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Abstract: Taxonomy is the foundation of biodiversity science because it furtbers discovery of new species.
Globally, there bave never been so many people involved in naming species new to science. The number of new
marine species described per decade has never been greater. Nevertheless, it is estimated that tens of thousands
of marine species, and bundreds of thousand's of terrestrial species, are yet to be discovered, many of which may
already be in specimen collections. However, naming species is only a first step in documenting kRnowledge
about their biology, biogeography, and ecology. Considering the threats to biodiversity, new knowledge of
existing species and discovery of undescribed species and their subsequent study are urgently required. To
accelerate this research, we recommend, and cite examples of, more and better communication: use of collab-
orative online databases; easier access to knowledge and specimens; production of taxonomic revisions and
species identification guides; engagement of nonspecialists; and international collaboration. “Data-sharing”
should be abandoned in favor of mandated data publication by the conservation science community. Such
a step requires support from peer reviewers, editors, journals, and conservation organizations. Online data
publication infrastructures (e.g., Global Biodiversity Information Facility, Ocean Biogeographic Information
System) illustrate gaps in biodiversity sampling and may provide common ground for long-term international
collaboration between scientists and conservation organizations.
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La Conservacion de la Biodiversidad por medio de la Taxonomia, la Publicacion de Datos y las Infraestructuras
Colaborativas

Resumen: La taxonomia es el fundamento de la ciencia de la biodiversidad ya que impulsa el descubrimiento
de nuevas especies. Nunca ba habido tantas personas involucradas a nivel global en el nombramiento de
especies nuevas para la ciencia. El niimero de especies marinas descritas por década nunca ba sido mayor.
Sin embargo, se estima que decenas de miles de especies marinas y cientos de miles de especies terrestres
no bhan sido descubiertas aiin;, muchas de las cuales podrian ser ya especimenes en colecciones. A pesar de
esto, nombrar a las especies es solo un primer paso en la documentacion del conocimiento sobre su biologia,
biogeografia y ecologia. Al considerar a las amenazas para la biodiversidad, se requiere urgentemente del
conocimiento nuevo de las especies existentes y del descubrimiento de especies no descritas y su estudio
subsecuente. Para acelerar esta investigacion recomendamos, ) citamos ejemplos de, una mayor y mejor
comunicacion: el uso de bases de datos colaborativas en linea, acceso mds fdcil al conocimiento y a los
especimenes, produccion de revisiones taxonomicas y guias de identificacion de especies, participacion de los
no-especialistas, y colaboracion internacional. Los “datos compartidos” deberian abandonarse en favor de la
publicacion de datos por encargo de la comunidad de cientificos de la conservacion. Un paso asi requiere
de apoyo por parte de los colegas revisores, editores, revistas y las organizaciones de conservacion. Las
infraestructuras de publicacion de datos en linea (p. ej.. Global Biodiversity Information Facility, Ocean Bio-
geographbic Information System) muestran los vacios en el muestreo de biodiversidad y pueden proporcionar
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dafinidades comunes para la colaboracion internacional a largo plazo entre los cientificos y las organizaciones

de conservacion.

Palabras Clave: acceso a datos, bases de datos en linea, descubrimiento de especies, revision taxonomica

Introduction

Parsons et al. (2014) list 71 questions, which if answered
could bolster efforts to conserve marine biodiversity. One
of their 8 categories of questions addresses “scientific
enterprise.” We agree with the importance of 3 of their
questions and respond and propose answers to them.

Increasing Taxonomic Expertise

Parsons et al. (2014) asked, “How can taxonomic exper-
tise be increased to reduce uncertainty in the conserva-
tion and management of marine ecosystems?” Although
we agree with these authors about the urgent need for
more funding for taxonomy, there has not been a decline
in taxonomic research as they state. In fact, there has
been an increase in publications in the field, and the num-
ber of authors of new species descriptions has increased
7-fold since the 1950s (Fig. 1). This increase cannot be
explained by the practice of naming more authors per
species since the 1980s, and the relative proportions of
the most and least productive authors has not changed
over the last century (Costello et al. 2013a, 2013b, 2014a,
2014b). However, the number of authors from Asia and
South America has increased more than the number of
authors from other regions (Costello et al. 2013¢). The
number of authors is a narrow definition of a taxonomist,
and reviews of taxonomy have included additional peo-
ple skilled in species identification (reviewed in Costello
et al. 2013b).

That the last decade saw more marine species named
than any previous decade (Fig. 1) (Appeltans et al. 2012)
indicates that the field of taxonomy has never been so
productive. Nevertheless, tens of thousands of species
remain unnamed. A review of 100-field studies of 33,000
marine species and statistical modeling of rates of discov-
ery of 0.5 million species show that one-third of species
are yet to be named (Appeltans et al. 2012; Costello et al.
2012). Recent reviews of marine fish, micro- and macroal-
gae, sea anemones, and flowering plants estimate that
61-77% have been named (Eschmeyer et al. 2010; Guiry
2012; De Clerck et al. 2013; Fautin et al. 2013; Bebber
et al. 2014; Costello et al. 2014a, 2014b). Overall, it ap-
pears there are 2-3 million species on Earth, as suggested
by May (1988) and Gaston (1991), but about one-third
are undiscovered. That over half of all species are known
indicates that the species we know, at least within the
better studied places, may be good indicators of biodiver-
sity on Earth.

We agree with Parsons et al. (2014) that increased taxo-
nomic effort is urgently required. This could be achieved
through improved communication, collaborative online
infrastructures, taxonomic revisions, improved access to
knowledge, improved access to specimens, engagement
with nonspecialists, and international collaboration.

Increased communication and accessibility to knowl-
edge, know-how, and publications are facilitated by email
and online access to publications and author contact in-
formation. This improves awareness of current knowl-
edge and increases exchange of expertise, both of which
can lead to improved productivity.

The World Register of Marine Species (WoRMS) in-
cludes almost all marine species and access to a net-
work of over 200 experts in marine species taxonomy
(Costello et al. 20134). There are over 80,000 unique
users per month. The register is expanding to include
more links to literature, data on species distribution,
and other information about species. To date editors
have published synthetic reviews of 15 taxa (e.g., Agatha
2011; Van Soest et al. 2012; Williams & Boyko 2012; Eitel
et al. 2013; Mapstone 2014). The database is centralized,
which aids standardization and online publication and
provides cost efficiencies and a permanent host insti-
tution. This model of structured building of taxonomic
knowledge merits replication in other areas of taxonomy

4000

3000

2000

1000

Number of species or authors

1760 1810 1860 1910 1960 2010
Years

Figure 1. The number of nominal (open circle) and
accepted (solid circle) marine species and distinct
author surnames (lower line and triangles) per year
until 2010. Lines are 10-year moving averages. The
difference between nominal and accepted species
names are largely synonymized species names. Data
Jrom WoRMS (11 July 2014).
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and could support registration of new species in ZooBank
(http://zoobank.org).

Too many taxa still lack either global or regional
reviews of existing knowledge and guides to discriminate
among species (Costello et al. 2006, 2010, 2013¢, 2014a).
Such taxonomic revisions should resolve synonyms, iden-
tify early species’ descriptions that were inadequate and
thus species’ names that are doubtful, and provide guides
to species identification. Journal editors, reviewers, and
authors should support recognition of such publications
by requiring authors to cite what guides they used to
identify and name species (i.e., how they controlled
the quality of their taxonomy) (Costello & Wieczorek
2014). Funding agencies should fund production of such
taxonomic revisions, and employers should encourage
and reward such benchmark publications by their
scientists.

A major obstacle to engaging nontaxonomists, includ-
ing conservation biologists, is the unavailability of tax-
onomic publications and species identification guides.
Publications are increasingly easier to obtain by emailing
experts, through open-access publication, and through
the Biodiversity Heritage Library. A shorter time to pub-
lication of descriptions of new species would reduce
the likelihood of the same species being described by
different authors at the same time. However, there are
no online guides, or portal to guides, for the identifica-
tion of all species or even higher taxa. Efforts to create
such an online identification key to life are rudimentary,
although there are some to marine species (Anonymous
2014; Vanaverbeke et al. 2014).

Undescribed marine species in collections of museums
and other organizations may number 65,000 (Appeltans
et al. 2012). However, too many collections still lack on-
line registers of what taxa they include. Access to this
information would accelerate the planning of research to
study these specimens and make the best use of already
archived specimens.

That there has been more progress in taxonomy than
may have been realized until recently does not mean
enough has been done. It has taken over 250 years to
get the most basic information, often only a species de-
scription, of about two-thirds of species on Earth. The re-
maining species will be difficult to discover because they
are likely to be in rarely sampled locations, low in abun-
dance, or difficult to discriminate from other species.
Filling the remaining gaps can be more cost-efficiently
achieved if nonspecialists can recognize species, includ-
ing unnamed species, and work with specialists to iden-
tify them (Costello et al. 2013b). People not employed
by research organizations already play a significant role
in taxonomy (reviewed in Costello et al. 2013a, 2013b;
Brulé & Touroult 2014).

Most research funding is still nationally based, and
many countries lack funding targeted at taxonomy. If
countries cooperate by sharing taxonomic expertise,
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including access of non-nationals to sampling sites and
specimens, this will provide cost-efficiencies. It is not
realistic or necessary that every country has specialists in
every taxon, especially when some taxa may be rare in
their country.

Changing Science and Management Cultures

Parsons et al. (2014) asked, “How can scientific and man-
agement culture be changed to promote open sharing of
data in formats that are accessible (and standardized)?” A
first step, in changing the culture is to stop using the term
data sharing. This term implies some type of reciproca-
tion, such as authorship on another paper or payment.
This kind of data sharing requires potential users to know
in advance if the data exist and then if it will be of use
to their research. Instead, data should be published with-
out restrictions on its re-use in research and education,
just as with other kinds of publications. Published data
sets should have a conventional citation style that indi-
cates the persons responsible (e.g., authors, editors), its
content (i.e., title), and a permanent web address for its
repository (e.g., a DOI as used by the PANGAEA World
Data Centre). When used, the data set should be cited
in the reference list, as are other publications (Costello
2009; Costello et al. 2013e). When so many data sets are
used that they cannot be accommodated in the main ref-
erence list of a paper, they can be cited in the appendix.

Publication is a meritorious endeavor of scientists,
whereas data sharing is not. In contrast to data shar-
ing, publication of data could include several levels of
quality assurance, including peer review (Costello et al.
2013e). New metrics for recognizing scientific outputs
include number of web views, downloads, and citations.
All of these metrics, plus data use, could be applied to
published data sets through the use of methods already
implemented for scientific articles.

Science journals already require genetic and other
molecular data used in a published article to be made
publicly available. Taxonomic journals require type
specimens of new species to be lodged in public
specimen collections. So that results can be verified
and studies reproduced, an increasing number of
journals require other kinds of data to be made available
when an article is published (e.g., Nature, Science,
Proceedings of the National Academy of Sciences of
the United States of America, and Systematic Biology).
Over 31 publishers of biology journals are members of
Dryad (http://datadryad.org), which archives data sets.
However, Conservation Biology has no policy on data
availability and Biological Conservation only encourages
it. An overdue action to encourage data availability would
be for conservation biologists, organizations, and journals
to make supporting data publication mandatory and
to cite data sets in reference lists as they would other
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Figure 2. Number of (a) species’ sampling dates (an indicator of time-series data), (b) species’ distribution records
(indicates sampling effort), (c) species, and (d) phyla and (e) ESs, (estimated species from randomized samples of
50 records) in 5 x 5 degree latitude-longitude squares. Data from Ocean Biogeographic Information System

July 2014).
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publications. A recent review by Wiley (the publisher of
Conservation Biology) found that when journals make
data publication mandatory, data availability increases
significantly (Ferguson 2014). It is paradoxical that the
conservation community recognizes the need for more
biodiversity data but has not been sufficiently disciplined
to make what data already exist and have been used in
publications freely available.

Strategies to Promote Collaboration

The final question of Parsons et al. (2014) we address
is, “What strategies can be used to promote long-term
integrated multidisciplinary collaborations?” The long-
term component of this question is the most challeng-
ing. Shortterm funding, conferences, and workshops
regularly foster collaboration. Similar strategies outlined
above to improve taxonomic productivity could be ap-
plied to research to support other aspects of marine
biodiversity conservation. We propose that the long-
term component of this research can best be served
by publication of primary data in standardized open-
access databases. These data are the empirical founda-
tion of science. For marine biology, several standardized
options for data publication and archiving are opera-
tional and can be expanded. For example, the WoRMS
is available for taxonomic and related biological data,
and the Ocean Biogeographic Information System (OBIS)
and Global Biodiversity Information Facility (GBIF) and
associated databases are available for species distribution
data (Boxshall et al. 2014; Costello & Wieczorek 2014).
These initiatives provide a permanent scholarly and stan-
dardized infrastructure. Every year hundreds of articles
in science journals are based on these data (Costello
et al. 2013d, 2013¢). The OBIS and GBIF include data
at local to global spatial scales, time-series data, and data
from ecological and fishery surveys, citizen scientists, and
museum collections. Additional data fields and linking
with other databases (e.g., WoRMS) may provide wider
ecological (e.g., which species are introductions) and en-
vironmental (e.g., AquaMaps, GMED) context (Kaschner
etal. 2013; Basher et al. 2014). However, the data have no-
table spatial gaps, particularly relative to regional, local,
and temporal scales (Fig. 2). These gaps reflect limited
sampling in some geographic areas, including greater
depths, and the need to publish historic data from the
literature and specimen collections. These databases are
now part of the international scientific infrastructure but
are not yet within the mainstream of conservation science
and management. In addition to their need for infrastruc-
ture support, these databases need mechanisms to ensure
continued engagement of scientists in their development
and quality assurance (Costello et al. 2014¢). With such
integration they can provide the pivot point for long-term
international collaboration.
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Discussion

Despite the productivity and health of taxonomic re-
search, it has never been so urgently needed because of
the threat of species extinctions (Costello 2015). Con-
servation is compromised by the absence of informa-
tion on what species exist, their ecology, biogeography,
and trends in abundance. The measures we propose to
accelerate taxonomic productivity are partly underway
and demand more support from conservation scientists,
managers, organizations, journals, and funding agencies.
The publication of data in existing open access databases
needs to become a mainstream activity that will provide
the data necessary to inform conservation and policy. A
first step is for conservation biologists and organizations
to require biodiversity data (at least that used in research
publications) to be published and to recognize this as of
similar merit to other kinds of publications.
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