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Abstract
Environmental DNA (eDNA) has gained popularity as a tool for ecosystem biomoni-
toring and biodiversity assessment. Although much progress has been made regarding 
laboratory and fieldwork protocols, the issue of sampling efficiency requires further 
investigation, particularly in three- dimensional marine systems. This study focuses 
on fish community composition in marine ecosystems and aims to analyze the ef-
ficiency of sampling design given the sampling effort for distinguishing between dif-
ferent communities. We sampled three fjords in Northern Norway, taking samples 
along fjord transects and at three different depths, and amplified a fragment of the 
mitochondrial 12S rRNA gene of bony fishes using the MiFish primers. We evalu-
ated the effect of (i) the number of sampling stations, (ii) samples' spatial distribution, 
and (iii) the data treatment approach (presence/absence versus semiquantitative) for 
maximizing the efficiency of eDNA metabarcoding sampling when inferring differ-
ences of fish community compositions between fjords. We found that the manner of 
data treatment strongly affected the minimum number of sampling stations required 
to detect differences among communities; because the semiquantitative approach 
retained some information about abundance of the underlying reads, it was the most 
efficient. Furthermore, we found little- to- no difference of fish communities in sam-
ples from intermediate depths when comparing vertical fish communities. Lastly, we 
found that the differences between fish communities at the surface were the highest 
across the horizontal distance and overall, samples ~30 km apart showed the highest 
variation in the horizontal distribution. Boosting sampling efficiency (reducing sam-
pling effort without compromising ecological inferences) can significantly contribute 
to enhanced biodiversity management and efficient biomonitoring plans.

K E Y W O R D S
eDNA, fish, heterogeneity, metabarcoding, sampling design, spatial distribution

www.wileyonlinelibrary.com/journal/edn3
mailto:
https://orcid.org/0000-0002-3711-6758
https://orcid.org/0000-0002-9627-8124
https://orcid.org/0000-0003-2192-1039
https://orcid.org/0000-0001-5593-348X
https://orcid.org/0000-0002-0681-1854
https://orcid.org/0000-0002-7305-5737
https://orcid.org/0000-0001-5037-2441
https://orcid.org/0000-0002-8045-6141
https://orcid.org/0000-0003-3248-1681
https://orcid.org/0000-0002-9858-052X
http://creativecommons.org/licenses/by/4.0/
mailto:gledis.guri@hi.no
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fedn3.409&domain=pdf&date_stamp=2023-04-14


2  |    GURI et al.

1  |  INTRODUC TION

Biological monitoring, as a key component of the assessment of eco-
logical resources (Gold et al., 2021), allows decision makers to adjust 
policies and management plans to achieve environmental targets and 
sustainable use of marine resources. Many studies have attested to 
the importance of biological monitoring for a robust decision- making 
(Borja & Elliott, 2013; Bourlat et al., 2013; Salter et al., 2019; Stat 
et al., 2017). Moreover, recent changes toward ecosystem- based fish-
eries management rely heavily on biodiversity assessments and mul-
tispecies identification where quantification of community metrics is 
crucial for reliable monitoring (Gullestad et al., 2017).

Multiple studies have encouraged the use of environmental 
DNA (eDNA) in biomonitoring for management policies as the DNA 
expelled from organisms can be captured and sequenced (Taberlet 
et al., 2012), enabling the detection of the community composition 
present at the study site (Ji et al., 2013). As a noninvasive sampling 
technique (Cilleros et al., 2019), the reliability of eDNA metabarcod-
ing results is an attractive alternative to traditional capture sampling 
for biomonitoring (Barnes & Turner, 2016; Cantera et al., 2019; Gilbey 
et al., 2021). However, metabarcoding approaches for biomonitoring 
have only recently been developed and face several obstacles (e.g., 
amplification bias, DNA transport) that hinder the direct use of me-
tabarcoding data for inference of ecological communities (Banerjee 
et al., 2021). An essential component of any eDNA metabarcoding 
study is to provide an adequate sampling design to address specific 
ecological questions. Moreover, minimizing the DNA sampling ef-
fort can enable stakeholders and policymakers to increase sampling 
events and thus broaden the monitoring scale of marine biodiversity 
assessments.

Optimizing biological and technical replication as a trade- off be-
tween decreasing false negatives and costs has been investigated 
(Buxton et al., 2021; Cantera et al., 2019). Furthermore, optimization 
of eDNA sampling design has been laid on water volume filtered, 
filter types, and effort distribution among methods for maximizing 
univariate measures of diversity (such as α diversity) and single/
rare species detection while decreasing sampling effort (Andres 
et al., 2022; Bessey et al., 2020; Sanches & Schreier, 2020; Wood 
et al., 2021). One additional study focused on the spatial distribu-
tion of eDNA samples in lentic systems to evaluate sampling design 
strategies for inferring patterns of fish biodiversity (α and β diver-
sity; Zhang et al., 2020), where they suggested a systematic spatial 
sampling protocol and concluded that eDNA samples autocorrelated 
up to 2 km on the horizontal distance. However, the latter study cir-
cumvented issues related to sampling effort; thus, at present, no 
research has been conducted on sampling design accounting for 
community compositions and heterogeneity as a function of the 
sampling effort. Additionally, in contrast to lentic and lotic systems, 
marine systems are more complex in DNA transport due to multi-
directional and three- dimensional water flow (Hansen et al., 2018).

Obtaining an efficient sampling design for eDNA- based studies, 
especially in marine systems, is a challenging task (convoluted ques-
tion due to the multitude of research questions, hence every context 

has a specific sampling design; Yoccoz et al., 2001) that still requires 
attention. In this study, we focus maximizing the sampling efficiency 
explicitly on detecting ecosystems' fish community composition 
(hereafter communities); thus, circumventing univariate diversity 
metrics and single/rare species detection as such questions have 
been resolved. We study this problem in two different levels, that 
is, by investigating how well the sampled communities segregate 
given the unit of sampling effort, thus how much can we reduce the 
sampling effort to still obtain significant differences between these 
fjord communities, and second, which samples contribute the least 
to the dissimilarity metrics, thus can potentially be removed without 
affecting the variability of the ecosystem.

To achieve these objectives, we formulated the following ques-
tions: (i) What is the metabarcoding data treatment approach, 
presence/absence versus semiquantitative, that most efficiently 
represents the differences between fjords ecosystems, and what 
is the minimal number of sampling sites for each approach; and (ii) 
where to effectively collect the samples (in three- dimensional space) 
to maximize our efficiency to detect differences in ecological com-
munities while minimizing sampling effort.

2  |  METHODS

2.1  |  Study sites

Study samples were collected on research cruises on March 2021 by 
R/V Kristine Bonnevie. Three Northern Norwegian fjords: Balsfjord, 
Frakkfjord, and Olderfjord, were selected based on their size, ba-
thymetry, and distance from the open ocean. Balsfjord has a length 
of 40 km and a maximum depth of 190 m in the middle of the fjord. 
There is a sill at the fjord's entrance, and the archipelago limits the 
water exchange and categorizes it as protected from the open ocean. 
Frakkfjord and Olderfjord are relatively similar regarding their size 
and shape, with a fjord length of 8 and 4 km and a maximum depth 
is 86 and 74 m, respectively. These two fjords are more exposed to 
the open ocean compared with Balsfjord; however, Frakkfjord has 
the highest degree of exposure to open water. Nearly all high lati-
tude Norwegian fjords are ice- free and depicted with an Arctic light 
regime (Reigstad & Wassmann, 1996). Although a subarctic water 
climate characterizes all fjords in the area, the degree of openness to 
the open sea can create differences regarding community composi-
tion. In total 17 eDNA sampling stations were deployed for the three 
fjords, of which 10 were located in Balsfjord, four in Frakkfjord and 
three in Olderfjord (Figure 1). GPS coordinates and other metadata 
of sampling stations are provided in Table S1.

2.2  |  Water sampling, eDNA 
filtration, and extraction

To investigate the spatial heterogeneity of the eDNA signals for in-
ference of fish communities, we established three sampling transects 
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    |  3GURI et al.

in three localities (i.e., three fjord ecosystems) where samples were 
assigned using fixed- distance nonoverlapping radii scaled by the size 
of the locality (i.e., 3000 m in Balsfjord, 1000 m in Frakkfjord, and 
750 m in Olderfjord). In alphabetical order, sampling stations were 
designated by letters starting from the innermost station (Figure 1). 
To constrain the background level of spatial heterogeneity from me-
tabarcoding, we double- sampled three locations in Balsfjord using 
“twin” sampling stations next to each other (i.e., A/B, E/F, and J/K). At 
each sampling station, 12 5- L Niskin bottles mounted on a stainless- 
steel frame with CTD were deployed to desired sampling depths for 
water collection. The three depths investigated were surface (10 m), 
pycnocline (depth of highest density, ~50 m), and bottom (10 m 
above bottom). At each sampling depth, triplicate 2- L water samples, 
derived from three distinct Niskin bottles, were filtered onboard the 
research vessel through 0.22 μm Sterivex filters (MerckMillipore) 
using a peristaltic pump (multichannel flow Heidolph™ Hei- Flow 
Advantage 01). After removing the remaining water drops by pump-
ing air, filters were transferred to sterile 50- mL Falcon centrifuge 
tubes and immediately stored at −20°C until they were transported 
to the laboratory for −80°C storage until DNA extraction. DNA was 

extracted using DNeasy PowerWater Sterivex Kit (Qiagen GmbH) 
following the manufacturer's protocol with slight modifications (all 
steps involving PowerBead Tubes were omitted). DNA extraction 
from water samples was conducted randomly to minimize the pos-
sible biases from contamination during laboratory workflow.

2.3  |  Contamination control

To control for contamination occurring at each step of the workflow, 
we included field- negative controls (one air and one water blank per 
sampling station), laboratory- negative controls (one extraction blank 
per block of 12 extracted samples; three PCR blanks per block of 
96 extracted samples), and PCR- positive controls (one positive con-
trol PCR sample per block of 96 extracted samples) as described by 
Shu et al. (2020). To reduce the risk of cross- contamination during 
the sampling event, all sampling equipment was decontaminated 
with 20% (v/v) sodium hypochlorite solution (household bleach) and 
then rinsed with Milli- Q water onboard before and after fieldwork. 
Sterile nitrile gloves were used when in contact with water samples. 

F I G U R E  1  Map of the eDNA sampling station distributed among three localities (Balsfjord— blue, Frakkfjord— orange, and Olderfjord— 
red) and the radius of the area represented by the sampling station.
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4  |    GURI et al.

To minimize the risk of sample cross- contamination in the labora-
tory, before and after each round of DNA extraction, all the work-
benches (extraction and PCR hood) were decontaminated through 
UV exposure for 30 min, as suggested by Goldberg et al. (2016). 
Additionally, the air in the laboratory was decontaminated regularly 
(once a week) with hydrogen peroxide. Lastly, pre-  and post- PCR 
tasks were performed in different laboratories to reduce the risk of 
cross- contamination.

2.4  |  Library preparation and sequencing

A total of 192 samples (divided into two libraries), including eDNA 
samples (n = 150), PCR blanks (n = 6), positive controls (n = 2), extrac-
tion blanks (n = 6), fieldwork water and air blank (n = 16 and 12 re-
spectively), were amplified using the MiFish- U universal primer set 
(Forward: 5′- GTCGG TAA AAC TCG TGC CAGC- 3′; Reverse: 5′- CATAG 
TGG GGT ATC TAA TCC CAGTTTG- 3′; Miya et al., 2015) targeting the 
mitochondrial 12S rRNA gene region (169– 172 bp fragment). Fusion 
primers containing adaptor, index, and primer- specific sequences 
were used to allow one- step PCR amplification, where each 20 μL 
PCR reaction consisted of 3 μL eDNA template, 1 μL of primer 
mix (0.5 μL each of 5 μM stock solutions of MiFish- U- forward and 
MiFish- U- reverse primers), 10 μL of QIAGEN Multiplex PCR Master 
Mix, 0.16 μL of BSA (concentration 20 μg/mL), and lastly 5.84 μL of 
RNase- free water. All samples were amplified in triplicate. The ther-
mocycler program included an initial denaturing step of 95°C for 
10 min, 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s 
and a final extension step of 72°C for 5 min.

PCR amplification success and product size were assessed 
using capillary electrophoresis (QIAxcel; Qiagen GmbH). Products 
from triplicate PCR reactions were pooled into a single tube before 
100 μL from each PCR product pool were combined to generate 
two sequencing libraries, each consisting of 96 samples/library. 
Sequencing libraries were electrophoresed on a 2% (w/v) agarose 
gel in 1× TAE buffer and stained with SYBR safe (Qiagen GmbH). 
Bands of the expected size (300 bp) were excised and purified using 
GeneJet Gel Extraction and DNA Cleanup Micro Kit (Thermo Fisher 
Scientific). DNA concentration of the purified sequencing libraries 
was measured using Qubit dsDNA HS kit (Thermo Fisher Scientific), 
diluted to a final concentration of 50 pM and spiked with 4 μL of Ion 
S5 Calibration Standard prior to loading onto the Ion Chef instru-
ment (Thermo Fisher Scientific). Libraries were sequenced using the 
Ion 530- sequencing chip with the 200 bp protocol (Thermo Fisher 
Scientific).

2.5  |  Bioinformatics

Sequences were automatically demultiplexed and quality filtered 
after the sequencing process using Torrent Suite™ inbuilt in the 
sequencer following their inbuilt standard settings. The sampled 

sequence dataset was thereafter filtered for chimeric sequences 
using a uchime- denovo algorithm in VSEARCH (Rognes et al., 2016). 
Second, we clustered the sequences into Molecular Operational 
Taxonomic Units (MOTU) using SWARM v2 (Mahé et al., 2014) 
with a distance of d = 3. Third, singletons were removed, and the 
remaining MOTUs were taxonomically annotated using the ecotag 
algorithm (Boyer et al., 2016) and a well- curated local database as-
sembled from data available from EMBL and NCBI (access date: 14 
March 2022).

To select only high- quality sequences and remove pseudogenes 
and artifacts, we arbitrarily customized a low- quality dataset fil-
tering process where MOTUs with an identity match ≥97% (Li 
et al., 2018; Nakagawa et al., 2018; Sales et al., 2021) or higher num-
ber of reads than 1/10,000 of the total library reads were retained 
(Coguiec et al., 2021). MOTUs unassigned to species taxonomic rank 
after ecotag algorithm were manually checked by blasting in NCBI 
online database (date: March 14, 2022) where the same selection 
criteria were used. For downstream biodiversity analysis, we re-
moved biological replicates with sequencing depth lower than 500 
reads as an indication of low- quality samples. Amplicon sequences 
whose occurrence in negative controls exceeded 10% of their total 
read abundance in the entire dataset were removed from the dataset 
as an indication of contamination. Additionally, we summed (pooled) 
all MOTU reads across the biological replicates of the same depth 
taken in the same sampling station. Lastly, we removed all taxa that 
were not assigned to fish (class: Actinopterygii or Chondrichthyes).

2.6  |  Statistical analysis

All analyses and plots were performed in R (R Core Team, 2022). 
To see that our sequencing depth was not a limiting factor for rep-
resenting the taxonomic diversity of the study area, we examined 
the DNA sequencing effort through species accumulation curves 
(hereafter sequencing effort curves), using rarecurve function in the 
vegan package. The curves plotted the average number of species 
identified as a function of sequencing depth, indicating if the lat-
ter was sufficient for covering the biodiversity. Additionally, species 
accumulation curves (hereafter DNA collection curves), the number 
of species against the number of samples, were plotted to examine 
whether more samples would yield more species, thus determining 
whether our DNA collection effort was sufficient for covering the 
taxonomic diversity of the sampled area. The DNA collection curves 
were drawn using specaccum function in vegan package.

2.7  |  Efficiency of data treatment approaches and 
minimal number of sampling stations for detecting 
community differences

To explore the strength of two commonly used metabarcoding data 
treatment approaches on the ability to detect differences between 
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fish communities, we selected and compared qualitative (presence/
absence) and semiquantitative approaches. We outline the qualitative 
approach as the binary transformation of MOTU reads (after quality 
filtering) into the presence and absence where MOTUs with reads 
≥1 were defined as a presence. For the semiquantitative approach, 
we selected the eDNA index proportion model developed by Kelly 
et al. (2019), also called inverse “Wisconsin double- standardization,” 
a simplified way to account for species- specific differences in ampli-
fication efficiency. The following analyses were performed on both 
qualitative and semiquantitative treatment of the eDNA reads of 
pooled replicates. We used the Jaccard and Bray– Curtis distance ma-
trices, respectively. The dissimilarity matrices between ecosystems 
were initially represented visually through nonmetric multidimen-
sional scaling (nMDS) ordination using metaMDS in vegan package 
(Oksanen et al., 2022), with two dimensions (k = 2) while using 20 ran-
dom starts in search of a stable solution. Differences in communities 
between ecosystems were computed through permutational analy-
sis of variances (PERMANOVA) using adonis function in vegan pack-
age (Oksanen et al., 2022) with factor location (Balsfjord, Frakkfjord, 
Olderfjord, and positive control) and 999 permutations. For signifi-
cant PERMANOVA results, we conducted permutational multivari-
ate dispersion test (PERMDISP) to check whether the significance 
was due to the differences in centroids or due to the differences in 
dispersion of samples in principal coordinate space of dissimilarity 
(PCoA). Additionally, we used permutational pair- wise comparisons 
with the Benjamini– Yekutieli FDR correction— False Discovery Rate 
(Benjamini & Yekutieli, 2001) to indicate the paired location com-
parisons that were significantly different. We used betadisper and 
pairwise.adonis2 functions for both tests, respectively, supplied by 
vegan package (Oksanen et al., 2022). To indicate the species driving 
the differences between localities, we used indicator species analysis 
(Dufrêne & Legendre, 1997) on both approaches using indval func-
tion in labdsv package (Roberts, 2019) with 999 permutations.

Furthermore, to investigate the efficiency of each data treat-
ment approach (qualitative and semiquantitative), we conducted a 
linear regression of dissimilarity (measured in pseudo- F- value) as a 
function of sampling effort (number of sampling stations) for each 
approach using lm function in R with the formula dissimilarity ~ sam-
pling effort × method. We measured the dissimilarity as the pseudo- F 
and p values of a series of PERMANOVA tests for detecting ecosys-
tem differences (factor locality) across a range of sampling effort. 
The range of sampling effort was conducted through progressively 
removing one sampling station from each locality (excluding posi-
tive controls) until one sampling station remained in each locality. 
During each removal of stations, the dataset was randomly subsam-
pled 999 times and we estimated the mean of p and pseudo- F- values 
from PERMANOVA tests for each combination. Lastly, the minimal 
number of sampling stations required to infer differences between 
ecosystems was concluded as the mean plus two standard deviation 
of PERMANOVA p- values lower than 0.05. Subsequently, the data 
treatment approach with the highest efficiency (highest pseudo- F 
value) was selected for all analyses below.

2.8  |  Sampling efficiency for maximum vertical and 
horizontal community difference

To investigate the spatial relationship of eDNA samples and maxi-
mum dissimilarity (sampling efficiency), we selected only samples 
taken in Balsfjord due to the linear shape of the fjord and the exten-
sive number of sampling stations investigated (n = 10).

For exploring the sampling efficiency among depth layers, we 
explored whether the community composition differed signifi-
cantly between each depth category using PERMANOVA analysis 
with Bray– Curtis dissimilarity index with factor depth category. 
Thereafter a post hoc test was conducted for identifying pairs of 
samples that differed using permutational pair- wise comparisons 
with the Benjamini– Yekutieli FDR correction. Subsequently, for 
significant PERMANOVA results, we conducted PERMDISP test. 
Samples of depth categories that did not differ significantly were 
defined uninformative, thus can be removed for reducing sampling 
effort.

Additionally, we explored the dissimilarity of the community 
among the horizontal distance of the fjord. We fitted a beta regres-
sion using betareg function in betareg package with the pairwise 
Bray– Curtis dissimilarity index (measured through vegdist function 
in vegan package) as response variable, and the log- transformed 
pairwise horizontal distance (measured in QGIS) and pairwise depth 
categories as predictor using the formula dissimilarity ~ log10(dis-
tance + 1) × depth category. Note that only pairwise comparisons 
of the similar depth categories were included (i.e., bottom– bottom, 
pycnocline– pycnocline, and surface– surface). We concluded that 
the most efficient horizontal distance for sampling was the mini-
mum distance with the maximized community dissimilarity among 
samples.

3  |  RESULTS

3.1  |  Sequencing and eDNA sampling effort

After the standard Ion GeneStudio quality and sequence- length fil-
tering, the run yielded 13,579,483 sequence reads from 150 eDNA 
samples (4,984,499 and 8,594,984, respectively, for each of the 
two sample pools), two positive controls, and 40 negative controls 
(Figure S1a). Filtering of chimeric reads and singletons resulted in the 
removal of 64,581 reads. After our customized low- quality removal 
and blank treatment subtraction, the final dataset (152 samples) 
used for analysis contained 13,398,370 reads. We observed very 
few reads in all negative controls (mean = 32.2 ± 29.3; Figure S1b), in-
dicating a low level of contamination. As a result, no “contaminating” 
MOTUs were removed from the dataset. From the quality- filtered 
and nonchimeric reads, we detected 33 marine taxa, of which 31 
were assigned to the species level, and the remaining two (Sebastes 
spp. and Anarhichas spp.) were assigned to the genus level. Around 
99.99% of MOTU reads belonged to nine different orders of bony 
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fishes (Actinopterygii), while the remaining reads were assigned to 
Amblyraja radiata (Chondrichthyes).

Sequencing effort curves revealed that samples in Frakkfjord 
and Olderfjord had higher sequencing depth than the Balsfjord 
samples (Figure 2a). Overall, most curves from samples with high 
sequencing depth saturated, while the remaining samples achieved a 
slope change but did not reach a plateau. However, visual inspection 
indicated that over ca. 500,000 reads per sampling station (sam-
ples pooled) would be needed to approximate the full diversity of 
the samples. This indicated that our sequencing effort (>1,000,000 
reads per sampling station) in Frakkfjord and Olderfjord successfully 
covered the taxonomic complexity, while in Balsfjord (~300,000 
reads per sampling station), such coverage was not achieved.

DNA collection curves (Figure 2b) signaled that samples in 
Frakkfjord and Olderfjord detected most species present as the 
curve saturated around two sampling stations, stating that the tax-
onomic diversity of the fjord was successfully covered from the 
samples deployed. In contrast, the Balsfjord curve did not plateau, 
indicating that deploying more samples could potentially detect 
more species in the fjord.

3.2  |  Efficiency of data treatment approaches and 
minimal number of sampling stations for detecting 
community differences

Two nonmetric multidimensional scaling ordination (nMDS) plots dis-
played dissimilarities of species composition among the three localities 

(biological replicates pooled), based on Jaccard (Figure 3a) and Bray– 
Curtis (Figure 3b) dissimilarity index for qualitative (presence/absence) 
and semiquantitative (eDNA index) representation of the metabar-
coding data, respectively. The qualitative- based nMDS indicated 
separation of the centroids of the samples based on their locality, 
with a strong fish community variation and overlap among localities. 
Furthermore, positive control samples were embedded within 70% 
confidence interval ellipsoids of all locality centroids. Conversely, the 
semiquantitative- based nMDS revealed a strong separation of clus-
ters by locality, stating that the semiquantitative community composi-
tion in each locality is distinct. Additionally, positive control samples 
are confidently separated from all localities' community composition.

Both PERMANOVAs (Table 1) indicated significant differences 
in the composition between localities (p = 0.005 and p < 0.001). 
Pseudo- F and R2 values differed considerably between the tests 
(Table 1). Semiquantitative- based pair- wise tests indicated signif-
icant differences between each pair- wise comparison of locality 
(including the positive control samples; Table S2b). Conversely, 
qualitative tests failed to identify significant differences between 
Frakkfjord and Olderfjord (Table S2a). Additionally, all pair- wise dif-
ferences between positive control and each locality were found to 
be nonsignificant (Table S2a,b). Semiquantitative- based PERMDISP 
was found significant (p < 0.001; Table 1), indicating a difference in 
dispersion of samples (average distance to its centroid). Pair- wise 
comparison of dispersion revealed a significant difference between 
Balsfjord and Frakkfjord and all pair- wise comparisons of positive 
control (Table S2b). Conversely, qualitative- based PERMDISP indi-
cated a homogeneous dispersion among all localities (Table 1).

F I G U R E  2  Species accumulation curves as a function of sequencing depth, thus sequencing effort curves (a; samples and their biological 
replicates pooled together) and as a function of number of the sampling stations, thus DNA collection effort curve (b; biological replicates 
not pooled) colored for each locality. The vertical dashed line indicates the sequencing depth (500,000 reads) where sample curves start to 
plateau.
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    |  7GURI et al.

Comparing the two dissimilarity matrices (qualitative and semi-
quantitative based), the Mantel test revealed a significant correlation 
(r = 0.2, p < 0.001), stating that the two data treatment approaches 
were weakly positively associated.

The linear regression analysis (Figure 4) indicated a significant 
positive linear relation of ecosystems' dissimilarity with sampling ef-
fort for each data treatment approach (p < 0.001 for both, t = 4.64 
and t = 7.51 respectively and R2 = 0.89; Table S4). Moreover, the 
analysis indicated a significant different intercept (p < 0.001; number 
of stations = 3) for qualitative (pseudo- F = 1.52) compared with semi-
quantitative (pseudo- F = 4.42; Table S4) and significant slope (0.12 
and 0.39, respectively). Reflecting the greater information content 
in the semiquantitative data transformation, three semiquantitative 
samples produced a degree of resolution equivalent to 13 presence/
absence samples.

Indicator species analysis differed considerably between the two 
approaches (Figure S2). The semiquantitative approach indicated 13 
species as significant drivers of community compositional differ-
ences between the localities. Moreover, all three localities contained 
some species indicators (relative frequency of occurrence and rel-
ative average abundance of species was the highest within the in-
dicative locality), whereas Balsfjord and Frakkfjord included five 
species each, and Olderfjord three species. Conversely, the quali-
tative approach only found five species as significant drivers of the 
community differences and no species driver defined for Balsfjord. 
Further investigation of the commonness of species in each com-
munity showed six species as common, three as semicommon and 
four rare species in the semiquantitative data (Table S3), while the 
qualitative data included three rare species and two semicommon 
species (Table S3).

F I G U R E  3  Nonmetric multidimensional scaling (nMDS) ordination of samples (biological replicates pooled) obtained using qualitative 
approach using Jaccard dissimilarity index based on presence/absence of species (a) and semiquantitative using Bray– Curtis dissimilarity 
index based on inverse Wisconsin double- standardization of amplicon reads (b). The centroids (differed by colors) for the localities (positive 
control included as locality) and their ellipses (95% confidence interval of the group centroid dispersion) are indicated. Higher dissimilarity of 
ecosystems was observed when using semiquantitative approach.

Stress = 0.221

Presence/Absence (a)

Stress = 0.2

eDNA index (b)

Sample depth
category
Bottom
Pycnocline
Surface

Locality
Balsfjord
Frakkfjord
Olderfjord

Positive
control

TA B L E  1  PERMANOVA tests results using qualitative (Jaccard dissimilarity matrix) and semiquantitative (Bray– Curtis dissimilarity matrix) 
approaches comparing community composition among the factor locality (positive control included).

Approach Factor df SS MS Pseudo- F R2 p- Value PERMDISP

Qualitative Locality (fjords) 3 0.423 0.141 2.525 0.1363 0.005 0.618

Residuals 48 2.683 0.055 0.8637

Total 51 3.107 1.0000

Semi- quantitative Locality (fjords) 3 5.026 1.675 9.011 0.3603 0.001 0.001

Residuals 48 8.923 0.185 0.6397

Total 51 13.949 1.0000

Note: PERMDISP probabilities for homogeneity of dispersion are also shown. Significant values are indicated in bold.
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8  |    GURI et al.

3.3  |  Sampling efficiency for maximum vertical and 
horizontal community difference

The nMDS plot showed a gradual change of the communities along 
the depth as the centroids shifted aligned with the depth vector 
(Figure 5). PERMANOVA test indicated significant differences in 
communities between at least two depth categories in both ap-
proaches (p = 0.014; Table 2). Pair- wise comparison of communi-
ties showed significant differences between bottom and surface 
samples (p < 0.001; Table S2c). However, no significant differences 
were found between bottom –  pycnocline and surface –  pycnocline 
pair comparisons (p = 0.118 and p = 0.396, respectively). PERMDISP 
indicated homogeneous dispersion of fish communities among 
depth categories, which suggests that community differences are 
solely due to centroid differences and not due to differences in 
heterogeneity.

Beta regression indicated that dissimilarity of pycnocline and 
surface samples differed significantly across the horizontal distance 
(p = 0.024, and p < 0.001) but these changes were insignificant on 
bottom samples (p = 0.237; Table S5). Changes in dissimilarity across 
distance were significantly different for surface samples compared 
to pycnocline and bottom samples (p < 0.001 for both; Table S5). 
Conversely, changes in pycnocline samples dissimilarity index across 
the horizontal distance compared to bottom samples resulted in-
significant (p = 0.439; Table S5). The overall maximum dissimilarity 
for pycnocline and bottom samples was achieved at ca. 26 km while 

F I G U R E  4  Dissimilarity of community 
composition between ecosystems 
measured as the PERMANOVA 
pseudo- F ratio using qualitative (blue; 
Jaccard dissimilarity matrix based on 
the presence/absence of species) and 
semiquantitative (red; Bray– Curtis 
dissimilarity matrix based on the inverse 
Wisconsin double- standardization of 
amplicon reads) approaches. The analyses 
were performed on progressively 
removed sampling stations, with each 
dot representing the mean pseudo- F of 
the sample combination (iterated 999 
times) for the given number of remaining 
sampling stations. Regression lines for 
each approach are shown with their 
colors, respectively. The horizontal 
black dashed line, representing an 
approximation of pseudo- F value 
(f = 2.01) equal to p = 0.05, indicated 
that minimum three and 13 sampling 
stations are required for detecting 
significant differences between the 
three ecosystems respectively for 
semiquantitative and qualitative approach.
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F I G U R E  5  Nonmetric multidimensional scaling (nMDS) 
ordination of Balsfjord samples (biological replicates pooled) 
obtained using the Bray– Curtis dissimilarity index based on the 
inverse Wisconsin double- standardization of amplicon reads. The 
centroids for each depth category (distinguished by color) and their 
95% confidence intervals (shown as ellipses) indicate a gradual shift 
of the vertical communities in the multivariate space.
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    |  9GURI et al.

for the surface samples at 40 km (Figure 6a). Subsequently, samples' 
pairwise dissimilarity were divided with the average dissimilarity per 
each depth category to empirically measure the relative dissimilarity 
of samples across the horizontal distance (Figure 6b).

Additionally, the intrinsic and extrinsic variability was diagnosed 
via violin plots (Figure 7) on two levels, fjord ecosystem (Balsfjord) 
and regional ecosystem (all fjords together) using the distribution of 
dissimilarity between samples. The plot indicated that slightly more 
than half of the samples had intrinsic variability lower than the ex-
trinsic variability within one ecosystem and the intrinsic variability of 
remaining samples was equal to extrinsic variability of that ecosys-
tem (Figure 7). When looking at all ecosystems together, the intrinsic 
variability (within each fjord variability) was distinguishably lower 
than the extrinsic variability (between fjords variability; Figure 7).

4  |  DISCUSSION

The sampling design distinguishing fish communities eDNA me-
tabarcoding still poses challenges regarding the optimization of 

sampling depth, distance between samples and data treatment ap-
proaches. This study aimed to investigate the optimal data treat-
ment approach, sampling effort, and spatial distribution of eDNA 
metabarcoding samples allowing to effectively detect differences in 
communities within and between fjords. Our study found that using 
two sampling stations (two depths, and three biological replicates), 
26– 40 km apart in Balsfjord, one in Frakkfjord and one in Olderfjord, 
when using a semiquantitative approach and omitting pycnocline 
depth samples, was the most efficient design to detect differences 
between ecosystems given the sampling effort and the fish commu-
nity dissimilarity within the ecosystem.

4.1  |  Sequencing and eDNA sampling effort

Exploring the unbalanced sequencing effort curves (Figure 2a) re-
vealed that samples with higher read abundances of Gadus morhua 
and Mallotus villosus also had a high sequencing depth. Cumulatively, 
the sequence read abundance of these two species accounted for 
76.6% of the total reads in all samples. Metabarcoding sequence read 

TA B L E  2  PERMANOVA tests results using semiquantitative (Bray– Curtis dissimilarity matrix) approaches comparing community 
composition among the factor depth (only samples in Balsfjord selected).

Factor df SS MS Pseudo- F R2 p- Value PERMDISP

Depth (categorical) 2 0.793 0.396 2.090 0.134 0.014 0.127

Residuals 27 5.124 0.189 0.865

Total 29 5.917 1.000

Note: PERMDISP probabilities for homogeneity of dispersion are also shown. Significant values are indicated in bold.

F I G U R E  6  Correlation plot of samples' pairwise dissimilarity (a) and the ratio of pairwise dissimilarity over the average dissimilarity 
per each depth (b) along samples' pairwise horizontal distance. The dissimilarity measured using the Bary– Curtis index based on inverse 
Wisconsin double- standardization of amplicon reads indicated higher differences on surface communities (a) and average dissimilarity was 
achieved after 16 km of horizontal distance between samples (b). The standard errors are presented for both plots.
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10  |    GURI et al.

abundance is a function of species DNA abundance in the samples, 
together with primer bias (Elbrecht & Leese, 2015). For instance, 
species with high abundance, but also high amplification efficiency, 
can result in a skewed distribution (i.e., over- represented high pro-
portion) of sequence read abundances among samples. We consider 
a similar process to have caused the unbalanced sequencing depth 
of our localities, as G. morhua and M. villosus had high sequence read 
abundance predominantly in Frakkfjord and Olderfjord (the locali-
ties with higher sequencing depth; Figure S3). An additional expla-
nation of the unbalanced sequencing effort could be the difference 
in the aggregation of nontarget taxa (prokaryotic and non- target 
eukaryotic DNAs) when competing for oligonucleotides during PCR 
(Díaz et al., 2020; Miya et al., 2020). Despite the nonuniform se-
quencing depth, the curves have similar shapes among the localities 
(Figure 2a), suggesting similar species detection rates among distinct 
fjords. Furthermore, our sequencing depth among distinct localities 
can be considered adequate for conducting our analysis but not ad-
equate for covering the full diversity of the studied localities. Such 
limitation of sequencing depth can critically affect the quality of 
qualitative approach analysis as this approach strongly relies on de-
tecting presence of non- abundant taxa.

The DNA collection curves (Figure S2b) suggested that increas-
ing the number of sampling stations in Balsfjord might uncover more 
species, indicating that the number of sampling stations deployed in 
Balsfjord was insufficient for representing the total biodiversity of 

this ecosystem. Given the excessive area engaged in Balsfjord, the 
spatial heterogeneity can be greater than in the other two localities; 
thus, increasing the sample density can potentially uncover this eco-
system's additional taxonomic complexity.

4.2  |  Differences between qualitative and 
semiquantitative approaches

Although we expected the localities to differ in fish community com-
plexity (with respect to species abundances), evidence for differ-
ences among locations differed drastically between the qualitative 
and semiquantitative approaches. Overall, both methods indicated 
differences in community composition between at least two eco-
systems (Table 1). But the semiquantitative approach discrimi-
nated samples between all localities (including the positive control; 
Table S2a). In contrast, the qualitative approach failed to distinguish 
the samples between Frakkfjord and Olderfjord and to distinguish 
the positive control samples from the remaining samples in all locali-
ties (Table S2b). Focusing on only the presence/absence of species 
when using eDNA metabarcoding can lead to inconclusive results 
due to the limitations of this approach (Wang et al., 2021). Below, we 
discuss how multiple reasons can lead to such limitations and make 
true biodiversity differences indistinguishable when using a qualita-
tive approach to eDNA metabarcoding.

First, communities with ubiquitous species make it impossible 
for a qualitative approach (without any quantitative information) to 
distinguish spatial differences in communities. In our survey, we ob-
served that almost one- third of species were ubiquitous (Table S3). 
Being present in all the sampling stations, such species cannot con-
tribute to the dissimilarity between localities measured by presence/
absence metrics. Hence, less frequent species have higher contribu-
tions to the differences between localities. Moreover, rare taxa are 
more prone to PCR biases than common taxa (Shirazi et al., 2021). 
Due to the stochasticity of the PCR amplification, rare taxa are de-
tected sporadically within samples, making their reliability low. Such 
an issue was observed in our positive control samples, where seven 
taxa were found present only in one sample despite the source of 
the samples being the same (Figure S4), explaining the high dissim-
ilarity between positive control samples. Larson et al. (2022) found 
similar results regarding rare taxa and stated that they occurred spo-
radically among PCR replicates. An additional cause to such patterns 
could also be explained due to amplification efficiency. Sequence 
abundance output is subjected to amplification biases due to primer 
efficiency (Kelly et al., 2019), especially when using universal prim-
ers, where selected taxa have a higher match with the primer than 
others (Banerjee et al., 2021). Such biases influence the commonness 
of the species, which can lead to divergence from the true species as 
drivers of differences between ecosystems (since low amplification 
species will be encouraged to be the species indicators).

Analogously, Cilleros et al. (2019) found metabarcoding re-
sults to be less discriminant when using the qualitative approach 
compared to traditional methods in an attempt to segregate the 

F I G U R E  7  Violin plots comparing the intrinsic and extrinsic 
variability of dissimilarity index (using the Bray– Curtis index based 
on inverse Wisconsin double- standardization of amplicon reads) 
on two instances, fjord level (i; Balsfjord, right) and regional level 
(ii; all fjords, left). In fjord level (i.e., Balsfjord), variability between 
biological replicates was indicated as intrinsic (blue) and between 
all samples within the fjord as extrinsic (red). In all fjords, the 
variability within each fjord was indicated as intrinsic (blue) and 
between fjords as extrinsic (red).
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faunal composition between large rivers and nearby streams. This 
is explained due to DNA transport as eDNA metabarcoding samples 
detected species found distant from the sampling source, thus in-
creasing the homogeneity of the ecosystems (Cilleros et al., 2019). 
Using a qualitative approach can uprise biases from DNA transport, 
especially when the survey area is small compared with the DNA 
transport area (i.e., sampling distance is smaller than eDNA trans-
port) as the DNA of the same origin can be captured in multiple 
samples simultaneously, thus less discrimination between localities. 
Lastly, errors arising from tag jumping (index hopping) and potential 
contamination are nontrivial these issues increase the occurrence 
of false- positive taxa, contributing to the aforementioned biases 
when using a qualitative approach. Although we included negative 
controls during all steps and stated a relatively clean workflows, the 
average sequence abundance in blanks was 32.2 reads, indicating 
that false- positive taxa can potentially be present in samples. In an 
additional exploratory analysis, we accounted for such false- positive 
by increasing the threshold of occurrence to the highest sequence 
abundance in negative control samples (minimum number of reads 
for defining amplicon presence = 81 reads) and found a substantial 
increase in disparity between ecosystems (Figure S5).

Notwithstanding, the semiquantitative approach does not en-
tirely eliminate all the aforementioned obstacles. Issues such as 
DNA transport are prevalent regardless of the approach used for 
data inference. Nevertheless, using a semiquantitative approach 
can minimize the biases deriving from such matters. The concentra-
tion of transported eDNA decreases with increasing distance from 
the source due to dilution and degradation (Goldberg et al., 2018). 
Having a high density right at the source and exponentially lower 
density at neighboring sampling stations can result in relatively 
lower sequence abundance in the latter samples (Zou et al., 2020). 
Although many biotic and abiotic factors can potentially affect the 
displacement and the decay rate of DNA in the water (Harrison 
et al., 2019; Holman et al., 2021). Andruszkiewicz et al. (2019) pre-
dicted an average DNA transport of 5 km with 30% decay rate. 
Moreover, semiquantitative approaches lower the importance of 
rare taxa in detecting differences among communities compared 
with a qualitative approach, as their relative abundances are gen-
erally low. This simply alleviates the contribution of stochastic pro-
cesses (such as PCR amplification of rare taxa) to determine the 
drivers of community differences. Semiquantitative approaches 
also minimize the contribution of false positives from tag jumping 
(typically in low abundance levels) by simply devaluing their im-
portance due to low sequence abundance. Additionally, using the 
eDNA index as a semiquantitative approach offers an archaic way to 
take amplification efficiency into consideration (Kelly et al., 2019). 
Issues regarding ubiquitous taxa can be easily accounted for by 
using a semiquantitative approach, as differences in abundance will 
be reflected as contributions to quantitative dissimilarity indices. 
Although many studies have confirmed, to some extent, the cor-
relation of eDNA metabarcoding sequence abundance with species 
biomass, more studies are required to come to sound conclusions. 
Nonetheless, our positive control samples revealed similar sequence 

abundance for common species, indicating a fairly robust PCR pro-
cess with relatively comparable outcomes.

The difference in the two approaches is also reflected during 
species indicator analysis (Figure S2) as using the semiquantita-
tive approach recognized considerably more species as indicators. 
Such analysis relies on relative abundances and frequencies of 
occurrences; hence, by removing the former layer of information 
(i.e., qualitative approach), it can result in reluctant conclusions. 
Therefore, having relative abundances as an additional layer of infor-
mation contributes to finding more species as significant drivers and 
offers a more realistic and accurate detection of diversity patterns 
between localities.

Additionally, PERMANOVA on sample removal analysis indicated 
that the signals of dissimilarity are maintained using the semiquan-
titative approach (Figure 4), even when the number of sampling sta-
tions is reduced. Although reducing the number of sampling stations 
can have other indirect impacts on additional information, such as 
the heterogeneity of the ecosystem, we conclude that strong com-
munity dissimilarity can be efficiently recognized by implementing 
a semiquantitative approach. In contrast, it might be masked when 
a presence/absence approach is used. These findings could result 
from the small number of fish taxa (n = 33) present in the relatively 
low- diversity subarctic fjords and applying similar analyses in more 
diverse ecosystems might lead to different results. Moreover, having 
observations from only one season could impair our conclusions, as 
the seasonal variability might alter the differences between the eco-
systems, especially in subarctic ecosystems where the seasonal vari-
ability is high mainly due to light conditions. These factors, together 
with the different lifecycles of fish species (i.e., spawning or feed-
ing cycles), could reshape our conclusions. Moreover, clustering the 
MOTUs into species (as we did in this study) can diminish the hetero-
geneity of the study, therefore, enhancing the similarities between 
ecosystems. Jeunen, Knapp, et al. (2019) found higher dissimilarity 
when using MOTUs compared with species. They indicated that 
higher proportion of rare MOTUs can contribute to discrepancies 
between ecosystems when using a qualitative approach. Although 
the latter study used a COI marker, such properties can also be in-
herited by our marker choice.

However, we cross- validated our results with previous studies 
and management reports conducted on these localities. We found 
that the fish communities detected in our study matched the spe-
cies composition recorded in Artsdatabanken (access date: March 
2022; https://artsd ataba nken.no/). Despite that the most abundant 
species were ubiquitous, similarly to eDNA data, records of Ciliata 
mustela and Scophthalmus maximus were only found in Frakkfjord. 
Moreover, our eDNA index results found similar outcomes, most 
abundant species as trawl catches in Balsfjord (as part of annual 
coastal surveys by IMR, unpublished data). Similar matches between 
eDNA and trawling have been previously documented (Fraija- 
Fernández et al., 2020). Kiærbech (2017) mentioned a predominant 
aggregation of Melanogrammus aeglefinus and Pleuronectes platessa 
in Balsfjord. Meanwhile G. morhua and Hippoglossoides platessoi-
des are more abundant in the Olderfjord area. Such differences in 
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assemblages could be explained by the physical and chemical char-
acteristics of the three fjords (Jo et al., 2019), as Balsfjord has limited 
water exchange due to closure by a large sill at the entrance of the 
fjord, whereas Olderfjord and Frakkfjord are more open and have a 
higher water exchange. Our eDNA results matched those traditional 
surveys as the eDNA index for M. aeglefinnus and P. platessa was pre-
dominantly aggregated in Balsfjord (Figure S6). Additionally, excep-
tionally high signals of M. villosus were found in Frakkfjord which is 
highly likely due to the Barents sea population of this species hav-
ing one of their major spawning grounds on the Fugløy bank just 
outside the fjord (Alrabeei et al., 2021). Lastly, the innermost part 
of Balsfjord is a known and regionally important spawning area for 
Atlantic cod (Aglen et al., 2020), corresponding to high eDNA index 
in this part of the fjord (Figure S7).

Such consistency indicates that the eDNA index can robustly be 
used as a semiquantitative assessment of fish communities. Many 
studies have now confirmed the strengths of eDNA metabarcod-
ing for local detection of species and, thus community composi-
tion inference (Hansen et al., 2018). Similarly to analogous studies 
(Cilleros et al., 2019; Fraija- Fernández et al., 2020; Jeunen, Knapp, 
et al., 2019; Jo et al., 2019; Larson et al., 2022; Li et al., 2021; Turon 
et al., 2022), our eDNA metabarcoding study confirm that fish com-
munity composition and biodiversity patterns can be reliably esti-
mated using this approach.

4.3  |  Sampling efficiency for vertical 
discrepancy and horizontal community dissimilarity

We showed that communities were segregated according to depth 
(Table 3), and this result confirms previous studies showing that eDNA 
metabarcoding can resolve vertical assemblages (Closek et al., 2019; 
Jeunen, Lamare, et al., 2019). However, in our results, the pycnocline 
community changed insignificantly when compared with bottom and 
surface samples (Table S2c), indicating a gradual transition of the 
communities along the depth where the significant difference could 
be detected only when sampling on the extremes of water column 
(surface and bottom samples) for our study area. Our findings are ut-
terly aligned with those found in Closek et al. (2019), as they stated no 
differences in communities above and below the pycnocline samples, 
and these differences could only start being observed at a minimum 
depth distance of 80 m. This result suggests that removing pycnocline 
samples would not affect the robustness of eDNA metabarcoding 
studies when used for monitoring communities in different ecosys-
tems. Although removing pycnocline samples might relieve the sam-
pling effort, we note that such signal sensitivity might differ among 
various ecosystems and different seasons.

Research on DNA transport has repeatedly found that eDNA is 
deposited towards the bottom as part of the downwards transport 
(i.e., vertical settling; Andruszkiewicz et al., 2019; Canals et al., 2021; 
Turner et al., 2015). Additionally to regular settling, DNA particles 
can sink trough lateral advection dynamics in ice- free fjords (Canals 
et al., 2021; Wiedmann et al., 2016). Although sedimentation rate 

depends on the DNA state (Mauvisseau et al., 2021), studies have 
found that eDNA is 8– 1800 times more concentrated in the bot-
tom sediments than in surface samples (Turner et al., 2015). Canals 
et al. (2021) observed epipelagic fish eDNA in deep water samples, 
but not vice versa, concluding that eDNA had been transported 
downwards. Although it can be argued how environmental factors 
might affect this phenomenon (Turner et al., 2015), in our study, we 
observed higher species detectability in samples from the bottom 
waters, potentially indicating that bottom samples have a wider time 
span to record species occurrence at the site compared with surface 
samples which are mainly described as a snapshot of the present 
community (Díaz et al., 2020).

Among the three surveyed localities, Balsfjord had the highest 
heterogeneity (Figure 3). We noted that, in Balsfjord, the dissimilar-
ity of communities increased with the distance between samples, 
indicating a gradual increase in fish species segregation. Coherently 
with other studies, our findings support the concept that eDNA can 
be used to measure heterogeneity of ecosystems (Wood et al., 2021). 
For instance, Fraija- Fernández et al. (2020) found that both methods 
(i.e., eDNA and trawling) tended to be more different when sampling 
stations were further apart.

We found significant difference of community dissimilarity 
in horizontal distance (Figure 6a) for surface and pycnocline com-
munities. This indicated that with increase in spatial spread of 
sampling stations the dissimilarity increased for the latter commu-
nities. However, for bottom communities, these differences were 
not found to be significant, thus indicating that such communities 
remained spatially homogeneous although the spatial spreading of 
sampling stations increased. Such results demonstrate that the bot-
tom layers can deposit DNA and thereby inferring a wider timespan 
of biological occurrence as mentioned above (Mestre et al., 2018). 
Subsequently, we noted that the most efficient sampling design— the 
highest dissimilarity within the ecosystem given the total dissimi-
larity of the ecosystem— was observed for samples obtained 26 km 
apart from each other when deploying bottom and pycnocline sam-
ples, and 40 km when deploying surface samples.

As no previous studies have been conducted in marine environ-
ments regarding spatial changes of dissimilarity, it is challenging to 
cross- validate our conclusions. However, Zhang et al. (2020) sur-
veyed eDNA sampling design in a lentic system and found a spatial 
autocorrelation on samples up to 2 km apart. Although marine envi-
ronments are more complex compared with lentic ones, their finding 
aligns with the concept of increased heterogeneity with increasing 
distances between samples. Moreover, Andruszkiewicz et al. (2019) 
reported that eDNA, on average, spreads until about 10 km after 
7 days (when including the settling process) and furthermore esti-
mated that, when in a moderate decay scenario, its source of origin 
can be <20 km. Incorporating those findings into our research, we 
have reasons to think that eDNA transport can influence the detec-
tion of heterogeneity in metabarcoding studies in ways that we have 
aforementioned. Nevertheless, we encourage follow- up studies on 
this topic as it can advance state of the art for eDNA metabarcoding 
applications in biomonitoring.
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In short, we indicated that deploying sampling stations at such 
distance range from each other would yield the highest community 
dissimilarity within an ecosystem while avoiding unnecessary sam-
pling. Note that we did not have high statistical power to precisely 
conclude the homogeneity of samples very close to each other 
(n = 3) or very far apart from each other (n = 4); therefore, we ex-
press the need for similar studies with an increased number of sam-
pling stations. Moreover, our study design is limited to only three 
subarctic fjords with no repetition over the years and no changes in 
seasonality. Considering our findings, future studies should account 
for different ecosystems and include different seasons.

With the current rate of biodiversity loss in a climate crisis sce-
nario, the need for more frequent sampling is increasing, therefore 
maximizing the efficiency of eDNA metabarcoding (i.e., reducing 
the unnecessary sampling while retaining the ability to detect dif-
ferences in fish compositions) can enable monitoring agencies to 
increase their biomonitoring frequency. Reducing the amount of un-
necessary sampling and the costs associated while still maintaining 
robust fish ecological inferences can foster the adaptation of eDNA 
metabarcoding into biomonitoring of coastal fish and ecosystem- 
based management.

5  |  CONCLUSIONS

Qualitative and semiquantitative approaches to analyze eDNA 
metabarcoding data drastically differ in their efficiency to detect 
differences in communities between fjords. Thus, recommenda-
tions on a suitable number of samples and their spatial distribution 
to efficiently detect such differences is heavily dependent on the 
data treatment approach. For this reason, we stress the differences 
between the two approaches. Our results suggest that a semi-
quantitative approach has significantly higher efficiency to detect 
community differences from eDNA metabarcoding compared with a 
qualitative approach. Finally, our results showed that spreading the 
sampling stations ~30 km apart and avoiding sampling of the pycno-
cline can be sufficient for capturing fish community differences or 
changes in subarctic fjords when using a semiquantitative approach.
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