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Abstract
Tomas Roslin, Department of Ecology, . . . . . )
Swedish University of Agricultural To associate specimens identified by molecular characters to other biological knowl-
Sciences, P.O. Box 7044, SE-750 07

Uppsala, Sweden.
Email: tomas.roslin@slu.se we (1) report the creation of a comprehensive reference library of DNA barcodes for

edge, we need reference sequences annotated by Linnaean taxonomy. In this study,

the arthropods of an entire country (Finland), (2) publish this library, and (3) deliver a
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new identification tool for insects and spiders, as based on this resource. The refer-
ence library contains mtDNA COI barcodes for 11,275 (43%) of 26,437 arthropod
species known from Finland, including 10,811 (45%) of 23,956 insect species. To
quantify the improvement in identification accuracy enabled by the current refer-
ence library, we ran 1000 Finnish insect and spider species through the Barcode of
Life Data system (BOLD) identification engine. Of these, 91% were correctly assigned
to a unique species when compared to the new reference library alone, 85% were
correctly identified when compared to BOLD with the new material included, and
75% with the new material excluded. To capitalize on this resource, we used the new
reference material to train a probabilistic taxonomic assignment tool, FinPROTAX,
scoring high success. For the full-length barcode region, the accuracy of taxonomic
assighments at the level of classes, orders, families, subfamilies, tribes, genera, and
species reached 99.9%, 99.9%, 99.8%, 99.7%, 99.4%, 96.8%, and 88.5%, respectively.
The FinBOL arthropod reference library and FIinPROTAX are available through the
Finnish Biodiversity Information Facility (www.laji.fi) at https://laji.fi/en/theme/pro-
tax. Overall, the FinBOL investment represents a massive capacity-transfer from the

KEYWORDS

identification

1 | INTRODUCTION

Over the past decade, DNA-based identification has been adopted as
a key tool for characterizing biological specimens (Hebert et al., 2016;
Hebert, Ratnasingham, et al., 2016). To compare species composition
among sites, to describe community organization, or to access pre-
vious knowledge related to the taxa encountered, specimens must
first be identified. A quick and efficient approach is to cluster speci-
mens into molecular operational taxonomic units or MOTUs (Blaxter
et al., 2005). Indeed, the clustering of sequences combined with an
interim taxonomy enables efficient characterization of biodiversity
(Smith et al., 2013) and of species interactions (Clare et al., 2019).
Yet, full realization of the value of such data relies on connecting as
many MOTUs as possible to Linnaean taxonomy, because this makes
it possible to connect species detected in DNA-based surveys to prior
biological knowledge. Thus, the most efficient avenue for combining
molecular data with taxon-specific knowledge involves populating
reference databases with DNA barcodes annotated with Linnean tax-
onomy (Hebert et al., 2003). By definition, such progress can only be
achieved through the active involvement of taxonomists.

Once populated, DNA barcode reference libraries can be used to
establish the likely identity of a query sequence—and to partition the
millions of reads from a high-throughput sequencing run to their likely
source species. In such use cases, the reference sequence with the
highest similarity (Altschul et al., 1990) is often assumed to represent
the likeliest taxon, and its taxonomic tag becomes the relevant iden-
tification (BOLD Team, 2019). Importantly, any taxonomic placement

taxonomic community of Finland to all sectors of society.

COl, DNA barcodes, probabilistic taxonomic assignment, PROTAX, reference library, species

made through this approach comes with uncertainty, since both the
query and reference sequences may contain read errors, and be-
cause there is variation among sequences within a species. A further
important source of uncertainty arises from the fact that reference
sequence databases are incomplete, and they contain some incor-
rectly identified records (Pentinsaari et al., 2020). The best way to
reduce uncertainty and improve performance involves extending spe-
cies coverage and improving the quality of the reference databases
(Meiklejohn et al., 2019; Pentinsaari et al., 2020; Wilson et al., 2011).

To arrive at comprehensive, reliable reference libraries, sev-
eral nations and campaigns have constructed DNA barcode data-
bases. Approaches range from barcoding all macroscopic species
in an arctic region (Wirta et al., 2016) or a coral atoll (Andersen
et al., 2019) to campaigns taking a taxonomic or geographic focus
(e.g., Dinca et al., 2021; Miller et al., 2016; Zhou et al., 2016; for a
summary, see http://www.ibol.org/phasel/about-us/campaigns/).
Among the most ambitious initiatives to date are Fauna Bavarica,
striving for coverage of all species in this German state (https://
barcoding-zsm.de/bfb), and the intensive work in the Area de
Conservacion Guanacaste, northwestern Costa Rica—with efforts
to barcode all species in this nation (Janzen & Hallwachs, 2019;
Miller et al., 2016). Other campaigns strive to generate compre-
hensive DNA barcode libraries for the biota of a country, including
for example, Austria (ABOL, https://www.abol.ac.at/), Belgium
(BeBOL, http://bebol.myspecies.info/), Germany (GBOL, https://
bolgermany.de/home/en/german-barcode-of-life-2; see Moriniére
et al., 2019), Norway (NorBOL, http://www.norbol.org/), and
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Switzerland (SwissBOL, http://www.swissbol.ch); see Figure 1. In
each case, the combination of high species coverage with reliable
taxonomic annotations is a key objective.

In this study, we consolidate knowledge from several sources to
create a new tool that enables the taxonomic identification of more
than 10,000 species, linking molecular samples with taxonomic col-
lections and expertise. Specifically, we report the creation of a DNA
barcode library for the arthropods of Finland, one built through a
nationwide network of taxonomic experts. Ultimately, the Finnish
Barcode of Life initiative (FinBOL, https://www.finbol.org/) will
establish a DNA barcode reference library for all ~48,000 species
of multicellular organisms that occur in Finland. The present study
represents important progress toward this goal as it releases a ref-
erence data set for 11,275 arthropod species. We describe the ap-
proach employed to build this reference library, the current success
rate, and the improvement in species identification resulting from
its use. To capitalize on its development, we trained PROTAX, a
probabilistic taxonomic assignment tool (Somervuo et al., 2016), to
identify arthropod sequences from Finland—while accounting for
gaps in knowledge and available reference material. Implemented as
a web-based service, this new resource (FinPROTAX; https://laji.fi/
en/theme/protax) allows both the accurate taxonomic placement of
insects and the evaluation of the uncertainty associated with place-
ments at each level in the taxonomic hierarchy.

2 | MATERIALS AND METHODS

2.1 | Approach

FinBOL was built using a crowdsourcing approach, as its progress
reflects contributions by a network of about 150 Finnish taxono-
mists who contributed identified arthropod specimens for sequence
analysis. This network involves both professional researchers and
amateur naturalists. For details regarding the organization and ac-
tivities of the network, see Appendix S1.

To maximize efficiency, FinBOL adopted a flexible strategy to
obtain tissue samples of good quality for DNA barcoding. This flex-
ibility has involved the utilization of both museum and private col-
lections, the latter of which are many and of high quality in Finland,
with different collectors focusing on different taxa. In return,
FinBOL provided all participants with open access to the resultant
data. Following this principle, FinBOL has not required that voucher
specimens be deposited in public collections, but rather that they
are maintained in known collections and only eventually—when the
owner is deceased or discontinues collection—donated to museums.

Specimens obtained for DNA barcoding were mostly tissue sam-
pled and photographed at the Zoological Museum of the University
of Oulu and subsequently returned to their source public or pri-
vate collection. To a lesser degree, some or all of these stages were
carried out by the Finnish Museum of Natural History Luomus,
by individual contributors, or, for photography, at the Centre for
Biodiversity Genomics (CBG) at the University of Guelph, Ontario,

Canada. Tissue samples (usually one or two legs, or a part of a leg,
depending on the size of the specimen) were placed in 96-well mi-
croplates prefilled with ethanol and shipped to the CBG for DNA
extraction and sequencing. For some minute species of Diptera,
Coleoptera, or Acari, for which the regular tissue sampling approach
was not feasible, plates containing whole specimens were assem-
bled, and vouchers were recovered from the plates after DNA ex-
traction using nondestructive methods.

DNA extraction followed a standard high-throughput protocol
(Ivanova et al., 2006). A cocktail of the Folmer (Folmer et al., 1994)
primers and LepF1 and LepR1 (Hebert et al., 2004) was then used
to PCR amplify the target region of cytochrome c oxidase | in most
specimens. The resultant amplicons were Sanger sequenced on an
ABI 3730XL. Additionally, sequences of some taxa were produced in
FinBOL participants’ individual research labs, largely employing the
protocols outlined above. The barcode sequences, as well as photo-
graphs and metadata for specimens, were uploaded to the Barcode
of Life Data system (BOLD) (Ratnasingham & Hebert, 2007, 2013).
Within the global database, all FinBOL projects are listed under the
FinBOL campaign in the BOLD project list.

The current reference resource includes all FinBOL arthropod
data uploaded and validated by October 31, 2019. All sequences with
a minimum length of 500 bp and a validated taxonomic identifica-
tion were compiled into a data set on BOLD (dx.doi.org/10.5883/
DS-FINPRO). The full set of sequence data was downloaded as a
time-stamped version and used to train the probabilistic taxonomic
classifier PROTAX (see Section 2.3). As data will continue to accumu-
late well into the future, albeit at a slower rate, new sequences will be
continuously uploaded to BOLD where they will remain connected
to FinBOL through project identity (see above). All sequences that
are not flagged as misidentified or contaminated are automatically
included in the identification engine on BOLD (BOLD Team, 2019).

2.2 | Validating the taxonomic resolution achieved
To examine how much the national reference library improved the
identification success of Finnish arthropods, we adopted a user's
perspective. In brief, we examined the impact of the FinBOL ar-
thropod material on species identifications generated by the BOLD
Identification Engine—a web-based tool querying all sequences
uploaded to BOLD from public and private projects to locate the
closest match. Based on 1000 query sequences, we evaluated iden-
tification success when the query material was compared to BOLD
under three scenarios: (1) BOLD without the new records, (2) BOLD
with the new records added, and (3) BOLD restricted to the new
records alone.

The BOLD ID Engine accepts sequences from the 5’ region of
the mitochondrial COI gene and returns a list of closest matches to
the query sequences. The user can choose between querying the
full COI database or limiting the query to reference records with
species-level identifications. For identification, BOLD uses the
BLAST algorithm (Altschul et al., 1990) to identify single base indels
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FIGURE 1 Complementarity in BIN composition of arthropod faunas between FinBOL and other regional DNA barcoding campaigns.
Shown is the number of arthropod BINs unique to the Nordic countries (a) or FinBOL (a-c) with the arrows joining the two regions for which
the comparison is made. Shades from pink to brown refer to the total number of BINs contributed to BOLD by each regional campaign.
Regions in grey are not considered in this comparison (although some have contributed DNA barcodes to BOLD). Since all campaigns are in
progress, the numbers for Finland refer to the current data release whereas the numbers for other areas refer to records on BOLD on 21
January 2021. In total, the FinBOL data release contained 13,777 BINs of which 1713 BINs had not been previously contributed to BOLD.

For exact numbers, see Appendix S2

before aligning the protein translation through profile to a hidden
Markov model of the COI protein (BOLD Team, 2019). As our refer-
ence library, we used the Species Level Barcode Records Database,
that is, every COl sequence of >500 bp with species level identifica-
tion uploaded on BOLD.

To assess whether and how much species-level taxonomic as-
signment improved with access to the FinBOL arthropod reference
library, we selected a test set of 1000 Finnish arthropod species
stratified by order. Species were chosen in rough proportion to na-
tional species-level diversity per order (Figure 2), with an important
exception: to reduce the dominance of the four most diverse orders
(Coleoptera, Lepidoptera, Diptera, and Hymenoptera) and increase
representation of other taxa, we included only 150 species for each
of these orders. The test set was assembled from the full FinBOL ar-
thropod data set by first reducing the data set to only those species
for which at least two sequences were obtained, and then randomly
drawing the predetermined number of representatives from each
order (with one sequence per species). This set of 1000 sequences

was compared against the COI Species database on BOLD, that is,
only including reference sequences with species level identifica-
tions, using the Batch ID Engine tool (accessed on March 8, 2021)
with the default parameters: a minimum of 80% sequence similar-
ity, and a minimum overlap of 300 bp between query and reference
sequence.

The Batch ID Engine outputs a list of the top 100 closest matches
to the query sequence in the database which fulfill these criteria,
excluding self-match. If less than 100 matches for a given query
sequence meet the criteria, the resulting list of matching sequence
records is shorter. Each query sequence was assigned to the species
with the best-matching reference sequence. Identification success
(true or false) was evaluated assuming that the original identification
of the query sequence was correct—a reasonable assumption since
in each case, the identification had been made by the best available
national expert (see section Approach, above).

Since the Batch ID Engine excludes comparisons to the query
sequence itself, our restriction of the query material to species
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with at least two reference sequences in the FinBOL material
ensured the existence of at least one reference sequence in the
FinBOL data set. Our three scenarios thus correspond to asking:
how accurate an identification would we have achieved if querying
the global database without the FinBOL arthropod records (sce-
nario 1: comparison to BOLD with the new records excluded); how
accurate an identification will we achieve now, when the FinBOL
records are added (scenario 2: comparison BOLD with the new re-
cords included); and how accurate an identification will we achieve
if we take the regional origin of the sequence into account, restrict-
ing our reference library to the national library alone (scenario 3:
BOLD restricted to the new records only). For this purpose, we
queried the Batch ID Engine for the taxonomic annotation associ-
ated with the best-matching sequence while excluding or including
FinBOL sequences from the result list (corresponding to scenario
1 and 2, respectively), or excluding all non-FinBOL sequences
from the list (for scenario 3). From the closest matches, we then
determined the proportion of query sequences assigned to a sin-
gle correct species (“Correct”), to several alternative species with
the same sequence similarity of which at least one represented
the correct one (“Several alternatives”) or to the wrong species
(“False”).

2.3 | Training PROTAX to identify
Finnish arthropods

To capitalize on the new resource, we trained PROTAX (Somervuo
et al., 2016), a probabilistic taxonomic assignment tool, to identify
arthropod sequences from Finland. PROTAX is a taxonomic clas-
sifier which establishes the probability that a query sequence can
be assigned to a given taxon. In comparison to the identification
engine used by BOLD, PROTAX has the advantage of recording
how much the suggested identification can be trusted at each tax-
onomic level. PROTAX uses the sequences in the reference library
to parameterize a statistical model of the probability with which a
query sequence belongs to any particular taxonomic level (class,
order, family, subfamily, tribe, genus, and species), or to a previ-
ously unknown taxon at the same taxonomic level. The latter prob-
ability should explicitly be interpreted as “a taxon not represented
in the reference library”, and thus explicitly accounts for current
gaps in coverage.

2.3.1 | Taxonomy

Since PROTAX is based on hierarchical assignment to nested taxo-
nomic levels, it builds on a fully resolved taxonomical hierarchy.
However, it also accounts for the fact that there may be unknown
taxa at each taxonomic level (see above) so the taxonomy represents
both known and unknown insects of Finland. To train PROTAX, we
used the names and taxonomic hierarchy of known taxa in the 2019
edition of the national checklist of Finnish species (FinBIF, 2020).

Under each known genus, tribe, subfamily, family, order, class, and
phylum in the taxonomy tree, there is also a branch corresponding
to unknown taxa.

The taxonomic tree used to train PROTAX was constructed
based on the full hierarchy and taxonomic names of 26,437 spe-
cies. The root node of the tree represents the phylum Arthropoda,
with a total of 48,801 nodes in the full tree covering the seven
levels. Since the usage of taxonomic ranks varies greatly among
taxa and taxonomists, the reference taxonomy used (FinBIF, 2020)
contained some missing values for particular combinations of tax-
onomic levels and taxa. In those cases where a name was missing
from the full taxonomic classification at a certain taxonomic rank,
a dummy name was created. For example, the bird louse genus
Actornithophilus belongs to the family Menoponidae in the order
Phthiraptera, but subfamily and tribe ranks are not used in the
reference checklist. Therefore, two dummy names were created to
link this genus to its family. To create a single fully connected tax-
onomy tree, a total of 17,783 dummy names were introduced. For
unknown taxa, that is, branches not included in the known taxon-
omy, an additional node was created under each internal tree node
(see previous paragraph). These nodes allow for branches possibly
missing from the set of known taxonomic names. For example, at
the species level there were 33,335 nodes, of which 26,437 repre-
sented known species and the remaining 6898 nodes represented
unknown species under 6898 known genera. Similarly, nodes rep-
resenting unknown branches were added to the tree at all other
levels of the taxonomy (but these nodes did not have further child
nodes in our taxonomy tree).

To train the classifier in taxonomic assignment, we used 37,422
sequences from the FinBOL arthropod data set accompanying this
study (Table 1). Of these sequences, 2798 sequences were only
assigned to a genus or to an interim species, whereas 34,624 se-
quences were assigned to valid species. Out of 26,437 known spe-
cies in the taxonomy, the data set used to train PROTAX included
at least one reference sequence for 10,985 species. Out of 6898
known genera, the data set included at least one reference sequence
for 3910 genera.

2.3.2 | Modelling approach

In PROTAX, classification starts at the root node of the taxonomic
hierarchy, where a query sequence belongs with probability of one,
and proceeds to leaf nodes passing through all ranks. Probability as-
signment from a parent node to its child nodes is achieved by means
of a multinomial regression model. The parameters of the model
are estimated using reference sequences to mimic query sequences
coming from different parts of the taxonomy. A detailed description
of PROTAX can be found in Somervuo et al. (2016), and a detailed
description of the current implementation in Appendix S3. For the
present purpose, the software has been rewritten in C to maximize
its performance and is available in the github repository https://
github.com/psomervuo/protaxA.
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FIGURE 2 Taxonomic composition of the known Finnish arthropod fauna, its representation in reference libraries, and the identification
success achieved by molecular tools. Shown on the left is the number of arthropod species per order in Finland, with the total length of
each horizontal bar indicating total species richness and the sections within each bar showing the fraction of Finnish species for which DNA
barcodes only occur in the FinBOL material (maroon); in FinBOL and in other BOLD material (dark blue); in BOLD but lacking from FinBOL
(cyan); or completely missing from BOLD (green). The right-hand part of the figure identifies the improvement in identification success
resulting from the FinBOL records. Shown from right to left is identification success under three scenarios: (1) BOLD without the FinBOL
records, (2) BOLD with the FinBOL records added, and (3) identification by comparison to the FinBOL records alone. Sequences were
assigned to species based on sequence similarity with reference sequences in BOLD using the BOLD ID Engine. Identification success was
scored assuming that the original identification was correct. Sections within each horizontal bar show the proportion of query sequences
assigned to a single correct species (column “Correct”), to several alternative species with the same sequence similarity, of which at least one
represented the correct one (column “several alternatives”) or to the wrong species (“False”). The composition of the overall fauna is taken
from the Finnish national checklist of species (FinBIF, 2020). This checklist was also used to query the representation of Finnish species on
BOLD. Due to possible differences between reference checklists used by different BOLD users when submitting data (e.g., in delimitation of
genera), a single species may appear on BOLD under more than one name. As a result, our coverage counts for many orders are likely to be

slight underestimates

To match typical data types, we constructed two versions of
PROTAX, one for the full-length (658 bp) Folmer region (Folmer
et al., 1994), adopted as the standard DNA barcode for animals
(Hebert et al., 2003), and another for the Leray region (313 bp), as
amplified by primers mICOlintF (Leray et al., 2013) and jgHCO2198
(Geller et al., 2013). Parameter estimation was done using MCMC
as explained in Somervuo et al. (2016). Model parameterization was

done separately for each level of taxonomy as in Somervuo et al.

(2017). For each of the seven levels of the taxonomy, 10,000 train-
ing sequences were generated from reference sequences and 2,000
iterations of MCMC were performed. The first half of the iterations
was used for adapting the proposal distribution, whereas MAP esti-
mates of parameters were selected from the second half of the iter-
ations where the proposal distribution was fixed. The probabilistic
taxonomic assignment tool parameterized for Finnish arthropods is
henceforth referred to as FinPROTAX.
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TABLE 1 Extentand coverage of the FinBOL arthropod reference library compared to overall arthropod species richness in Finland

Class

Arachnida
Arachnida
Arachnida
Arachnida
Arachnida
Arachnida
Arachnida
Arachnida
Arachnida
Entognatha
Entognatha
Entognatha
Entognatha
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Branchipoda
Branchipoda
Branchipoda
Branchipoda
Branchipoda
Malacostraca

Malacostraca

Order

Araneae
Astigmata
Ixodida
Mesostigmata
Opiliones
Oribatida
Prostigmata
Pseudoscorpiones
Arachnida TOTAL
Collembola
Diplura

Protura
Entognatha TOTAL
Archaeognatha
Blattodea
Coleoptera
Dermaptera
Diptera
Ephemeroptera
Hemiptera
Hymenoptera
Lepidoptera
Mecoptera
Megaloptera
Neuroptera
Odonata
Orthoptera
Phthiraptera
Plecoptera
Psocoptera
Raphidioptera
Siphonaptera
Strepsiptera
Thysanoptera
Trichoptera
Zygentoma
Insecta TOTAL
Anostraca
Diplostraca
Laevicaudata
Notostraca
Branchiopoda TOTAL
Amphipoda

Cumacea

Species
richness

645
14

1619
7572
2616

61
62
34
303
36
73

51

145
218
4
23,956
2
91
1

1
95
18
1

FinBOL

Individuals Species Unique species BINs
1553 354 13 373
0

0

0

2 2 0 2
302 105 27 146
0 0 0

3 2 0 2
1862 463 40 523
0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

4 0 0 1
6921 2242 206 2350
3 1 0 1
7724 3471 474 3545
93 25 1 30
938 490 60 462
8627 1796 147 1927
10,382 2406 54 2488
11 6 0 6

1 1 0 1
161 42 1 42
31 17 0 16

1 1 0 1

62 10 0 26
189 30 1 31
147 53 9 59

0 0 0 0

87 13 7 22

0 0 0 0

0 0 0 0
972 207 16 240
0 0 0 0
36,380 10,811 976 11,248
0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0
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TABLE 1 (Continued)

Species
Class Order richness
Malacostraca Decapoda 9
Malacostraca Isopoda 33
Malacostraca Mysida 8
Malacostraca Tanaidacea 1
Malacostraca Malacostraca TOTAL 70
Maxillopoda Arguloida 2
Maxillopoda Calanoida 21
Maxillopoda Cyclopoida 44
Maxillopoda Harpacticoida 44
Maxillopoda Poecilostomatoida 8
Maxillopoda Porocephalida 1
Maxillopoda Siphonostomatoida 16
Maxillopoda Thoracica 1
Maxillopoda Maxillopoda TOTAL 137
Ostracoda Ostracoda TOTAL 74
Pauropoda Pauropoda TOTAL 8
Symphyla Symphyla TOTAL 6
Chilopoda Geophilomorpha 10
Chilopoda Lithobiomorpha 9
Chilopoda Scolopendromorpha 2
Chilopoda Chilopoda TOTAL 21
Diplopoda Chordeumatida 1
Diplopoda Julida 20
Diplopoda Polydesmida 5
Diplopoda Polyxenida 1
Diplopoda Polyzoniida 1
Diplopoda Diplopoda TOTAL 28

MOLECULAR ECOLOGY 9
T —— V| LEY

FinBOL

Individuals

O O O O O O O 0O O 0O 0o O o oo oo oo o o +» o o » o

o

Species Unique species BINs

O O O O O O O O 0O 0O 0O OO0 O o o oo oo o o +» O o » o
O O O O O O O O O 0O O 0O O o o oo o o o o o o o o o
O O O O O O O O O OO0 OO0 O oo oo oo o o +» o o » o

o

Notes: Species richness refers to the number of species reported in the FinBIF checklist of Finnish species 2019 (FinBIF, 2020). Under FinBOL,
individuals and species refer to the number of barcoded individuals and species, respectively, in the FinBOL data set released with this study and
used to train the PROTAX implementation for probabilistic taxonomic assignment. “Unique species” is the count of species only contributed to BOLD
though FinBOL, that is, for which there would otherwise be no reference sequence. Three classes with one order in each (Pauropoda, Symphyla,
Ostracoda) have each been compressed into a single line “TOTAL". For this reason, the table only includes 60 order-specific lines although 63
arthropod orders are known from Finland. For a visual representation of FinBOL coverage, see Figure 2.

2.4 | Validating FinPROTAX performance
To validate the performance of the parameterized PROTAX model,
we used two approaches:

First, we used 10,000 sequences from the FinBOL arthropod data
set as query sequences. Since the correct assignment was known to
the species level for each of these sequences, we could validate the
accuracy with which a query sequence was attributed to the correct
taxon at each level in the taxonomic hierarchy (class, order, family,
subfamily, tribe, genus and species). In this validation study, we cal-
culated the probabilities from each query sequence against all taxa
and took the taxon corresponding to the highest probability. During
this process, the query sequence was removed from the reference

sequences so the query sequence was not allowed to match itself.
The assignment was deemed correct if the taxon with the highest
probability matched the given taxonomic label of the sequence. In
this way, we were able to compare how the best probability given
by PROTAX corresponds to the correct classification and verify that
the probabilities provided by PROTAX are unbiased (Somervuo et al.,
2016). To speed the search, we excluded all taxa with negligible iden-
tification probabilities, using 0.01 as the threshold. If a parent node
had a probability below the threshold, all child nodes of the parent
were excluded from the further search. This test was run separately
for the full barcoding region and the Leray region.

Second, we assessed the taxonomic confidence a user of
FinPROTAX will achieve in identifying an environmental sample
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of Finnish insects. For this purpose, we use an increasingly com-
mon type of highly diverse samples (Barsoum et al., 2019; deWaard
et al., 2019; Lopez-Vaamonde et al.,, 2019): the catches from a
Malaise trap (Geiger et al., 2016; Malaise, 1937; Townes, 1972). The
trap in question was run for a full summer in 2012 (20 weeks from
16 May to 3 October) in Kiiminki near Oulu, Finland (coordinates
65.148 N, 25.838 E). All insects in the collections were individually
Sanger sequenced using the methods described in Appendix S4.
Of the resulting 6486 sequences, we ascertained the fraction that
could be assigned to a given taxonomic level. Realizing that differ-
ent researchers will be satisfied with different levels of confidence,
we carried out this analysis at two probabilities: 0.9 and 0.5. For
interpreting these cutoffs as “reliable” (0.9) and “plausible” (0.5),
we refer the reader to section Training PROTAX to identify Finnish
arthropods and to (Somervuo et al., 2016, 2017), noting explicitly
that these probabilities naturally build on sequence similarity, but
otherwise have nothing in common with a simplistic cutoff of, say,
98% or 99% sequence similarity (e.g., Clare et al., 2019).

3 | RESULTS

3.1 | ACOI barcode library of Finnish arthropods
This study makes available 37,422 reference sequences, of which
92.5% (34,624) are assigned to a known species. From the 26,437
arthropod and 23,956 insect species known from Finland, the
FinBOL library providers coverage for 11,275 and 10,811 species
respectively, with coverage reaching 92% for the 2616 species of
Lepidoptera and 94% for the 218 species of Trichoptera (Table 1).
Current coverage is strongly biased towards insects and spiders
with low to no coverage for other arthropod groups. Mites in the
order Oribatida are an exception as their higher representation
reflects a targeted national campaign and a dedicated taxonomist
(R. Elo).

In terms of taxonomic coverage, the national barcode library for
Finland is complementary to the global database BOLD and to other
national barcoding campaigns. In total, the current 11,275 species
correspond to 13,777 BINs of which 12.4% (1713) are new to BOLD.
Mutatis mutandis, of 608,360 arthropod BINs currently represented
on BOLD (accessed 26 March 2021), 2% occur in FinBOL. The corre-
spondence between BINs and species in the Finnish fauna has been
examined in previous, taxon-specific studies (see Discussion for de-
tailed references).

At a large spatial scale, the BIN content of the Finnish barcode
library emerges as strongly complementary to that of more dis-
tant geographic regions such as North America and Central Europe
(Figure 1a). Viewed at a regional scale, it is complementary to the
modest DNA barcoding efforts in Sweden and the extensive cam-
paigns in Norway (Figure 1b). Considering national barcoding
campaigns in Europe, the Finnish effort is substantial and comple-
mentary in terms of BIN coverage (Figure 1b; for exact numbers
see Appendix S2). Needless to say, the fact that one in eight BINs

contributed to BOLD is new also indicates that the rest were earlier
sequenced somewhere else. Thus, BIN overlap was also substantial

(Figure 1).

3.2 | Taxonomic resolution achieved

The new records contributed by FinBOL substantially improve
upon the accuracy achieved by the global identification resources.
From our query material of 1,000 insect and spider species, 73%
of insects and 91% of spiders were correctly assigned a single,
unequivocal best match by BOLD when the Finnish material was
removed (Figure 2) versus 84% for insects and 96% for spiders
once it was added. This was mainly due to fewer false assignments
with a smaller reduction in the fraction of taxa yielding multiple
equally-well matching identifications (Figure 2). The highest accu-
racy was achieved when comparison was restricted to the national
reference library alone (Figure 2). ldentification success varied
substantially among orders, but reached 100% in several well-
represented orders (Figure 2).

The taxonomic coverage of the FinBOL arthropod reference data
(Figure 2, left-hand part) allowed accurate training of FinPROTAX.
Because certain classes were absent from the training set (Figure 2,
right-hand parts; Table 1), the training of FinPROTAX was restricted
to spiders (order Araneae) and insects (class Insecta) only. For these
taxa, the taxonomic classifier achieved high accuracy in assigning
query sequences to the correct taxon at all taxonomic levels. For the
10,000 query sequences of known taxonomic affinity, the probabili-
ties proved unbiased sensu Somervuo et al. (2016). In other words, if
PROTAX assigns a probability 0.9 for a query sequence, then for any
large number of sequences, one in ten will be incorrectly classified
while nine of ten will be correct. The same applies for all probabil-
ities, that is, if PROTAX gives a probability p, then 100p% of such
sequences are classified correctly and 100(1 - p)% of the sequences
are incorrect. For the full-length Folmer region, the accuracy of tax-
onomic assignment (i.e. the proportion of units within the respective
taxonomic group assigned to the correct taxon) was 99.9% at the
level of both classes and orders, 99.8% at the level of families, 99.7%
at the level of subfamilies, 99.4% at the level of tribes, 96.8% at the
level of genera, and 88.5% at the level of species. For the Leray
region, accuracies were very similar (99.9% for classes and orders,
99.6% for families, 99.4% for subfamilies, 99.1% for tribes, 96.6% for

genera, and 87.8% for species).

3.3 | W.ith what accuracy can we identify an
environmental sample?

The accuracy achieved by FinPROTAX is further demonstrated by its
classification of an independent data set from a Malaise trap. Among
the 6486 sequences, some were assigned to known taxa with a
high probability whereas others were not (Figure 3, for an interac-
tive graph see Appendix S4). As expected, the probability of correct
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assignment was greatest for higher levels in the taxonomic hierarchy,
for which more training data was available (Table 2; Appendix S4).
Interestingly, differences in assignment success between the two
cutoff levels (0.9, 0.5) were surprisingly small: if a sequence was at-
tributed to an unknown branch at a lower level, it was likewise con-
sistently attributed to an unknown branch at a higher level (Table 2).

Among Insects, a substantial proportion of sequences were as-
signed to the category of "unknown order" (Figure 3). This category
included sequences for which the highest probability included taxa
not represented in the reference sequences. They included both
taxa not represented in the current taxonomy and known taxa lack-
ing reference sequences. Closer investigation revealed that most of
these sequences were derived from two species, Lepidocyrtus lanugi-
nosus (Class Entognatha, Order Collembola, Family Entomobryidae)
and Euceraphis punctipennis (Class Insecta, Order Hemiptera, Family
Aphididae). Both species occur in Finland (FinBIF, 2020), but the
current set of reference sequences lacks representatives of them
even at the class (for Lepidocyrtus lanuginosus; Table 1) or family (for
Euceraphis punctipennis) level.

Among orders, the level of confidence in identifications varied
substantially among taxa. For Lepidoptera, sequences were rela-
tively evenly and reliably assigned to a species, reflecting its high
coverage in the reference database (Figure 1; Table 2). For Diptera,
out of 1,918 sequences that were classified to the order level with
a probability greater than 0.90, 915 sequences (48%) were as-
signed to a known species with a probability exceeding >0.9. For
Hymenoptera, the corresponding numbers were 1,088 and 130
(12%) much lower than those for Lepidoptera (123/150 = 82%),
for Oribatida (106/112 = 95%), and for Araneae (60/71 = 85%).
Among mites in Oribatida, most sequences were classified into a
single species, Diapterobates humeralis. By contrast, a large pro-
portion of sequences for Hymenoptera were identified with sub-
stantial uncertainty (see large grey circle among Hymenoptera in

Figure 3).

4 | DISCUSSION

Building on a decade of work, the Finnish Barcode of Life initiative
has delivered a unique reference library for specimen identification
and a parameterized tool for probabilistic taxonomic assignment.
The main outcome is a massive transfer of identification capacity
from the taxonomic community to society at large. In the process,
the project provided five valuable lessons about how national re-
sources for biodiversity research may be built. The following text

discusses each of these aspects.
4.1 | A national reference library for arthropods:
Extent and coverage

Of the 26,437 arthropod species known from Finland, 23,956 of
which are insects (FinBIF, 2020), the current FinBOL data release
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provides reference sequences for 11,275 and 10,811 species,
respectively—i.e. 43% and 45% of the known national fauna. In well-
studied groups, barcode coverage is high, with 92% of 2616 spe-
cies of Lepidoptera and 94% vs 218 known species of Trichoptera.
However, this relatively high coverage also extends to many “dif-
ficult”, globally poorly known groups such as selected families of
Diptera and Hymenoptera (Figure 2).

Despite the high coverage, the proportion of arthropod taxa
which were contributed uniquely through FinBOL to the global da-
tabase BOLD (Ratnasingham & Hebert, 2007, 2013) averaged just
7%, but ranged from O to 54% of the species per order (Table 1).
The current figures are slightly inflated because a few species col-
lected outside Finland were included in the data set. The relatively
low uniqueness of the Finnish fauna reflects the recent deglaciation
of the target area along with general rules of biogeography. The lat-
est glaciation in Finland, the Weichselian, peaked 22,000 BP and
although deglaciation began by 13,000 BP, the northern parts of
Finland only became ice-free about 10,500 BP (Donner, 1995). As a
result, almost all current species have colonized since then, and very
few species are endemic. Species range size also tends to increase
with latitude—a pattern known as Rapoport's rule (Ruggiero &
Werenkraut, 2007; Stevens, 1996). Combined with a general decline
in species richness with latitude (e.g., Hillebrand, 2004; Schemske
& Mittelbach, 2017), this rule leads to fewer unique species per
unit area with latitude. For a high-latitude country such as Finland
(59°48'N to 70°05'N), considerable faunal overlap with neighbour-
ing countries is expected.

Notwithstanding this overlap, the FinBOL arthropod initiative
has contributed thousands of unique BINs beyond those submitted
by any other region. This partly reflects differences in regional fau-
nas, and partly sampling effects. Given the low coverage of DNA
barcode libraries in Sweden (Figure 1 and Hovméller et al., 2017) and
Russia (data scarce and not shown), FinBOL has generated a valuable
regional resource.

Against this general setting, the building of the national refer-
ence library has helped to clarify which species are truly shared with
other regions. For example, a large-scale comparison of Austrian and
Finnish Lepidoptera demonstrated that several arctic-alpine spe-
cies thought to be shared between high latitudes and high eleva-
tions are actually different species (Huemer et al., 2014; Mutanen,
Hausmann, et al., 2012). A similar comparison at an intercontinental
level revealed many overlooked species shared between Palearctic
and Nearctic regions (Landry et al., 2013; Pentinsaari et al., 2020).
Comparisons of national barcode libraries regularly reveal cases of
deep sequence divergence requiring detailed taxonomic study, and
such work often leads to the description of new species. One recent
example is the split of the charismatic moth Pyralis regalis (Denis &
Schiffermiiller, 1775, into two distinct but morphologically similar
species (Wikstrém et al., 2020). Such results make clear the need
to barcode representatives of presumptively widespread species
across their range. While a reference sequence for a given species
from any point in its range is valuable, a DNA barcode reference li-
brary based on restricted geographic sampling will only contain a
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FIGURE 3 Resolution achieved in the taxonomic assignment of environmental data. Barcode sequences >500 bp were recovered from
88% (6,486/7,414) of the arthropods in an annual Malaise trap sample. For these organisms, we show the proportions of taxa within the
phylum Arthropoda assigned to a given taxon. Each sequence was assigned to the taxon with the highest probability (excluding sequences
where the highest probability was <0.1). Grey coloration indicates all sequences while red indicates the number of sequences assigned with
a probability exceeding 0.9 (the sizes of the different diagrams are not internally comparable). The central diagram shows the classification
to an order level. All samples were classified into two classes, Insecta and Arachnida. Five diagrams surrounding the central one show the

classifications from the order to the species level. Araneae and Oribatida were the two largest orders for Arachnida while Diptera and
Hymenoptera were the two largest orders for Insecta. To visualize the full contents of the sample, we provide an interactive Krona wheel

(Ondov et al., 2011) in Appendix S4

fraction of the variation within most species (Bergsten et al., 2012;
Huemer et al., 2014; Mutanen, Hausmann, et al., 2012), weakening
its capacity to generate reliable taxonomic assignments on a global
scale. For this reason, it is important to construct regionally com-
prehensive reference libraries of widespread species—both from a

national and global perspective.

4.2 | Taxonomic resolution achieved

When added to the identification engine in BOLD, the barcode re-
cords generated by FinBOL substantially improved identification
success. This improvement occurred against a background of already
high success (see Figure 2)—even with all Finnish records excluded, a

full 74% of the species in our query set were assigned to a single, cor-
rect taxon when queried through the BOLD identification engine.
This attests to the power of the global barcoding effort, which has
populated the global reference library with extensive, taxonomically
annotated reference sequences—including massive European mate-
rial (Figure 1).

For every major order (barring Hymenoptera; Figure 2), the se-
quences contributed by FinBOL produced a significant increase in
identification success (Figure 2). One aspect of this success involved
a general reduction in the number of false assignments, that is, cases
where the best-matching sequence was erroneously annotated.
Although some of these mismatches may reflect disagreement
among taxonomists regarding the correct species name, such cases
probably represent a minority of the “false” species assignments. In
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TABLE 2 Taxonomic resolution

achieved for a full-season sample of

arthropods from a Malaise trap Level
Class
Order
Family
Subfamily
Tribe
Genus

Species

MOLECULAR ECOLOGY |
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Cutoff 0.9 Cutoff 0.5

Known% Unknown% Known% Unknown%
88.1 0.1 99.7 0.2

62.1 0.0 70.0 19.6

54.9 2.1 60.2 5.6

47.8 2.0 53.2 5.3

46.9 0.0 51.9 0.2

41.4 0.1 449 4.2

294 3.1 34.1 7.6

Notes: Shown is the proportion of taxa assigned to a given taxonomic level with a probability
exceeding a particular cutoff value, either 0.9 (left-hand columns) or 0.5 (right-hand columns).
“known%" refers to branches with a reference sequence in the training set while “unknown%" are
branches where no reference sequences available. For details on the specific data set and for an
interactive visualization of the full contents of the sample, see Appendix S4.

other cases, BOLD users may have employed different checklists
when submitting records, resulting in the same species appearing
under different names in the database. For example, there are cases
where the same species is named differently in the Old and New
World, cases that await taxonomic revision and the declaration of
synonyms (e.g., van Nieukerken et al., 2016). More importantly, since
BOLD is not only a reference database, but also a workbench for
analysing and curating DNA barcode data, some misidentified, con-
taminated, chimeric or otherwise erroneous sequences make their
way into the database and may not be immediately excluded (see
Pentinsaari et al., 2020). In addition, the species-level resolution of
the COI barcode region is not always perfect as closely related spe-
cies may share identical haplotypes or form mixed sequence clusters
(Hausmann et al., 2013; Huemer et al., 2014; Prous et al., 2016). In
such cases, multilocus approaches sometimes improve identification
success (Meiklejohn et al., 2019), and assignment based on whole
genomes may improve success even further (e.g., Ji et al., 2020).
Yet, for establishing a national reference library of the current size,
coverage, and curation since 2010, under then prevailing analytical
costs, no realistic alternatives to the current single-locus approach
were available. Here, the improvement in correct taxonomic assign-
ment shows the value of a highly curated reference database, as
achieved by the large network of skilled taxonomists contributing
expert-identified material to FinBOL.

Overall, the improvement in identification success enabled by
the FinBOL records seemed roughly proportional to species di-
versity in the target group (by affecting the number of choices)
and by the representation of species in FinBOL versus the rest of
BOLD (by affecting the added precision brought by the FinBOL
effort). Clearly, the highest identification success is attained when
the query sequences are matched to the national database alone
(Figure 2). It should be noted, however, that the exact comparison
performed here is restricted to taxa represented by at least two se-
quences in the FinBOL data—otherwise, we could not compare the
match of query sequences to FinBOL versus non-FinBOL material.
For some 15,000 arthropod species, of which 13,000 are insects,
no reference material exists in FinBOL, and the lack of coverage

is as high as 100% in some arthropod orders (Table 1; Figure 2).
Thus, for a random sequence generated de novo from an unknown
query sample, identification success varies substantially depending
on the order (compare Figure 2). While the national checklist of ar-
thropods is itself incomplete, it provides a vivid illustration of the
challenges caused by the lack of reference sequences from the na-
tional barcoding library. For about one-half of all Finnish arthropod
and insect species, no reference exists in FinBOL, and for about
one-third none exist elsewhere in BOLD (Figure 2). Thus, if we as-
sume that the reference sequence providing the best match to the
query sequence will equal the correct identification, we will be off
in a substantial proportion of cases. To control for this strong bias,
our PROTAX implementation, FinPROTAX, quantifies the likelihood
that the query sequence represents a species currently missing

from the reference library.

4.3 | Anew tool for taxonomic assignment

Some species will always be missing even from comprehensive DNA
barcode reference libraries—simply because they are excessively
rare or hard to obtain. Such gaps are caused either by incomplete
sampling and/or by the fact that communities at all spatial scales
show changes over time (e.g., Antéo et al., 2020). Gaps in the refer-
ence library can be forgotten when taxonomic assignment is based
on highest sequence similarity alone, even though these gaps may
have a critical impact on the identifications achieved (see Somervuo
et al., 2017). For FinBOL, the fact that nearly half of the national
arthropod fauna has now been covered also implies that more than
half awaits sequencing. The PROTAX implementation based on the
Finnish reference library, FinPROTAX, allows researchers to account
for such influences, and provides intuitive measures of uncertainty
to help them evaluate the reliability of taxonomic assignments.
Implemented as a web-based service (https://laji.fi/en/theme/pro-
tax), this new resource allows the accurate taxonomic placement of
insect samples and the evaluation of the uncertainty associated with
their placement at each level in the taxonomic hierarchy.
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When validated by query sequences from the national reference
library, the accuracy of FInPROTAX was high with 88.5% of test
sequences being assigned to the correct species as the most likely
match. The same unbiased result was achieved both for the full-length
Folmer region and the Leray region—despite the latter being only half
the length of the former (313 bp vs. 658 bp), and thereby including
less nucleotide variation. Yet, beyond taxonomic assignment—that is,
likely names with which to label the species—FinPROTAX also pro-
vides a measure of uncertainty—that is, of the probability with which
this label is correct. The importance of this added consideration was
highlighted by our application of FinPROTAX to a diverse sample of
arthropods collected by a Malaise trap.

Notably, no algorithm can reliably attribute a sequence to a
named taxon for which it has seen no training data. Thus, when
PROTAX reports “unknown” taxa with high probability, it does not
necessarily mean that the sequence originates from a previously un-
known taxon not included in the taxonomy. Instead, it means that no
good match was present among the existing reference sequences.
To understand the implications of this outcome, it is important to
consider what PROTAX does; it converts sequence distances into
taxon probabilities. Hence, the quality of the sequences (both query
and reference sequences) is key to accurate taxon assignments, so
uncertainty can be due either to sequencing errors and/or to taxa
not being absent from the reference sequences. An extreme case
occurs when the taxon is included in the taxonomy but lacks any ref-
erence sequences. When PROTAX reports unknown taxa, it includes
in that category also known taxa from which there are no reference
sequences available (Somervuo et al., 2016).

This consideration is further illustrated by the large uncertainty
associated with specific taxa in the Malaise trap material (Figure 3).
Here, sequences from classes, orders, or species missing from the
FinBOL material were consistently assigned to the category of “un-
known" taxa—just as they logically should, since they are by definition
unknown to the taxonomic classifier. In this context, we note that
we only trained the classifier on material containing insects (class
Insecta) and spiders (class Arachnida, order Araneae). This is because
insects and spiders have been more popular among contributing tax-
onomists than any other arthropods (Table 1)—for which reason they
are also the ones for which classification needs will most often arise.
By definition, this implies that the current FinPROTAX classifier has
been explicitly optimized for these two taxonomic groups, whereas
it will face challenges in classifying other sequences (i.e. those from
taxonomic groups never shown to FinPROTAX). In practice, arthro-
pods outside of Insecta will either be attributed to the “unknown”
category under the root node, or to “unknown Insecta”.

Within classes, there was much variation in the probability of as-
signment for individual taxa. Between the levels of class and order,
the differences in uncertainty were relatively small (Table 2). This
outcome can probably be attributed to the fact that at this level, the
barcode region lacks much phylogenetic resolution, since it codes for
a crucial protein and all viable mutations have already been tried mul-
tiple times during evolution (i.e., variation is saturated; Pentinsaari
et al.,, 2016). Within orders, the uncertainty associated with finer

classification within families, genera and species was higher for
diverse taxa with lower coverage in the FinBOL database, such
as Diptera: Cecidomyiidae, Diptera: Sciaridae and Hymenoptera:
Chalcidoidea (see Figure 3, Appendix S4). Again, this is a logical out-
come: the less knowledge we have of what taxa to choose from and
of the molecular variation within versus between taxa, the more dif-
ficult it is to attribute a DNA sequence to a specific taxon.

Importantly, the current taxonomic resolution achieved by
FinPROTAX is based on the reference data alone, and neglects ad-
ditional considerations. An obvious source of uncertainty not mod-
elled by PROTAX involves errors resulting from PCR and sequencing.
Therefore, when using PROTAX with sequences coming from error-
prone high-throughput sequencing platforms, third-party software
such as DADA2 (Callahan et al., 2016) should be used to reduce the
incidence of errors in reads. The presence of sequencing errors does
not prevent the use of FInPROTAX, but the errors will result in a
higher uncertainty, i.e. less specific taxon assignments.

Another complication to taxonomic assignment is barcode shar-
ing, i.e., cases where two valid species share the same sequence for
the gene region examined. Such cases will naturally increase un-
certainty as there is no way to tell such species apart. In ambiguous
cases (see examples in Appendix S4), any additional data will be worth
evaluating—including cases where extant ecological knowledge may
extend the insights from molecular data. Where a resolved species-
level taxonomy is missing for key groups, applications can be strength-
ened by mapping the geographic distributions of sequence-based
species proxies (see Pentinsaari et al., 2020). As a future improvement
to PROTAX, we propose to add priors informed by the spatial, tempo-
ral, and ecological context of the sample. As a simple solution, the user
may a priori weigh their belief that a given species may occur in the
sample based on, for example, digital maps of the distribution of the
target taxa, their host plants, and habitats. If implemented as a simple
dichotomy (e.g., probably vs. almost impossible species), this can be

done for even a large number of species with reasonable effort.

4.4 | Lessons learnt

Obtaining funding for a national project like FinBOL was difficult.
Importantly, the building of a national genetic resource was hard to
frame as a primary research project, and was therefore initially de-
clined by national funding agencies. Thus, the initial funding strategy
for FinBOL relied on private foundations and infrastructure initia-
tives (Appendix S1). Despite initial skepticism from national funding
agencies, FinBOL has delivered primary research results of the very
type traditionally supported by them. Deliverables to date include
insights into the protein structure of the barcode region (Pentinsaari
et al., 2016), species interactions (Kaartinen et al., 2010; Mutanen,
Ovaskainen, et al., 2020; Nyman et al., 2015; Rytkonen et al., 2019;
Vesterinen et al.,, 2013, 2016), taxonomy (Boonstra et al., 2018;
Haarto & Stahls, 2014; Hausmann et al., 2013; Huemer et al., 2020;
Huemer & Mutanen, 2015; Ivanov et al., 2018; Kirichenko et al.,
2016; Kozlov et al., 2017; Landry et al., 2013; Landvik et al., 2013;
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Lee et al., 2020; Liston et al., 2019; Mutanen, Aarvik, Huemer, et al.,
2012; Mutanen et al., 2012, 2013, 2015, 2016, 2020; Nieminen
et al.,, 2018; Pentinsaari et al., 2014; Pentinsaari et al., 2014;
Pilipenko et al., 2012; Pohjoismaki & Haarto, 2015; Pohjoismaki
et al,, 2016; Prous et al., 2016, 2020; Pykala & Myllys, 2016; Salmela
et al., 2014; Sihvonen et al., 2020; Stahls et al., 2015; Tabell et al.,
2019; van Nieukerken et al., 2012; Wikstrom et al., 2020; Wilson
et al., 2011), phylogenetics (Heikkild et al., 2014; Kaila et al., 2020;
Karsholt et al., 2013), faunistics (Korpelainen & Pietildinen, 2017;
Paukkunen & Kozlov, 2015), biogeography (Huemer et al., 2014,
2018; Mutanen, Hausmann, et al., 2012; Salmela, 2012), meth-
odology (Kekkonen et al., 2015; Korpelainen & Pietildinen, 2019;
Korpelainen et al., 2016; Lee et al., 2018; Pentinsaari et al., 2017),
environmental change (Keret et al., 2020) and life-history evolution
(Kiveld et al., 2020).

Assessing our progress, we believe the FinBOL initiative has
catalyzed national biodiversity research on a broad scale. A uniting
factor for this scientific community is a need for species-level un-
derstanding to examine the emergent features of overall diversity.
In this context, the project has overcome key aspects of the taxo-
nomic impediment. It has truly been an investment in the construc-
tion of a national infrastructure for biodiversity science, adding an
accurate and cost effective tool to Finnish science—just as one might
regard investment in a telescope or particle accelerator (Hebert,
Hollingsworth, et al., 2016; Hebert, Ratnasingham, et al., 2016).
Clearly, the impact of this investment has extended beyond national
borders. In fact, most of the taxon-specific initiatives and participants
have engaged in international projects, where data generated by the
Finnish initiative has played a key role in supporting investigations of
continental or global patterns (e.g., Hausmann et al., 2013; Huemer
et al., 2014, 2018; Landry et al., 2013; Mutanen et al., 2013, 2016;
Pohjoismaki et al., 2016). Overall, the FinBOL initiative reinforces the
evidence (Miller et al., 2016) for the utility of DNA barcodes in sup-
porting biodiversity inventories (Wirta et al., 2015, 2016) from facili-
tating the identification of freshly collected specimens (Figures 2 and
3; Appendix S4), to linking the fresh specimens, museum collections
and past taxon-specific knowledge, in the process flushing out cryp-
tic species (Kaartinen et al., 2010; Landvik et al., 2013; Miraldo et al.,
2014) and revealing unexpected synonyms (Haarto & Stahls, 2014;
Hausmann et al., 2013; Landry et al., 2013; Mutanen, Hausmann,
et al., 2012; Prous et al., 2016; Sihvonen et al., 2020).

When FinBOL was initiated, there was antagonism between “tra-
ditional” taxonomists and the DNA barcode initiative (e.g., Ebach &
Holdrege, 2005; Will et al., 2005), followed by calls for unification
(Hebert & Gregory, 2005; Padial & De La Riva, 2007). During its
decade-long activity, FinBOL has managed to close this gap while the
international rift has more or less mended (e.g., Hebert, Hollingsworth,
et al.,, 2016; Hebert, Ratnasingham, et al., 2016; Meierotto et al., 2019;
Mutanen et al., 2013; Padial & De La Riva, 2007; Ratnasingham &
Hebert, 2013). Among specific factors allowing the current success of
FinBOL, we identify the communal and open approach adopted. To
obtain taxonomically annotated tissue samples of good quality, we
benefitted from both museum and private collections. In return for
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these contributions, FinBOL provided all participants with open access
to the resultant data. Following this principle of openness, FinBOL
has not required that voucher specimens be deposited in public col-
lections, but rather that they are maintained in known collections and
only eventually donated to museums. By this approach, the vouchers
can be accessed if needed without the disruption to private collections.

During its activity, FinBOL has also actively encouraged synergy
among taxonomists, ecologists, and other domains of biodiversity
science. As a vivid illustration of this claim, the Malaise trap material
used as our test case for FinPROTAX represented an insurmountable
identification challenge to taxonomists. It contains close to 6,500
individuals, most representing common species, but all call for te-
dious sorting and many call for added preparations and dissections
to confirm their identification. No single taxonomist can morpholog-
ically identify all the species which we detected by molecular analy-
sis. By identifying these specimens by molecular means, we shift the
efforts of expert taxonomists from routine sorting of bulk samples
to the study of focal specimens. This we can do by pointing them
directly to the most interesting individuals identified by DNA bar-
codes—be they rare, ecologically interesting, previously unknown,

or lacking a previous reference sequence.

4.5 | Future directions

The FINBOL reference library can already deliver reliable taxonomic
assignments for many taxa, but much remains to be done. In evaluat-
ing the finer details of the taxonomic assignments possible for our
environmental sample, we note that the current evaluation applies
strictly to a specific sample of a specific type. While highly diverse in
species composition, any single sample naturally comes with its par-
ticular features. For example, the sampling site chosen for analysis will
have an effect since some regions in Finland have been comprehen-
sively sampled while other areas lacking museums or universities have
not. The sampling technique employed will also affect the outcome.
For example, the insects dominating a Malaise trap catch are better
represented in the current reference library than are soil arthropods.
To gain both regional and ecological coverage, efforts will be directed
toward expanding the FinBOL arthropod library and the FinPROTAX
tool based on new records, thereby improving its performance across
all types of samples. Current plans call for 50% coverage for the esti-
mated 48,000 multicellular species in Finland (Hyvarinen et al. 2019)
being achieved in BOLD by 2022 and 90% by 2030.

Two methodological advances are aiding FinBOL's progress.
One is the move to high-throughput sequencing platforms, such as
SEQUEL (Hebert et al., 2018), which reduce analytical costs and in-
crease throughput. A second advance involves the improved ability
to recover DNA barcodes from old specimens (Prosser et al., 2016),
enabling the use of museum collections to fill gaps in barcode cov-
erage for rare species. FinBOL is currently sequencing large num-
bers of museum specimens representing rare taxa, including type
material, to fill gaps. In the same way as type specimens were intro-
duced to anchor the species name unequivocally to morphology, this
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approach will allow us to add a sequence to the species description
(Hausmann et al., 2016; Miraldo et al., 2014; Prosser et al., 2016).
While technological progress is accelerating the acquisition of
sequence information, the ranks of taxonomic specialists are thin-
ning. Many of the older members of Finland's taxonomic community
feel that their contribution to the current reference library forms a
lasting contribution to science. The need to capture such knowledge
is essential because there are, for example, no young Finnish taxon-
omists who can critically identify species in many key groups of ar-
thropods (e.g., aphids, chewing lice, chalcid wasps, gall midges, most
mite lineages). Hence, the annotated barcode records assembled
by FinBOL participants represent a tremendous intergenerational
transfer of taxonomic knowledge. The ultimate aim of FinBOL is to
facilitate the rapid, accurate identification of specimens regardless
of life stage, sample size, and quality. Until now, this has demanded
access to experts, but the accurate identification of voucher or-
ganisms is a demanding, time intensive process. However, the time
contributed by current taxonomists in identifying and contributing
voucher specimens represents a great gift to future generations who
will benefit from their expertise when they are no longer able to
process new material. Thus, the current contribution offers a major
capacity donation from the taxonomist community to science. The
many taxonomists among us rejoice at this opportunity to contrib-
ute while the many molecular biologists, ecologists, and arthropod

enthusiasts feel gratitude for this contribution.
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