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ABSTRACT

Analysis of environmental DNA (eDNA) through DNA metabarcoding has become an important technique for environmen-
tal science as it allows precise reconstructions of species communities in a fast, cheap and non-invasive way. In this study, we
scrutinize how environmental reconstructions derived from metabarcoding data may be affected by a process in which sample
specific labels (tags), added to sequences for identification of individual samples, are changed unintentionally during adapter
ligation causing translocation of sequences between samples (‘tag jumping’). We compare animal and plant communities re-
constructed using sedimentary eDNA records processed according two different protocols: (i) a twin-tagging approach (control)
where all amplicons received the same tag on both sides (N=102); and (ii) a combinatorial tagging protocol (affected by tag
jumps) where each amplicon received a unique combination, but where some tags on each side were reused to form new combi-
nations (IN=102). We analyzed six different sediment matrices and observed higher average number of taxa in the combinatorial
tagging dataset in comparison to our twin-tagged dataset serving as a reference for results unaffected by tag jumps. In the control
dataset with twin tagged amplicons, reconstructed animal communities were statistically different in 14 out of 15 pairwise com-
parisons, while only 8 out of 15 of the comparisons were different when samples were analyzed using the combinatorial tagging
protocol. All of the inferred plant communities were statistically different when analyzed with a twin-tagging approach, while
20% of these plant communities were not different in our combinatorial tagged dataset. Our results clearly show that tag jumps
added species to samples where they were not originally present and affects interpretations of species diversity and time-trends
for whole communities. We conclude that tag jumping, being rarely discussed in metabarcoding studies, constitutes a concern in
parity with direct sample contamination.

1 | Introduction et al. 2009; Kjer et al. 2022). One of the most prevalently used

approaches when analyzing eDNA is metabarcoding (Taberlet
The use of molecular markers as a proxy for communities of  etal. 2012). In this approach, small fragments of DNA (barcodes)
different organisms has become state-of-the-art when monitor- of species are sequenced after being amplified using polymerase
ing ecosystems (Fernandez et al. 2018) or reconstructing past chain reaction (PCR). It is a well-established approach that has
environments from analysis of sedimentary deposits (Haile  gained popularity as high-throughput sequencing technologies
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FIGURE1 | Conceptual representation of the study. Panel A: Model of the DNA at the moment of sequencing with the naming as used in the text.

Panel B: Conceptual design of the experiment with the end repair step that produces the tag jumps. During that process, single-stranded DNA from

different amplicons interact, forming a heteroduplex. Then, T4 DNA polymerase effectuates the change. The resultant combination does not exist in

the twin-tagged version of the dataset, but it matches a sample on the combinatorial-tagged one. After that, it cannot be separated from the actual

sample.

evolved and became cheaper. Metabarcoding approaches have
been used during the last decade to reconstruct past environ-
ments using sedimentary DNA preserved in deposits up to
45,000years old (Zale et al. 2018). However, metabarcoding is
still being perfected and purged of errors (Zaiko et al. 2021),
and methodological uncertainties implicit in the technique have
been highlighted and used as an argument for risks of flawed
interpretations in eDNA-based paleoecological reconstructions
(Birks and Birks 2016).

DNA contamination during sampling or laboratory handling is
a commonly discussed source of errors when interpreting eDNA
datasets (Birks et al. 2012; Gilbert et al. 2005) together with chi-
mera formation (Fonseca et al. 2012). One additional source of
errors is ‘tag jumping’ (Rodriguez-Martinez et al. 2022; Schnell
et al. 2015). This process affects the ‘tags’, which are short oligo-
nucleotides used as flags to match a sequence with its sample of
origin (Figure 1A). The use of these tags allows for the pooling of
tens to hundreds of samples in one single library, greatly increas-
ing the throughput and maximizing sequencing cost efficiency.
Tag jumps occur during library preparation where the multi-
plexed samples undergo the end-repair step (Schnell et al. 2015).
During the end-repair step, single stranded sequences of DNA

of two different amplicons can interact, forming a so called
heteroduplex, in which each of the amplicons have their 3’ tags
changed. If the new artefactual tag combination matches that
of an actual sample, the sequence cannot be separated from au-
thentic reads in downstream bioinformatic analysis.

The activity of the T4 DNA-polymerase used during the end-
repair has been suggested to be the driving agent that changes
the 3’ tags in heteroduplexes (Schnell et al. 2015), a theory that
was recently supported by the topological patterns that tag
jumps seems to generate within prepared libraries (Rodriguez-
Martinez et al. 2022). These topological patterns do not only
pinpoint toward T4 DNA polymerase activity being the cause
behind tag jumping, but also exclude other cause of artefac-
tual sequences, such as ‘cluster bleeding’, a process previously
identified to distort metabarcoding datasets (Kircher et al.
2012). T4 DNA-polymerase driven tag jumps imply that there
are likely methodological approaches that are not sensitive to
tag jumps. For example, methods in which adapters are not
ligated to tagged sequences (i.e., two PCR based methods) or
methods in which the ligation is done on the adapter, making
the tags protected from the polymerase activity (Rodriguez-
Martinez et al. 2022). However, these protocols suffer from

20f11

Environmental DNA, 2025

85Us017 SUOWIWOD BAIER.D 8 ceat|dde au Ag peusenob a2 s9jole YO ‘sh JO Sejnl Joj Akeid18UljUQ AB|IM UO (SUORIPUOD-PUe-SULBI WD A8 1M Aeiq 1 pul|uo//:Sdiy) SUONIpUOD pue swiis | 8y} 88S *[G202/0T/0€] Uo ARiqi8uliuo A8|1M ‘Ssoueios eannoLBy JO AISBAIUN USIPeMS Ad 8YT0L EUPS/ZO0T OT/I0p/W00" A8 1mAxeiq 1 put|uo//sciy Wo.j pepeojumod ‘G ‘SZ0Z ‘Sr62£92



other shortcomings including chimera amplification and re-
duced primer efficiency and specificity. The effect of tag jump-
ing can also be circumvented by using each of the tags for only
one reaction (twin-tagging) rather than reusing them for new
combinations (combinatorial tagging) to reduce the number of
tags needed for a batch of samples (Esling et al. 2015). With the
former approach, all the artefactual tag-combinations that may
form will not match any real samples and thus, these samples
will be discarded during the bioinformatic analysis of the se-
quenced data.

The model of tag jumping outlined above predicts that se-
quences with the same tag combination may proceed from dif-
ferent samples and thus, that this process can potentially add
DNA from species to samples where they were not originally
present. It has also been suggested that tag jumping can make
eDNA-inferred communities from two different samples ap-
pear more similar than they are as sequences may be shared
between samples (Rodriguez-Martinez et al. 2022). This was
proven by a cluster analysis in which the replicates clustered
according to their tags rather than their sample of origin.
However, the extent to which tag jumps affect metabarcod-
ing data and potential interpretations remains unclear as the
study by Rodriguez-Martinez et al. (2022) lacked a control
counterpart to evaluate it. In this study, we produce a direct
comparison between results with and without artifacts added
by tag jumps and assess eventual differences in reconstructed
communities when using twin-tagging protocols (circum-
venting tag jumping) and combinatorial tagging (tag jump
sensitive) as a first direct measure for how tag jumping may
affect between-sample differences and interpretation of eDNA
data. We assess impacts of tag jumping on a sedimentary re-
cord from the Swiss Alps by comparing plant and mammal
communities. A conceptual outline of the study design can be
found in Figure 1B. For mammal DNA, we used the 16S mi-
tochondrial rRNA gene (Taylor 1996), and for plant DNA, we
used the trnL molecular markers (Taberlet et al. 2007). These
two molecular markers have been frequently used in metabar-
coding studies (Seersholm et al. 2020; van Vugt et al. 2022)
making our comparison highly relevant for the published lit-
erature. We hypothesized that tag jumping: (i) adds species
to samples where they were not originally present; and (ii)
reduces between-sample variance for a randomly organized
set of samples. We discuss our findings in a perspective of
their implications on fundamental measures of eDNA based
reconstructions.

2 | Material and Methods

Sediment cores were recovered in 2017 from the central basin
of Lake Grosssee (47°04'43.8” N, 9°14’47.1” E, 1619 m.a.s.1.) sit-
uated in Flumserberg, Switzerland, with a percussion piston-
coring system (Uwitec, Austria). Overlapping 3-m-long core
sections were recovered with a horizontal offset of 1m and a
vertical offset of 0.5 m down to 8 m below the lake floor. Cores
were split lengthwise and visually aligned to a composite of
7.73m by using clearly identifiable flood event layers as mark-
ers (Glaus 2018). An age-depth model was established based
on 17 radiocarbon dates from terrestrial plant macrofossils
(Dwileski et al. 2025). The lake and its surroundings have

experienced substantial vegetation change over the Holocene
due to climate and human land use (Dwileski et al. 2025;
Morlock et al. 2023). We selected six sediment samples from
the core composite covering an age range from the early
Holocene to sediment deposited during the last century to
generate different analytical matrices typical for long-term pa-
laeoecological studies. Sediments were subjected to the same
subsampling and extraction protocols, but we applied two dif-
ferent tagging protocols: all samples were tagged using a twin-
tagging protocol, and, in a separate analysis, all samples were
processed using a combinatorial tagging protocol. With this
approach, we could infer impacts of tag jumping on complex
environmental matrices typical for the field of paleoecology
by directly measuring eventual additional taxa (hypothesis 1)
and altered between-sample differences (hypothesis 2) in the
latter tag jump affected dataset. Subsampling, extraction, and
tagging schemes are outlined in detail below.

Sub-sampling of the core was done in a clean room using stan-
dard ancient DNA precautions. DNA extractions were carried
out in a dedicated ancient DNA lab at Umed University that
is isolated from other modern DNA labs and has a positive air
pressure system accompanied by a HEPA air filter system. We
followed protocols to avoid contamination during the extraction
process (Paijmans et al. 2019), including extensive personal
protective gear (facemask, gloves, and clean suit). Multiple
extraction blanks and control amplifications were processed
alongside all samples to screen for potential contamination. We
extracted DNA from six depths along the sediment composite
(13, 132, 232, 235, 352 and 529cm composite depth). For each
depth, three subsamples (extraction replicates, 0.5g of material
each) were extracted using the DNeasy Power Soil kit (QIAGEN,
Germany), but incubating the samples overnight on a rotator at
60°C (lysis step). Five extraction blanks were extracted along-
side the sediment samples. Both samples and blanks were han-
dled in a similar way during all downstream processes including
PCR amplification and sequencing. Together with the samples,
positive controls were amplified and sequences (cow for animals
and Picea sp. for plants). Quantifications of each extract can be
found in Table S1.

In the libraries for mammals, we used primers (16Smam1l and
16Smam?2) targeting mitochondrial 16S that amplify a ~150bp
fragment (Taylor 1996). The amplification was done on 25pL
solutions containing 1X PCR buffer (QIAGEN), 2mM MgClL,,
0.2mM of dNTPs (QIAGEN), 0.4uM of each primer, 0.625U
of HotStarTaq DNA polymerase (QIAGEN), 2ug of bovine
serum albumin (BSA) (Thermo Scientific) and 2uL DNA tem-
plate. In addition, we added 2uM of a human specific blocker
(Boessenkool et al. 2012) to the reaction to prevent the ampli-
fication of human contaminant DNA during PCR. PCR under-
went the enzyme activation at 95°C for 15min and then 45 cycles
consisting of 95°C for 305, 60°C for 30s, and 72°C for 30s, fol-
lowed by final elongation at 72°C for 10 min.

In the libraries for plants, the P6 loop region of the trnL
(~140bps) gene from the chloroplast was amplified with prim-
ers presented elsewhere (Taberlet et al. 2007). Amplification
was carried out in a 20uL reaction containing 1X PCR buf-
fer (QIAGEN), 2mM MgCl,, 0.2mM of dNTPs (QIAGEN),
0.4 uM of each primer, 1.25U of HotStarTaq DNA polymerase
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(QIAGEN), 4ug of bovine serum albumin (BSA) (Thermo
Scientific), and 1 pL DNA template. PCR underwent the en-
zyme activation at 95°C for 15min and then 45 cycles consist-
ing of 94°C for 30s, 55°C for 30s, and 72°C for 30s, followed
by final elongation at 72°C for 10 min.

Two different tagging PCRs were carried out for each of the
two primer sets (mammal and plant primers) using different
tagging strategies, but the same extraction products. Note that
this approach makes each primer set function as a separate
experiment where the impact of the tagging is measured both
for mammal and plant DNA. We designed 12-bp tags follow-
ing Parameswaran et al. (2007), with any two tags differing in
at least 5nt. This design helps to mitigate misidentification of
tags due to sequencing errors. In one of the tagging systems,
each of the tags was used only once per library, matching
forward and reverse tags (twin-tagging), a strategy that has
proven to remove tag jumping errors from the results. In the
other tagging PCR, we used combinations of tags, in which
each forward tag is used multiple times with different reverse
tags and vice versa (combinatorial tagging), which is sensitive
to tag jumping. Three PCR replicates for each extract and ex-
traction blanks were placed consecutively in 96 well plates (an
example of the tag arrangement can be found in Figure S1),
forming blocks with all replicates from a single extract using
different tags for each. During this process, some (11) of the
tag couples were skipped, and their respective wells contained
neither primers nor DNA sample, which we call PCR blanks in
the text. These blanks were placed in a way that there was at
least one of them in each column and row in the tagging matrix
(i.e., there is at least one blank for each forward and reverse
tags). We used 5-10 blanks per plate in combination with 8-15
PCR negatives and 1-2 positives. For the first tagging, PCR
was done using each of the tags only once with the protocol
referred to as twin-tagging. The samples were assigned tags
randomly, and PCR replicates were placed consecutively. In
this protocol, there is no reason to include blanks as there are
numerous unused tag combinations by the nature of the tag-
ging arrangement, but we still had PCR negative and positive
controls. To remove operator biases, all plates were prepared
by the same person. Each of the libraries was run separately.

After PCR, 5uL of all negatives and blanks were checked on a
2% agarose gel to confirm no visible contamination of the sam-
ples. Together, some of the samples and the positive control were
checked as well to confirm positive amplification. Only if all
negatives were clean and some samples confirmed the success
of the PCR, the amplicons were further processed. After the gel
visualization, amplicons were pooled equivolume for each spe-
cific region and purified. All pools were purified with QiaQuick
PCR purification kit (QIAGEN, Germany) following the manu-
facturer's protocol.

Library preparation was conducted by Novogene (UK Company
Limited) following the NEBNext Ultra II DNA Library Prep Kit
for Illumina (NEB no. E7645) without the second PCR step. This
was done following New England Biolabs instructions to use
NEBNext Multiplex Oligos for Illumina with the NEBNext Ultra
II DNA Library Prep Kit for Illumina (NEB no. E7645). The
libraries were then sequenced on an Illumina NovaSeq 6000
PE150 platform. All our libraries were run in separate flow cells

to avoid any chance of sample cross-talking between our own
libraries during the sequencing.

2.1 | Bioinformatics Methods

Data quality was checked with fastQC (Andrews 2010) and all
subsequent steps from raw data to assignment were carried out
using OBITools3 (Boyer et al. 2016). In short, the following steps
were carried out.

Reads merging: using the function obi alignpairedend (this
function requires no parameters). Only aligned reads were
kept, using the function obi grep with the parameter -a mode:
alignment. Aligned reads were demultiplexed with the func-
tion obi ngsfilter allowing no mismatches on the tags with the
parameter —e 0. The file was dereplicated by removing strictly
identical sequences with obi uniq, keeping only the counts in
each sample. Quality filtering of sequences shorter that 40
base pairs (bps) or with counts smaller than 10 in the whole
library were removed using obi grep. Further removal of low
repeated sequences was done manually after the assignment
as explained below. Removal of PCR and sequencing errors
was done with the function obi clean. Only head sequences
(-H option) with no variants and a count greater than 5% of
their own count (-r 0.05) were kept. Taxonomic assignment
was done with the obi ecotag function to a 97% similarity
threshold with the best match. The database was composed
of the relevant genomic region for each primer pair and the
whole kingdom, plants and animals respectively, to avoid mis-
identifications. These databases were downloaded from NCBI
by searching the genome region and filtering the taxonomy to
the adequate kingdom in each case. The 16S database for an-
imals was downloaded on the 9th of December 2020 and the
trn-L region database for plants on 14th on January 2021. All
taxonomic classifications follow the NCBI Taxonomy (Schoch
et al. 2020). Breakdown of reads after each step can be found
in Table S1.

The results were exported to spreadsheets and further curated,
starting by collapsing all assignments to different common tax-
onomic levels. Taxa that could not be resolved to the genus level
were discarded. Then, taxa with low counts per sample were
removed (counts lower than 10 in a sample) and finally, low re-
peated OTUs were removed as well (counts below 100 across the
whole library). All denoising steps so far were done on all data-
sets. In addition, two taxa (Picea and Alnus) were eliminated
from the twin tagged datasets as they were found in high counts
in the negatives, while that was impossible in the tag-jumped
datasets as that would mean eliminating virtually every taxon
detected in the whole dataset.

2.2 | Statistical Analysis

All statistical analysis were conducted using R (R Core
Team 2023) and the vegan package (Oksanen et al. 2022). To
account for disparities in sequencing depth leading to biases
in the number of reads in different libraries, we conducted a
series of statistical tests that are very robust to said disparities.
We also analyzed the libraries independently, which removes
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dependency on reads per library of the analysis. We calculated
a Bray-Curtis dissimilarity matrix (Bray and Curtis 1957) on
the raw counts. These distances were corrected to produce a
fully Euclidean representation without negative Eigenvalues
in accordance to previously outlined methods (Legendre and
Anderson 1999). The calculated distances were visualized on
a biplot using a principal coordinates (PCoA) plot with cen-
troids and one standard deviation bounds (Gower 2015). For
testing statistical differences between samples we used a per-
mutational multivariate analysis of variance (PERMANOVA)
described in detail elsewhere (Anderson 2017). As multiple
comparisons were carried out, which increase the risk of
generating spurious positives, we applied the Holm correc-
tion when testing for significant effects (Holm 1979). The
Eigenvalues of the PCoA were used to examine the variance. A
permutation-based test of multivariate homogeneity of group
dispersions was used to evaluate if the differences were at-
tributed to centroid position (between sample differences) or
to dispersion (within sample variance). These tests were car-
ried out for each individual library and their respective results
were then compared. In addition, multivariate distances be-
tween centroids and sum of eigenvalues in both twin-tagged
and combinatorial-tagged datasets were compared to evaluate
the differences in overall variance in the datasets.

3 | Results

In total, 18 mammal genera and 75 plant genera were found in
the studied sediment record. In the twin-tagged datasets (our
control), two taxa (Picea and Alnus) were found in the plant
dataset PCR negative controls (up to 53,000 reads for Picea and
124,000 reads for Alnus) assumed to be due to reagent contam-
ination, and these taxa were subsequently removed from the
analysis. Besides Picea and Alnus, the blanks from the twin-
tagged dataset were free from reads. In contrast, virtually every
taxon detected in samples was also present in the blanks (range
55-36,664 reads in the mammal dataset and 0-22,356 reads in
the plants dataset) and negatives of the dataset with combinato-
rial tagged samples (dataset sensitive to tag jumps). Dominant
mammal taxa in both twin-tagged and combinatorial-tagged
datasets were Bos, Ovis, and Capra, but others such as Terricola
or Lepus were also found in some of the samples. In both plant
datasets, the most abundant taxon was Cirsium after removing
reagent contamination. A substantial number of other taxa, like
Poa or Gentiana, were found in lower read numbers and less
generally distributed. Breakdown of the taxa in each sample can
be found in Table S2.

The average detection rate in the mammals datasets was 6.8
(range 0-12) taxa per sample in the twin tagged version, while
the combinatorial tagged average detection was 11.8 (8-15)
taxa per sample. Similarly, the plants twin tagged dataset had
an average detection of 20.3 (14-30) taxa per sample, while the
combinatorial tagged dataset had an average detection of 34.9
(13-52) taxa per sample. The major difference in taxa detection
was viewed as a measure of incoming reads due to tag jump-
ing in the latter tag jump sensitive dataset. For example, in the
mammals data, taxa such as Cervus, Sus, or Ovis were restricted
to only a few samples, while in the combinatorial tagged dataset,
they were ubiquitous (Table S2).

The ordination on a reduced space (Figure 2A-D) suggested
that our control dataset contained more dissimilar samples
(Figure 2A) in comparison to its combinatorial tagged counter-
part (Figure 2C). For example, mammal communities in samples
529-cm (Early Holocene) and 13-cm (modern sediments) were
both clearly separated from each other and from those of other
samples in the twin tagged dataset, but had overlap with one or
several samples in the combinatorial tagged dataset. That both
old and recently deposited sediment showed mammal commu-
nities that overlapped with that of sediments with intermediate
age was not due to differences in dispersions around the mean
value (Figure 2B,D), but rather driven by shorter inter-centroid
distances in the combinatorial tagged dataset (Figure S2A,B,
Table S1). We also observed a reduction in the variance for the
tag jump sensitive combinatorial tagged dataset, the variance of
the twin tagged dataset being 200% higher. This homogenization
effect on the combinatorial tagged datasets generated a cluster-
ing of the variance along the main coordinate (Figure S3A,B).
A complete overview of the Bray-Curtis dissimilarities can be
found in Table S2.

Differences between the twin tagged dataset and the combinato-
rial dataset were also seen for reconstructed plant communities
(Figure 3A-D). Here, plant communities in the 529-cm (Early
Holocene) and 13-cm (modern sediment) were clearly sepa-
rated from those of other samples in the twin tagged dataset.
These differences became less clear in the combinatorial tagged
dataset, mainly due to single replicates from the 13cm sample
overlapping with older samples (132-, 234- and 231-cm) and a
single replicate of the 352-cm sample plotting within one stan-
dard deviation from the centroid of the 13 cm sample. Distances
between sample centroids for the plant communities were larger
in the twin tagged dataset in comparison to the combinatorial
tagged dataset, with no apparent differences in dispersions
around the mean value for the two datasets. However, the vari-
ance was 25% higher in the twin tagged dataset (Figure S2C,D).
The homogenization effect seen in the combinatorial dataset
generated a clustering of the variance along the main coordi-
nate (Figure S3C,D), which produced a strong arch effect in the
PCoA plots (Figures 2C and 3C).

In the twin-tagged data, our PERMANOVA confirmed signifi-
cantly different mammal communities for 14 out of 15 couples
of sediment samples (p <0.05, d.f=1). In contrast, only 8 out of
15 comparisons showed significant differences in the combi-
natorial tagged dataset. Like the mammal communities, plant
communities in the twin-tagged dataset showed higher dissim-
ilarities between samples than what was observed for the tag
jumping sensitive data (Figure 3A-D). In the twin-tagged data-
set, all samples were significantly different, while 12 out of 15
possible comparisons in the combinatorial tagged were signifi-
cantly different from each other (p <0.05, d.f=1). Full break-
down of the results is shown in Table S2.

We plotted first principal coordinate (PCoA-1) scores in a
chronological order (increasing sediment depth) to assess how
temporal trends in the mammal and plant communities dif-
fered between the two tagging protocols (Figure 4A,B). In the
twin-tagged dataset, it was apparent that the mammal and plant
communities follow the same ‘hump-shaped’ temporal trend
with major transitions in species composition in Early Holocene
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and dispersion, respectively. Panels C (bottom left) and D (bottom right) correspond to the tag-jumped dataset principal coordinates and dispersions,
respectively. Panels A and C: Ellipses mark one standard deviation from the centroid. Panels B and D: Bar-median, box-interquartile range Q1-Q3,
whiskers-all data points, circles-outliers. Numbers indicate sampled sediment core depth in cm.

sediment and in more recently deposited sediment (Figure 4A).
In contrast, in the combinatorial tagged datasets (Figure 4B),
the PCoA-1 score for mammal communities showed an increas-
ing trend with increasing sediment depth. However, the PCoA-1
score for the plant communities was clearly separated from that
describing the mammal communities, a result in clear contrast
to the tight coupling between plant and mammal communities
seen for the control dataset. To exemplify the origin of the dif-
ferences we plotted the detection of 2 taxa, cow and deer, across
the sediment column.

4 | Discussion

Published literature has not yet fully recognized the problem
with tag jumping and often lacks clear information to eval-
uate whether the process may have affected the data or not.
While studies have previously identified tag jumping as a
process (Esling et al. 2015; Rodriguez-Martinez et al. 2022;
Schnell et al. 2015), the scarcity of studies evaluating the

strength of distortion on metabarcoding data may explain the
limited discussion about tag jumps in the literature. In our
study, we provide direct measures illustrating how tag jumps
can affect metabarcoding data, by comparing twin-tagged and
combinatorial-tagged eDNA datasets. In line with our first hy-
pothesis, tag jumps caused substantial alteration of the mam-
mal and plant communities by introducing species in several
samples where they were not originally present. Note that the
higher average number of species in the combinatorial dataset
was not driven by the addition of rare species in single sam-
ples, an effect that can be caused by small differences in PCR
amplifications or sequencing performance, but rather driven
by an increase in species numbers for almost all samples.
This strong effect is evident from the > 70% increase in mam-
mal and plant taxa per sample in the whole dataset. In other
words, the number of taxa per sample was increased without
increasing the total number of taxa in the library. In line with
our second hypothesis, tag jumping reduced between-sample
variation. The observed reduction in between-sample varia-
tion in the combinatorial tagged eDNA dataset in comparison
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to the twin tagged data, supports an explanatory model where
tag jumps produce cross-contamination between different
amplicons reducing the dissimilarity between samples as
they share barcodes from a common DNA pool. As a result,
many of the samples in our combinatorial tagged eDNA data-
set showed insignificant differences, even though the twin
tagged data clearly revealed that the sediment they originated
from contained very different eDNA communities (Figures 2
and 3). However, insignificant differences between samples
from the combinatorial tagged eDNA dataset were not only
caused by shared DNA, but also by the increased within rep-
licate variation due to the non-homogenous distribution of
the tag jumping patterns. Increased within-sample variance
also reduces the likelihood of finding statistically signifi-
cant differences between sediment layers. Importantly, tag
jumps depend on the sample's position in the tagging matrix
(Rodriguez-Martinez et al. 2022) and we are aware that there
is a theoretical chance that tag jumps could reduce differences
between replicates (reduce within-sample dispersion) if they
all share one of the tags. During conditions where replicates
experience reduced within-sample variability, it seems likely
that tag jumping can also, in contrast to what we observed in
our results, create samples that appear statistically different
from other samples even though they are not.

In our experiment, high levels of translocated sequences were
found in the tag jumping affected datasets (both for mam-
mals and plants). However, the twin tagged datasets were free
of artefactual sequences in the blanks. Given that the main
difference between the two datasets is the introduction of
T4 polymerase driven tag jumps in the results of the combi-
natorial tagged eDNA, it seems evident that the artefactual
sequences in the blanks are a product of tag jumping. The
magnitude of the contamination is difficult to evaluate in
read numbers, but the fact that more taxa are found on av-
erage in the samples of the combinatorial datasets and their
higher similarity constitute very strong evidence of the poten-
tial repercussions of tag jumping in datasets. It is important to
mention here that the finding of more taxa in samples of the
combinatorial dataset is not paired with higher diversity of the
dataset. In fact, the combinatorial datasets present a slightly
lower overall diversity than the twin-tagged ones-possibly due
to small differences in sequencing depth-while the average
number of taxa per sample and the range of taxa per sample
are both higher. Effects of tag jumping were more severe in
the mammal dataset in comparison to the plant dataset. That
is, eigenvalue-inferred variance differed by around 200% in
the mammals datasets (Figure S2C,D), while this difference
was around 25% in the plants dataset (Figure S2A,B). While
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we hesitate to generalize our finding to be universal for all me-
tabarcoding studies, we highlight that the result may suggest
that different genetic markers exhibit different levels of tag
jumping. That is, some genetic regions may be more prone to
form heteroduplexes as it has been noticed in other heterodu-
plex driven processes (Shin et al. 2014; Wang and Wang 1997).
Differences in tag jumping impacts in our datasets cannot
be attributed to tag properties because these properties un-
likely explain the heteroduplex formation driving the jumps.
It should be noted, however, that the arrangement of samples

within the tagging matrix and hence, slight differences in tag
arrangements may explain some observed differences in ef-
fects caused by tag jumping between the mammal and plant
datasets. Moreover, impacts from tag jumps will be more se-
vere for low diversity datasets, i.e., as the introduction of a
few species to a low diversity community will have a larger
relative impact. Therefore, we suggest that the effects of tag
jumping should preferably be evaluated on a case-by-case
basis. Within paleoecological reconstructions, the first or last
appearance of species-specific DNA within a record is often
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interpreted in a context of ecological change. Here, the oldest
DNA is often used to detect the arrival of migrating species
(Nota et al. 2022), extinction (Graham et al. 2016), first use of
agricultural crops (Smith et al. 2015), introduction of domestic
mammals (Giguet-Covex et al. 2014) or the onset of human
activities (Pansu et al. 2015). In similar, the youngest DNA of
extinct species can be used to temporally constrain historic
extinction events (Allentoft et al. 2010; Haile et al. 2009). As
illustrated by our results, tag jumping introduces positive de-
tections of species in samples where they were not originally
present. By adding species both in old and recently deposited
sediments, tag jumping can affect ecological important mea-
sures such as the ‘earliest’ and ‘youngest’ detections of species.
For example, if we were to interpret the mammal data without
being aware of the tag jumping in the combinatorial-tagged
dataset, we would have concluded that domestic animal DNA,
such as cow, was present in sediments deposited shortly after
deglaciation. As expected, the control dataset shows a much
later arrival, and thus, this former interpretation is clearly
flawed.

One of the strengths of eDNA-based palaeoecological studies is
their ability to detect long-term environmental change by inter-
preting changes in whole communities rather than interpreting
the presence of single indicator species. Our results showed
that tag jumping is a process potent enough to reduce between-
sample variance at a whole community scale and fundamentally
alter reconstructed time trends for mammal and plant commu-
nities. First, tag jumping made samples from sediment deposited
during the Holocene more similar; hence, this artificial homog-
enization of samples blurred apparent changes in the mammal
and plant communities. Second, tag jumps increased within-
sample variation, an effect that made it more difficult to detect
significant community changes for sections of the sediment
record. The latter effect, in combination with the artefactual
homogenization of the communities that tag jumps generated,
caused an asymmetrical impact with the strongest effects in the
older, less concentrated, and less diverse samples in our dataset.
Temporal and spatial changes in plant and mammal communi-
ties are the central theme of eDNA research focusing on natural
history (Pansu et al. 2015) or ecosystem changes caused by ex-
ternal drivers such as human land use (Smith et al. 2015) and
climate change (Rosa et al. 2022). Tag jumping may not only
mask substantial environmental changes in metabarcoding
studies, but also decouple existing common trends for mammal
and plant eDNA communities, as seen by the contrasting tem-
poral trends reconstructed in the combinatorial tagged dataset.

Our observation of strong effects of tag jumping on taxa com-
position, sample heterogeneity, time trends, and the decoupling
between plant and mammal diversity —all important ecologi-
cal measures -highlights that tag jumping is a process of great
concern for eDNA-based studies. While our study emphasizes
tag jumping as a problem for metabarcoding studies, it seems
plausible that other techniques using combinatorial tags ligated
in a library (e.g., metagenomic studies) may as well be affected.
Moreover, all efforts to remove the noise induced by tag jumping
have proven futile simply because this process can produce a
high number -spanning into the tens of thousands- of trans-
located sequences that account for high proportions in each
sample (Rodriguez-Martinez et al. 2022). Removing such high

numbers would effectively remove most of the dataset. This
means that the original information can no longer be inferred
from the affected datasets. With this realization in mind, an in-
tuitive question becomes: are there published studies that have
made interpretations based on datasets affected by tag jumping?
Tag jumping is a heteroduplex-driven process, intimately tied to
early pooling in methodological pipelines in which adapters are
ligated rather than added in a second PCR. These ligation-based
pipelines have been used in roughly ten thousand papers over
the last decade according to the Illumina databases (https://
emea.illumina.com/techniques/sequencing/ngs-library-prep/
ligation.html). In other words, if only a fraction of these stud-
ies followed tag jumping-sensitive protocols, there is a high risk
that a substantial number of scientific papers may include data-
sets affected by tag jumps. Unfortunately, method descriptions
in metabarcoding studies often fail to clearly specify the details
of library construction and preparation needed to review the
likelihood of tag jumping by the use of extensive sets of blanks
embedded in the tagging matrix. Hence, for most published stud-
ies, it is not possible to assess to what extent their conclusions
might have been affected by tag jumping. Importantly, our study
demonstrates impacts of tag jumping on some ligation-based li-
braries while also revealing that an alternative ligation-based
strategy can circumvent the issue. We recognize the ligation
methodology has advantages, like being less prone to chimera
amplification, but considering the strong effects that tag jump-
ing can have on eDNA datasets, better methodological descrip-
tions of the pipelines and acknowledgment of the potential
errors that tag jumping can cause seem of critical importance.
Data distortion of the magnitude that we observed would affect
interpretations independent of the nature of the metabarcoding
study. We underline the need for recognizing tag jumps as a pro-
cess of concern for metabarcoding reconstructions, similar to
the more established concern for sample contamination during
lab handling. Substantial efforts are currently devoted toward
avoiding laboratory and field contamination when studying
eDNA (Fulton 2012; Giguet-Covex et al. 2014). In perspective of
our results, tag jumping appears to be at least an equally import-
ant source of errors in metabarcoding studies as direct sample
contamination.

5 | Conclusion

Our study clearly shows that twin-tagging effectively removes
all noise caused by tag jumping and that tag jumping is potent
enough to fundamentally change whole plant and mammal
communities inferred from eDNA. Tag jumping introduced
false positive detections of different taxa and made plant and
mammal communities in our samples more similar. Moreover,
the tag jumping process influenced replicates differently, caus-
ing increased within-sample variance that made detection of
between-sample differences in species composition more dif-
ficult. Our study highlights the need to recognize tag jumping
not only in palaeoecological context but in all metabarcoding
studies where species and the biodiversity of communities are
of interest. With our result in mind, it seems plausible that tag
jumping may have masked substantial environmental changes
in studies that have used combinatorial tagging instead of twin-
tagging approaches. Therefore, we urge the research commu-
nity to recognize tag jumping as a serious problem and highlight
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the need to improve methodological descriptions related to tag-
ging approaches.
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