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Abstract

The science of taxonomy faces many challenges at present.
Many questions remain as to how we can best continue the
vital practice of describing and understanding biodiversity.
Here, we discuss how best to modernize taxonomy, how we
might improve taxonomy in developing countries, and how
taxonomists can better interface with other fields to better
science as a whole.

Introduction

Taxonomy is a foundation of biology and species delimited
by taxonomists have been the core units of analysis for
centuries (Wilson 2004). Here, we discuss three questions
central to the future of taxonomic practices, sequentially
building from the basic need for a taxonomic revolution
to practical elements of its application regionally and then
globally. In the first question, we address how taxonomy
is undervalued and how to fix this, essentially, how can we
revolutionize taxonomic practices to improve our field?
We then focus our second question on how taxonomic
practices are best advanced in developing countries,
where immense biodiversity remains undescribed; how
can we build taxonomic capacity where it is most needed?
Finally, we explore how taxonomic and related data can
be more effectively unified through a singular species
data repository, answering how can we best interface with
other sciences?

1. “How can we name species before they go extinct,
when taxonomists are also a threatened species?”

We face an unprecedented biodiversity crisis of our own
making, via human-induced climate change and myriad
habitat alterations or direct harvesting activities, yet we
know frighteningly little of what species are being lost
(Singh 2002; Yap et al. 2015; Malcom et al. 2019).
Hundreds of thousands of invertebrates and even some
vertebrates remain undescribed, many unrecognized
despite description (unidentifiable), and yet more entirely
undiscovered (Giam et al. 2011; Mora et al. 2011; Stork
2018). Under current legislation, if we do not know the
name of species, we cannot assess and formally protect
them (via [IUCN), and hyperdiverse groups such as insects
are generally poorly-represented in such assessments
(LaSalle & Gauld 1991; Clausnitzer et al. 2009; Cardoso
et al. 2011; Eisenhaur et al. 2019).

Taxonomy, the very field needed to discover, describe,
and identify species, is increasingly undervalued, with few
funding opportunities and permanent positions available
(Lee 2000; Agnarsson & Kuntner 2007; McClain 2011).
Long declines have been suggested in both professional
and amateur taxonomists since around the 1950s (Hopkins
& Freckleton 2002), but the situation is complex, as
young taxonomists now only rarely advance in academia
with traditional practices alone; phylogenetics, functional
morphology, etc. are now regular mainstays. For some
groups, there even appear to be both more taxonomists
and similar numbers of species described as prior (Bacher
2012; Tancoigne & Dubois 2013), but it is unclear
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whether this will persist. There is no guarantee that
students describing species, who may represent many
of these describers, will secure positions where they
continue describing species; we are unaware of similar
analyses accounting for career stage. Consequently, as the
last generation retires, there may be too few remaining
taxonomists with truly-sustainable positions to train the
next generation and carry on this important work.

Taxonomy, as with the life it catalogs, must adapt and
evolve to survive and thrive. Crucially, these new methods
should focus more on species description to help solve the
biodiversity crisis. Although examples of “high-impact”
species descriptions exist, they are few and far between
outside of fossils and the splitting of well-known species
or changing higher taxa (Shu et al. 2003; Berger et al.
2010; Haile-Selassie et al. 2015; Orr et al. 2016; Bai et al.
2018; Su et al. 2018; Yan et al. 2018). This widening gap
in taxonomic capacity must be filled by the adoption of
powerful, new methods and technologies to revolutionize
taxonomy, rather than to replace it.

There is a critical need for taxonomists to expedite
both their descriptive and revisionary works with new
technologies, as the current rates of description and
revision cannot ensure we recognize most species before
they go extinct (Bacher 2012, others). Just as vital is
identification, as few experts typically exist for any
given taxon. DNA barcoding or DNA taxonomy has long
been suggested as a solution (Hebert et al. 2003; Tautz
et al. 2003), but progress has been incremental both
methodologically and outside of over-sampled temperate
regions in the Northern Hemisphere (Janzen et al. 2009;
Taylor & Harris 2012; Piper et al. 2019). This can lead
to critical reference database gaps, making it impossible
to accurately identify specimens to genus, much less
species. Consequently, as of Chesters & Zhu (2014),
roughly 194,000 public sequences remained unidentified.
Data quality is an entirely different issue, unapproachable
in this paper, as many COI pseudogenes are hosted online
because authors simply did not check and mitochondrial
heteroplasmy also can confound analyses. Regardless, to
get these data, many studies rely on directly sequencing
all specimens, which can take the majority of a project’s
work hours and funding (Tang et al. 2015; Yeo et al. 2019).
Next-generation methods have been suggested as a high-
throughput, lower-cost solution, but only now are powerful
metabarcoding and metagenomic methods beginning to
show promise for accurately quantifying richness in bulk
samples (Lang et al. 2019; Peel et al. 2019; Piper et al.
2019). Low-coverage genome sequencing methods may
also prove promising, as then these data can be easily used
for phylo- or population genomics, and other purposes
(Zhang et al. 2019). Even when perfected, however, these
methods will remain detached from formal nomenclature
unless sufficient reference sequences exist to 1) delineate

species and 2) accurately apply species names. With
recent focus on barcoding specimens as well their various
associates (microbiome, food sources, parasites, etc.),
taxonomic researchers are needed across diverse groups
to accurately and efficiently address the biodiversity
crisis, even with powerful molecular methods.

The idea of integrative taxonomy, the use of new and
varied methods for diagnosing and describing species, is
central to a taxonomic revolution (Dayrat 2005). DNA
methods have seen intense focus in recent years, but
external morphology may actually prove equally useful
in the future, especially given that it is non-destructive
and more directly linked to functionality. Artificial
intelligence image recognition technology has long been
suggested for identifying species-rich groups such as
insects (Weeks et al. 1999), where cryptic species obscure
delimitation even for well-trained taxonomists, but
modern machine learning methods are vastly improving
prospects (Buschbacher et al. 2019). Though many
methods rely on easy-to-quantify features such as wing
venation in insects, which are damaged in some specimens
of older age or those mass-trapped, improvements in
imaging resolution and recognition algorithms increase
the range of feasible characters. Indeed, these systems
are even being used on citizen science platforms such
as iNaturalist, with surprising, ever-increasing accuracy
(Robertson et al. 2019). These methods are not limited
to traditional approaches focused on exterior characters
like color or hair, as internal anatomy is equally or
perhaps even more promising for advancing taxonomy.
Though taxonomists have written external diagnoses and
descriptions for centuries, the vast majority of species
have never even been fully dissected, especially smaller,
hard-to-dissect specimens. Technologies such as microCT
provide incredibly-detailed images of both hard and soft
internal structures (Friedrich et al. 2014; Wipfler et al.
2016; Short et al. 2018), enabling better insight than ever
before into the interplay of morphology, life history, and
speciation.

Together, these morphological data sources hold
immense promise not just to complement taxonomy, but to
modernize it. Artificial intelligence, once properly trained
using images of verified species designated by taxon
experts, could easily extract measurements of user-defined
characters from images of both external and internal
anatomy. Deposited within a central morphological trait
database, with multiple individuals per species, these
recordings would provide rigorous quantitative diagnostic
data and definitions for those species. When specimens
are encountered that do not fall within the bounds of
known species, they could be flagged as potential new
species, verified by taxonomists, and species descriptions
could then be automated from the database with greater
completeness, comprising many characters and detailed
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measurements, than is seen in any present-day species
accounts. Diagnoses could even feasibly be automated
by identifying those character combinations which differ
most significantly from the most similar species recorded.
With the addition of closely-related new species, these
diagnoses could even be updated with new information
to maintain their usefulness. The first steps have already
been taken in some groups, with taxonomic revisions
incorporating 3D modeling and imaging techniques (Hita-
Garcia et al. 2019, Sarnat et al. 2019), but these practices
are not yet widespread. With sufficient documentation, it
may even be possible for such a system to describe new
species solely from citizen science observations. This is not
an entirely new idea, as some species image repositories
exist (MorphBank 2019; others), and species have already
been described from pictures (Marshall & Evenhuis 2015;
Garraffoni & Freitas 2017). However, due to insufficient
detail and myriad other reasons, current approaches are
considered lacking (Lobl ef al. 2016; Santos et al. 2016;
Dubois 2017; Gutiérrez & Pine 2017). The approach we
outline here has the potential to begin bridging this gap
when guided by taxonomists, especially when combined
with DNA data.

Ultimately, the solutions we present here represent a
major shift in the way taxonomy is done, and it will take
time for these technologies to become as accessible as
traditional taxonomic methods are at present. Nonetheless,
we must begin transitioning to this or some other new
taxonomic framework, to ensure future approaches
maintain the best practices and rigor that underlie
traditional taxonomy, as taxonomists may only be able to
survive if they guide the changing current rather than be
swept away by it.

2. “How can we improve taxonomy in developing
countries?”

The situation is dire for biodiversity in developing
countries. As societies and their associated economies
develop alongside growing populations (sometimes
overpopulation), more land is transformed for agriculture,
human habitation, and other forms of infrastructure. This is
happening faster than elsewhere because much natural or
semi-natural habitat typically remains in these countries,
leaving more space for development. Further, landscapes
can be transformed far faster in these countries than
was ever possible before because developed countries
invest in developing countries, transferring technologies
to accelerate natural resource extraction, construction,
etc. (Kaimowitz 2019). There is much biodiversity yet
to be lost, as has already happened in many developed
countries where faunal declines are well underway, and
all parties involved are responsible (Eisenhaur et al.

2019; Rosenberg et al. 2019; Wagner 2019). Notably,
those countries which are currently developed largely
contained far fewer species originally than those which
are now developing, especially in tropical and subtropical
countries for most taxa (Giam et al. 2011; Waldron et al.
2013), so the scale of loss may be immense.

Biodiversity loss will be especially impactful for
developing countries, where educational infrastructure is
still maturing and the importance of nature may be poorly
acknowledged. Animals and plants immensely improve
human quality of life through manifold contributions,
including decomposition, medicinal or other products,
pest control, pollination, etc. (Cardoso et al. 2011; Diaz
et al. 2018). Biodiversity is central to food security, a key
tenet of developing countries such as China or India where
demand is growing. If we cannot identify the species
involved in these services and discern their contributions,
we cannot easily preserve either. Similarly, new pest
species remain undescribed with their natural history
unknown, which will be problematic as agriculture and
human habitation proliferate (Parsa et al. 2014). This is
especially an issue when crops are moved and introduced
across natural boundaries, as such pests can be exported
as invasives elsewhere, where their detection would be
delayed because many of them might be misidentified as
other locally-known species that post different threats or
have plentiful natural enemies which will not attack the
new pests. For these and more reasons, it is imperative that
we improve taxonomic capacity in developing countries.

First and foremost, efforts must center on capacity
building for local researchers. It is critical that countries
become scientifically independent, and developed
countries, where such infrastructure already exists, can
play a vital role in this process. A central impediment to
taxonomy in developing countries is the fact that many
type specimens, which underpin the nomenclatural
system, reside outside of their home countries. For
example, hundreds of bees described by T.D.A. Cockerell
from around the globe are now spread across museums in
the United States. This means that a researcher in China
might need to budget for visiting multiple museums just to
see one researcher’s types from a single country, including
in expensive locations like Washington, D.C. and New
York City. Visit funding is crucial as such. Luckily, the
primary entomological museums in these areas (National
Museum of Natural History and American Museum of
Natural History, respectively) are now imaging their
type specimens, and some institutions such as Museum
fir Naturkunde in Berlin have initiated large-scale
digitization efforts shared with the public as an exhibition
(Naturkunde 2019). Type digitization is a key step that
all museums must take to at least minimally digitally
“repatriate” taxonomic knowledge to the home regions
where infrastructure may not yet exist to safely house them
pending building of local expertise and infrastructure, an
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example being the Cambodian Entomology Initiatives
(CEI2019). Similarly, it is also invaluable for museums in
developed countries to provide verified reference material
to bolster these types of initiatives.

Building local capacity and infrastructure must
be a goal, as biological collections are most useful for
identification where those species occur. Further, local
involvement is vital for knowledge exchange, especially
for indigenous knowledge related to classification and
conservation which may otherwise be lost, providing
clear routes for synergy between outside and local
researchers and their communities (Sheil & Lawrence
2004, Nazarea 2006, Ayala er al. 2013). Similarly,
visiting researchers can provide key training in taxonomic
practices, collection management, and digitization
(Klopper et al. 2002; Smith & Figueiredo 2009; GBIF
2016). Outside funding will be necessary as well,
especially for building suitable collections infrastructure
and digitization capability (GBIF 2019). Museums are
already underfunded, even in developed countries, so
they cannot all be expected to finance such expansive
measures. Federal governments are morally obligated to
contribute the necessary funding for these efforts, given
the extensive role of developed countries in colonialism
and other practices, and a centralized biodiversity and
taxonomy fund could be raised and administered by an
agency such as the Global Environmental Fund or United
Nations. These funds could also be used to form regional
task forces involving international and local researchers,
where direct knowledge transfer would occur as working
groups identify and direct resources to solve the most-
relevant problems for different areas. Data centralization
and accessibility must also be prioritized, as then efforts
would benefit other nearby countries regardless of their
direct engagement, while also providing greater incentives
for international researchers to devote their time to such
efforts. Clearly, much work remains to be done, but we
will never finish if we do not start.

The age of extractive expeditionary science conducted
without in-country collaborators is ending and it is time
for scientists to work together to build capacity worldwide.
The Nagoya Protocol and various country-level laws now
essentially forbid outside research to varying degrees,
making exportation of specimens nigh impossible in
many places (Prathapan et al. 2018). Whether this is a
net detriment or benefit is a question for another time, but
the reality is that we must adapt to changing legislation as
lawmakers are unlikely to directly cater to our concerns,
as there are obvious economic and societal drivers for
countries to maintain and better control their biological
resources (biochemical prospecting, prioritizing local
researchers, etc.). Sustainable partnerships with dedicated
local researchers will be necessary if we are to build a
truly global scientific community.

3. “How can we best transform taxonomic data into
‘big data’? How can we export taxonomic knowledge
to other fields?”

Taxonomy was the primary biological science for centuries
(Wilson 2004). During this time, thousands of researchers
and hobbyists compiled more than half a billion preserved
specimens (Shortetal.2018)and additional observations of
species across the world, including records of distribution,
species interactions (diet, parasitism, etc.), morphology,
phenology, and much more. However, compared to DNA
data, much natural history information remains unused,
despite substantial efforts to mobilize these data (GBIF
2016; GBIF 2019; iDigBio 2019; MorphBank 2019; and
others). The key difference is that the majority of public
genetic data are available from the GenBank platform
(NCBI GB 2019), from a single source, early on in the
development of this field, rather than being spread across
thousands of publications as in the case of natural history
information.

Despite these limitations, studies relying on museum
specimens or natural history include exploring broad-
scale patterns and their drivers across life (Isaac et
al. 2004), reconstructing population histories with
population genomics (Rowe ef al. 2011; Bi et al. 2013),
detecting declines of bees and other invertebrates as well
as their consequences (Gallai et al. 2009; Bartomeus
et al. 2013; Eisenhauer et al. 2019), and more. These
studies could never have happened without the efforts and
guiding knowledge of taxonomists (for asking the right
questions, correcting errors, etc.). Even now, much data
remains locked away in museums, inventories, species
descriptions, natural history accounts, and the minds of
us taxonomists. How can we best leverage our knowledge
for the betterment of science?

Both of the prior questions allude to innovations
which would help us revolutionize taxonomy and
improve biology as a whole. Specifically, the digitization
of standardized measurements via artificial intelligence
and the imaging of all type specimens can, together, form
the foundation of a dataset unmatchable in its potential,
but there are countless other data types including myriad
specimen-related data (phenology, associates, etc.),
genetic data, taxonomic or other publications invoking
the species, etc., which could also be incorporated into
a singular master species data repository. In this system,
each species entry would include all relevant information
available for that species, such that scientists and citizens
alike could learn all they want to know about life on Earth
from a single site. The extensions for these data are endless,
including direct generation of a continually-updated, data-
driven tree of life and similarly “live” models of species
richness patterns to enhance conservation planning efforts
worldwide. Current attempts can only be considered
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incipient, with resources like Encyclopedia of Life (EOL
2019) insufficiently referencing genetic information, type
images, etc. Critically, different sites are splitting efforts
and funding resources by trying to accomplish similar
goals in slightly different ways (providing different
data types or categorizations, focusing on different taxa
or areas), but such a grand scheme is only achievable
through unified efforts. At the same time, citizen science
portals such as DiscoverLife (2019), iNaturalist (2019),
and BugGuide (2019) have built new, dynamic, and
complementary tools, especially regarding empowering
of numerous virtual curators (ideally taxonomists) to
ensure data quality, that could be usefully applied to this
centralized system so as to greatly improve their reliability
and usability.

This enterprise would obviously require immense
infrastructural and funding support, especially given
the need for rigorous validations (Costello et al. 2013;
Costello &Wiekzorek 2014), but it is not impossible,
when considering the enormous success of the GenBank
platform (NCBI GB 2019) and current efforts to mobilize
collections data (Cobb et al. 2019). The task of aggregating
all such data is also no easy task, but it will only get
harder in the future, especially given the accelerated rate
of scientific publications in the last few decades (Larsen
& Von Ins 2010), making a unified species data system an
absolute imperative for both taxonomists and biologists
in general.

Perhaps the most important concern underlying this
and the first question is how collaborative arrangements
can be made equitable for all parties. At first glance, then,
the idea of a unified repository for species information
may seem detrimental to taxonomy, as this would make
it easier for other researchers to access massive quantities
of all data types, potentially removing taxonomists from
the process altogether once the database is sufficient for
their given taxon (thereby preventing engagement with
the crucial taxon experts needed for data generation and
validation). The key check upon this process would be
usage agreements between researchers as well as non-
scientific users such as conservationists and policymakers.
Although all hosted data would be searchable, with vital
resources such as type images mandated public, some
would remain inaccessible without data-owner permission
(e.g., non-public distributional checklists, unpublished
genome assemblies, or some trait datasets such as in TRY
2019). This would grant taxonomists much greater reach
and visibility to data users while also enabling them to
exercise more control over how their data are actually
used. Each species entry could also act as a citable online
object, providing additional benefits to taxonomists via
increasing additional publications and metrics such as H-
index that are presently important for career development
in academia (whether this is a good thing is an entirely

different matter). Further, researchers could also avoid
unintentional competition on specific topics, instead
opting for collaboration, and non-taxonomists would be
far better informed about what data exist, not just which
are made public. Direct linkage between researchers
would also encourage back-and-forth dialog, such that
taxonomic knowledge can inform parameter selection
and model calibration in ecological analyses. Although
truly open science is a noble goal, where all data are
immediately freely available, data generators simply will
not participate without increased recognition and support
enabled by this type of infrastructure. This program has
the potential to once more center taxonomic knowledge
within biology, while also providing funding and contracts
for involved taxonomists, such that the next generation of
researchers can continue their vital work and ultimately
solve the biodiversity crisis.
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