m?, Supplementary
Table S6). Results from RMT 8 trawls differed substantially between
target and routine locations: At target trawls, E. superba was the
dominant krill species: detected densities were higher than at routine
trawl locations (Target trawls: mean density of 1023.75 krill per 1000
m’, Regular trawls: mean density of 28.99 per 1000 m?), and krill were
detected more frequently (Target trawls: 14/15 locations, regular
trawls: 21/38 locations, see Figures 5A, B; Supplementary Table S6).
At regular trawls, other krill species were more commonly detected
than at target trawls: T. macrura was detected at 25 locations
throughout the survey area, E. crystallorophias at four southern
locations and E. triacantha at eight northern/eastern locations
(Figure 5A; Supplementary Table S6).

Species detection patterns of RMT 1 trawl data (larval krill)
differed both from RMT 8 (juvenile/adult) as well as eDNA
metabarcoding data, however, there were no significant
differences between routine and target trawl larval detections
(Supplementary Table S7).Thysanoessa macrura was the most
common euphausiid larval species, detected in 29 of 48 RMT 1
trawls throughout the survey area, both at routine and target
locations, with an average density of 234.1 larvae per 1000 m’
(Figures 5C, D; Supplementary Table S7). Euphausia superba larvae
were detected in nine of 48 RMT 1 trawls (both routine and target),
and all detections were at the southern end of the survey area near
the continental shelf (Figure 5B; Supplementary Table S7).
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FIGURE 5

Top: Krill species (adults and juveniles) caught in RMT 8 trawls at routine (A) and target (B) trawl locations. Middle: Krill species (larvae) caught in RMT
1 trawls at routine (C) and target (D) trawl locations. Bottom: (E) overlap of Antarctic krill detections using species-specific eDNA amplification, RMT

8 trawls and RMT 1 trawls at locations where all three data types were collected. (F) eDNA age and abundance was not associated with juvenile/adult
Antarctic krill density caught in RMT 8 trawls. (G) eDNA age and abundance did not correlate with Antarctic krill density of larval Antarctic krill caught

in RMT 1 trawls.

Trawl results were further compared to eDNA results for trawls
where both RMT 8 and RMT 1 data was successfully collected, and
where a surface eDNA sample was collected from a CTD within
2,794 m distance. At most locations where juvenile/adult krill were
present, and at all locations where larval krill were detected,
Antarctic krill eDNA was also detected (19 of 21 and 5 of5,
respectively, Figure 5E). In addition, Antarctic krill eDNA was
also detected at six further locations where Antarctic krill was
absent from trawls. Antarctic krill density from trawls did not
correspond to eDNA abundance or eDNA age, neither for juvenile/
adult krill (Figure 5F) nor for larval krill (Figure 5G).
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4 Discussion

In this study we aimed to investigate whether eDNA-based
methods can contribute to surveying Antarctic krill spatial and
temporal distributions - crucial information for understanding
Antarctic krill ecology and life history and the effects on and
the krill-dependent ecosystem, but also important for the
management of the Antarctic krill fishery. While eDNA methods
have become more standardized and reliable over the last decade
(Beng and Corlett, 2020; De Brauwer et al., 2023), understanding
eDNA results, particularly in highly dynamic environments such as
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the Southern Ocean and for newly developed eDNA markers,
requires careful comparisons to other survey methods (Burian
et al., 2021). Here we compared two species-specific assays that
can estimate Antarctic krill eDNA abundance and age, and a
euphausiid-specific metabarcoding marker that can detect any
Southern Ocean krill species, to three other krill survey methods
(acoustic, visual, trawl), to gain a better understanding of krill
eDNA properties in the Southern Ocean.

4.1 Surface

4.1.1 Antarctic krill

Antarctic krill eDNA was detected using species-specific qPCR
assays (short and long marker) in most surface samples throughout
the survey area. These results reflect that although Antarctic krill
distribution is patchy in the Southern Ocean, krill swarms move
around actively and with currents, and continuously release high
concentrations of eDNA, for example through their molts and
faeces. This eDNA can persist in the environment long after krill
swarms have passed, and can spread further with currents, resulting
in a nearly ubiquitous Antarctic krill eDNA presence in Southern
Ocean surface waters, particularly of short eDNA fragments.

However, when eDNA abundance and eDNA age (estimated
from eDNA fragmentation) were considered, a more diversified
picture emerged: when eDNA samples were collected within or
immediately above krill swarms, Antarctic krill eDNA
concentrations were much higher than at other locations,
reflecting the high eDNA shedding rates of dense krill swarms.
With increasing distance to the swarms, eDNA concentrations
declined at similar rates for both swarms. We estimated the
distance at which recent eDNA shed from a krill swarm could
still be detected to be up to approximately 2,794 m, however, as we
did not collect samples beyond 800 m from the krill swarms, this
estimate will need further examination with greater sampling
density at greater distances from krill swarms, ideally also taking
swarm size, krill density as well as the direction and strength of
currents into account (Tarling et al.,, 2009; Andruszkiewicz et al.,
2019). At T15, likely a very large ‘superswarm’, Antarctic krill
eDNA concentrations were much higher than at T18, likely a
smaller ‘standard swarm’, indicating that swarm size may relate to
eDNA concentrations within the swarm. It is not yet clear whether
Antarctic krill eDNA concentrations can provide quantitative
information that would contribute to Antarctic krill biomass
estimates across a survey area. However, as a first step, more
frequent eDNA sampling along survey transects and further
measurements of Antarctic krill eDNA concentrations within
more krill swarms of different sizes would assist in characterizing
the relationship between local biomass and eDNA concentrations.

Several aspects of our results suggested that recent eDNA
detections indicated the presence of krill swarms nearby: in the
vicinity (within 15 km) of recent eDNA detections, the probability of
detecting krill swarms with acoustic surveys was greater than in the
vicinity of old eDNA detections. In addition, higher visual krill
abundance on video footage was related to more recent eDNA
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detections. In the acoustic data, the likelihood of detecting krill
swarms was significantly higher around noon than other times of the
day. This pattern is consistent with previous results from the same
voyage in which krill densities during daytime were found to be higher
than at night (Cox et al., 2022), and with results from other krill surveys
of East Antarctica: during the BROKE-West voyage in 2006, lower krill
densities were detected at night and krill surface swarms were visually
detected during the day (Jarvis et al,, 2010), and during the ENRICH
voyage in 2019, more krill swarms were encountered during daytime
around solar noon than during the night (Miller et al., 2019).

Based on the comparisons to the trawl data, Antarctic krill eDNA
detections at the surface largely originated from juvenile or adult krill,
with only a small proportion of the detections originating from larval
krill. Larval Antarctic krill detections in trawls were restricted to the
southern end of the survey, corresponding to the continental slope area,
matching findings from Kawaguchi et al. (2010), who found larval krill
distributions restricted to the shelf break.

4.1.2 Other euphausiids

For Antarctic krill surveys, metabarcoding of all krill species
provided less differentiated data on Antarctic krill than the species-
specific approach: the detection sensitivity was lower, eDNA
abundance estimates were less reliable and eDNA fragmentation
could not be measured (see also section 4.3). However, euphausiid
metabarcoding was very useful to gain an understanding of the
distribution, relative abundance and interaction of other krill
species. In both eDNA metabarcoding and trawl data, E. superba
was the most common species, followed by T. macrura, both
following distribution and abundance expectations (Cuzin-Roudy
et al, 2014). In RMT 8 trawls, E. superba densities and detection
frequencies were significantly higher at target trawl locations than at
regular trawl locations, reflecting the nature of the trawls: target
trawls were conducted at locations where krill swarms (juvenile/
adult krill) were acoustically detected, whereas regular trawls were
conducted at pre-determined locations independent of acoustic
presence of krill. The trawl type had no influence on the presence
or abundance of other krill species, highlighting the specificity of
acoustic krill swarm detections. While E. superba eDNA detections
likely largely originated from juvenile/adult krill, a large proportion
of T. macrura detections may have originated from larval krill: T.
macrura was the most abundant larval krill species in RMT 1 trawls,
matching findings of previous surveys (Hosie, 1991). Larval T.
macrura were more abundant than adult T. macrura, and often
co-occurred with adult E. superba. Thysanoessa macrura eDNA was
also common around the two E. superba target swarms, and while
we did not have RMT 1 trawl data for those locations due to net-
opening failure, no adult T. macrura were detected there, thus the T.
macrura eDNA likely originated from larvae.

In addition to these two dominant krill species, E.
crystallorophias was detected in southernmost samples near the
ice edge, the expected habitat of this species (Pakhomov and
Perissinotto, 1996), both in eDNA samples (n = 2) and in trawls
(n=4). Traces of E. frigida eDNA were detected in one CTD sample
and at both target swarms within the expected habitat (Hosie,
1991), and T. gregaria traces were found in two samples, outside of
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its expected more northerly range (Kirkwood, 1982). Neither E.
frigida nor T. gregaria were detected in trawls, however, E.
triacantha was detected in low densities in eight regular trawls,
but not detected in eDNA samples. Mismatches between trawl and
eDNA species detections could be related to the low densities/
abundances of these species, or the mismatch of sampling depth
(eDNA: surface; trawls: down to 200 m) or geographic location
(CTD and trawl locations were up to 2.8 km apart). In addition,
larval krill detections in trawls were only resolved to E. superba T.
macrura and “other euphausiid”, thus other species detected with
eDNA but not in trawls could have been present in un-identifiable
larval form (compare to e.g. Hosie, 1991). Thysanoessa gregaria was
the only krill species found outside its expected distribution range.
Whether some T. gregaria individuals were lost in the South,
whether their eDNA was carried south, e.g. through consumption
by southwards moving predators (Reidy et al., 2022; Kawamura,
1980), or whether T. gregaria mitochondrial DNA introgressed into
the T. macrura genome via the overlapping ranges of these closely
related species (Qi et al., 2014; Seixas et al., 2018) requires
further investigation.

4.2 Seafloor

4.2.1 Antarctic krill

Similar to surface samples, determining eDNA age in seafloor
samples was essential to understand the presence and distribution
of Antarctic krill in the seafloor environment: while low
concentrations of Antarctic krill eDNA were detected throughout
the survey area, recent eDNA detections were concentrated in the
south at the continental slope area, only extending further north in
transect two. Visual detections of Antarctic krill at the seafloor were
also confined to the continental slope area, suggesting that recent
eDNA detections in seafloor samples indicated the presence of
Antarctic krill at depth. Recent eDNA detections towards the north
of transect two may be related to different water properties
discovered along this transect: Foppert et al. (2024) discovered
higher dissolved oxygen and lower salinity at the seafloor along
transect two, potentially related to an export pathway of Antarctic
bottom water from the Cape Darnley Polynya through the Daly
Canyon (Foppert et al., 2024). The exact relationship of krill at
depth with Antarctic bottom water chemistry will require further
in-depth investigation. Both recent eDNA and visual detections
were found down to great depths, at 3080 m for the deepest visual
detections, and at 4300 m for the deepest recent eDNA detections —
considerably deeper than the deepest recorded presence of
Antarctic krill to date (3500 m, Clarke and Tyler, 2008). The
distribution of Antarctic krill at depth in the continental shelf
area may be related to the seabed in this area providing an
attractive and attainable alternative feeding ground for Antarctic
krill (Schmidt et al., 2011). For example, phytodetritus can
accumulate and persist on the continental shelf, providing a long-
lasting food source for benthic feeders (Mincks et al., 2005; Smith
et al., 2008). In times of relatively high predator abundance and low
or patchy concentrations of phytoplankton in surface waters the
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seabed may present a preferable feeding ground for krill (Clarke and
Tyler, 2008; Schmidt et al., 2011). Both individual and cooperative
feeding behaviors have been described from benthic camera
observations, from including the individual krill “skimming” the
surface of the sediment to collect organic material to “balls” of krill
resuspending sediment (Kane et al., 2021), and krill have been
observed to excrete at depth, contributing to carbon export at depth
as well as releasing eDNA into the environment (Smith et al., 2025).
At one location at the southern end of transect five, an exceptionally
large number of Antarctic krill were captured on camera (> 1000
krill at 381 m depth). At this location, the Antarctic krill eDNA
concentration was the highest of any CTD sample (3609 copies),
including surface samples, suggesting that high eDNA
concentrations at depth corresponded to the presence of high krill
numbers. In all other seafloor samples, Antarctic eDNA
concentrations and visual krill densities were generally lower than
in surface samples, suggesting that fewer Antarctic krill were
present in the seafloor habitat, and/or krill were more spread out
(generally not forming dense swarms at depth), resulting in lower
eDNA concentrations at depth. The formation of dense krill
swarms in the epipelagic zone is thought to be a mechanism to
avoid visual predators (Olson et al., 2013) - in the darkness of the
bathypelagic or even abyssopelagic zones swarming may be less
useful to Antarctic krill, and individuals may spread out more at
these depths.

Antarctic krill eDNA detections classified as “old” were spread
throughout the survey area, including further north than recent
detections. While these detections indicate the presence of Antarctic
krill eDNA at depth, they may not necessarily indicate the presence of
Antarctic krill, particularly beyond the continental slope: fecal pellets
and molts released in great quantities by krill swarms in the epipelagic
zone are known to sink (Cavan et al,, 2019). While during the sinking
process, particles may break up or be absorbed by microorganisms
(Cavan et al., 2021), considerable amounts of krill debris may still reach
the seafloor (Belcher et al,, 2017; Smith et al,, 2025), contributing to
carbon export, and importantly carrying Antarctic krill eDNA to these
depths. The sinking rate of krill fecal pellets is estimated to be 27-1218
m d™' (median 304 m d™') (Atkinson et al,, 2012), and krill molts are
estimated to sink at 52-1020 m d ! (mean 674 m d*) (Nicol and Stolp,
1989). To reach 3000 m depth, it could take 2.5-111 days (median 9.9
days) for fecal pellets, and 2.9-58 days (mean 5.5 days) for molts.
During this sinking period the eDNA contained in the krill debris
would likely fragment and reach the seafloor as “old” eDNA (Suter
et al,, 2023). Detection and quantification of old Antarctic krill eDNA
could therefore indicate the amount and location of krill debris
reaching the seafloor, which could contribute to estimates of krill-
derived high-particulate organic carbon fluxes to the deep ocean
(Manno et al., 2020).

4.2.2 Other euphausiids

The dominant euphausiid species detected in seafloor samples
with the euphausiid-specific metabarcoding marker was E. superba.
This likely reflects that of the detected krill species, E. superba is the
only one known to descend to and actively inhabit the deep-sea
environment. In addition, E. superba discarded matter may be more
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likely to reach the seafloor than the debris of other krill species:
unlike other common Southern Ocean krill species (e.g. T.
macrura), E. superba can form swarms of immense proportions.
The generated localized large amounts of discarded krill matter may
over-saturate scavenging communities, making it more likely for
the discarded matter to reach the seafloor (Manno et al., 2020;
Belcher et al, 2019). In addition, larger molts (such as adult E.
superba molts) may sink faster than smaller molts (e.g. juvenile
molts or molts of smaller euphausiid species such as T. macrura)
(Nicol and Stolp, 1989), and molts can disintegrate within a few
days, further reducing the likelihood of small molts reaching the
seafloor (Nicol and Stolp, 1989).

4.3 Comparison of eDNA methods

When comparing Antarctic krill detections between eDNA
methods (species-specific qPCR vs euphausiid-specific
metabarcoding), the species-specific assay was more effective at
detecting Antarctic krill eDNA, particularly at low eDNA
concentrations and for old eDNA. This matches the findings of
other studies (Yu et al., 2022; McColl-Gausden et al., 2023), where
species-specific assays were also found to be more sensitive than
metabarcoding assays. In the few instances where metabarcoding
exclusively detected Antarctic krill eDNA, we estimated eDNA
concentrations to be very low and potentially near or beyond the
limit of detection for the species-specific markers. When we compared
the eDNA amounts estimated for the metabarcoding data with
species-specific QPCR eDNA amounts, the data matched very well,
particularly for samples collected at the seafloor. However,
metabarcoding tended to over-estimate the eDNA abundances for
surface samples. For the semi-quantitative estimate of krill eDNA
from metabarcoding data, Cq values from metabarcoding dye-based
qPCRs were used (see methods). If surface samples contained non-
euphausiid DNA that co-amplified in the krill metabarcoding assay,
this could have contributed to lower Cq values and an over-estimation
of total krill eDNA abundance. Resulting non-euphausiid sequences
could subsequently have been removed during the library preparation
or sequencing, or during the bioinformatic processing of the
sequencing data, particularly if the off-target amplicon size differed
from the krill amplicon size. If more reliable quantification of
metabarcoding data were desired, this method would require further
development, e.g. through addition of internal standards (Harrison
et al, 2021), or through incorporation of euphausiid-specific
fluorescent probes in the first-round metabarcoding qPCR instead
of non-specific qPCR dye (Suter et al., 2023).

4.4 Comparison of different data types

Each eDNA survey method we attempted to integrate in this
study had individual strengths and limitations (compare to
Table 1). Data was collected at different intervals, with different
geographic and temporal krill detection ranges (compare to
Table 1) and targeting different developmental stages. For
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example, acoustic data was collected nearly continuously, with
krill swarms (adult and juvenile) detectable to a depth of 250 m
below the ship. In contrast, eDNA was only collected at CTD
sampling stations from surface and seafloor waters, but eDNA
could potentially detect the presence of krill (of any developmental
stage) several kilometers away from the nearest krill swarm, and/or
hours to days after a swarm had passed. Each data type provided a
different angle on surveying Antarctic krill, and together the data
provided a more holistic picture of Antarctic krill abundance and
habitat use than either method could on its own.

Comparing the different data types not only helped interpret the
eDNA data, but also expanded our geographic and temporal survey
horizon. eDNA samples were comparatively simple to collect and
could provide krill presence data beyond the immediate surroundings
of the ship, including in areas that were otherwise hard to
systematically sample by net or acoustics, such as the seafloor.
Another area where eDNA but not many other data streams can
be sampled is under sea ice, an important yet understudied habitat of
Antarctic krill (Kawaguchi et al., 2024). In addition, eDNA
metabarcoding data could also be used to optimize acoustic data
interpretation in the future, for example by determining the species
composition of krill swarms. Species compositions are traditionally
assessed through trawls; however, krill swarms are often missed due
to their high mobility and ability to avoid nets. eDNA on the other
hand remains detectable for hours and could therefore be used more
reliably to determine species compositions of swarms. Furthermore,
eDNA samples also contain the DNA of any other organisms present
in the sampled environment. Using a range of metabarcoding
markers targeting taxonomic groups of interest could reveal the
broader taxonomic community associated with krill swarms,
ranging from diet species (phyto- and microzooplankton species)
to krill predators (fish, marine mammals, seabirds), and could include
any other species associated with krill swarms, including species
commonly caught as bycatch by the krill fisheries (Stat et al., 2017;
Krafft et al., 2023). Combining the eDNA-based krill survey method
developed here with broader eDNA-based community assessments
by using a suite of genetic markers on the same eDNA samples could
therefore vastly improve our understanding of the entire trophic
network connected to Antarctic krill.

5 Conclusions

This study is the first large-scale Southern Ocean survey that
compared eDNA surveys of Antarctic krill and other euphausiids
(species-specific qPCR assays to determine Antarctic krill eDNA
abundance and age, and a euphausiid metabarcoding assay to detect
all krill species) to other krill survey methods, including acoustic,
visual and trawl surveys. Through these comparisons we gained new
insights into Antarctic krill eDNA abundance, spread and decay in
the dynamic Southern Ocean environment, interactions between krill
species, and how eDNA based surveys could be used in the future to
understand krill distributions and habitat use throughout the water
column. We found that recent eDNA detections likely indicated the
presence of Antarctic krill in the vicinity, both at the surface and at
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the seafloor. Very high eDNA abundances corresponded to the
presence of krill swarms, but further studies are needed to interpret
eDNA abundances more comprehensively. We recommend that
future krill surveys integrate eDNA sampling throughout the water
column in the survey design to complement other krill-related data
streams. eDNA data can also expand our survey range to areas where
other data streams cannot easily collect information, e.g. under sea ice
or in the deep sea. Furthermore, eDNA samples could not only be
used to assess Antarctic krill eDNA abundance and age but could also
be used to assess other krill species, or indeed any taxonomic group of
interest using targeted metabarcoding markers to expand our
understanding of krill diet, interactions with other species and
predator movements.
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