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Data of the Insect Biome atlas: 
a metabarcoding survey of the 
terrestrial arthropods of Sweden 
and Madagascar
a. Miraldo et al.#

We present the data from the Insect Biome atlas project (IBa), characterizing the terrestrial 
arthropod faunas of Sweden and Madagascar. Over 12 months, Malaise trap samples were 
collected weekly (biweekly or monthly in the winter, when feasible) at 203 locations within 
100 sites in Sweden and weekly at 50 locations within 33 sites in Madagascar; this was 
complemented by soil and litter samples from each site. The field samples comprise 4,749 
Malaise trap, 192 soil and 192 litter samples from Sweden and 2,566 Malaise trap and 190 
litter samples from Madagascar. Samples were processed using mild lysis or homogenization, 
followed by DNA metabarcoding of CO1 (418 bp). The data comprise 698,378 non-chimeric 
sequence variants from Sweden and 687,866 from Madagascar, representing 33,989 (33,046 
Arthropoda) and 77,599 (77,380 Arthropoda) operational taxonomic units, respectively. 
these are the most comprehensive data presented on these faunas so far, allowing unique 
analyses of the size, composition, spatial turnover and seasonal dynamics of the sampled 
communities. they also provide an invaluable baseline against which to gauge future 
changes.

Background & Summary
Insects comprise the vast majority of macroscopic biodiversity1 and are crucial for ecosystem functioning2–5. 
Yet, despite their ecological importance and remarkable diversity, insects remain one of the least understood 
organism groups. An estimated 70–85% of insect species still remain unknown to science6,7 and for the large 
majority of those described, we know little about their biology, distribution, or population trends8. Recent stud-
ies have indicated a decline in terrestrial insect biomass and diversity during the last decades9–16, but the data 
are often limited in taxonomic, geographic and/or temporal scope, hindering comprehensive conclusions to be 
reached17–21. It is clear that existing data on insect biodiversity provide only fragmented insights into how many 
insect species there are, how they are structured into communities and how these communities contribute to 
healthy ecosystems.

Comprehensive longitudinal sampling across and within regions is urgently needed to close this knowledge 
gap. However, setting up such long-term monitoring projects faces many challenges, from financial constraints, 
complex management and coordination hurdles to methodological limitations in the processing and identifi-
cation of collected material. Indeed, a significant barrier has been the absence of cost-effective methods for the 
comprehensive inventorying of insect faunas. For example, one of the most ambitious countrywide insect inven-
tory projects to date, the Swedish Malaise Trap Project (SMTP), collected an estimated 20 million specimens 
at 50 sites over a three-year period22. Sorting the material into 350 taxonomic fractions suitable for specialist 
processing took 15 years. During this time period, only 0.85% of the specimens had been identified to species, 
despite a substantial effort from numerous taxonomists22,23.

Fortunately, in recent years, the traditional insect inventorying methods relying on morphological identifica-
tion by taxonomic experts have been complemented by considerably faster and more cost-efficient methods for 
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processing insect samples and delineating species proxies, relying on DNA metabarcoding. This has revolution-
ized our capacity to comprehensively study and effectively monitor insect faunas24.

In the Insect Biome Atlas (www.insectbiomeatlas.org) project, we used DNA metabarcoding of an extensive 
set of community samples to characterize the terrestrial arthropod faunas of Sweden and Madagascar, and their 
associated microbiomes, in unprecedented detail. Sweden and Madagascar were chosen because they repre-
sent two countries of approximately the same size but with completely different biogeographic and geological 
history. The Swedish fauna has been assembled by independent migration from different refugia after the last 
glacial maximum, some 20,000 years ago25. In contrast, the Malagasy fauna has largely evolved in place, and in 
isolation26. The environmental factors also contrast sharply: Sweden is characterized by a northern temperate 
climate and an elevational gradient running mainly from the east coast to the Scandinavian mountains in the 
west, whereas Madagascar is marked by a tropical climate and a significantly more complex topographical set-
ting. Thus, any similarities between Sweden and Madagascar clearly represent non-random structuring of the 
faunas, while the differences between them illustrate much of the range of global variation one might expect 
among faunas.

Over a period of 12 months in 2019-20, Malaise trap samples were collected weekly (spring to autumn) or 
biweekly to monthly (winter, when feasible) at 100 sites (203 locations) in Sweden and weekly at 33 sites (50 
locations) in Madagascar (Fig. 1). Sites and trap locations were selected to provide a representative sample of 
Swedish habitat types. In brief, sites were stratified across the habitats in rough proportion to the relative cov-
erage of habitats in the Swedish landscape27. In Madagascar, only forests (National Parks) were targeted due to 
logistical constraints. A hierarchical design involving both single-trap and multitrap sites was used to allow 
more powerful analyses of spatial turnover. The Malaise traps were maintained by citizen science volunteers in 
Sweden and park rangers in Madagascar. This approach not only substantially mitigated sampling-related chal-
lenges but also engaged a diverse range of stakeholders in the scientific process.

To further characterize soil arthropods and soil microbiomes, we complemented the Malaise trap samples 
with soil and litter samples. In addition, we collected environmental data and data on ecosystem functions at 
each site. In total, the project yielded 4,753 Malaise trap samples, 188 soil samples and 189 leaf litter samples 
from Sweden and 2,566 Malaise trap samples and 190 leaf litter samples from Madagascar.

Samples were processed using mild lysis or homogenization, followed by DNA metabarcoding of CO1 
(418 bp) on the NovaSeq 6000 platform using optimized protocols developed in the project28–30. A novel pipeline 
for processing the metabarcoding data - developed in the project - was used for quality filtering and taxonomic 
characterization of the samples based on these data31. This pipeline utilizes the extensive amounts of samples 
collected in the project to provide data of significantly improved quality and accuracy compared to the current 
state of the art.

Here we present the key datasets resulting from the project. The data on ecosystem functioning and arthro-
pod wet biomass have been published elsewhere32,33 and the data on soil microbiome (bacterial 16S and fungal 
ITS2) and microbiome associated with the arthropod communities in Sweden will be presented separately.

The CO1 data presented here comprise 698,378 non-chimeric sequence variants from Sweden and 687,866 
from Madagascar, representing 33,989 and 77,599 operational taxonomic units (OTUs), respectively, after fil-
tering and cleaning. The Swedish OTUs were distributed across 11 phyla, 26 classes and 97 orders. Of the OTUs, 
79%, 50%, 34% and 60% were classified at the level of Family, Genus, Species and BOLD BIN34, respectively. The 
low annotation success at the species level compared to the BOLD BIN level is partly due to name resolution 
problems for BOLD BINs—such as several synonyms being in active use, or the same species being placed in 
different genera by different annotators—and partly due to failures of CO1 barcodes in accurately circumscrib-
ing closely related species. Distinguishing between these cases would require detailed analysis on a case-by-case 
basis. For Madagascar, the OTUs were distributed across 9 phyla, 21 classes and 90 orders, with 28%, 4%, 2% 
and 9% of OTUs classified at the level of Family, Genus, Species and BOLD BIN, respectively. For both datasets, 
the phylum Arthropoda accounted for ≥99.5% of total reads and >97% of OTUs. Calibration curves relating 
wet biomass to the number of specimens suggest that the analyzed Malaise trap samples comprise around 7.0 
million insects from Sweden and 1.7 million insects from Madagascar. However, our abundance estimates for 
Madagascar rely on a biomass-count extrapolation from Swedish data, which may be less accurate if the average 
biomass per individual differs substantially between these two regions.

The datasets we present here offer profound insights into the diversity, composition and structure of the 
terrestrial arthropod communities of Sweden and Madagascar. They also provide an invaluable baseline against 
which to gauge future changes in these faunas. To maximize the utility of this baseline, new studies should 
preferably use the same lab protocols and rerun the bioinformatic processing with new and old data combined. 
Eventually, more complete reference libraries are likely to improve the taxonomic annotation of our dataset 
to the extent that it will provide a useful baseline for future studies regardless of their methodology. While 
the Insect Biome Atlas project focuses exclusively on Sweden and Madagascar, we expect that it will serve as a 
template for similar studies in other regions. We also hope that it encourages a wider interest in comprehensive 
studies of insect faunas and in establishing long-term monitoring of insect populations globally.

Methods
Site selection. In Sweden, sampling sites were selected following a stratified design based on the major land-
scape types as identified by the National Inventory of Landscapes in Sweden (NILS)27, for which extensive data 
on land cover, land use and landscape structure spanning 18 years (2003–2020) are available (https://landskap.
slu.se/nils/dv). Malaise traps were set up within a radius of 5 km from the closest NILS sampling plot. A total of 
203 Malaise traps were deployed within six major habitats across 100 sites: 102 traps in forests, 33 in croplands, 
26 in wetlands,16 in grasslands, 14 in alpine and 12 in urban areas (Fig. 1). The proportion of Malaise traps by 
habitat is representative of the contribution of each habitat type to the overall Swedish landscape (Table 1), with 
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down-weighting of the most common habitat (forests, which account for 60% of the landscape according to 
NILS) and some up-weighing of the remaining, sparser habitats (croplands and wetlands, which account for 8% 
of the landscape each; and urban sites and grasslands, which each account for 3% of the landscape). At 21 of the 
100 sampling sites, we implemented a hierarchical design by deploying up to 6 Malaise traps instead of one. In 
Sweden there were 12 multi-trap sites with between 2 and 6 traps, and in Madagascar there were 9 multi-trap sites 
with between 2–4 traps. Distances between Malaise traps at these multitrap sites ranged from 90 to 1200 meters, 
sampling two different habitats when possible (three Malaise traps per habitat). In Madagascar, sampling sites 
were associated with forested habitats located within protected areas only. In total we deployed 50 Malaise traps 
across 33 sites: 27 Malaise traps in rainforests (16 sites) and 23 Malaise traps in dry forests (17 sites) (Fig. 1). At 
eight of the 33 sites, we implemented a hierarchical design by deploying 3 traps within a single habitat. Distances 
between Malaise traps at these multitrap sites ranged from 100 to 4700 meters. Malaise traps were set up by a team 
of fieldworkers together with the trap managers at each site: 150 volunteers in Sweden and 107 local community 
members and park rangers in Madagascar. At the time of setting up the Malaise traps, trap managers were trained 
on how to set up and maintain the trap, retrieve the samples from the trap and collect metadata associated with 
the sampling event.

Standing characteristics and other abiotic data. At each Malaise trap location in Madagascar, we 
measured a set of standing characteristics. To assess tree density, we set up four 10 m long transects, one on each 
side of the trap, and measured the diameter at breast height (DBH) of all trees with its roots or stem within 10 cm 
of the transect. For multi-stemmed trees, we measured only the DBH of the largest stem. We included measure-
ments for trees, lianas (L), palms (P) and ferns (F). We also measured the circumference of all trees with a DBH 
larger than 30 cm within a 10 m radius of the Malaise trap. Finally, we measured canopy cover at each Malaise trap 
location by taking five photographs of the canopy at 2 meters height straight up to the canopy. One photograph 
was taken at the center of the Malaise trap and the other four photographs were taken five meters away from the 
trap, one on each side of the trap. Each photograph was analysed with ImageJ software to get a percentage of 
canopy cover.

Fig. 1 Sampling sites for Sweden (left) and Madagascar (right). Sampling sites with multiple Malaise traps 
(multitrap sites) are depicted with filled circles and single trap sites with filled triangles. Colours of each 
point denote the habitat the trap was placed in. In Sweden, a total of 203 Malaise traps were placed across 100 
sampling sites: 102 traps placed in forests, 33 in croplands, 26 in wetlands,16 in grasslands, 14 in alpine and 12 
in urban areas for Sweden. For multitrap sites only the main habitat sampled is shown (to see all habitat sampled 
at these locations please check ´sites_metadata´ file available at Figshare60. In Madagascar, sampling sites were 
associated with forested habitats located within protected areas only. Fifty Malaise traps across 33 sites were 
deployed: 27 Malaise traps in rainforests (16 sites, denoted in white) and 23 Malaise traps in dry forests (17 sites, 
denoted in black). Background map colour illustrates elevation.
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At each Malaise trap location for both Sweden and Madagascar we also measured soil nutrients and soil pH. 
Topsoil (0–20 cm) was sampled at 5 sites around each Malaise trap: one soil core (6 cm diameter) at the center 
of the trap and one soil core on each of the four “sides” of the trap, five meters away from the trap. Soil samples 
were taken as composite samples from the five locations. At each site, prior to taking the soil cores, we measured 
leaf litter depth using a ruler and soil humidity with the SM150 soil moisture kit, Delta-T, United Kingdom. 
Soil samples from Sweden were sent to Eurofins to measure the following macronutrients: AL-extractable P, 
K, Mg and Ca; NH4; NO3; K/Mg ratio and mineral N (Nmin). The concentrations of soil nutrients are pre-
sented as mg·100 g−1 air-dry sieved soil (<2mm). Soil samples from Madagascar were sent to the Laboratoire 
des Radioisotopes, Madagascar, to measure the following macronutrients: organic C (g/Kg), total N (g/Kg), total 
P (g/Kg), exchangeable K (cmol/Kg), exchangeable Ca (cmol/Kg) and exchangeable Mg (cmol/Kg).

Sampling for biotic characterization. Malaise trap samples. Arthropods were collected in individually 
barcoded bottles pre-filled with 400 mL of 95% ethanol attached to each Malaise trap. To facilitate the recording 
of metadata associated with each sampling event, trap managers used a mobile application specifically designed 
for the project. The app allowed scanning the individually barcoded Malaise trap and sample bottle at the time of 
collection so that each sampling event was automatically associated with a specific trap. When the barcode of each 
sample was scanned, the app automatically registered the GPS coordinates and the date and time of the collection 
event in addition to any other metadata manually inserted by the user, such as the trap condition at collection. 
In Sweden, Malaise traps were active between January and December 2019. Samples were collected every week 
during spring to autumn (March/April to September/October depending on latitude) and monthly or bi-weekly 
in the winter (October/November to March/April, depending on latitude). In the northern part of the country, 
we did not collect at all during the winter months, when snow and strong winds prevented proper operation of 
the traps. The sampling strategy was based on previous experiences from the Swedish Malaise Trap Project22, and 
was deemed to result in minimal loss of sampled specimens and an acceptable loss of phenological resolution. 
The effort resulted in 4,753 insect community samples from Sweden. In Madagascar, Malaise traps were active 
between August 2019 and July 2020. Samples were collected every week throughout that period, resulting in 2,566 
insect community samples. Every fourth sample from each trap location (638 samples in total, roughly one sam-
ple per month), was left at the Madagascar Biodiversity Center (https://www.madagascarbio.org/) to help build 
a natural history collection of Malagasy insects in the country of origin. The remaining samples were shipped to 
Sweden for DNA extraction and metabarcoding as described below.

Soil and litter samples. Soil and leaf litter arthropod communities were sampled during the growing season 
(26th of June 2019 to 27th of July 2019) at each Malaise trap location in Sweden. Leaf litter arthropod commu-
nities were sampled by collecting a total volume of 1 L of leaf litter from five different sites around each Malaise 
trap, 2.5 meters away from the nearest extremity of the trap. Soil arthropod communities were sampled using 
soil cores (5.5 cm diameter) with a depth of 10 cm at exactly the same five sites where litter samples were taken. 
The five soil core samples from each Malaise trap location were pooled and mixed by hand immediately after 
collection, then stored in a cool place. Within 48 h after collection, living arthropods were extracted from soil 
and litter samples over a period of 96 hours using Berlese funnel35. In brief, arthropods were extracted by placing 
the soil samples in metal net baskets (1.5 mm mesh) in the top of stainless metal funnels (diam. 18 cm). Twenty 
funnels were placed together on a wooden board with holes for the funnels. Approximately, 17 cm above the fun-
nels, a heating plate (max 950 watt, starting at 25% and gradually increasing to 75%) were switched on to create 
a heat gradient and LED-lamps were switched on to provide light. To cause the arthropods to exit the substrate 
before being trapped in the dried-out structure, we gradually increased the temperature over the first 24 hours 
to a temperature of 52 °C. This temperature was then held constant for the remaining 72 hours. Arthropods were 
collected directly into 100 mL plastic bottles filled with 95% ethanol. Leaf litter arthropod communities were 
also sampled at each Malaise trap location in Madagascar. Here we collected four samples in each direction of 

Habitat

Area Malaise traps

m2 % n %

alpine 170195 8 14 7

aquatic 205368 9 0 0

croplands 163551 8 33 16

forest 1294787 60 102 50

grasslands 64772 3 16 8

substrate 14430 1 0 0

urban 74943 3 12 6

wetlands 177123 8 26 13

Total 2165170 100 203 100

Table 1. Number (n) and proportional representation (%) of Malaise traps per habitat and area (m2) and 
proportion (%) of each habitat in Sweden. Data on area of each habitat was retrieved from the National 
Inventory of Landscapes in Sweden (NILS) 27. Note that area presented here does not correspond to the total 
area of habitats present in Sweden but only to the sampled habitat plots in NILS. Habitats “substrate” and 
“aquatic” were not sampled in this project as they were not suited for Malaise trap nor soil or litter sampling.
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the Malaise trap (back, front, left and right), five meters away from it. Leaf litter sampling involved sifting and 
concentrating 2 L of leaf litter from a 1 m2 square using a Winkler-sifter. Before sifting, the leaf litter was minced 
with a machete to dislodge any insects hiding in the twigs or decayed logs. After sifting, the leaf litter was stored 
in a cloth bag before extracting the arthropods. Within 12 hours of sampling, living arthropods were extracted 
at ambient temperature overnight into a 100 mL bottle filled with 95% ethanol using a mini-Winkler extractor 
for a total of 12 hours36.

DNA extraction. Malaise trap samples. DNA was extracted from Malaise trap samples using both 
non-destructive (mild lysis and preservative ethanol) and destructive methods (homogenization) (Fig. 2).

 (1) Mild lysis: DNA was extracted from 6,483 Malaise trap samples (4,560 from Sweden and 1,923 from Mad-
agascar) using a non-destructive mild-lysis protocol (FAVIS protocol, steps 1-1729). In brief, ethanol was 
first decanted from each sample and insect wet biomass was measured. Lysis buffer, proteinase K and bio-
logical spike-ins (specimens from foreign species, i.e., species that don’t occur in the respective countries) 
were added and samples were incubated for 2h45m at 56 °C in a dry shaking incubator. After the incuba-
tion period the lysate was drained and each insect community was remixed with the previously-decanted 
ethanol for long-term storage. DNA was purified from 225 μL of lysate using silica-coated magnetic beads 
with the KingFisher Cell and Tissue DNA kit on a KingFisher Flex 96 robot (both Thermo Scientific, Ther-
moFisher Inc, United States of America) according to manufacturer instructions. After DNA purification, 
DNA extracts from 12 samples in each 96-well plate were quantified using Qubit™ dsDNA HS Assay Kit 
on a Qubit Fluorometer (Invitrogen™, Thermo Scientific, ThermoFisher Inc, United States of America). 
DNA concentration of those samples is available as Supplementary Table S1. The list and number of biolog-
ical spike-ins added in each country (SE and MG) can be retrieved at from Figshare37.

 (2) Homogenization: Approximately every fourth sample collected at each sampling site in Sweden (n = 873) 
was further processed using a destructive homogenization protocol30 after mild lysis. In brief, after 
decanting preservative ethanol we homogenized each bulk sample into an “arthropod soup” using the 
ULTRA-TURRAX® Tube Drive P, IKA®-Werke GmBH & Co. KG, Germany. For the homogenization we 
used single use DT-50 Dispersing tubes. After homogenization, the entire “arthropod soup” was digest-
ed with lysis buffer and proteinase K for 2h45min at 56 °C in a dry shaking incubator. To make sure that 
we used all available DNA from each sample, we combined the homogenate with the respective lysate 
obtained during mild lysis before proceeding with DNA purification. At this time we also added a stand-
ardized amount (5 million copies) of two synthetic oligonucleotide sequences (synthetic spike-ins) to each 
homogenate aliquot. Synthetic spike-ins were produced as described in Iwaszkiewicz-Eggebrecht et al.38 
and their sequences can be found at Figshare37. DNA was purified from a 225 µL subsample of homogenate 
using silica-coated magnetic beads with the KingFisher Cell and Tissue DNA kit on a KingFisher Flex 96 
robot (both Thermo Scientific, ThermoFisher Inc, United States of America) according to manufacturer 
instructions. After DNA purification, DNA extracts from 12 samples (including positive and negative 
controls) in each 96-well plate were quantified using Qubit™ dsDNA HS Assay Kit on a Qubit Fluorometer 
(Invitrogen™, Thermo Scientific, ThermoFisher Inc, United States of America). DNA concentration of 
those samples is available as supplementary material (Dataset 1).

 (3) Preservative ethanol: For 15 Malaise trap samples we also extracted DNA from the preservative ethanol 
(prior to mild lysis and homogenization). Ethanol was first decanted from each sample as described in step 
7 of the FAVIS protocol29. The decanted ethanol was then manually filtered using a Millipore® Sterivex™ 
filter unit (pore size of 0.22 μm) (Merck KGaA, Germany). After filtration, DNA was lysed inside the 
Sterivex™ unit by adding 540 µl of lysis buffer (ATL, Qiagen, Germany) and 60 µl proteinase K (Qiagen, 
Germany) and incubating the unit at 56 °C overnight. DNA was transferred from the Sterivex™ unit into 
a DNeasy® Blood and Tissue Kit column (Qiagen, Germany) for purification, following manufacturer 
instructions.

Soil and litter samples. Arthropod litter samples from Madagascar were processed using the same mild lysis 
protocol used for the Malaise samples described above, with the exception of not adding biological spike-ins 
to the samples. For Sweden, we used a 1 mm wire-sieve to separate each sample (from soil or litter) into two 
components based on size: the macrofauna subsample, composed mainly of adult and larval Coleoptera, and 
the mesofauna subsample, dominated by mites and springtails. To remove debris and dirt accumulated in the 
mesofauna subsamples, we processed them further using a combination of flotation in distilled water, adapted 
from the Flotation-Berlese-Flotation protocol in39,40, followed by vacuum pump filtration (41 µm nylon filter). 
DNA was extracted separately from the macrofauna and the mesofauna subsamples using the Thermo Scientific 
KingFisher Cell and Tissue DNA Kit, ThermoFisher Inc, United States of America. Ethanol was first dried from 
each subsample in a dry incubator at 40 °C for 4-5 hours. After drying, specimens were manually homogenized 
with a pestle in a 50 mL single use falcon tube and lysed overnight at 56 °C by adding 800 µL of lysis buffer and 
100 µL of proteinase K (provided in the Kingfisher Cell and Tissue DNA kit). After each use pestels were ster-
ilized by washing in a 10% bleach bath for 15 minutes, followed by rinsing with water. DNA was then purified 
from a 225 µL aliquot of homogenate using silica-coated magnetic beads with the KingFisher Cell and Tissue 
DNA kit on a KingFisher Flex 96 robot (both Thermo Scientific, ThermoFisher Inc, United States of America) 
following manufacturer instructions. DNA extracts of all samples were quantified using Qubit dsDNA HS Assay 
Kit on a Qubit Fluorometer (Invitrogen™, Thermo Scientific, ThermoFisher Inc, United States of America), and 
the original sample was reassembled by combining DNA extracts from each subsample pair in a ratio of 1:10 
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(amount of DNA of macrofauna: amount of DNA of mesofauna). This minimizes the bias in the sequencing 
depth due to biomass differences between the two components of each sample39,40.

Library preparation and sequencing. To characterize arthropod communities, we amplified 
a 418 bp fragment of the mtDNA cytochrome c oxidase subunit 1 (CO1) gene, using the purified DNA 
extracted from the Malaise trap samples (lysates, homogenates and preservative ethanol) and soil and lit-
ter samples. Each bulk sample was metabarcoded using a two-step PCR approach for library preparation 

Fig. 2 Schematic representation of sample processing and bioinformatic pipeline. Malaise trap sample 
processing in the lab (left panel). DNA was extracted from (A) the ethanol filtered from malaise trap samples; 
(B) the lysates using the FAVIS mild lysis protocol29; and (C) the homogenates30. Before lysis, biological spike-
ins and synthetic spikes were added to the samples in B and C, respectively. After lysis, DNA was purified 
using silica-coated magnetic beads with the KingFisher Cell and Tissue DNA kit on a KingFisher Flex 96 
robot (1). After DNA purification, a 418 bp fragment of the mtDNA cytochrome c oxidase subunit 1 (CO1) 
gene was amplified using a 2-step PCR approach. In the first step (2), the target region was amplified using 
broad-spectrum primers BF3 CCHGAYATRGCHTTYCCHCG42 and BR2 CDGGRTGNCCRAARAAYCA43. 
In the second step (3), indexes were added and Illumina adapters completed. Samples were pooled and library 
pools were sequenced on a NovaSeq 6000 instrument using the ‘NovaSeqXp’ workflow in ‘SP 500-cycle’ flow 
cells, with 384 double-uniquely indexed samples per lane. Schematic representation of processing sequence 
data from raw reads to ASV clusters (right panel). Briefly, paired end reads were trimmed in a series of steps 
using the program cutadapt47 and filtered to retain only sequences that were between 403 and 418 nt in length 
(in incremental steps of 3 nt) and that did not contain any in-frame stop codons. Preprocessed reads were 
then denoised using DADA249 to infer amplicon sequence variants (ASVs). The ASVs were then processed 
using the HAPP pipeline31 to taxonomically annotate the ASVs (using SINTAX classifier and a purposely built 
CO1 database). Taxonomic assignments obtained from SINTAX were refined using phylogenetic methods 
with EPA-NG55 into an insect phylogeny56, followed by taxonomic assignment with gappa57. ASVs were then 
clustered into OTUs using Swarm59. Finally, the clustered data was cleaned from NUMTs and other types of 
noise using the NEEAT algorithm31.
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(method 4 of41). In the first step (PCR 1), the target region was amplified using broad-spectrum primers BF3 
CCHGAYATRGCHTTYCCHCG42 and BR2 CDGGRTGNCCRAARAAYCA43. The primers were supplemented 
with 5′-end Illumina sequence adapters (forward: ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′, 
reverse: 5′-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT). To increase the complexity of the libraries, 
each primer was further complemented with variable length inserts (TGA, GA, A, or no base for the forward 
primer, and GAT, AT, T, or no base for the reverse primer)between the adapter sequence and the target-binding 
region, generating phased primers in equal proportions44,45. PCR 1 reactions were carried out in a final reaction 
volume of 40 μL containing 20 μL Qiagen, Germany, Multiplex PCR Master mix, 1 μM of each primer, and 4 μL 
of template DNA (for mild lysis and preservative ethanol samples). As the DNA concentration for homogen-
ates was relatively higher, the PCR reactions were carried out in a final volume of 10 μL with 1 μL of template 
DNA. The PCR conditions were 95 °C for 15 min, 25 cycles of 94 °C for 30 s, 50 °C for 90 s and 72 °C for 90 s, 
followed by a final elongation step of 72 °C for 10 min. PCR 1 products were cleaned with magnetic beads 
(Carboxyl-modified Sera-Mag Magnetic Speed-Beads, Hydrophobic, CYTIVA), using 2/1 (v/v) magnetic beads 
to sample ratio. In the second step (PCR 2, indexing PCR), indexes were added and Illumina adapters completed. 
The indexing primer design followed the Adapterama scheme41,46 with 10 bp indexes as follows: index i5 (for-
ward): AATGATACGGCGACCACCGAGATCTACACxxxxxxxxxxACACTCTTTCCCTAC index i7 (reverse): 
CAAGCAGAAGACGGCATACGAGATxxxxxxxxxxGTGACTGGAGTTCAG. Libraries were double-uniquely 
indexed - in other words, each forward and each reverse index was used for only one library in a given sequenc-
ing lane. PCR 2 conditions were 95 °C for 15 min, 7 cycles of 94 °C for 30 s, 50 °C for 90 s and 72 °C for 90 s, 
followed by a final elongation step of 72 °C for 10 min. To form the sequencing pool, all samples were pooled 
approximately equimolar based on the intensity of the band in an agarose gel, and the resulting sample pool was 
then purified with the Promega ProNex® Size-Selective Purification System, using 1/1.5 (v/v) pool to magnetic 
beads ratio. The quality of the library pool was then checked with an Agilent DNA High Sensitivity Kit on a 2100 
Bioanalyzer instrument (Agilent Technologies). Library pools were sequenced on a NovaSeq 6000 instrument 
using the ‘NovaSeqXp’ workflow in ‘SP 500-cycle’ flow cells, with 384 double-uniquely indexed samples per lane, 
or a total of 768 libraries per flow cell (8 × 96 well plates). This sequencing was performed at the Swedish National 
Genomics Infrastructure (NGI) at SciLifeLab (Solna, Sweden). The detailed step-by-step protocol can be found in29.

processing sequencing data. Sequences were preprocessed (read trimming and filtering) using a 
Snakemake workflow available at Github: https://github.com/biodiversitydata-se/amplicon-multi-cutadapt. In 
this workflow, paired end reads were trimmed in a series of steps using the program cutadapt47 (v3.1):

 1. Discard all reads with the Illumina TruSeq adapters in either the 5’ or 3’ end of sequences.
 2. Search for and trim primer sequences from the start of reads in R1 and R2 files using forward and reverse 

primers, respectively. Remove any untrimmed reads. This step is done with additional settings ‘–no-indels’ 
and ‘-e 0’ in order to only accept perfect matches.

 3. Discard any remaining reads that still contain primer sequences.
 4. Trim reads to a fixed length. This length is calculated by subtracting the length of the longest primer from 

the read length defined by the ‘expected_read_length’ parameter under the cutadapt: section in the config 
file (default value is 251).

Reads were then filtered to retain only sequences that were between 403 and 418 nt in length (in incremental 
steps of 3 nt) and that did not contain any in-frame stop codons. Preprocessed reads were denoised using the 
nf-core/ampliseq Nextflow workflow48 (v2.4.0) which uses the DADA2 algorithm49 to infer amplicon sequence 
variants (ASVs) from the preprocessed reads. Due to the indexing scheme used with unique dual indexes per 
sample it was not necessary to perform per-sample abundance filtering to correct for mistagging50,51.

The ASVs were then processed using the HAPP pipeline (https://github.com/insect-biome-atlas/happ) 
described separately31 to taxonomically annotate the ASVs, remove chimeras, cluster the ASVs into OTUs, 
and remove NUMTs and other noise from the data. Specifically, ASVs were taxonomically annotated using 
SINTAX52, as implemented in vsearch53, against a custom-made reference CO1 database available at Figshare54. 
This reference database was assembled from sequences in the BOLD database34 as follows. Firstly, nucleotide 
sequences and metadata linking record ids to BOLD BINs were downloaded from the GBIF Hosted Datasets 
(ibol_2022_01_17.zip). This was merged with taxonomic information for BOLD BINs obtained from the 
GBIF backbone (backbone.zip from 2022-11-23). The data was then filtered to only keep records annotated as 
‘CO1-5P’ and assigned to a BOLD BIN ID. The taxonomic information was parsed in order to assign species 
names and resolve higher-level ranks for each BOLD BIN ID. Sequences were processed to remove gap char-
acters and leading and trailing ‘N’s. After this, any sequences with remaining non-standard characters were 
removed. Sequences were then clustered at 100% identity using vsearch. This clustering was done separately 
for sequences assigned to each BOLD BIN ID. These steps were implemented in a Python package called coidb, 
available at Github https://github.com/insect-biome-atlas/coidb. Taxonomic assignments obtained from the 
kmer-based SINTAX classifier were refined using phylogenetic methods. Specifically, ASV sequences classi-
fied as Insecta or Collembola (class) but unclassified at order level by SINTAX were reassigned by phyloge-
netic placement with EPA-NG55 into an insect phylogeny56, followed by taxonomic assignment with gappa57. 
Assignments obtained this way were used to update the SINTAX taxonomy, but only at the order level, leaving 
child ranks with the ‘unclassified’ prefix.

Following taxonomic assignments ASVs were further processed to remove chimeras with uchime58 and the 
remaining non-chimeric sequences were clustered using Swarm59 (v3.1.0) with setting ‘-d 15’. To choose the 
best setting for Swarm we evaluated the performance of different settings by calculating precision and recall 

https://doi.org/10.1038/s41597-025-05151-0
https://github.com/biodiversitydata-se/amplicon-multi-cutadapt
https://github.com/nf-core/ampliseq
https://github.com/insect-biome-atlas/happ
https://hosted-datasets.gbif.org/ibol/
https://hosted-datasets.gbif.org/datasets/backbone/
https://github.com/insect-biome-atlas/coidb


8Scientific Data |          (2025) 12:835  | https://doi.org/10.1038/s41597-025-05151-0

www.nature.com/scientificdatawww.nature.com/scientificdata/

values in Sundh et al.31. In the datasets, we provide taxonomic assignments for all ASVs using several different 
approaches. We also provide consensus annotations for OTU clusters using an abundance-based consensus 
approach. For each cluster, starting from the lowest rank (BOLD BIN here), each unique taxonomic name was 
weighted by the sum of reads across samples and ASVs with said name. These sums were then normalized 
to percentages. If a single taxonomic name made up at least 80%, then that name was assigned to the cluster, 
including the assignments of parent ranks. If no single name reached the 80% consensus threshold, the process 
was iterated for the parent rank. Ranks for which no consensus could be reached were prefixed with ‘unresolved.’ 
followed by the name of the most resolved consensus taxonomy. Using this procedure, it is, in theory, possible 
that OTUs are assigned a consensus taxonomic label from an unclassified ASV, or to an ASV with an ambiguous 
name. However, this happens very rarely in practice. Out of the 33,989 OTUs in the Swedish dataset, only 282 
(0.8%) get an unclassified species level assignment even though an ASV with a properly assigned species label is 
present in the same OTU. For Madagascar this happens for 0.1% (77) of the 77,599 OTUs. For each cluster, the 
ASV sequence with the highest median of normalized read counts across samples was selected as representatives 
of the cluster. Ties were broken by taking the ASV with the highest mean.

The clustered data was further cleaned from NUMTs and other types of noise using the NEEAT algorithm, 
which takes taxonomic annotation, correlations in occurrence across samples (‘echo signal’) and evolutionary 
signatures into account, as well as cluster abundance31. We used default settings for all parameters in the evolu-
tionary and distributional filtering steps, and removed clusters unassigned at the order level and with less than 
three reads summed across each dataset. Additionally, we removed clusters present in more than 5% of blanks.

Biomass and count data. To allow an assessment of how the wet biomass of a Malaise trap sample trans-
lates to the number of specimens, we counted all the specimens for 24 Malaise trap samples from Sweden. We 
complemented these data with wet biomass estimates and specimen counts for 224 Malaise trap samples from a 
separate Swedish Malaise trapping campaign in 2018–2019, the Swedish Insect Inventory Project (SIIP).

The data (Fig. 3) show that the number of specimens is only approximately proportional to the biomass of a 
sample (linear model without intercept, adjusted R2 0.81; Fig. 3a). Specifically, there is a slight tendency for the 
larger samples (in terms of biomass) to contain more specimens than if the relation was strictly proportional, as 
shown in a log-log model (R2 0.79, regression coefficient 1.09 ± 0.04; Fig. 3b). Fitting a linear model with inter-
cept does not support the alternative explanation of a constant amount of alcohol residue causing this (adjusted 
R2 0.69, intercept positive and not negative as expected under the hypothesis). Using the proportional model, the 
Swedish Malaise trap material is estimated to contain 7.0 M specimens, and the Madagascar material 1.7 M spec-
imens. Accounting for the deviation from proportionality by applying the log-log regression equation to each 
sample separately, the Swedish material is instead estimated to contain 5.6 M specimens and the Madagascar 
material 1.2 M specimens.

Data records
The raw sequencing data (including the primer sequences) generated in this study are available at the European 
Nucleotide Archive (ENA) under study accession number PRJEB6110960. Processed sequencing data including 
raw ASV sequences in FASTA format and ASV count files that contain the counts of each ASV (rows) in each 
sample (columns) are available at Figshare37. These data are organized by country (Sweden/Madagascar) and 
contains ASVs generated from Malaise trap samples (lysates, homogenates and preservative ethanol) and soil 
and litter samples, together with ‘sites_metadata’, ‘samples_metadata’, ‘sequencing_metadata’ and ‘spike_ins_
metadata’ files. The same repository also contains datasets describing standing characteristics (‘stand_charac-
teristics_MG.tsv’) and soil chemistry (‘soil_chemistry_SE.tsv’ and ‘soil_chemistry_MG.tsv’) collected at each 
Malaise trap location, as well as data on biomass and specimen counts (biomass_count_IBA.tsv and biomass_
count_SIIP.tsv).

Processed ASV data include ASV files after taxonomic annotation with SINTAX and phylogenetic reassign-
ment (‘asv_taxonomy.tsv’), sequences in FASTA format based on the representative ASV (see above) for each 
cluster (‘cluster_reps.fasta’), ASV cluster designations and taxonomy (‘cluster_taxonomy.tsv’), consensus taxon-
omy of clusters (‘cluster_consensus_taxonomy.tsv’) and summed ASV counts for each cluster (‘cluster_counts.
tsv’). These data are available at Figshare61. In the same repository we also provide taxonomy and count files for 
OTUs remaining after NEEAT filtering and cleaning to remove OTUs present in control samples.

We also provide an earlier upload of raw ASV data with corresponding metadata files in Figshare62. This 
upload contains ASVs from Malaise trap samples processed with mild lysis only, with the exception of 15 sam-
ples for which we also provide data from homogenates and preservative ethanol. These data were processed 
using an earlier version of the bioinformatic processing workflow, and we also provide the data resulting from 
this effort63. In this version, Swarm was run with setting ‘-d 13’, taxonomic re-assignment of ASVs using the 
insect phylogeny was not performed and removal of NUMTs and other potential noise was done using only tax-
onomic and abundance information. In summary, in this version of the workflow we removed ASVs present in 
more than 5% of blanks, ASVs unassigned at the family level, and clusters with less than 3 total counts summed 
across each dataset. For the Madagascar dataset, very few ASVs could be reliably assigned a taxonomy below 
the order level. Consequently, for the Madagascar dataset in this version we did not remove ASVs unassigned at 
the family level during the cleaning steps. In this version, homogenate samples from Sweden and soil and litter 
samples from both Sweden and Madagascar were not included, because they were unavailable at the time.

The data files provided contain ASVs that represent biological spike-ins. Specifically, the biological spike-ins 
used in Swedish datasets (lysates and homogenates) are Gryllodes sigillatus (Orthoptera: Gryllidae; in our data-
sets, the annotation of this taxon is Gryllodes supplicans; the reason is that this is the name used by GBIF for 
the matching CO1 sequences), Gryllus bimaculatus (Orthoptera: Gryllidae), Shelfordella lateralis (Blattodea: 
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Blattidae), Drosophila serrata, Drosophila bicornuta and Drosophila jambulina (all Diptera: Drosophilidae; D. 
jambulina is annotated as ‘unclassified.Drosophila’ in our datasets due to name ambiguity in the annotation 
of the corresponding BIN in BOLD). The spike-ins used for Madagascar datasets (lysates) are Orius majuscu-
lus (Hemiptera: Anthocoridae), Macrolophus pygmaeus (Hemiptera: Miridae), Delphastus pusillus (Coleoptera: 
Coccinellidae), Aphidius colemani (Hymenoptera: Braconidae) and Aphidoletes aphidimyza (Diptera: 
Cecidomyiidae). Homogenate samples (only available from Sweden) also contain synthetic spike-ins (raw 
homogenate data only).

The ASVs corresponding to the OTUs that remained after NEEAT filtering and cleaning, together with 
their counts and metadata, can also be accessed and viewed interactively through the ASV-portal (https://
asv-portal.biodiversitydata.se)64 at the Swedish Biodiversity Infrastructure (SBDI), as well as through the 
Global Biodiversity Information Facility (GBIF). In GBIF, the Swedish data can be assessed using https://
doi.org/10.15468/veahzb for the lysate65, https://doi.org/10.15468/af5cwp for the ethanol66, https://doi.
org/10.15468/awjycd for the homogenate67, and https://doi.org/10.15468/783jyb for the soil-litter dataset68–70, 
and the Madagascar data using https://doi.org/10.15468/6u5rum for the lysate and https://doi.org/10.15468/
pad7pc for the litter dataset. Here all ASVs (and their counts) are present rather than just OTU-representative ASVs.

technical Validation
Throughout all steps of sample processing, we used negative control samples to control for cross-sample contam-
ination. More specifically, we used negative controls during mild lysis and homogenization (‘buffer_blank’ and 
‘buffer_blank_art_spikes’), DNA purification (‘extraction_neg’) and library preparation (‘pcr_neg’). Negative 
control samples can be identified in column ‘lab_sample_type’ in the ‘sequencing_metadata’ files available at 
Figshare37.

NUMTs and other types of noise were removed from the clustered ASV results using the NEEAT-filtering 
algorithm described above and we examined the median number of OTUs and sum of reads in negative controls 
and samples before and after this filtering step. For Swedish samples the median number of OTUs was 296 and 
191, and the median sum of reads was 665k and 641k before and after filtering, respectively. For negative con-
trols these numbers were 3 and 1 OTUs and 100 and 20 reads before and after filtering, respectively.

Samples in the Madagascar dataset had a median of 292 and 146 OTUs, and a median of 490k and 248k 
summed reads before and after filtering, respectively. Negative controls in this dataset had a median of 3 and 1 
OTUs and 831 and 18 summed reads before and after filtering, respectively.

As part of data clean-up, it is usually advised to remove ASVs present in negative controls, or the maximum 
number of reads for those, from the entire dataset71. However, after careful inspection of our negative controls, 

Fig. 3 Linear regression between biomass of Malaise trap samples and the number of individuals (insect 
specimens). The data points are individual Malaise trap samples; the 224 black data points are from the SIIP 
project and the 24 red data points from the IBA project. The blue line is a fitted straight line with the 95% 
confidence interval marked in gray. The equations of the fitted lines are shown in blue. (a) The fitted line is 
forced through the origin, as the biomass is zero at zero individuals. The number of individuals per gram is 
estimated at 273 ± 17. The R-squared is 0.81. (b) The same dataset with logged axes. The slope is 1.09 + −0.07, 
that is, significantly larger than 1.0. This indicates that large samples (in terms of biomass) tend to have slightly 
more specimens in them than a strict proportional relationship between biomass and specimens would suggest. 
The R-squared is 0.79.
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we noticed that only a few ASVs were persistently showing up in control samples. The majority of ASVs seemed 
to be arthropod sequences that were present in the bulk samples, and also sporadically present in negative 
controls in relatively small numbers. This was presumably due to DNA spreading between samples through 
tiny droplets during sample processing, or to low-level of “index hopping”, leading to incorrect assignment of 
reads during sequencing, despite the use of double-unique indexes in library preparation72. Overall, this type 
of contamination was small and appeared random, leading us to the conclusion that removing all ASVs present 
in negative controls would impoverish the results without significantly improving quality. To ensure that we 
removed only true contaminants, we decided to filter out only those ASV clusters that showed up in more than 
5% of negative controls that were successfully sequenced.

For Sweden, only seven clusters fit these criteria. Five of these were yeasts or bacteria; the remaining two were 
Homo sapiens (assigned to H. neanderthalensis due to GBIF removal of human data), and Salticus scenicus (zebra 
spider, a jumping spider). The latter is common in the building where samples were processed.

For Madagascar, 23 clusters fit the criteria. In addition to bacteria, yeasts, a plant (wheat or barley) and 
Homo sapiens, there were 14 arthropod clusters: Allacma fusca, Entomobrya sp., Orchesella flavescens, O. 
cincta and Lepidocyrtus sp. (Collembola); Shelfordella lateralis (Blattodea); Nematopogon metaxella, Oligia sp. 
(Lepidoptera); Helina depuncta and Helina sp., Leptogaster cylindrica, Sciapus platypterus, Sericomyia sp. and 
Sylvicola stackelbergi (Diptera). Only Entomobrya sp. and H. depuncta occurred in more than 10% of control 
samples (13% and 12%, respectively). All of these clusters correspond to common species or spike-ins in the 
Swedish samples, which were processed before the Madagascar samples in the same lab. Many of them also 
occur in or around the building where samples were processed.

Some ASVs were assigned to a reference sequence in the BOLD database annotated as Zoarces gillii 
(BOLD:AEB5125), a fish found between Japan and eastern Korea. Closer inspection revealed that this was a 
mis-annotated bacterial sequence and ASVs assigned to this reference most likely represent bacterial sequences 
in our dataset. ASVs assigned to this species (232 ASVs in 55 OTUs for Sweden and 99 ASVs in 34 OTUs for 
Madagascar) were consequently removed. This record has been deleted from BOLD after our custom reference 
database was constructed.

After removal of OTUs present in > 5% of negative controls, as well as the Z. gillii OTUs, the median number 
of OTUs and median sum of reads in negative controls for both Sweden and Madagascar were zero. Samples 
in Sweden had a median of 189 OTUs and 640k total read counts, respectively. For Madagascar, samples had a 
median of 145 OTUs and 248k total read counts (Table 2).

To assess whether the sampling and sequencing design was sufficient to characterize insect diversity at dif-
ferent levels, we performed three separate analyses. We performed analyses to assess (i) whether sequencing 
depth was sufficient to detect most species present in an individual sample (ii) whether the number of traps per 
site was sufficient to characterize the site-level community, (iii) whether the number of sites was sufficient to 
characterize the fauna of the region (i.e., the entirety of Sweden, or all forests of Madagascar). To answer these 
questions, we used functionality from the ‘vegan’ R package73, specifically the ‘rarecurve’ (Fig. 4a,b) and ‘specac-
cum’ (Fig. 4c–f) functions.

To address the first question, we performed sample-level rarefaction on the sequencing depth of 10 random 
samples from both countries (Fig. 4a,b). This allowed us to examine whether the number of sequences was suffi-
cient to detect all species within a sample. As all curves level off before 500,000 reads, the average of 1.24 million 
reads per sample (median = 1.09) was more than sufficient to detect the vast majority of species.

Within-site sampling efficiency was assessed using samples from sites that contained more than one trap 
(multitrap sites in Fig. 1). To achieve this, we iteratively increased the number of traps representing each site and 
constructed species accumulation curves from samples pooled across all sites. For each iteration, we randomly 
sampled 20 permutations of N traps from each site (N = 1:6 traps per site for Sweden, N = 1:4 traps per site for 
Madagascar). For example, at the first iteration (N = 1) a single permutation consisted of sampling one random 
trap per site - representing the lowest level of survey effort. In the second iteration (N = 2), a single permutation 
consisted of two random traps per site. When N was equal to the maximum number of site-level traps (i.e., we 
were using the full sample), only one permutation was possible. For each permutation of traps, data was pooled 

Dataset Output type Sample type OTUs Sum of read counts

Sweden

Swarm
Sample 296 665348

Negative control 3 100

NEEAT-filtered
Sample 191 640509

Negative control 1 20

Cleaned
Sample 189 640475

Negative control 0 0

Madagascar

Swarm
Sample 292 490458

Negative control 3 831

NEEAT-filtered
Sample 146 247892

Negative control 1 18

Cleaned
Sample 145 247892

Negative control 0 0

Table 2. Median number of OTUs and sum of read counts.
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and a species accumulation curve was constructed. Within each iteration (i.e., for each level of survey effort), 
the mean of the permutation-level curves was then taken to find the average species detection rate across sam-
pling intensities. This analysis allows us to examine if, on average, more site-level sampling (i.e., traps) results 
in increased species detection. If lower within-site survey effort produces fewer species detections, we would 
expect lower intensities to produce less steep accumulation curves. Despite the close proximity of sampling 
locations at multi-trap sites and long sampling period of the survey, the trajectories of each species accumulation 
curve in panels 4 C and 4D demonstrate that, on average, more traps per location generally detected a consider-
ably larger number of species, suggesting that even more detailed sampling at the site-level would be required to 
better characterise the annual invertebrate fauna in both countries.

Finally, at the country level, our analyses show that for Sweden, the total number of surveyed sites was bor-
dering on sufficient to capture most species richness, that can be captured with Malaise traps, across the country, 

Fig. 4 Results from the technical validation exercise to demonstrate sufficiency of the sequencing depth and the 
spatial sampling design to capture arthropod diversity in Sweden and Madagascar. Rarefaction curves illustrate 
cluster (species) accumulation with increasing sampling depth for 10 random samples in Sweden (a) and 
Madagascar (b). Accumulation of species with an increasing number of traps for Sweden (c) and Madagascar 
(d). Each individual line represents the average accumulation of species given a specified site-level survey 
effort, that is, traps per site (indicated by colour). The X-axis (total number of traps), represents the pooled trap 
number across all multi-trap sites. Accumulation of species with increasing spatial sampling effort (number of 
sites) for Sweden (e) and Madagascar (f).
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as the curve begins to level off at higher sampling site numbers (Fig. 4e). However, for Madagascar, the analysis 
suggests that 33 sites were still not sufficient to fully capture nation-wide species richness (Fig. 4f).

In terms of taxonomic composition, the Malaise trap datasets are distinctly different from the soil and litter 
samples (Figs. 5 and 6). Malaise trap samples are dominated by Diptera and Hymenoptera in both countries, 
even though the Diptera are more prominent and the Hymenoptera less so in Madagascar. These orders are fol-
lowed by the remaining three major insect orders (Coleoptera, Lepidoptera, and Hemiptera). Other arthropods 
constitute a relatively small proportion of the diversity. In the soil and litter samples, mites and spiders constitute 
a larger fraction of the diversity, particularly in Sweden. Among the insects, the bristletails (Entomobryomorpha 
and Poduromorpha) are also considerably more prominent than in Malaise trap samples. These patterns largely 
agree with expectations and suggest that the data properly reflects the diversity of the sampled faunas8,22,23,74.

The precision and accuracy of the Swedish data are evaluated in31 as part of the methods development effort, 
and in more detail for Swedish Lepidoptera (butterflies and moths) in75. Thanks to a long tradition of naturalists 
and the relative completeness of the reference libraries, the Swedish insect fauna permits powerful tests of the 
quality of the data from the Insect Biome Atlas project.
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Fig. 5 Order-level taxonomic composition of the IBA datasets (number of OTUs). (a) Swedish Malaise trap 
samples. (b) Malagasy Malaise trap samples. (b) Swedish soil and litter samples. (d) Malagasy litter samples. 
The bar plots show the top ten insect (Hexapoda) orders, and the top five other arthropod orders. Note that the 
Swedish datasets represent more intense sampling (four times as many samples) of a less diverse fauna than the 
Malagasy datasets. Also note that the Malagasy litter data does not include any soil samples, in contrast to the 
Swedish data.
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The 1,705 Lepidoptera OTUs found in Swedish Malaise trap samples (using version 1 of the data processing 
pipeline on lysates only) matched 1,535 unique species previously known from Sweden and included a number 
of tentative new species records75. This suggests an over-splitting rate of less than 10%. The data covered 51% 
of the species ever recorded from the country, and 57% of the permanent resident species; the coverage was 
roughly the same across Lepidoptera families. Full-length barcoding of individual specimens representing 10 
of the clusters that did not match known Swedish species confirmed that eight of them represented new species 
for the country or to science, or new and previously unknown CO1 variants at genetic distances that typically 
signal unique species.

Similar analyses across all families of Swedish insects also indicate good accuracy and precision of the pro-
cessed IBA data31. After chimera removal, clustering with swarm had a precision of 0.98 and a recall of 0.91 
when assessed against the species annotation of the ASVs. That is, the clusters were highly consistent with tax-
onomy, but there was a slight tendency towards over-splitting as shown by the lower recall values. A considerable 

Fig. 6 Order-level taxonomic composition of samples. Swedish (a) and Malagasy (b) Malaise trap samples, 
Swedish soil and litter samples (c), Malagasy litter samples (d). Displayed are the Arthropod taxonomic trees 
with each tip representing an order. Major clades are highlighted across this tree. The inner ring around each 
order represents the base 10 logarithm of the total number of reads for each order and the outer ring represents 
the base 10 logarithm of the total number of assigned OTUs. For clarity, only orders with at least 100 reads are 
displayed.
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amount of this over-splitting disappeared after noise removal with the NEEAT algorithm. In the cleaned data, 
the vast majority of well-known Swedish insect families are represented by fewer clusters than described species, 
with only a few instances apparently representing substantial over-splitting. Many families are represented by 
slightly more than half of the recorded number of species, suggesting that the quality of the data is similar to that 
of Lepidoptera. The over-splitting of Orthoptera, an order notorious for its rampant NUMTs, is considerably 
lower in the IBA data than in comparable datasets76.

Usage Notes
The primers used for amplification were not removed from raw sequencing data and are therefore part of the 
reads deposited at the ENA60. The biological and synthetic spike-in sequences are also part of the raw data 
deposited at ENA. The clusters corresponding to spike-ins were not removed during the bioinformatic process-
ing, so they are also included in the cleaned cluster data. The relationships between the metadata and ASV files 
are visualized in the simplified data model shown in Fig. 7. The sample names used in the ASV and clustered 
files refer to the ‘sampleID_NGI’ field in the corresponding ‘sequencing_metadata’ file for each country (‘CO1_
sequencing_metadata_SE.tsv’ and ‘CO1_sequencing_metadata_MG.tsv’). To retrieve metadata information 
about the original sample from which ASV data were obtained, you need to use the corresponding ‘sequenc-
ing_metadata’ file to identify the ‘sampleID_FIELD’ associated with the ‘sampleID_NGI’ that the ASV data 
refers to. Once you have the ‘sampleID_FIELD’ information, you can then use column ‘sample_metadata_file’ to 
identify the ‘samples_metadata’ file where all metadata associated with that specific sample (e.g., ‘placing_date’, 
‘placing_time’, ‘biomass’, ‘trapID’, etc) is stored. From the ‘sites_metadata’ files you can retrieve all information 
associated with the sampling sites (e.g., ‘latitudeWGS84’, ‘longitudeWGS84’, ‘trap_habitat’). To identify the loca-
tion of each sample, use the “trapID” column from the corresponding ‘sample_metadata’ file.

code availability
Code for generating the statistics and plotting the figures presented in this paper are available at GitHub (https://
github.com/insect-biome-atlas/paper-data/tree/main/code). To facilitate usage of the data, we provide a set of 
scripts to process the data further, including scripts to remove spike-in reads and control samples, to use spike-in 
data (biological and synthetic) and weight data to generate calibrated read numbers and to generate distribution 
maps for Sweden or Madagascar based on site occurrence data. These scripts are available at https://github.com/
insect-biome-atlas/utils.
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