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ABSTRACT
Marine metazoan biodiversity is accretively being explored through environmental DNA (eDNA) metabarcoding of seawater. 
However, knowledge gaps in the use of eDNA to study changes in diversity resulting from changing abiotic conditions still do 
exist. In order to address these gaps, we analyzed patterns of marine invertebrate biodiversity based on eDNA from water and 
sediment samples along a decreasing salinity gradient from the North Sea toward the Baltic Sea. eDNA was collected from 
surface (SW) and bottom (BW) water, and from the uppermost sediment layer (SE). To supplement the eDNA approach, we 
conducted parallel zooplankton (ZP) metabarcoding and morphological identification. DNA was extracted from eDNA and ZP 
samples, amplified using two universal primers that target of the mitochondrial cytochrome c oxidase subunit 1 (COI) and the 
nuclear ribosomal 18S rRNA genes, and paired-end sequenced on Illumina Miseq. Metabarcoding detected 279 metazoan species 
(from 16 phyla) of which > 87% are known from the study area or adjacent regions. Communities identified in SW eDNA were a 
subset of communities identified in ZP metabarcoding. BW eDNA had additional benthic (mainly bivalve) species. Communities 
identified in SE eDNA were distinct from those in water eDNA and ZP metabarcoding, and mainly represented by in- and mei-
ofauna. Out of all approaches, only ZP metabarcoding uncovered the expected decrease in species richness toward brackish 
conditions. Neither salinity nor spatial distance had a significant effect on species composition. All approaches revealed regional 
differences of which SE eDNA was least informative. The detection of holoplanktonic species from SE eDNA provided evidence 
for sinking of eDNA particles, dead organisms or the presence of resting eggs. Our study confirms the value of metabarcoding to 
identify the North Sea and Baltic Sea invertebrates and underscores the importance of combining multiple approaches to under-
stand invertebrate biodiversity and its change in the marine realm.
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1   |   Introduction

Comprehensive knowledge of local and regional diversity, 
along with its changes due to anthropogenic activities, is es-
sential for understanding the driving forces of biodiversity 
and predicting future scenarios (Collins et  al.  2018; Hansen 
et al. 2018). Over the last decades, marine fauna biodiversity 
assessment experienced fundamental changes from exclu-
sively morphologically based species identification techniques 
toward molecular multiple-species identification (Beng and 
Corlett 2020; Sahu et al. 2023). Identification of zooplankton 
(ZP) including holo-, mero-, and ichthyoplankton using me-
tabarcoding has proven to be a useful tool to detect overall di-
versity. This is especially true for cryptic and rare species and 
for life-stages that are difficult to be identified based on mor-
phology (Lindeque et al. 2013; Mohrbeck et al. 2015; Laakmann 
et al. 2020; Lira et al. 2022; Ohnesorge et al. 2023). However, 
the success of identifying meroplanktonic and therefore ben-
thic species from net catches is restricted by the seasonality 
of their reproductive periods and it is virtually impossible for 
taxa that lack a planktonic phase. Metabarcoding of benthic 
communities from bulk samples such as sessile fauna from 
settlement plates (Koziol et  al.  2019; Leite et  al.  2021), ma-
ture biofouling (Zaiko et  al.  2021), mobile epi-macrofauna 
(Cowart et al. 2015), and meiofauna (Rossel et al. 2019; Brandt 
et al. 2021) provides more comprehensive insights into biodi-
versity, complementing the detected community with benthic 
invertebrates.

In recent years, these approaches have been supplemented by 
eDNA metabarcoding, a noninvasive sampling and species 
identification technique that offers the advantage of partially 
circumventing the challenges associated with traditional sam-
pling approaches (Goldberg et  al.  2016). Similar to bulk sam-
ple metabarcoding, species detections derived from eDNA 
metabarcoding contain a subset of the community present, as 
demonstrated by proof-of-concept studies. These studies com-
pare eDNA from seawater and ZP from net catches identified 
by morphology (Leduc et al. 2019) or both morphological char-
acteristics and organismal metabarcoding (Djurhuus et al. 2018; 
Ohnesorge et al. 2023), as well as benthic communities (epi- and 
infauna) (Leduc et al. 2019) and sediment (Holman et al. 2019). 
In fact, sampling approach (eDNA from SW or bulk samples 
from sediment, settlement plates, and planktonic tows) was 
found to be the most important factor driving the taxonomic 
composition detected, followed by spatial variation (Koziol 
et al. 2019). As a consequence, to achieve a holistic view of ma-
rine invertebrate biodiversity, it is necessary to combine data 
from several communities (pelagic, benthic) and sources (target 
organisms, eDNA) to compile complementary and comprehen-
sive information.

Cross-validating eDNA metabarcoding against bulk samples 
from catches remains important to verify successful resolution 
across metazoan taxa present in the studied system. Live catches 
analyzed using established morphological identification meth-
ods provide a realistic spatial–temporal resolution and proof 
of true site occurrences, abundances, and current life histo-
ries. Therefore, comparing bulk samples to eDNA is essential 
to determine the time window represented by eDNA from both 
the water column and the sediment surface. Understanding 

vertical eDNA particle turnover (e.g., sinking from the water 
column to the seafloor or leaching from the sediment into the 
water column) is necessary to interpret positive species detec-
tions by eDNA. Directly comparing various eDNA sources is 
vital to comprehend the processes and consequences causing 
differences in the subsets of communities detected by specific 
sampling strategies. This understanding enhances our ability to 
draw accurate conclusions when interpreting results in a spatial 
or temporal context. Despite this importance, only about 4% of 
eDNA metabarcoding studies targeting eukaryotes employ mul-
tiple sampling approaches for cross-validation, with water being 
the most commonly chosen substrate, followed by sediment 
(Koziol et al. 2019).

Despite the potential for different sampling approaches to 
introduce artifacts in detected species compositions, eDNA 
obtained from various sampling methods may still reflect 
habitat-specific communities, thereby representing gen-
uine differences. This phenomenon was demonstrated 
in studies analyzing water samples from different depths 
(Andruszkiewicz et al. 2017) and comparing water and sedi-
ment eDNA (Holman et al. 2019). It is worth noting that sed-
iment eDNA may consistently contain substantial amounts of 
DNA from meiofauna, thus automatically incorporating them 
into the analysis.

While (eDNA) metabarcoding is increasingly utilized to char-
acterize regional marine fauna, its ability, compared to other 
identification methods to reliably detect community changes 
resulting from shifting abiotic conditions such as salinity, has 
received limited attention thus far. As only a minority of stud-
ies compare different eDNA sampling approaches (Koziol 
et al. 2019), the evaluation on these approaches regarding their 
ability to identify spatial differences in marine fauna caused by 
abiotic conditions, as well as their temporal resolution, remains 
largely unknown.

In our study, we evaluate the use of eDNA metabarcoding to 
detect community changes resulting from shifting abiotic con-
ditions. For this, we choose our study area which is character-
ized by a declining salinity gradient, with marine conditions 
in the North Sea decreasing toward the Baltic Sea, which is 
one of the largest brackish regions worldwide (Kautsky and 
Kautsky  2000; Geburzi et  al.  2022). The primary connec-
tions between the North Sea and the Baltic Sea are the sea 
passages Skagerrak, Kattegat, and the Great Belt (Zettler 
et  al.  2014; Geburzi et  al.  2022). The Limfjord, a sound cut-
ting through the Danish mainland with its North Sea inflow 
at the Thyborøn Canal flowing into the Kattegat in the East, 
emerges as a secondary passage (Riisgård et al. 2012). Unlike 
other sampling regions, the Limfjord is very shallow, with a 
mean depth of < 5 m. Its fauna faces massive pressure from 
eutrophication and stratified water, leading to large-scale ox-
ygen depletion in near-BWs in summer. These conditions cre-
ate a distinct environment that is favored by predators such 
as the scyphozoan Aurelia aurita and the invasive ctenophore 
Mnemiopsis leidyi (Riisgård et al. 2012). While North Sea sur-
face salinities are approximately 30 PSU, they decrease rap-
idly to about 20–25 PSU in the central Limfjord, 15–20 PSU 
in the southern Kattegat, and typically as low as 5 PSU in the 
Baltic Proper (Kautsky and Kautsky 2000; Riisgård et al. 2012; 
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Momigliano et  al.  2018; Geburzi et  al.  2022). Indeed, strong 
water inflows from the North Sea transport high saline and 
oxygen-rich waters to the Baltic Sea, resulting in a permanent 
and pronounced halocline in the deeper basins at depths of 
about 70–100 m, along with a thermocline in summer (Ojaveer 
et  al.  2010; Neumann et  al.  2017). Due to the abrupt chang-
ing abiotic and biotic conditions along our study area from 
the North Sea via the Limfjord to the Baltic Sea, considerable 
changes in marine biodiversity may be expected. The low 
salinity environment within the Baltic Sea has direct conse-
quences for marine fauna inhabiting this area, as they must 
engage in energetically expensive osmoregulation to survive 
(Plotnikov and Aladin 2011). As a consequence, many marine 
species in the low saline areas of the Baltic Sea often exhibit 
dwarfism, and/or their distribution range is restricted to non-
brackish conditions (Kautsky and Kautsky  2000; Geburzi 
et al. 2022). This results in a decline in biodiversity with de-
creasing salinity toward the Baltic Sea, a phenomenon well 
documented from morphological species identification studies 
for invertebrates (Zettler et  al.  2014; Geburzi et  al.  2022) as 
well as fish (Koehler et al. 2022). In fact, the richness of ma-
rine macrofauna species decreases from about 1500 species at 
the Swedish North Sea coast to only 70 species in low saline 
areas of the central Baltic Sea (Kautsky and Kautsky 2000).

While the pronounced salinity gradient from the North Sea to-
ward the Baltic Sea is an important factor shaping their fauna, 
as determined by traditional sampling campaigns, we aim to 
test whether this pattern can be identified through indirect 
and noninvasive metazoan biodiversity assessments based 
on eDNA metabarcoding. This will be complemented by me-
tabarcoding and traditional morphological identification of 
ZP from net catches. Specifically, we evaluated (a) whether 
eDNA mirrors the metazoan community known and typical 
for the study area and present at the time of sampling, (b) the 
vertical turnover of eDNA from surface to bottom, (c) the abil-
ity of eDNA metabarcoding to identify the same trends known 
from morphological identification methods, and (d) changes 
in metazoan assemblages as a function of spatial distance and 
decreasing salinity from the North Sea to the Baltic Sea. We 
therefore analyzed spatial differences in the marine metazoan 
community along a salinity gradient from the North to the 
Baltic Seas, using a combination of eDNA from water (surface 
and bottom) and sediment, ZP metabarcoding, and morpho-
logical identification.

2   |   Methods

We analyzed the metazoan invertebrate biodiversity from sea-
water, sediment, and ZP samples based on multiple-marker me-
tabarcoding along a salinity gradient from the North Sea via the 
Limfjord to the Western Baltic Sea to identify spatial changes in 
marine fauna with decreasing salinities.

2.1   |   Water, Sediment, and Zooplankton Sampling 
and Sample Processing

We sampled water and ZP from 28 stations between August 
and September 2020 on board of RV Uthörn (UT2020-01) 

(Table  S1). Physical oceanography data were recorded using 
a CTD at all stations, except Stations 6 and 22, and the raw 
data are available in the public repository PANGEA (Krock 
et  al.  2023). Sampling started in the North Sea, through the 
Limfjord and Kattegat and continued in the Western Baltic 
Sea. For 14 of the 28 stations, marine invertebrate communities 
were analyzed using all four approaches, that is, (i) eDNA from 
surface waters (SW), (ii) eDNA from bottom waters (BW), (iii) 
eDNA from sediments (SE), and (iv) ZP from mainly vertical 
hauls (150 μm mesh size). For the remaining stations, a subset 
of the sampling approaches was used (Figure 1 and Table S1).

Water for eDNA analysis was sampled from the bottom (BW; 
~5 m above the seafloor) and surface (SW; ~5 m below surface) 
at all stations, except Station 22, with a CTD rosette equipped 
with 4 L Niskin bottles. At stations where water depth was 
shallow, sampling was conducted close below the surface and 
above ground to maximize the distance between surface and 
BW eDNA sampling. From each depth, 3 × 1 L seawater (tech-
nical replicates) were vacuum-filtered through 0.2 μm nitro-
cellulose filters (ø 47 mm, Whatman, WHA10401712). Filters 
were preserved in low-bind tubes containing 720 μL DNeasy 
Blood & Tissue ATL buffer (Qiagen) as well as 0.5 g Zirconia-
Silicate beads (ø 0.5 mm, Biospec) and frozen at −28°C until 
DNA extraction. In addition, filtration negative controls (UV-
treated water) were included and treated as regular samples to 
control for potential contamination (for details on contamina-
tion prevention, see Supplement S2).

Sediment for eDNA analysis was collected at all stations using a 
Van-Veen grab. About 0.25–1 g of the surface SE was scratched 
with a sterile spatula in technical replicates, placed in 2 mL 
low-bind tubes and immediately frozen at −28°C until DNA 
extraction.

ZP was sampled using vertical WP2 net hauls (150 μm mesh 
size, 57 cm mouth opening) with maximum depth of 24.7 m. 
Vertical hauls were taken at 16 stations, while at two shallow 
stations (8, 15), ZP was sampled by towing the net horizontally 
at three knots for 5 min (Table S1). Since we did not use a flow 
meter, the exact water volume cannot be determined. To get 
an approximate idea, we calculated the analyzed water vol-
ume based on reference data. In a previous study, an average 
of 36,617 L of water was sampled by vertically towing a WP2 
net with similar mesh size (200 μm instead of the 150 μm we 
used) from 150 m depth to the surface (Altukhov et al. 2015). 
Applying this to our sampling depth between 6 and 24.7 m, 
the sampled water volume would range from approximately 
1500–6000 L across stations. On board, ZP was concentrated 
on a metal sieve (63 μm mesh size), preserved in absolute eth-
anol, stored at 7°C and re-fixed after 24 h. In the home labo-
ratory, samples were split into four equal parts with a Motoda 
splitter (Motoda 1959). In each case, the splitter was rotated 
20 times. One quarter of each sample was analyzed for mor-
phological species identification and the second quarter for 
metabarcoding. The remaining half was kept as a back-up 
sample. Metabarcoding was conducted for all 18 ZP samples, 
while morphological identification was conducted on the 
three most distant samples: the westernmost North Sea station 
7, the easternmost Kattegat station 21, and the easternmost 
Baltic Sea station 27.
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2.2   |   DNA Extraction, Library Preparation, 
and Sequencing

DNA was isolated from filters and bulk ZP using the DNeasy 
Blood and Tissue kit whereas sediment samples were extracted 
using the DNeasy PowerSoil kit (Qiagen). Filters were thawed at 
room temperature and DNA extracted following bead homoge-
nization according to Ohnesorge et al. (2023) with the modifi-
cation of using 80 μL proteinase K. The one quarter ZP samples 
designated for metabarcoding were further split into three pseu-
doreplicates using the Motoda splitter as described above. DNA 
extraction was performed according to Ohnesorge et al. (2023) 
with the exception of first eluting the DNA with 100 μL and 
thereafter with 50 μL AE buffer (150 μL total elution volume).

Sediment samples were extracted according to the manufactur-
er's protocol with adjustments as follows: samples were thawed 
on ice and then vortexed at 10,000g for 30 s to remove excess 
water. For removal of salt, the sample was washed with 1 mL 
Dulbeccos's Phosphate Buffered Saline (DPBS) without calcium 
and magnesium. After vortexing, 450 μL of the suspended sedi-
ment was transferred to the PowerBead tube (without beads and 
C1) and centrifuged at 10,000g for 2 min and the fluid discarded. 

After repeating the washing step, beads and C1 were re-added 
to the tube and the tube was incubated at 70°C for 10 min. The 
remaining steps followed the manufacturer's protocol with the 
exception of an elution in 2 × 50 μL Solution C6.

All DNA extracts were checked for purity and concentra-
tion on a NanoDrop spectrophometer. Samples were stored at 
−20°C until amplification. For each station and approach, the 
DNA extract of one of the technical replicates was used for se-
quencing. We amplified two molecular markers, the 313 bp 
fragment of the mitochondrial cytochrome c oxidase subunit 
1 (COI) using the primer pair mlCOIintF-XT (Wangensteen 
et  al.  2018), jgHCO2198 (Geller et  al.  2013) and the approxi-
mately 430 bp fragment of the nuclear ribosomal 18S rRNA 
gene variable region 4 (V4) (will be named “18S” hereafter) 
using the primer pair Uni18S and Uni18SR (Zhan et al. 2013). 
For library preparation, we applied a two-step PCR following 
the 16S Metagenomic Sequencing Library Preparation Guide 
from Illumina (Illumina 2013), which was adjusted for metazo-
ans (Ohnesorge et al. 2023). All PCR clean-ups were conducted 
with CleanNGS magnetic beads (GC biotech) and amplicon PCR 
products were checked on 1.5% agarose gel stained with ethid-
ium bromide for quality control. Five of the filtration negative 

FIGURE 1    |    (A) Geographical overview; (B) sampling for eDNA was performed via CTD rosette for surface water (SW), bottom water (BW), and 
via Van Veen grab for sediment (SE); as well as by vertical WP2 net hauls for zooplankton (ZP). (C) Magnified map of the study area: North Sea, 
Limfjord, Kattegat, and Western Baltic Sea. Stations for which metabarcoding data of all four sampling approaches are available are marked in 
pink. Turquoise: SW, BW, and SE; purple: BW, SE, and ZP; yellow: SW, SE, and ZP; blue: SW (18S only) and SE; brown: SE (only). Zooplankton was 
additionally identified by morphological species-specific characteristics for three stations (7, 21, 27), marked with asterisks. The maps were generated 
with Ocean Data View (Schlitzer 2018), the sampling illustration was created with BioRe​nder.​com.
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controls amplified with 18S primers showed a product on the 
gel and therefore were sequenced for further investigation. For 
some stations, PCR failed for all SW/ BW triplicates for either 
one or both markers (Limfjord: 7/12 stations affected, Kattegat: 
both BW, see Figure  1 and Table  S1), probably due to large 
amounts of PCR inhibitors. These failed samples were excluded 
from downstream analysis. Library concentrations were deter-
mined on a LabChip (PerkinElmer). The final concentration of 
the pooled library was validated on a BioAnalyzer (Agilent). For 
both markers, 15% PhiX were spiked in as an internal control. 
96 libraries per run were sequenced on an Illumina Miseq using 
MiSeq v3 reagent kits generating 2 × 300 bp paired-end reads 
aiming for about 120,000 raw reads per sample.

2.3   |   Sequence Data Processing

Sequence processing was carried out as in Ohnesorge 
et  al.  (2023) with DADA2 (Callahan et  al.  2016) and cutadapt 
(Martin 2011) pipelines. Truncation lengths in this study were 
adapted to 270 bp (forward) and 240 bp (reverse) for COI and 
280 bp (forward) and 250 bp (reverse) for 18S. Taxonomic assign-
ment was conducted with the RDP Naïve Bayesian Classifier 
(Wang et al. 2007) against the MetaZooGene database (Bucklin 
et  al.  2021) for COI and for 18S V4 against a subset of SILVA 
and PR2 both curated against WoRMS (WoRMS Editorial 
Board 2022). In addition, BLAST (Altschul et al. 1990) against 
NCBI GenBank (Sayers et  al.  2020) was performed for both 
markers and 10 best hits screened in order to eliminate non-
metazoan assignments (i.e., top hits based on max score that did 
not indicate metazoan origin) (five COI and two 18S ASVs). To 
further examine metabarcoding results for potential incorrect 
assignments (false-positive detections), species were checked for 
their distribution ranges as described in OBIS (obis.​org), WoRMS 
(WoRMS Editorial Board 2022) as well as species inventory lists 
of the North Sea (Armonies et al. 2018) and Baltic Sea (Zettler 
et  al.  2018) and through consultation with taxonomic experts 
(pers. communication). Based on this, we ranked a species' like-
liness of occurrence as “very likely” (i.e., known to be present in 
the study area), “likely” (i.e., unknown from the study area but 
recorded distribution in adjacent waters), or “very unlikely” (i.e., 
species' known distribution outside the study area, the entire 
North Sea and North East Atlantic). All downstream analyses 
were performed on species level in R (R Core Team 2021) if not 
stated otherwise.

2.4   |   Zooplankton Identification by Morphology 
and DNA Barcoding

ZP from three stations (7, 21, and 27) was identified to the 
lowest taxonomic rank possible based on morphological di-
agnostic characters using identification guides (Larink and 
Westheide 2011; Conway 2012b; Conway 2012a; Conway 2015; 
Castellani and Edwards 2017; Hayward and Ryland 2017). For 
this, we split the one quarter samples designated for morpho-
logical identification further into eight sub-samples as described 
above and processed them individually. The first subsamples 
were counted entirely, whereas in the remaining subsamples 
only taxa with a total abundance of < 50 individuals in the previ-
ous subsamples were considered. Total abundance of each taxon 

was extrapolated correspondingly. The identity of 15 unknown 
specimens was confirmed by COI barcoding through Sanger 
sequencing (see Laakmann et al. (2013) for details). Sanger se-
quencing was performed at LGC Genomics, Berlin, Germany. 
Raw sequence data were processed using Geneious v 2022.2.1 
(Biomatters Ltd.) and taxonomic assignment of species was 
performed using BLAST (Altschul et  al.  1990) against NCBI 
Genbank.

2.5   |   Data Analysis

Maps and oceanographic profiles were created with Ocean 
Data View (Schlitzer 2018) and BioRe​nder.​com. For the analy-
sis of the effects of sampling approach, distance, and salinity, 
COI and 18S site-by-species matrices were combined. To test 
for differences in community composition resulting from sam-
pling approach, vertical transport as well as spatial distance 
and salinity, occurrence-based species turnover values (i.e., true 
replacement of species, independent of species richness differ-
ences between samples) were calculated based on a qualitative 
species matrix and the function vegdist on Jaccard dissimilarity 
indices (Jaccard 1912). Turnover thus describes the dissimilarity 
in species composition (e.g., across samples) and ranges from 0 
(identical species composition) to 1 (no species in common be-
tween the two samples) (Baselga et al. 2021).

Turnover values across all possible combinations of sampling 
approaches were calculated using site-by-species matrices sum-
marizing all species of the respective approach. For this, only 
stations at which all eDNA and ZP sampling approaches have 
been conducted were considered.

In order to assess the effects of spatial distance and salinity 
on species turnover, we conducted multiple matrix regres-
sion (Multi Mantel tests with 999 permutations) with phytools 
(Revell 2012). As sample numbers across sampling approaches 
were unbalanced and the detected community compositions 
were expected to be influenced by sampling approach (SW 
eDNA, BW eDNA, SE eDNA, ZP), the Multi Mantel tests were 
performed individually per sampling approach. To remove the 
effect of temporal bias (as samples were taken during two sub-
sequent months), we used the residuals of the relationship be-
tween turnover and time (Julian days) as the response variables 
in the multiple matrix regressions. These residuals were esti-
mated with simple Mantel tests using daee (Debastiani  2021). 
To quantify the dissimilarities between species assemblages in-
troduced by spatial distance and salinity, explanatory variables 
were transformed into Euclidean distances. Spatial distance was 
represented by the combined effects of longitude and latitude. 
Salinity values were obtained at 2.5 m for SW eDNA, at average 
depth for ZP samples, and at maximal depth for both BW eDNA 
and SE eDNA.

To determine which species were significantly associated with 
a certain sampling approach and sampling region, we con-
ducted indicator species analyses using the R package indicspe-
cies (with default settings and 999 permutations) (Cáceres and 
Legendre 2009). The indicator species analysis tests for (a) the 
probability of a species being exclusively detected with a specific 
sampling approach or exclusively occur in a specific sampling 
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region and (b) the sensitivity of that species as an indicator of the 
sampling approach or sampling region (i.e., in what percentage 
of samples belonging to a certain target group was the species 
detected). For a more detailed description, see S6. Firstly, we 
tested which species were significantly associated with a certain 
sampling approach with SW eDNA, BW eDNA, SE eDNA, and 
ZP net catches as target groups. Similarly, we assessed which 
species were typical representatives of a certain region (North 
Sea: Stations 6,7, Limfjord: Stations 8–19, 22, Kattegat: Stations 
20, 21, and Baltic Sea: Stations 23–33). Indicator species analyses 
testing the regional differences were performed on all sampling 
approaches combined as a first step and as a second step on the 
four sampling approaches separately in order to gain a more de-
tailed resolution on which sampling approach may best resolve 
the regional differences in the species community.

3   |   Results

3.1   |   Oceanographic Parameters

Both sea surface temperature (SST) and sea surface salinity 
(SSS) were higher in the western sampling area (North Sea, 
Limfjord, and Kattegat) compared to the Baltic Sea stations 
(Figure 2). SSTs were generally higher in the shallow Limfjord 
area (20.6°C–22.6°C) compared to the North Sea and Kattegat 
while SSS decreased from West (North Sea: 32.4 PSU) to East 
(Kattegat: 20.2 PSU) (Figure 2A). The vertical temperature and 
salinity profiles indicated a mixed water column in large areas. 
Exceptions were the deeper North Sea and Kattegat stations as 
well as two Limfjord stations (15 and 16) located in the south-
ern central part in the Lovns Bredning area with an apparent 

thermocline (Figure  2A). Baltic Sea stations were character-
ized by an overall lower SSTs (about 17°C at all stations) and 
lower overall salinity (max. 22 PSU) compared to the North 
Sea-Limfjord-Kattegat region with a decreasing trend in SSS 
from West to East (Figure 2B). All stations (except the shallow 
station 31) had a distinct halocline with salinity leveling within 
the upper 5 m at coastal stations and at approximately 10 m at 
stations further offshore and thereafter increased sharply in 
parallel to depth. The difference between surface and BW sa-
linity ranged between 2.2 PSU (shallow station 31) and 10.2 
PSU at the station furthest from the shore (Station 30). An ad-
ditional thermocline was apparent at stations with a greater 
depth (western stations) below 12 m but did not exceed a tem-
perature difference of more than 3.2°C between SW and BW 
layers (Figure 2B).

3.2   |   Invertebrate Community Identification

In total, the metabarcoding approaches identified 279 meta-
zoan species from 16 phyla (S3 and S4). Out of these, 182 spe-
cies were detected based on COI and 126 based on 18S, with 
29 species identified by both markers. Most of these species be-
long to Arthropoda (65 species), followed by Mollusca (48) and 
Annelida (37) (Table S4). The majority of these species belong to 
the zoobenthos (134), followed by meiofauna (82), holoplankton 
(38), species with alternating asexually and sexually reproduc-
ing life cycle such as scyphozoa and hydrozoa (16), parasitic (7), 
and nekton (2). Of the 279 species, a majority is known from 
these waters, as 74.6% (89.6% COI, 58.7% 18S) were classified 
as “very likely” and 12.5% (3.2% COI, 23.0% 18S) as “likely.” 
Among those 36 species without a record in the sampling area 

FIGURE 2    |    Vertical temperature and salinity profiles of the sampling regions. (A) North Sea–Limfjord–Kattegat–region; (B) Baltic Sea region.
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or adjacent regions, many belong to the meio- and infauna (6 
Nematoda, 3 Platyhelminthes, 3 Xenacoelomorpha, and 7 
Annelida) (S4). Fifteen of the 279 species were solely detected by 
SW and BW eDNA.

Morphological species identification from ZP net catches was ap-
plied as a reinsurance of the metabarcoding success to identify 
invertebrates across taxa and as a proof of on-site occurrence. In 
combination with COI barcoding, species identification by mor-
phological diagnostic characters identified all the relevant (i.e., 
very species rich and dominant) phyla and sub-ranks detected 
by metabarcoding (S5), demonstrating the successful identi-
fication and coverage of metazoan taxa by our metabarcoding 
methodology. The few obvious false-negative metabarcoding 
detections on phylum level were Chaetognatha, Hemichordata, 
and Phoronida, which were represented by only a few species 
within the sampling area. The North Sea sample revealed the 
highest biodiversity in terms of number of taxa (30), followed 
by the Baltic Sea (17) and Kattegat sample (9). Among the young 
developmental stages, copepodite and nauplii stages of cope-
pods were the most numerous groups. Calanoid copepods were 
the prevalent group in terms of quantity among the holoplank-
tonic organisms together with the appendicularian Oikopleura 
(Vexillaria) dioica. The North Sea sample was dominated by 
meroplankton (especially polychaete and echinoderm larvae). 
In the Kattegat sample, many specimens of the Branchiopoda 
Penilia avirostris were found. A typical representative for the 
Baltic Sea was the copepod Pseudocalanus acuspes. ZP me-
tabarcoding of the respective samples reflected the same trend 
in decreasing species numbers from west to east with North 
Sea samples showing a biodiversity twice as high (61 species) 
as Kattegat (26 species), or Baltic Sea (22 species). Compared to 
morphological identification, metabarcoding of samples from 
the same stations resulted in > 6 times (North Sea) and 2.4 times 
(Baltic Sea) more species (S5). Many of the dominant species 
detected using morphological identification were also detected 
at most stations by SW and BW eDNA and ZP metabarcoding. 
For instance, this applied to the ctenophore Mnemiopsis leidyi 
and the copepod Acartia (Acanthacartia) tonsa. Although not 
specifically counted due to its shrinking behavior in ethanol, 
we noted many M. leidyi specimens in fresh net catches at the 
coastal North Sea station (station 6), in the Limfjord and in the 
Baltic Sea. Other dominant species were the Appendicularia 
Oikopleura (Vexillaria) dioica as well as the polychaete Polydora 
cornuta. In contrast to the most common species, more than half 
of the identified species from metabarcoding were detected ex-
clusively at one or two stations in each sampling approach (60% 
from SW eDNA and BW eDNA; 61.3% from SE eDNA; 68.5% 
from ZP net catches).

3.3   |   Effects of Sampling Approach on Diversity 
Detection

For many taxonomic groups, one of the sampling approaches 
was considerably more effective in detecting high species num-
bers (S4). ZP and SE eDNA detected more species than SW and 
BW eDNA (ZP: 178; SE: 163; SW: 74; BW: 89). ZP metabarcod-
ing worked particularly well for many holo- and meroplank-
tonic taxa, particularly for Arthropoda (50 species) such as 
Branchiopoda, Hexanauplia, Malacostraca, and Thecostraca. 

In addition, all nine Echinodermata species and the major-
ity of Hydrozoa and Gastropoda were identified from ZP me-
tabarcoding. In the SE eDNA, we detected many infaunal taxa 
such as Nematoda, Platyhelminthes, Xenacoelomorpha, and 
all Gastrotricha. BW eDNA was the most effective approach 
in detecting Bivalvia and other benthic taxa, thus likely adults. 
Biodiversity recovered from SW eDNA was most similar to the 
biodiversity recovered from ZP net catches. SW eDNA contrib-
uted the least, in terms of additional taxa, to the biodiversity 
assessment.

Turnover values are a measure of dissimilarity (here across sam-
pling approaches) with a value of 1 representing maximum dif-
ference in community compositions. They provide information 
about (a) the usefulness of markers to resolve differences in the 
identified species assemblages, (b) the similarities and differ-
ences of species assemblages across the sampling approaches, 
and (c) the presence and sinking of (dead) organisms (ZP) and 
eDNA within the water column (Figure 3, S6 for station-specific 
turnover). Turnover values for the community identified from 
ZP net catches increased with eDNA sampling depth, that is, ZP 
communities were most similar to the communities identified 
from SW eDNA, less similar to the one from BW and most differ-
ent to SE eDNA. Alike ZP, communities derived from SW eDNA 
decreased in similarity inversely to depth, that is, turnover val-
ues were lower for BW than for SE. In general, the community 
from SE eDNA displayed a distinct community compared to 
water eDNA and ZP, with the highest turnover values across 
all other sampling approaches. However, among the species de-
tected in the sediment were also holoplanktonic species (mainly 
calanoid copepods).

3.4   |   Changing Communities Along the Salinity 
Gradient Based on Metabarcoding

We assessed the expected and known differences in marine 
metazoan species assemblages driven by the confounding fac-
tors spatial distance and salinity. In order to estimate to what 
extent each sampling approach would be suited to display 
these differences, the four sampling approaches were analyzed 
separately.

ZP metabarcoding identified > 60 species in the North Sea and 
the species numbers decreased sharply in the eastern direc-
tion (S7). Based on SW eDNA, the highest species number was 
identified at the westernmost Limfjord station (32 species). BW 
eDNA results did not resolve a clear trend in species numbers by 
region, although it was low at most Baltic Sea stations. Sediment 
samples neither demonstrated an evident pattern regarding spe-
cies numbers.

PCoA revealed a clustering of area-specific communities for 
all sampling approaches and emerged to explain between 24% 
and 35% of variance on the first two axes (SW eDNA: 33.8%; BW 
eDNA: 32.6%; SE eDNA: 24.2%; ZP: 35.4%) (Figure 4). We ran 
multi Mantel tests to statistically examine whether spatial dis-
tance and salinity had an effect on species assemblages identi-
fied by eDNA and ZP metabarcoding. Neither spatial distance 
nor salinity significantly explained changes in the community 
composition for any of the four sampling approaches (S8). In 
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order to disentangle the confounding effects of spatial distance, 
salinity, and day at which sampling was conducted, we per-
formed additional variance partitioning (S9).

In accordance with the PCoA, variance partitioning revealed the 
highest explanatory power for the community identified from 
SW (16% explained variation), followed by ZP (14%), BW (12%), 

FIGURE 3    |    Species identified per sampling approach (left from top to bottom: surface water (SW) eDNA, bottom water (BW) eDNA, sediment 
(SE) eDNA; right: zooplankton (ZP) net catches grouped by phylum of the entire dataset. Numbers in the pie chart correspond to the number of 
species per phylum. Turnover values were generated for those stations only at which all four sampling approaches were performed. Numbers in 
arrows represent turnover values between the sampling approaches. Black: COI; blue: 18S V4.
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and SE (5%). For both SW and ZP, which showed very congruent 
results in both PCoA as well as variance partitioning, the largest 
part of the explained variation belonged to the shared portion of 
the three variables (10% for SW eDNA and 11% for ZP), that is, 
the most predictive variable cannot be determined. Across all 
sampling approaches, spatial distance in BW communities had 
the highest predictive power (3%) for a single variable.

3.5   |   Indicator Species Analysis

The indicator species analysis (S10) examined in detail, which 
species were significant indicators of any of the applied sam-
pling approaches. The high number of species detections from 
the ZP net catches and SE eDNA was confirmed by indicator 
species analysis, which assigned 44 species as significantly asso-
ciated with the ZP nets (i.e., these species were identified in the 
majority of ZP net samples and/ or this method was superior in 

the detection of these species in comparison to other sampling 
approaches). Similarly, the indicator species analysis identified 
19 species significantly associated with SE samples, which over-
all represented the infauna. It also confirmed that SW eDNA 
contributed the least number of additional taxa to the biodiver-
sity assessment, since none of the identified species were signifi-
cantly associated with this sampling approach.

Further, indicator species analysis was used to assess which spe-
cies are significantly associated with a certain region, with (a) all 
sampling approaches combined and (b) analyzed individually 
per sampling approach (S10). Indicator species analysis combin-
ing all sampling approaches confirmed that most of the signifi-
cantly associated species exclusively occurred in the North Sea 
area and that holo- and meroplanktonic species shaped the re-
gional differences across communities. SE eDNA, which mainly 
identified meiofauna, least reflected regional differences since 
out of the 163 species detected with this sampling approach, only 

FIGURE 4    |    PCoA of species dissimilarities (Jaccard distances) based on communities identified (COI and 18S detections were merged). Colors 
represent sampling areas; gray: North Sea; magenta: Limfjord; blue: Kattegat; green: Baltic Sea. Subplots were separated by sampling approach; (A) 
SW eDNA; (B) BW eDNA; (C) SE eDNA; and (D) ZP net catches.
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three species significantly explained spatial distribution based 
on indicator species analysis (S10 2D). From the water eDNA 9 
(SW) and 14 (BW) species were significantly associated with a 
certain region (S10 2B & 2C, S4). There was strong evidence that 
several species were consistently associated with high saline 
areas. For instance, the hydrozoan Lizzia blondina was signifi-
cantly associated with the North Sea based on water eDNA and 
ZP metabarcoding. The two copepod species Centropages typi-
cus and Calanus helgolandicus were associated with the North 
Sea (based on water eDNA and ZP) and to the Kattegat (ZP). 
In total, 22 species were uniquely associated with the North 
Sea region based on ZP metabarcoding, confirming the distinct 
and relatively higher biodiversity in this area. For the Limfjord, 
Kattegat and Baltic Sea regions, significantly associated species 
largely differed across sampling approaches with the exception 
of the Rotifer Synchaeta triophthalma, which significantly con-
tributed to the Baltic Sea communities in congruence with BW 
eDNA and ZP net catches.

4   |   Discussion

The invertebrate biodiversity we identified with metabarcoding 
in the North Sea, Kattegat, Limfjord, and Baltic Sea is consistent 
with species known from these regions, with 87% of the species 
previously documented in this area. Moreover, our comparison 
of morphological and molecular identification of ZP highlights 
the recovery of all relevant phyla and groups and demonstrates 
identification success for invertebrates across groups based on 
our multi-marker metabarcoding approach. We only identi-
fied 36 species by metabarcoding, which are not yet recorded 
for these areas. Most of them were detected based on 18S V4, 
which partly does not resolve congeneric species (revealed by 
BLAST top 10 hits; S4). This applies especially for meiofauna 
and benthic species such as Nematoda and Xenacoelomorpha, 
which has already been observed earlier (Ohnesorge et al. 2023). 
We therefore encourage careful scrutiny and cross-validation of 
annotations for invertebrate sequence data based on 18S V4. 
In addition, we identified some potential errors in sequence 
references, which resulted in untrustworthy annotations (e.g., 
data-deficient sequence references) and thus high probability of 
dubious assignments to species. However, some of the species 
previously not recorded in this area could be true positive detec-
tions such as the annelids Pisione puzae and Fabriciola liguronis. 
For these species, we could not find any plausible explanation 
that would indicate an incorrect annotation.

4.1   |   Sampling Approaches Map Different 
Communities

All sampling approaches appear to differ considerably in terms 
of the identified species and communities. SW eDNA mainly re-
flected the holo- and mero-ZP communities from the nets that 
were present in the water column at the time of sampling. This is 
confirmed by low turnover among the two sampling approaches. 
This implies that the eDNA remains in the same water layer in 
which it was released by the species present. The higher species 
numbers identified with ZP net catches is achieved by sampling 
substantially larger volumes of water. In a previous study, we 
demonstrated that the higher the volume of water sampled for 

eDNA, the higher the number of species detected (Ohnesorge 
et  al.  2023). Even with very high eDNA sampling efforts that 
were still far beyond volumes usually sampled with ZP nets, this 
was demonstrated to be not enough water to capture the entire 
community present (Ohnesorge et al. 2023). Nevertheless, repet-
itive sampling can potentially yield a higher overlap up to 42% 
of species identified in surface water eDNA and ZP (Ohnesorge 
et al. 2023). A common finding is that higher species numbers of 
Actinopteri and Arthropoda are identified from ZP net catches 
compared to eDNA, while from eDNA samples, other taxa are 
supplemented such as many Ascidians, Anthozoa, and Porifera 
species (Djurhuus et  al.  2018; Leduc et  al.  2019; Ohnesorge 
et al. 2023).

BW eDNA additionally recovered macrozoobenthos, especially 
bottom-dwelling bivalve species. Our results of high species 
turnover between SW and BW eDNA indicates the useful ap-
plication of eDNA metabarcoding to resolve the differences in 
species communities between different water layers. This was 
also demonstrated for some holoplanktonic species that were 
only detected by eDNA from the upper water column, but not 
from near-BWs (Parry et al. 2020).

SE eDNA (and partly organismal DNA) successfully identified 
the in- and meiofauna. Our findings are supported by previous 
studies where recovery of species differed between eDNA sam-
pling approaches (Brandt et al. 2021; Clarke et al. 2021).

Mechanistic models suggest that patterns of waterborne eDNA 
distribution are shaped, to a limited extent, by vertical dis-
placement such as advection, dispersion and settling (Allan 
et  al.  2021). Hence, eDNA is expected to remain in its water 
depth of origin/ shedding with merely 10–20 m deviation and 
vertical movement being of less importance than biological (e.g., 
shedding and migration) or eDNA degrading parameters (break-
down and decay rate) (Allan et al. 2021). There is an ongoing 
debate whether stratified water particularly at greater depths 
does act as a mixing barrier for eDNA (Zhang et al. 2020). The 
sampling depth of water for eDNA analysis thus may determine 
which species or groups could be detected (Andruszkiewicz 
et al. 2019; Larson et al. 2022). Based on our findings of large 
differences between communities detected using SW and BW 
eDNA, we argue that even very shallow, mixed water columns 
(sometimes not exceeding 4 m) resolve differences in the com-
munities detected. Thus, vertical eDNA profiles may have the 
potential to draw conclusions on a species' depth range profile 
including vertical migration pattern, as previously modeled 
(Allan et al. 2021).

Results from SE eDNA in this and other studies revealed high 
numbers of species from in- and meiofauna-typical phyla, such 
as Platyhelminthes, Gastrotricha, Nematoda, Nemertea and 
Xenacoelomorpha (Cordier et  al.  2019; Holman et  al.  2019; 
Brandt et al. 2021; Clarke et al. 2021). This is underlined by the 
distinct species composition with high turnover values across 
the other sampling approaches in our study, indicating that (a) 
we did not only identify eDNA but mainly organismal DNA, 
and (b) vertical mixing or sinking of particles was very limited, 
even between aboveground water and sediment in shallow wa-
ters. Similarly, distinct communities between SE eDNA and 
BW eDNA have been demonstrated on samples in the English 
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Channel, with again in- and meiofaunal representatives domi-
nating the sediment samples (Holman et al. 2019).

Next to the meiofauna organismal DNA, SE (e)DNA may orig-
inate from genetic traces shed by meiofauna, from dormant 
forms or material from dead organisms sinking within the water 
column (Bruce et al. 2021). In our study, the evidence of pelagic 
taxa such as calanoid copepods likely originated from resting 
eggs in the sediment or from parts of dead organisms. Therefore, 
it also reveals the (previous) occurrence of these species in this 
region at an unknown span of time before sampling. This ap-
pears possible because of the preservation properties of marine 
sediment for (e)DNA, which allows the detection of species-
specific (e)DNA several months after shedding and thus the re-
construction of past species occurrences (Ogata et al. 2021). As a 
consequence, including SE eDNA not only complements the spe-
cies with typical in- and meiofaunal taxa, but also allows to re-
cover past species occurrences and the existence of resting eggs 
in sediments. How long the remains of dead organisms, which 
are partially preserved in the sediment, do trigger positive detec-
tion after the absence of the original or source organism in a par-
ticular environment, still needs to be investigated in more detail.

Especially in this context, there is the need for a critical con-
sideration of present and past species occurrence based on 
eDNA identifications. For example in our study, at both North 
Sea and Western Limfjord stations the jellyfish Aurelia aurita 
was absent in the ZP, SW, and BW eDNA but present in the SE 
eDNA, indicating their occurrence days or weeks before sam-
pling. In contrast to this, the frequent and simultaneous detec-
tion of Mnemiopsis leidyi and Acartia (Acanthacartia) tonsa in 
SE eDNA and ZP nets (the latter based on metabarcoding and 
morphology) confirm their on-site occurrence at the time of 
sampling as well as in the past.

For the meroplanktonic species, detections by ZP metabarcod-
ing prove the current presence of their larvae and hence their 
active reproduction. For instance, the polychaete Alitta succinea 
was significantly associated with SW and BW eDNA, and ZP 
net. The identification of high amounts of juveniles and tro-
chophora larvae by morphological assessment from the North 
Sea underlines the high reproductive state of this species at the 
time of sampling. Thus, the comparison of several sampling 
approaches allows the reconstruction of species occurrences at 
different points in time as well as species-specific reproductive 
seasons.

In conclusion, the strong agreement of ZP with SW eDNA sug-
gests that species detected in SW eDNA reflect the community 
currently present in the water column. In contrast, BW eDNA 
rather identified the benthos. Our results demonstrate the dif-
ferent sampling approaches do complement each other for the 
fauna they identified. Their synergy gives more comprehensive 
insights in invertebrate biodiversity together with the informa-
tion on current species-specific reproduction activity. To gain a 
more complete and realistic picture of the factually present di-
versity solely based on eDNA, we recommend conducting both 
SW and BW eDNA for increasing chances to recover the pelagic 
and benthic communities. eDNA derived from the sediment 
complements the biodiversity with typical in- and meiofauna 
phyla and may recover past occurrences of some pelagic species.

4.2   |   Spatial Differences Across Abiotic Gradients

As per sampling region, abiotic factors changed from west to 
east with a decreasing trend in surface water salinity and pro-
nounced haloclines at almost all Baltic Sea stations. Temperature 
decreased inversely to depth, but pronounced thermoclines were 
solely recorded at few deeper stations.

Species detected at almost all stations by metabarcoding are 
mainly representatives of euryhaline species known from this 
area. For instance, this was the case for A. (A.) tonsa (Ojaveer 
et  al.  2010; Geburzi et  al.  2022) and the invasive ctenophore 
M. leidyi (Jaspers et al. 2011; Riisgård et al. 2012). Similarly, we 
identified the polychaete Polydora cornuta at all Baltic Sea sta-
tions, a very abundant species in this region (Gogina et al. 2016; 
OBIS 2023).

In our study, patterns of invertebrate species richness decreased 
in the transition from marine to brackish conditions as already 
demonstrated in previous long-term morphological and barcod-
ing species inventories (Zettler et al. 2014; Geburzi et al. 2022). 
Species richness of the marine macrozoobenthos decreases from 
> 1150 in the Kattegat (salinity about 15–20 PSU) to 421 spe-
cies in the Bay of Mecklenburg (Zettler et al. 2014) with surface 
salinities below 15 PSU where our Western Baltic Sea samples 
originate.

Our study revealed the trend of decreasing diversity to the low 
salinity areas was only resolved by ZP metabarcoding but not by 
any of the eDNA approaches (even though overall communities 
identified from ZP and SW eDNA were similar). We found the 
ZP samples of the most saline, westernmost stations to be dis-
tinct in the high number of species detected similarly to previ-
ous findings on the effect of salinity on ZP communities (Casas 
et al. 2017; Yebra et al. 2022). Contrary to the declining biodiver-
sity with decreasing salinity described, which was confirmed for 
ZP based on both the molecular and morphological approach, 
SW eDNA analysis detected the highest number of species at 
the coastal station where the North Sea enters the Limfjord. The 
most likely explanation is a higher concentration of eDNA in the 
shallow, less dynamic and to some degree isolated Limfjord area 
in comparison to more dynamic waters at the offshore North Sea 
station, potentially leading to less dilution. This is supported by 
the fact that extracted DNA concentrations were twice as high 
at this Limfjord station compared to the offshore North Sea sta-
tions. It may be speculated that the transition from offshore to 
lotic waters accumulated the eDNA of the species-rich commu-
nity at this high-saline station and increasingly displays local 
rather than regional biodiversity (Deiner et al. 2017).

Although species numbers in the Baltic Sea recovered from 
BW eDNA were generally low, two deep stations, which were 
characterized by a strong halocline, stand out with high spe-
cies numbers. Such strong haloclines are commonly found 
during summer in this area (Narberhaus 2012). Here, SW sa-
linities were lower (14 PSU) than BW salinities (> 20 PSU), 
which suggests an origin from inflowing North Sea water 
below the halocline and hence, resulted in the identification 
of many typical North Sea species. However, this pattern 
was not visible in the communities identified from the SE 
eDNA. Although metabarcoding studies on meiofauna show 
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significant differences between high and low salinity areas 
(Urban-Malinga et al. 2006; Broman et al. 2019), considerably 
more sediment was analyzed instead of just the top layer of 
the sediment as in this study. For the resulting species com-
position, there seems to be no influence of salinity and spatial 
distance, which could possibly be explained by the drift of the 
particles through the water column. A similar result was found 
by Holman et  al.  (2019), who concluded that the community 
they detected from eDNA in the narrow surface layer of sedi-
ments was the least suitable to explain differences in associa-
tion with salinity or spatial distance.

Results from the indicator species analyses supported the ZP 
shaping identified differences in regional communities in our 
study and not the fauna identified from the sediment. Therefore, 
various factors should be considered when identifying current 
species richness (alpha diversity) and when drawing ecological 
interpretations solely based on eDNA analyses. For instance, as 
demonstrated, the eDNA sampling approach can cause substan-
tial bias. When water is sampled across stations with heteroge-
neous depths and flow velocity, this has to be taken into account 
as the identified species richness will be influenced by these fac-
tors, and not necessarily reflect the actual spatial species rich-
ness present in the field.

The results from PCoA, variance partitioning and indicator 
species analyses indicate regional differences in species com-
positions. In the following paragraph we discuss these regional 
differences on the example of planktonic copepods, for which 
we have most of the information on their occurrences. SW 
eDNA, BW eDNA, and ZP samples reflect the expected pat-
tern of species community distribution on a regional scale as 
known from literature. Seven species of the copepod genera 
Pseudocalanus, Acartia, and Temora have been identified in the 
study area by morphology and/or metabarcoding and these gen-
era belong to the most important ZP taxa in terms of biomass 
and production in the open Baltic Sea (Ojaveer et al. 2010). The 
high number of nauplii compared to adults in the Baltic Sea 
sample indicated high reproduction rates at the time of sam-
pling for one or some of these species, namely Pseudocalanus 
acuspes, A. (Acanthacartia) tonsa, A. (A.) bifilosa, A. (Acartiura) 
hudsonica, A. (A.) clausi, A. (Acartiura) longiremis, and T. longi-
cornis. A. (A.) bifilosa was significant for both the North Sea and 
the Baltic Sea group, which is in line with its ability to tolerate 
nearly freshwater conditions and thus thrives even in low saline 
northern parts of the Baltic Sea (Ojaveer et al. 2010). Most of the 
abovementioned species have been identified from ZP and SW 
eDNA with the exception of A. (A.) hudsonica with most detec-
tions in the SE eDNA, some in the ZP and, only for the North 
Sea, in the SW and BW eDNA. This species was recently iden-
tified to occur in the North Sea (Ohnesorge et al. 2023) and the 
Baltic Sea (Hahn and Brennan 2024) based on their sequence 
data. For the Baltic Sea, this species is potentially replaced by 
A. (A.) tonsa in late summer (Hahn and Brennan 2024) and this 
observation matches with our findings. We detected this species 
predominantly in SE eDNA in September, indicating its former 
occurrence in the water column and/or the existence of resting/
dormant eggs in the sediment, a well-known life-history trait of 
this species (Holm et al. 2018). These resting eggs are mainly 
produced toward the thermal boundaries of this species' distri-
bution (Holm et al. 2018), which matches with our observations 

in September, a time when this species is potentially replaced. 
Another typical species, C. typicus, was found throughout the 
study area but the indicator species analysis only confirmed its 
association to the North Sea (SW, BW, and ZP) and the Kattegat 
(ZP) but not for the Baltic Sea. These findings suggest C. typ-
icus' presence in the water column in high saline areas at the 
time of sampling as proven by ZP net samples. Its identifica-
tion in the Baltic Sea from SE eDNA may result from sinking 
and drifting carcasses. In contrast, the congeneric co-occurring 
species C. hamatus has a higher salinity tolerance and is better 
adapted to the low saline conditions in the Baltic Sea (Ojaveer 
et al. 2010) and was significantly assigned to both the North Sea 
(BW eDNA) and the Baltic Sea (ZP) group by indicator species 
analyses.

In conclusion, our results demonstrated that ZP metabarcod-
ing is more efficient in resolving the patterns of decreasing 
invertebrate species diversity with decreasing salinities from 
the North to the Baltic Sea compared to eDNA approaches. 
Nevertheless, our study shows that eDNA metabarcoding is 
capable of identifying changes in the invertebrate biodiversity 
across regions with typical species distribution patterns. This 
was more pronounced in eDNA analyses from water than from 
sediment samples. Combining several sampling approaches 
increases overall invertebrate species detection and further 
provides insights into past and present occurrences as well as 
succession patterns.
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