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Abstract

1. DNA metabarcoding has developed into a commonly used tool for biodiversity

assessment and monitoring. How results from DNA metabarcoding are compared

with studies based on ‘classic’, in most cases morphological species identification,

is still unclear. Studies investigating species detection against a known baseline are

virtually non-existent.

2. In this study, we used light trap samples collected in eastern Austria to investigate the

concordance between morphological species lists and results obtained from COI meta-

barcoding using the Illumina MiSeq platform. Two primer combinations of different

lengths (313 and 205 bp) were compared to assess the influence of amplicon length.

3. Species detection rates ranged between 0.38 and 0.69; the shorter amplicon had

on average higher species detection rates compared with the longer amplicon. Sin-

gleton species were less likely to be detected through metabarcoding.

4. The major determinant for a species to be detected was its biomass, viz. smaller

species had a lower chance to be detected. However, there is also evidence of taxo-

nomic bias on the level of superfamilies. While the influence of biomass is to be

expected, the presence of taxonomic bias gives reason for concern and requires fur-

ther studies. Such a bias can be of significance when metabarcoding is used to

determine conservation measures. Ordination analyses of all sampling sites showed

that as far as community ecology is concerned, the overall pattern obtained from

the full species list was mostly preserved in our metabarcoding results.
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INTRODUCTION

DNA-metabarcoding approaches have emerged to become a standard

tool in biodiversity monitoring and discovery, serving as a versatile way to

support community-wide assessments especially in the fields of ecology

and biodiversity research (Liu et al., 2020). Such approaches have proven

to be successful over a wide range of taxa from bacteria to vertebrates in

all kinds of habitats, from aquatic and soil biota to terrestrial ecosystems

(Abdelfattah et al., 2018; Semenov, 2021; van der Loos & Nijland, 2021).

Most applications of DNA-metabarcoding can be classified into

two major categories: (1) studies on already known assemblages

(e.g., biodiversity monitoring and biosecurity: Piper et al., 2019) and

(2) studies on mostly unknown assemblages (e.g., species discovery),

especially in tropical systems or microbial biota (Abdelfattah
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et al., 2018). Both of these applications have different requirements

and challenges. Monitoring applications imply some degree of previ-

ous knowledge of the species assemblages to be studied. Missing or

unexpectedly detected species will likely be noticed as such and can

be properly addressed. Species discovery applications on the other

hand have no or very little means to adequately deal with improper

recovery of operational taxonomic units (OTUs).

Morphological identification of organisms, especially in speciose

target groups, is time-consuming and requires taxonomic expertise,

which depending on the target taxon can be rare or even completely

unavailable. The lack of taxonomic expertise for a certain taxon can be

caused by phenomena commonly described as the ‘taxonomic impedi-

ment’ (Giangrande, 2003) or might pertain to ‘dark biodiversity’ (Lewis

et al. (2017), Page (2016)). DNA barcoding of individual specimens is

very time-consuming and processing of large samples requires consid-

erable effort and resources. Metabarcoding holds the promise to

reduce the effort that comes along with individual-based barcoding (Yu

et al., 2012). Furthermore, metabarcoding provides efficient means to

measure biodiversity in taxa where means for morphological identifica-

tion are not available. On the other hand, metabarcoding is so far

unable to provide quantitative data, although first steps have been

made towards quantitative metabarcoding (Shelton et al., 2023).

A central concern with all metabarcoding applications is the

achieved detection rate of OTUs. In real-world samples, the actual

number of OTUs present in the sample is a priori unknown. Estima-

tions on the efficacy of such approaches to detect all species in a bulk

sample are commonly based on the sequencing of mock communities

(Elbrecht et al., 2019). While those mock communities are selected to

include a broad taxonomic range as well as represent variations in

body size, such mock communities usually include only a single indi-

vidual per OTU (Elbrecht et al., 2019). Studies using mock communi-

ties are, therefore, unable to estimate the effects of varying OTU

abundances on the level of detection. The relevance of mock commu-

nity sequencing on the coverage achieved in real samples is, therefore,

limited by design. Some studies (Mata et al., 2021) have investigated

species detection rates of morphological determination versus meta-

barcoding, but data on detection rates of a defined set of species is

still lacking. Studies investigating detection rates in real-world samples

using a baseline of morphologically determined species are very rare

(Elbrecht et al. 2017a). It is well established that small organisms are

less likely to be detected in metabarcoding approaches. This has dif-

ferent implications for species discovery as opposed to studies of an

already well-known assemblage. This problem is exacerbated if many

species in a community are small-sized and at the same time also rare,

that is, represent an overall low fraction of assemblage biomass, but

make up a sizeable fraction of biodiversity in terms of species num-

bers as well as functional attributes. Comparisons based on real-world

samples have so far relied on relative comparisons only; absolute com-

parisons against a known baseline are still lacking. Various strategies

besides primer affinity to increase OTU recovery rates are being

employed in metabarcoding studies. Most of those instances are con-

cerned with different strategies of sample preparation. Some have

argued for extensive pre-sorting (Braukmann et al., 2019; Elbrecht

et al. 2017b; Elbrecht et al., 2021), whereas other studies on

terrestrial arthropods did not perform any pre-sorting (Hausmann

et al., 2020). Sequencing strategies that encompass pre-sorting

involve the separation of the specimens contained in the sample into

a number of size classes. Most applications of pre-sorting employ sep-

arate DNA extraction of each fraction; DNA extracts are then pooled

with ratios adjusted to the biomass contained in each fraction

(Elbrecht et al. 2017b). Semi-automated strategies employing sample

fractionation using a selection of subsequently more selective sieves

in an electric sieve-shaker have also been proposed (Elbrecht

et al., 2021). Regardless of the strategy used, pre-sorting comes with

a substantial and often prohibitive effort both in time and the required

personnel, alleviating a considerable part of the alleged practical

advantages of metabarcoding approaches (Elbrecht et al., 2021). Pre-

sorting also introduces additional sources of sample contamination as

well as observer error when manual sorting is used.

In this study, we use Cytochrome oxidase subunit I (COI) meta-

barcoding and take a nested calibration approach to estimate OTU

detection rates in temperate-zone terrestrial insect assemblages. To

do so, we manually identified a subset of our real-world samples

before sequencing. This subset serves as calibration enabling us to

estimate the OTU recovery rate in a real-world scenario.

The aims of this study are as follows:

1. Explore detection rates of a select set of species as a part of com-

plex light trap samples.

2. Compare the efficacy of two different amplicon lengths. Longer

amplicons facilitate sequence matching, whereas shorter amplicons

are easier and cheaper to sequence.

3. Investigate potential bias in detection rates and explore the under-

lying factors.

4. Explore the practical consequences of incomplete species detec-

tion for the study of species assemblages.

MATERIALS AND METHODS

Field work

Samples were collected in two forest stands in the Danube river flood

plains in eastern Austria, situated in the National Park Donau-Auen

about 15 km east of Vienna and separated from another by a levee.

The forest that stands north of the levee is decoupled from inundation

dynamics for 150 years, whereas the forest parts south of the levee still

are subject to riverine floods almost every year. Accordingly, local

insect communities differ substantially in terms of species composition,

species and functional diversity between these two forest fractions

(Guariento et al., 2020; Truxa & Fiedler, 2012). Insect assemblages are

also characterised by large fractions of ‘rare’ species that show up only

as singletons or doubletons in samples (Truxa & Fiedler, 2016). Within

each forest stand, five automatic light traps were put up about 1.5 m

above ground, spaced 100 m apart, for one night per month between

March and August 2020 (see Bartusel, 2021 for detailed locations).

Light traps were constructed as in Axmacher and Fiedler (2004) and

equipped with a multi-spectral LED light source (Brehm, 2017). Because

of their mode of construction and placement, they targeted flying
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insects, whereas flightless invertebrates might only be trapped by

chance. Samples were stored at �20�C after transfer to the laboratory.

Sample preparation

For the purposes of this study, we pooled all five traps per site to cre-

ate one aggregate sample per forest stand. Five of those aggregate

samples were selected for presentation in this study. The selected

samples for March, May and August were collected on the south of

the levee (seasonally flooded habitats), whereas samples for April and

June were collected north of the levee (non-flooded habitats). Sample

preparation was kept to an absolute minimum. Macrolepidoptera, Pyr-

aloidea and a few other non-macrolepidoptera (Limacodidae, Cossi-

dae) were initially separated from the samples for manual species

identification and later recombined to make up the total original sam-

ple. Manual species determination was performed by experts (FB) or

under expert supervision (FB and KF). Large amounts of very large

insects, for example, stag beetles (Lucanus cervus) and hornets (Vespa

crabro), were removed except for a single individual per sample. Lepi-

doptera were not removed regardless of size or number.

Samples were dried at 50�C for 48 h. The dried samples were

ground using an IKA Tube Mill 100 at 25,000 min�1 for 2 � 10 s in a

100 mL single use a grinding chamber. As the volume of all samples

exceeded the maximum usable volume of the grinding chamber, we

ground samples in multiple runs. Individual grounding runs were

pooled in a 1 L flask (approximately 5–8 times sample volume) to

allow for proper mixing of separate grinds. Ground samples were

stored at �20�C before DNA extraction.

The amount of ground tissue used was standardised across all

samples. DNA extraction was performed using the Qiagen DNA

Blood & Tissue Kit. Digestion with proteinase K was performed at

56�C for 150 min. We used 1260 uL of buffer ATL and 140 uL pro-

teinase solution for each sample, and the remaining extraction process

was performed according to the kit’s manual.

PCR amplification and sequencing

We tested two primer combinations for their suitability to detect

OTUs. The selected primer combinations are fwhF2/fwhR2n

(205 bp target region, EL2) and mICOIntF/Fol-degen-rev (313 bp

target region, EL8), respectively. Those two primer combinations

showed the highest OTU recovery rate in a comparison of 21 primer

combinations using a mock community (Elbrecht et al., 2019).

Primer combinations with different amplicon lengths were selected

to assess the performance of shorter versus longer amplicons. All

five monthly samples were sequenced using both primer combina-

tions resulting in a total of 10 samples being analysed.

All Polymerase Chain Reaction (PCR) reactions were performed

using the Thermo Scientific Phusion Green Hot Start II High-Fidelity

PCR Master Mix. In the first step, the target region was amplified

using the above-mentioned primers. PCR reactions were set up as fol-

lows: 12.5 uL Phusion Hot Start II Master Mix, 6.5 μL ddH2O, 1.25 μL

of each primer and 1 μL DNA. The cycler program was as follows:

98�C for 30 s; 10 cycles of 98�C for 10 s, 67–58�C (decreasing for

1�C per cycle) for 30 s, and 72�C for 15 s; 30 cycles of 98�C for 10 s,

61�C for 30 s, and 72�C for 15 s; and 5 min at 72�C.

In the second step, the PCR product obtained from step one

was amplified with fusion primers containing the original primer,

four to seven base barcodes for sample discrimination, Illumina

sequencing primers and adapters. The entire primer construct used

in Elbrecht et al., 2019 was adopted for this study. See Table S1 for

fusion primer sequences. PCR reactions were set up as follows:

12.5 μL Phusion Hot Start II Master Mix, 6.5 μL ddH2O, 1.25 μL of

each primer and 1 μL DNA. The cycler program was as follows:

98�C for 30 s; 10 cycles of 98�C for 10 s, 67–58�C (decreasing for

1�C per cycle) for 30 s, and 72�C for 15 s; 9 cycles of 98�C for 10 s,

61�C for 30 s, and 72�C for 15 s; 5 min at 72�C; or 98�C for 30 s;

10 cycles of 98�C for 10 s, 67–58�C (decreasing for 1�C per cycle)

for 30 s, and 72�C for 15 s; 20 cycles of 98�C for 10 s, 61�C for

30 s, 72�C for 15 s; 5 min at 72�C; or 98�C for 30 s; 19 cycles of

98�C for 10 s, 58�C for 30 s, 72�C for 15 s, and 72�C for 15 s; and

5 min at 72�C.

PCR products were purified using the Qiagen QiaQuick PCR purifi-

cation kit according to the manufacturers’ instructions. Samples were

pooled, and samples with primer combination EL8 were introduced at a

10% higher concentration than EL2 to compensate for sequencing bias

of the Illumina platform. Sequencing was performed on the Illumina

MiSeq v3 600 paired end platform, and 5% PhiX was injected. The sam-

ples reported in this study were sequenced along with other samples.

Sequence processing

The Illumina bcl file was converted into fastq format using bcl2fastq

provided by Illumina. Paired-end reads were assembled using PEAR

(Zhang et al., 2013) with the minimum overlap set to 150 base pairs

for EL2 and 200 base pairs for EL8 and a minimum PHRED base qual-

ity score of 30. Demultiplexing was done using demultiplex

(Laros, 2021). Primers and tags were removed using the ‘fastx_trun-
cate’ command, ‘fastx_revcomp’ was applied to all reversed

sequences, and both are provided by usearch v 11 (Edgar, 2010).

Assembled reads deviating from the expected length by more than

one base pair were discarded. The number of reads per sample can

vary considerably; to obtain a standardised sequencing depth, all sam-

ples were down-sampled to 100,000 and 10,000 reads, respectively.

Downsampling was performed using the ‘fastx_subsample’ command

provided by usearch.

Manually determined species set

The reference database to identify species contained in the nested

calibration species set was constructed to include all species detected

in the respective samples by manual determination (226 species, see

Table S2). COI barcode sequences were obtained through the BOLD pub-

lic data portal in October 2021 (Ratnasingham & Hebert, 2007). All public

DNA METABARCODING VS. MORPHOLOGY 3
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sequences were used, and identical sequences were removed from the

reference data using the ‘fastx_uniques’ command, part of usearch v11

(Edgar, 2010). Reference sequences were checked for errors using a

sequence alignment. An NJ tree was calculated to identify potential erro-

neous sequences. Sequences less than 200 bp in length were excluded,

corresponding to the read length of the shorter amplicon. We were able

to obtain at least one full-length (658 bp) sequence for all species in our

nested calibration set. The final reference database contained 6509

sequences. We used the free version of usearch v11 to perform an

exhaustive search of the obtained sequence reads for each sample against

the reference database using the ‘usearch_local’ command. Parameters

were set as follows: minimum identity = 0.98, evalue = 10e-6,

maxaccepts = 0, and maxrejects = 0. Sequence reads were matched to

the reference database based on species names as practiced in manual

identification. The output obtained from usearch was aggregated accord-

ing to species names using a custom R script (supplement). Reads with a

query coverage of less than 90% were removed and a minimum evalue

threshold of 10e-100 was applied. The proportion of successfully

detected species was then calculated and visualised. Sequencing depth

was rarefied in 10,000 read steps from 100,000 reads to 0 to determine

the necessary sequencing depth for future applications.

A size/weight regression approach was applied to estimate the

mass of all 228 moth species in the nested calibration set. We

weighed specimens of 75 species found in our samples (n per species

between 1 and 5) and obtained wingspan data from the literature

(Guariento et al., 2020). Wingspan and mass were log-transformed.

Specimens used for size/weight regression were obtained from sam-

ples not part of this study. To achieve the best possible estimation of

biomass, we split those 75 species into two categories based on

robust and slender stature of adult moths. Hereby, ‘robust’ relates to
moths with a broad thorax and abdomen, and thus a rather high wing

loading, like typical representatives of European Noctuidae, Notodon-

tidae, Sphingidae, Lymantriinae, Arctiini and alike. Representatives of

Geometridae, Pyraloidea and some clades within Erebidae

(e.g., Herminiinae, Hypeninae, Hypenodinae and Lithosiini) were

scored as ‘slender’ moths. We used a linear model based on those

75 species in order to predict the mass of all 228 target species (see

Table S3). To explore the influence of biomass and taxonomy on the

level of superfamilies, we built a logistic general linear mixed model

using ‘glmer’ with family set to ‘binomial’ using a ‘logit’ link function.

Species detection (0 = not detected, 1 = detected) was the depen-

dent variable, and taxonomy on the level of superfamilies was the

independent variable. Biomass and the number of individuals sampled

per species were included as random effects. The MuMin R package

(Burnham & Anderson, 2002) was used to calculate Nagelkerke’s

(Nagelkerke, 1991) and Nakagawa & Schielzeth’s R2 (Nakagawa &

Schielzeth, 2013). Effect sizes of fixed effects were calculated using

the package effect size (Ben-Shachar et al., 2020).

To estimate the implications of incomplete species recovery on eco-

logical characterisation of species assemblages, an Non-metric multidi-

mensional scaling (NMDS) ordination using ‘metaMDS’ with Bray–Curtis

distances, contained in the vegan R package (Oksanen et al., 2022), was

performed. The full species assemblages per sampling site as well as the

subsets recovered by primer combinations, and species assemblages

recovered by EL2 and EL8 were treated as separate samples. All other

settings were left on default.

Total OTU assignment

For species assignment of the total sequence reads to the manually deter-

mined set of species, we used BINs (Ratnasingham & Hebert, 2013) as

provisional taxonomic units. BOLD was queried in October 2021 for

sequences of all arthropods collected in the following countries in the

order of number of sequences: Germany, Norway, Finland, Russia, Italy,

France, Austria, United Kingdom, Belarus, Sweden, Switzerland,

Czech Republic, Romania, Netherlands, Croatia, Slovakia, Slovenia,

Belgium, Hungary, Denmark, Ukraine, Serbia, Estonia, Latvia, Ireland,

Lithuania, Luxembourg, Moldova, Liechtenstein, San Marino and Monaco

(no terrestrial arthropod sequences available). Major crustacean orders

were removed to reduce the size of the reference data set. Identical

sequences were removed from the reference data using the ‘fastx_uni-
ques’ command, part of usearch v11. Sequences less than 200 bp in

length were also excluded. The final reference database contained

312,643 sequences. No further quality checks were performed on the

sequences.

We used the free version of usearch version 11 to perform an

exhaustive search of the data against the database using the ‘usear-
ch_local’ command. Parameters were set as follows: minimum

identity = 0.98, evalue = 10e-6, maxaccepts = 0 and maxrejects = 0.

Some usearch runs were performed on the Vienna Scientific Cluster

(VSC3) computing cluster. The output obtained from usearch was

aggregated according to BIN:URI using a custom R script. Reads with

a query coverage of less than 90% were removed and an e-value

threshold of 10e-100 was applied. The obtained hits were manually

inspected for matches to potential erroneous database sequences; no

such cases were detected.

RESULTS

All 10 samples combined amounted to 2,165,809 paired reads con-

forming to our quality criteria. Raw sequence reads are available at

https://phaidra.univie.ac.at/o:1646993.

Nested calibration

In our nested calibration set of species comprised of our selection of

manually determined species, a total of 228 species of Lepidoptera

were detected by means of morphological identification. Meta-

barcoding analyses recovered 158 of those species in total across

both primer combinations.

Results indicate different performances of the two primer combi-

nations. The shorter amplicon, EL2, had in general a higher detection

rate compared with EL8 and showed a more consistent pattern across

the five samples (Figure 1a). Detection rates ranged from 0.46 to 0.69.

Sub-sampling to 10,000 reads leads to a notable decrease in detection

4 STRUTZENBERGER ET AL.
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rates to 0.31–0.44. When singleton species were excluded (Figure 1c),

detection rates increased to 0.65–0.72 for 100,000 reads and 0.38–

0.63 for 10,000 reads, respectively. Species detection rates for EL8 ran-

ged from 0.37 to 0.72 (Figure 1b), and sub-sampling to 10,000 reads

resulted in a decrease to 0.13–0.44 (Figure 1d). When excluding single-

ton species detection, rates increased to 0.47–0.76 for 100,000 reads

and to 0.14–0.53 for 10,000 reads (Figure 1d). See Table S2 for the

detailed results on species level.

Rarefied species detection rates (Figure 2) reveal that depending on

the sample, the proportion of species recovered with only a single read

ranged between 0.04 and 0.25. While performance varied between sam-

ples, the overall pattern was very similar for both primer combinations.

An NMDS ordination (Figure 3) of the full moth community data

compared to the subsets recovered with both primer combinations,

respectively, showed that the overall pattern among the five sampling

months was preserved with all three species sets. The first ordination

axis largely depicts seasonal progress in moth assemblages from early

spring (March) to summer, whereas summer samples from May, June

and August are separated from another along the second ordination

axis, but not in temporal sequence. Samples taken in May and June

showed a wider spread when the full sample is considered in

comparison to the subsets recovered by primer combinations EL2 and

EL8. Results obtained from EL2 and EL8 clustered closer to each other

than to the full, manually identified, sample with April being the only

exception.

Taxon-specific performance summarised across all samples dif-

fered among the four major lepidopteran superfamilies considered in

our nested calibration (Figure 4). Both primer combinations showed a

very similar pattern with high detection rates for Noctuoidea and con-

siderably lower detection rates for Pyraloidea and Geometroidea.

Downsampling to 10,000 reads further reduced the detection rate by

a considerable margin. Lasiocampoidea, Cossoidea and Zygaenoidea

with only a single representative species each in our samples were not

considered in this comparison. The single lasiocampoid species was

never detected through metabarcoding despite its large size while the

representatives of the other two clades were detected at least once.

Results obtained from logistic regression of species biomass and

taxonomy versus detectability indicated that while body mass was a

strong predictor for detectability (standard regression

coefficient = 0.66, p = 0.00045), taxonomy on superfamily level was

another significant predictor (standard regression coefficient = 0.32,

p = 0.04576). Overall model fit was assessed using Nagelkerke’s
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adjusted R2 (R2 = 0.1516557) and Nakagawa & Schielzeth’s R2

(R2m = 0.09026883, R2c = 0.1372625). These results show that

smaller species are less likely to be detected, and this effect is also

visually apparent in a histogram of species detection in relation to bio-

mass (Figure 5).

Within the manually identified set of species, we found 22 cases

of 20 different species where the DNA meta-barcode data showed

the presence of species not detected during morphological determina-

tion of the samples.

Total OTU assignment

The total number of arthropod BINs detected in the bulk light trap

samples ranged from 24 to 131 per sample for EL2 and between

13 and 148 BINs for EL8 (Figure 6a,b). The number of detected BINs

increased from spring to summer, peaking in June. A notable excep-

tion was the sample taken in May, where EL8 detected only one more

BIN compared with April. Lepidoptera was the most detected order

making up more than 50% of OTUs in each sample. Diptera and Cole-

optera were the second and third most species-rich orders, respec-

tively. Other orders were present in low quantities. Additional BINs of

Lepidoptera not covered by our manually determined set of species,

so-called ‘Microlepidoptera’, for example, of the families Gracillariidae

and Tortricidae, were detected. This way, we were able to detect

40 additional BINs for EL2 and 43 additional BINs for EL8. See

Table S4 for detailed results.

Both EL2 and EL8 detected representatives of a total of 11 arthro-

pod orders (Figure 7). All orders except for Blattodea, Entomobryo-

morpha, Ixodida and Mesostigmata were detected by both primer

combinations. The unusual presence of Odonata was confirmed by

visual observation prior to sample processing. While winged insects

made up the vast majority of OTUs in the light trap samples, also

some representatives of flightless arthropods were detected, such as

mites, ticks and springtails, albeit at very low numbers.

DISCUSSION

Species detection (manually identified species set)

In accordance with the results obtained by Elbrecht et al. (2019), primer

combination EL2 consistently showed the best performance in recover-

ing species detected by morphological identification. EL8 performed

slightly worse than EL2. This slight difference can likely be attributed to

the bias towards short reads inherent to the Illumina platform (Schirmer

et al., 2015). Down-sampling to 10,000 reads reduced the OTU detec-

tion rate to well below 0.5 in most cases, and 10,000 reads can, there-

fore, be considered insufficient to achieve a satisfactory OTU coverage.

Rarefaction of sequence reads showed that species detection rate

started to drop off at around 40,000 reads. Reduced detection rates for

the sample taken in May might indicate suboptimal sample homogene-

ity in this case. The fact that removing singleton species eliminated this

marked difference corroborates this suspicion. Tissue from single indi-

viduals is more likely to improperly mix into a bulk sample than is the

case with two or more individuals present.

Singleton species showed lower detection rates compared with

more abundant species (Figure 1). This is not unexpected as species

present with only a single individual are much more likely to be

affected by suboptimal sample homogeneity. Furthermore, small-sized

(a) (b)

F I GU R E 2 Rarefied species detection rates for 0 to 100,000 reads in steps of 10,000 reads, (a) primer combination EL2 and (b) primer
combination EL8.

6 STRUTZENBERGER ET AL.

 13652311, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/een.13297 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



species will have an even lower chance of detection if only a single

individual is present due to the dilution of their DNA past a detectable

level. The importance of singleton species for community ecology and

related fields is well explored in tropical systems (Coddington

et al., 2009) but can also be relevant in temperate systems (Matos da

Costa & Sielezniew, 2023). The latter study on light-trap samples of

moths in eastern central Europe demonstrated that bias against sin-

gleton species can substantially change conclusions based on the data.

Truxa and Fiedler (2016) found that considerable information on com-

munity structure can be gained from rare species in the very same

study system in eastern Austria where the samples for this study were

collected. In the present study, the effect caused by incompletely

sampled assemblages was not apparent. An NMDS ordination com-

paring the manually determined set of species against assemblages

recovered by metabarcoding showed that the overall pattern was pre-

served in both primer combinations in spite of low detection rates in

some samples.

Benchmarks for detection rates in real-world samples are almost

non-existent. Elbrecht et al. (2017) took an approach similar to this

present study in a limnetic system, although taxonomic units above

species level were used there for a considerable proportion of OTUs.

Average detection rates ranged from 0.6 to 0.7 depending on the

primer combination. Later on, Elbrecht et al. (2019) sequenced a single

Malaise trap sample with 21 primer different combinations. This

F I GU R E 3 NMDS ordination of the full community as obtained by manual species determination compared with the subsets recovered by
metabarcoding of bulk samples using primer combinations EL2 and EL8.

DNA METABARCODING VS. MORPHOLOGY 7

 13652311, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/een.13297 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sample can, therefore, be considered to be unusually well explored

even though no manual determination of species was performed. The

best performing primer combination (EL2) recovered 911 (70.3%) out

of a total of 1295 OTUs detected across all primer combinations.

Hence, the level of detection obtained in those studies is very similar

to the level observed in our results.

Our results revealed a pronounced bias against smaller moth spe-

cies. This was to be expected and cannot be fully alleviated without

either using very high sequencing depths, thereby massively increas-

ing sequencing cost or by employing elaborate (and resource demand-

ing) sample fractionation schemes as described by Elbrecht, Peinert,

and Leese (2017).
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F I GU R E 4 Detection rates of moths in metabarcoding of bulk samples by superfamily. (a) Primer combination EL2 and (b) primer combination
EL8. Sample sizes (i.e., morphologically identified species numbers) are as follows: Bombycoidea: 4, Geometroidea: 76, Noctuoidea: 109 and

Pyraloidea: 33. Three superfamilies represented by only a single species are not shown (see text).

F I GU R E 5 Detection of species in relation to their body mass. X-axis is in log scale and labels are in real space. The gap at 20 mg closely
corresponds to the distinction between the slender and robust species in our size/weight regression model.
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In addition, we were able to detect taxonomic bias on the level of

superfamilies. Such a bias can easily be introduced by taxon-

dependent primer affinity. Although anecdotal reports of numerous

taxonomic biases in commonly used insect primers abound, no rigor-

ous study has ever been performed on that subject in Lepidoptera.

Combined with the observed bias against smaller species, this is likely

to put detection of Geometroidea and Pyraloidea at a considerable

disadvantage compared with Noctuoidea. Even though in our case the

influence on overall community ecological patterns was minor

(Figure 3), the effect on detection rates was apparent (Figure 4). Some

conclusions drawn from metabarcoding data, for instance, the recom-

mendation of conservation measures, can be very sensitive to taxo-

nomic bias. Taxon-specific comparisons of different primer

combinations would be required to discern those effects in detail. At

any rate, the observation that two species-rich clades that make up a

sizeable fraction of temperate-zone forest moth assemblages suffered

from low detection rates is a source of concern, when it comes to

inferences about the richness of local communities, for example, along

ecological gradients. In addition, it is important to note that our manu-

ally identified species set contained mostly medium-to-large-sized

moths in relation to the full body size spectrum seen in Lepidoptera.

Including more clades of ‘Microlepidoptera’ (e.g., Gelechioidea,

Tineoidea, Tortricoidea) would almost certainly result in even lower

detection rates.

Apart from the non-detection of a range of moth species that

were definitively part of the assemblages (see above), a few species
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F I GU R E 6 Total OTU assignment per light trap bulk sample with major insect orders indicated. (a) Primer EL2 and (b) primer EL8. Numbers
above bars indicate the total number of BINs detected.

(a) (b)

F I GU R E 7 Frequency of all arthropod orders detected in total OTU assignment. (a) Primer combination EL2 and (b) primer combination EL8.
Numbers indicate the number of detected BINs, and the numbers in bracket indicate BINs with species-level names. Silhouettes were obtained
from PhyloPic.com; all images are in the public domain.
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that belonged to the target groups of morphological sorting were

detected through metabarcoding but apparently were not recorded

during morphology-based sample analysis. These observed discrepan-

cies between morphological determination and results obtained from

metabarcoding can be split into three categories. In seven cases, we

are confident that this can be attributed to instances of ‘cryptic diver-
sity’ where closely related and morphologically similar species were

confused or not recognised as distinct on the grounds of external

wing patterns in larger samples of similar (and in some instances worn)

individuals. In eight other cases, however, we are uncertain as to why

those species were detected in the samples. It is conceivable that

these species were misidentified or overlooked, but we consider sam-

ple contamination as an equal possibility. In another seven cases, we

are confident that sample contamination has occurred, because it is

not conceivable that these easy-to-identify species might have gone

unnoticed through morphological sample analysis. There were a num-

ber of steps in our processing pipeline where contamination could

have been introduced. Already in the field, contamination could have

been introduced through the trap vanes or sampling containers. In the

lab, cross contamination was possible while drying the samples as sev-

eral samples had to be dried at once in the same drying cabinet due to

time constraints. Contamination could also have occurred during DNA

extraction and at both PCR stages. Specimens of all additionally

detected species were collected and processed in our lab within

12 months of processing the samples in this study. Cross-

contamination in our lab is, therefore, a possibility.

Contamination is frequently observed in metabarcoding studies,

usually as an incidental observation that is not explored any further.

Sources of contamination and strategies to minimise sample contami-

nation, on the other hand, are well explored (Liu et al., 2020). Precise

data on the prevalence of contamination in metabarcoding

approaches are virtually non-existent as most studies are unable to

quantify contamination due to the lack of prior knowledge on OTU

composition. The level of contamination observed in this study is

likely of no concern in biodiversity monitoring applications but might

be of concern in species discovery applications.

Total OTU assignment

Results from the total OTU assignment showed an expected compo-

sition of insect orders attracted to light traps and are in accordance

with visual observations made during emptying of the traps and sam-

ple preparation. Representatives of a number of orders not usually

attracted to light were detected at low numbers. Those orders likely

entered the trap by chance, for example, via the trees, the traps were

suspended from. Mites (Mesostigmata) might have been introduced

as ectoparasites on winged insects. When comparing our results

obtained from automatic light traps with other sampling methods, it

is important to note that automatic light traps tend to be biased

against small-sized moths (Axmacher & Fiedler, 2004). There is good

evidence that this bias is caused by different settling behaviours of

large- versus small-sized moths at the trap (Wölfling et al., 2016).

Samples obtained by different means, for example, manual collection

on a sheet, are, therefore, likely to show a different composition

especially at the lower end of the body-size spectrum. The diversity

of non-Lepidopteran OTUs and Lepidopteran OTUs not part of the

nested calibration (‘Microlepidoptera’) showed that detection of the

species in the nested calibration set was possible while being embed-

ded in a complex sample. In addition, the metabarcoding approach

facilitated the analysis of additional ‘Microlepidoptera’ assemblages

where morphological identification would have been very time-

consuming, would have called for routine microscopic preparation of

genitalic slides and might sometimes require the consultation of tax-

onomic specialists for the respective family. Given that reference

sequences of an increasing number of Central European ‘Microlepi-

doptera’ are now available in the BOLD database, for these insects,

metabarcoding promises to be a cost-effective means of using the

full potential of light trap samples for inferences on biodiversity.

CONCLUSIONS

Based on our results, we recommend primer combination EL2 for

future studies on samples of flying insects. The shorter length of EL2

enables the use of cheaper sequencing options saving approximately

30% of sequencing costs. As suggested by the results of previous

studies (e.g., Elbrecht et al., 2019; Elbrecht & Steinke, 2019), 100,000

reads per sample turned out to be a good balance between the cost

and quality of results. In regard to sequencing depth, our data show a

marked drop in species detection rates only at 40,000 or 50,000 reads

(Figure 2). This indicates that for samples comparable with the ones in

this study, sequencing depths substantially below 100,000 can still

yield acceptable results.

Until there are good baseline data on taxon recovery and taxo-

nomic biases, we suggest to apply a nested calibration approach

whenever possible. This approach can provide a very accurate quality

control for metabarcoding studies and possibly predict overall detec-

tion rates. Ideally, a subset of species representing a large range of

body sizes should be selected and manually identified. Within the

same Illumina run, it is likely that applying nested calibration to only

one or a few samples will be sufficient to get a useful estimate of

overall detection rates. We recognise that the required effort will still

not be feasible in all cases. In future studies, it would also be desirable

to investigate how large the calibrated subset needs to be in order to

serve as a predictor for overall detection rates. A significant degree of

taxonomic bias was detected on the level of moth superfamilies,

which might distort relationships between the samples in regard to

species richness, whereas patterns of species composition remained

largely unchanged. More in-depth investigation of those biases is

required.

Further studies are required to determine whether the OTU

recovery rates observed in this study are typical for similar metabar-

coding applications. Strategies to improve OTU recovery rates can

involve the use of order-specific PCR primers (e.g., Šigut

et al., 2017). Alternatively, 16S rRNA metabarcoding has been dem-

onstrated to be a valuable supplement to COI metabarcoding

(Elbrecht et al., 2016). However, the lack of available reference
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sequences severely limits the use of 16S rRNA metabarcoding in

practice. As of August 28rd 2023, 16S rRNA sequences for a mere

1373 species of Lepidoptera are available on Genbank, and only

9 of the 228 manually identified species in this study have publicly

available 16S rRNA sequences. All approaches to improve detection

rates come with trade-offs in cost and time required for sequencing.

For some applications, perhaps in tropical systems with very high

species numbers and comparatively little prior knowledge of species

composition, adopting one or more of those proposed strategies

might be indispensable. We do, however, think that once we have a

good understanding of expected detection rates single marker, sin-

gle amplicon approaches without any pre-sorting/fractionation can

still be a valuable and cost-efficient way to study biodiversity. Using

the nested-calibration approach might in some cases be more suit-

able as opposed to the substantial increase in cost and time

required for the alternatives proposed above.
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Šigut, M., Kostovčík, M., Šigutová, H., Hulcr, J., Drozd, P. & Hrček, J.
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TABLE S2. Species/site matrix for each month sampled. Detected

species are indicated for morphological identification (no suffix),

primer combination EL2 (suffix -EL2), and primer combination EL8

(suffix -EL8). For species detected in morphological identification the

number of individuals is indicated. For meta-barcode samples the

number of obtained reads is indicated for each species.
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