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Documenting, naming and classifying the diversity
of life on Earth provides baseline information on the
biosphere, which is crucially important to understand and
mitigate the global changes of the Anthropocene. Since
Linnaeus, taxonomists have named about 1.8 million
species (Roskov et al. 2019) and continue doing so at
a rate of about 15,000–20,000 species per year (IISE
2011). Natural history collections—museums, herbaria,
culture collections and others—hold billions of collection
specimens (Brooke 2000) and have teamed up to
assemble a cybertaxonomic infrastructure that mobilizes
metadata and images of voucher specimens, now even
at the scale of digitizing entire collections of millions
of insect or herbaria vouchers in automated imaging
lines (e.g., Tegelberg et al. 2014; Heerlin et al. 2015).
Hundreds of millions of specimen metadata are available
from data aggregators such as GBIF and iDigBio (Nelson
and Ellis 2018), and much progress has especially been
achieved with building curated species databases (Crous
et al. 2004; Patterson et al. 2010), dozens of which for
instance contribute to the Catalogue of Life (Roskov et al.
2019). These are impressive achievements and taxonomy
certainly qualifies as big data science by fulfilling the
main criteria of volume, variety, and velocity (De Mauro
et al. 2016).
But are we doing enough? Barely so. Given the
unknown and disputed, yet undoubtedly enormous
proportion of undocumented and unnamed species (Larsen
et al. 2017), taxonomy at its current pace will not be able
to deliver in a reasonable time frame a fairly complete,
or at least representative, inventory of species on the
Globe—which I am convinced is needed to reliably inform
the assessment of biodiversity patterns, anthropocenic
changes of species composition, declines, and priority
regions for conservation. Wheeler et al. (2012) defined
an ambitious goal to name 10 million species in less than
50 years. This translates into naming 200,000 species per
year, one order of magnitude more than the current rate.
Can this be achieved? Although many will skeptically
shake their head I believe yes, but it requires new thinking
and renovation of some established work procedures

and concepts. We should meet three main challenges,
using new technological developments without throwing
the well-tried and successful foundations of Linnaean
nomenclature overboard.

1. Fully embrace cybertaxonomy, machine learning
and DNA taxonomy to ease, not burden the workflow
of taxonomists.
Computer power and especially, DNA sequencing capacity
increases faster than exponentially (e.g., Rupp 2018)
and new technologies offer unprecedented opportunities
for classifying specimens based on molecular evidence
or image analysis. Yet, the vast majority of species
are still named without molecular evidence, and most
original data produced in the alpha taxonomic workflow,
especially images and measurements, are not submitted
to repositories for future re-use (A. Miralles, M. Vences
and collaborators, unpublished data). Cybertaxonomy is
flourishing and provides many benefits to end-users of
taxonomy, but so far is apparently only of limited utility
for taxonomists themselves. Maybe we are not recognizing
the opportunities that the new digital and high-throughput
methods are offering?
For many taxonomists, using data-rich -omics
techniques in their usual workflow, primarily signifies
additional burden, probably explaining their reluctance to
employ such approaches. In 2018, an average taxonomic
paper in Zootaxa named about 3 new species and had
3 authors (A. Miralles, M. Vences and collaborators,
unpublished data). For such small teams and projects,
submitting sequences to GenBank, linking specimens to
unique stable identifiers (Güntsch et al. 2018), uploading
images and microCT scans to repositories is a highly
inefficient use of time and resources. Working in large
teams, with colleagues specializing in each of these
tasks, and routinely applying them to massive fast-track
taxonomic projects of naming hundreds if not thousands
of species at once (e.g., Riedel et al. 2013) could be the
key. We should learn from particle physicists or genome
researchers who have long understood the prospect of
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tackling big science in big consortia of authors. Megataxa
is a huge step into the right direction, and the multi-author
papers jointly naming multiple new species of fungi, e.g.,
in Fungal Planet / Persoonia (http://www.fungalplanet.
org/), Fungal Diversity (Fungal Diversity Notes) and
Phytotaxa, have paved the way.
Some taxonomists have claimed that “the description
of the entire world’s species is quite simply impossible”
(Bickel 2009) because “taxonomic description has
traditionally been haphazard, based on the interests and
passions of individual taxonomists”. Probably, indeed,
naming all extant species is impossible—especially
because many local endemics will go extinct before we
get the chance to collect them—but we certainly can
obtain a much more complete and representative inventory
than we have now. Of course, next-generation taxonomy
must retain niches for passion-driven taxonomists who,
motivated purely by curiosity, revise in great detail the
diversity and morphology of specific groups. But in other
taxa, including many “orphans” without active specialists
studying them, only industrial-scale inventories can reveal
their true richness and connected to this, their roles and
services to ecosystems. Scientific curiosity and enthusiasm
can also be fueled by discovering such patterns, and by
the sheer astonishment on the enormous species numbers
that will be unveiled. Maybe this perspective could even
pull a very different, new group of biologists towards
taxonomy?

2. Emphasize diagnosis over description, images
over words.
In the jargon of taxonomists, we use the term “species
description” for the process of discovering, diagnosing
and naming a species in agreement with the rules of the
Codes. This reflects that new species names today are
accompanied by verbose morphological descriptions
rather than simple diagnoses as initially used by
Linnaeus. I posit we should re-consider this terminology
and tradition, and herein have avoided the term “species
description” which is so deeply embedded in our mind.
As convincingly advocated by Renner et al. (2016), the
emphasis should be less on description and more on
diagnosis—high-resolution images could replace most of
our traditional description of characters and thereby speed
up the work without compromising precision. Often a
high-resolution image coupled to a DNA barcode is more
informative than broken fragments of a poorly preserved
holotype.
Images could also be at the core of tackling the “dark
diversity” of many understudied groups of taxa—if we
make use of the full latitude offered by the rules in the
Codes. The importance of voucher specimens and culture
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collections is beyond doubt, but there could be cases
where it is worth considering the use of images to replace
non-preserved type specimens. Leaving aside the odd
threatened primate or bird for which no collecting permit
can be obtained, this may apply in particular to protists
or microscopic metazoans where non-destructive genetic
sampling is almost impossible. Here, high-resolution
imaging followed by single-cell transcriptomics or
genomics will provide a rich set of data that may well
justify naming a new species, even without depositing
a cell culture or slide with a preserved type. We could
learn a lot about such species: besides knowing at least
some of their genes, we could delimit their geographical
distribution, habitat and ecological interactions by
sequencing environmental DNA using metabarcoding or
metagenomic approaches (e.g., Srivathsan et al. 2016),
and link all this to a traditional Linnean name.

3. Understand promises and pitfalls of omics
approaches to avoid taxonomic inflation.
High throughput approaches have revolutionized many
fields of biology and offer unprecedented opportunities
for taxonomists. We are moving towards affordable DNA
barcoding of millions of individuals, and the uncritical
use of simplistic species delimitation methods e.g. based
on “barcoding gaps” to such data sets is very tempting.
It also is becoming possible to routinely sequence
thousands of markers or full genomes which allows for
ever more fine-scale analysis of population structure—
not to be confused with species (Sukumaran & Knowles
2017). Speeding up the process of naming species must
not compromise the quality of species hypotheses, and
requesting a clear justification of species status would
be a first, important step to deter taxonomic inflation—
why are the characters in the diagnosis relevant enough
to consider a lineage as distinct species under a certain
species criterion (de Queiroz 2007)? To avoid excesses
and initial rejection of the approach by the community of
taxonomists, a conservative Biological Species Criterion
could be implemented in high-throughput taxonomic
pipelines—i.e., naming only lineages that we can be
confident are reproductively isolated. Reproductive
isolation could be estimated by demanding, besides
coalescent delimitation, genomic divergences above a
high, conservative threshold (e.g. higher than average
divergence among well-established species); or in other
cases by sympatric occurrence without genomic admixture
(Padial et al. 2010).
In addition, increased efforts should be directed to
develop user-friendly bioinformatic tools for taxonomy.
In comparison to the breathtaking pace at which new
programs are published in phylogenetics, the selection
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of software tailored to facilitate the alpha-taxonomic
workflow is extremely limited. Many modern species
delimitation approaches require using a complex pipeline
of various programs, and none of them truly mirrors the
workflow followed by integrative taxonomists (Padial
et al. 2010) who for instance consider evidence from
sympatry of non-admixing lineages as conclusive evidence
of species distinctness, and evaluate the taxonomic
relevance of morphological characters based on their
variation in well-known species or on their relevance
for mate choice. Software packages (a) combining
geographical and morphological evidence with molecular
species delimitation, (b) based on machine learning but
also allowing users to input evidence from a diverse set
of data, and (c) including machine-accessible portals
for archiving and retrieving taxonomic data aggregated
around specimen identifiers (extended specimens or
cyberspecimens; Lendemer et al. 2019), would have an
enormous potential to improve species delimitation at the
large scales required to speed up the naming of Earth’s
species diversity.
There is little doubt that large-scale assessments of
“dark diversity” or “open-ended taxa” will increasingly be
carried out using molecular tools, and provide fascinating
insights into diversity patterns e.g. among habitat types or
biogeographic regions (e.g., Srivathsan et al. 2019). We
can choose: Are we satisfied with such analyses resulting
in, and based on, poorly defined molecular operational
taxonomic units (mOTUs) or DNA barcode index numbers
(BINs) (Ratnasingham & Hebert 2013)? My plea is to
take just one additional step, add high-quality images,
demand high-quality species delimitation, and name
these units under a Linnaean scheme. As claimed by Bik
(2017), if we play our cards right, taxonomy could be on
the brink of another golden age. For this to work out, we
taxonomists must take matters into our own hands—and
define more precisely which tools we need for improving
speed and quality of alpha taxonomy.
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