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Abstract Several ways have been suggested to improve the poor status of taxonomy as
well as to overcome the taxonomic impediment and thus to speed up species discovery and
documentation, such as: DNA barcoding, creation of databases of taxa and identification
tools, online quantum contributions, standardization of morphological features, training of
a new generation of taxonomists. The paper comments on the desirability and effectiveness
of these presumed remedies. It is argued that the analytical, hypothesis-testing nature of
taxonomic research is not well understood or appreciated and forms a major constraint on
the rate of taxonomic descriptions. The various components of the taxonomic method, such
as exploration, data, analysis, and results, interact in a complex manner that resembles the
erratic, bouncing behaviour of a pinball machine. Species hypotheses probably are the
most tested hypotheses in the natural sciences. The introduction of cybertaxonomy
instrumentation and infrastructure will not alleviate the time-consuming, intrinsically
analytical and hypothesis-testing process underlying the description and/or identification of
each taxon. Long-term survival of the discipline of taxonomy, thus guaranteeing the future
cumulative taxonomic output of amateurs and professionals, is endangered by a dimin-
ishing workforce of adequately trained professional systematists. The only way to increase
the pace of a well-documented and scientifically useful taxic inventory of the world’s
biodiversity is to increase the number of professional taxonomists.

Keywords Biodiversity - Cybertaxonomy - DNA barcoding - Hypothesis-testing -
Inventory - Methodology - Nature conservation - Species delimitation and description -
Taxonomic impediment

R. Sluys (X))
Naturalis Biodiversity Center, P.O. Box 9514, 2300 RA Leiden, The Netherlands
e-mail: ronald.sluys @naturalis.nl

R. Sluys

Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam,
The Netherlands

@ Springer



1096 Biodivers Conserv (2013) 22:1095-1105

Introduction: the status of taxonomy

Taxonomy is the subdiscipline of systematic biology involved in species discovery and
documentation, and in the construction of classifications. The number of papers lamenting
the poor status of taxonomy among the natural sciences, objecting to the all too-frequent
and easy portrayal of this discipline as merely descriptive (and hence its poor reception
among universities and funding agencies), are already too numerous to cite in full. The
publications that discuss the poor status of this discipline range from papers in scientific
journals (e.g. Wheeler 2004, and references therein) to governmental and institutional
reports (e.g. BION 1993; House of Lords 2008). Numerous papers have also pointed out
the discrepancy that exists between the poor reception of the discipline of taxonomy among
the natural sciences and its highly insufficient funding and dwindling number of profes-
sional specialists on the one hand, and on the other hand the desire of society to make a
taxic inventory of the world’s biodiversity, thus resulting in a crisis in taxonomic resources
and expertise that has become known as the “taxonomic impediment.” Several routes have
been suggested as potential ways to overcome both this taxonomic impediment and the
Cinderella status (cf. Padial and de la Riva 2007) of taxonomy, such as DNA barcoding,
the creation of databases of taxa and identification tools, online quantum contributions,
standardization of morphological features, and the training of a new generation of
taxonomists.

In this paper I endeavour to make some annotations and connotations on the effec-
tiveness or desirability of these presumed remedies. Further, I elaborate on an aspect of
taxonomy that has received much less attention in recent literature and that will have a
long-lasting effect on the inventory of biodiversity, i.e. the analytical procedure that is
inherent in the every-day practice of taxonomists.

The end-user mode

Traditionally, taxonomists have not spared any effort to construct and publish identification
keys, field guides, and distribution atlases, either as conventional publications or in digital
form. They have been successful to such a degree that often the discipline is considered to
be merely descriptive and to provide only a service, albeit valuable, to interested end-users
such as nature conservationists, biodiversity scientists, forensics specialists, agricultural
scientists, and field ecologists (Ebach et al. 2011a, b).

This perception of the discipline of taxonomy as being merely descriptive frequently
results in suggestions of overcoming the taxonomic impediment and accelerating the slow
pace of new species descriptions by implementing web-based bioinformatics devices (e.g.
Maddison et al. 2012). However, making basic data on the morphology of presumably
new-, but still unnamed, species more quickly available to a broad audience does not
automatically imply an increased speed of species discovery and documentation.

First of all, one may wonder who will provide the necessary high quality input for such
devices (Ebach et al. 2011a). It is not to be expected that any biologist other than one who
dedicates at least part of her time to detailed examination of frequently microscopic
features (the major part of biodiversity being small, uncharismatic invertebrates) will be
able to contribute scientifically useful and rigorous data. Second, the mere presence of
images of all kinds of potentially useful taxonomic features, although easily collected and
cheap in web-based repositories, does not represent taxonomic data. In order to become
taxonomically meaningful the observation or image has to become part of an empirical
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statement and subsequent interpretation in the context of similar features in other taxa and
the species hypothesis under consideration (Vogt et al. 2010). In other words, a taxonomic
character is a theory or hypothesis that two or more attributes, which appear different to
some degree in two or more specimens or taxa, are actually the same (Platnick 1979). A
clear example of the difference between images and data, and one that relates to my own
field of expertise, is given by Vogt et al. (2010) concerning the interpretation of histo-
logical sections. As an experienced flatworm morphologist I am able to distinguish
between histological preservation and processing artefacts and true structural features that
may baffle an inexperienced observer. Unfortunately for end-users of taxonomic infor-
mation, there is no replacement, web-oriented or otherwise, for knowledge that is based on
years of observation, comparison, and experience (Ebach et al. 2011b).

DNA barcoding represents another example that was initially hailed as a possible
panacea to the taxonomic impediment that would eventually provide everybody, profes-
sional as well as completely inexperienced users, easy access to species names (Hebert and
Gregory 2005; Godfray 2007). That this claim runs foul of several theoretical and
empirical problems has been amply discussed in the literature (cf. Will et al. 2005; Meier
2008). Some problematic issues concern the (1) simple character set provided by the single
DNA sequence (COI), (2) organelle capture and the hitchhiking of organelle DNA with
cytoplasmic symbionts (cf. Chat et al. 2003; Hurst and Jiggins 2005; Whitworth et al.
2007; Stegemann et al. 2013), (3) empirical fact that the desired universal marker gene COI
is less suitable in land plants (in which MatK and rbcL are better markers), fungi (for
which ITS was proposed as a standard marker; cf. Schoch et al. 2012; Gross 2012), and
several groups of invertebrates (cf. Shearer et al. 2002; France and Hoover 2002, and
references therein), (4) appropriate species concept to be used (Will and Rubinoff 2004),
(5) frequent use of neighbour-joining trees for sequence identification (Taylor and Harris
2012). In addition to these issues it has recently been shown that the DNA barcoding
enterprise falls short of its own targets, in that current species coverage is sparse, while
growth rates are low (Kwong et al. 2012; Boykin et al. 2012). From this perspective,
therefore, it is also questionable whether DNA barcoding will be able to overcome the
taxonomic impediment.

And even in the unlikely case that many of the theoretical and empirical problems with
DNA barcoding will be solved eventually, there are two aspects of biodiversity research
that will remain paramount and underscore the never-ending need for competent taxono-
mists. One concerns the fact that the effectiveness of DNA barcoding is limited by the
availability of reference sequences originating from voucher specimens identified by
qualified taxonomists (Liicking 2008; Taylor and Harris 2012). That this verification part
of the barcoding enterprise represents a major obstacle for its purported fast and easy
assessment of biodiversity is apparent from the situation that a vast majority of publicly
available barcodes has only very approximate identifications, merely specifying a taxon
above the species level (Kwong et al. 2012).

The second paramount side of taxic biodiversity studies is that in “.... principle ... our
task is not to name species but to know them...” (Ball 1980, p. 235). From that per-
spective, a DNA barcode merely points to a phenetic difference in a small stretch of DNA
but does not provide more in-depth information on organismal divergence, either genetic
(e.g. nuclear) or morphological (Wheeler 2004; Will et al. 2005; Taylor and Harris 2012).
It is only whole organism description and knowledge that will enable us to frame and test
scientifically interesting and relevant hypotheses on the evolution of structures, adapta-
tions, functional morphology, behaviour, and life history.
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Hypothesis-, and discovery-driven science

All too frequently, taxonomy is portrayed as a merely descriptive, non-analytical science
that at best may provide valuable data, i.e. identifications, for other fields of inquiry. This
view of taxonomy as a mere service industry is implicit, at the least, in papers promoting
DNA barcoding as a replacement tool for classical species identification, discovery, and
delimitation. However, such a view rests on a caricature of taxonomy and signals complete
unfamiliarity with the methodology of this scientific discipline.

Implicit in this characterization of taxonomy as merely descriptive is the allegation that
the field, thus, would be non-analytical and non-experimental. That the field is more
observational and non-experimental cannot be considered as a disqualifying condition
under any of the current philosophies of the natural sciences. Taxonomy is not the only
natural science in which the test implications of an hypothesis can only be checked against
new observational, empirical and non-experimental data (Hempel 1966). Furthermore, also
in taxonomy there are situations in which the results of experiments form the test for
previously formulated predictions (e.g. Aanen and Kuyper 1999).

That a taxonomic study is hypothesis-driven and analytical from its very beginning is
not obvious to the uninitiated. However, empirical morphological observations on an
unidentified, unknown organism immediately inspire the taxonomist to formulate a
hypothesis about the identity of the organism. Such a scientific hypothesis results from the
broad knowledge that the taxonomist has acquired after years of dedicated study of his
favoured group of species, in combination with creative reflection on the possible taxo-
nomic status of the organism under study. It is usually glossed over that already this first
step of the taxonomic process can only be taken when one has acquired an intimate
knowledge on numerous and often minute morphological characteristics of a generally
sizeable group of species. It is not a skill and depth of knowledge that a novice in the field
will quickly acquire, as is well-known to any taxonomist who endeavours to train a new
generation of specialists.

The initial hypothesis that is formulated on the possible taxonomic status of the spec-
imen under study is tested by comparing its morphological, anatomical, karyological,
chemical, behavioural, and/or molecular details with those of species taxa or higher taxa
already known to science. The results of such a comparative study will either corroborate
or falsify the initial hypothesis on the taxonomic status. Portrayed in this way it seems to be
a simple, linear process of scientific progress. Recently, Scotland and Wood (2012) pre-
sented a more complex and somewhat less linear flow chart for the taxonomic process.
However, a more or less linear flow is rarely the case in any branch of science and certainly
not in taxonomy. The various components of the taxonomic method, such as exploration,
data, analysis, and results, interact in a complex manner that looks more like the erratic,
bouncing behaviour of a pinball machine than a linear trajectory (Fig. 1). And this entire
testing process is not only done once but again for each new specimen encountered
(Wheeler 2004; Liicking 2008). Because of the ever-present variability in nature each new
specimen of a presumed new species is slightly different from all others known thus far.
The extent of this variation has to be evaluated and its possible implication for the taxo-
nomic status of the specimen has to be tested against the background knowledge on the
characteristics of the entire group of species or clade to which it might belong. This needs
to be repeated indeed for every new specimen because an in-depth and comparative
analysis may reveal that superficial similarity to a certain species actually obscures the real
evolutionary and taxonomic affinity of a particular specimen. This implies that the amount
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Fig. 1 Pinball machine methodology in taxonomy (after: California Academy of Sciences 2013). Starting
with Exploration and Discovery and the formulation of a preliminary hypothesis on species identity, during
each step the process bounces more or less erratically between Gathering Data, Interpreting Data,
Community Analysis and Feedback until a stable species hypothesis can be formulated that can be
incorporated into the existing knowledge and be used in scientific and societal contexts (Benefits and
Outcomes) and also reflects on future rounds of Exploration and Discovery. A stable hypothesis on species
identity is only a scientific fact as long as it survives new rounds of testing when further data becomes
available, which implies that taxonomic work is never finished

of hypothesis testing done in taxonomy exceeds that of any other biological discipline and
probably also any other branch of science (Liicking 2008; Padial and de la Riva 2010).
Although species hypotheses probably are the most tested hypotheses in the natural
sciences, this does not imply that the species names once attached to particular organisms
are immutable facts. A species name once assigned remains a scientific fact as long as it
continues to be corroborated by subsequent tests, but it is falsified when the species
hypothesis fails the test (Fig. 1). Basically, species names are hypotheses of evolutionary,
genealogical relationships, which may change when tested against new data (de Carvalho
et al. 2007). From this perspective it might be useful if a taxonomist would be able to
provide some information on the probable stability of a species name, i.e. on the degree of
its corroboration (Padial and de la Riva 2010). This is also one of the major reasons that
generally taxonomists are reluctant to describe a new species solely on the basis of the
examination of a single specimen. Nevertheless, scarcity and/or uniqueness of the material
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at hand may induce a taxonomist to coin a new species name after having studied only one
specimen (cf. Sluys and Kawakatsu 2001; Grant et al. 2006). However, there is some merit
to this strategy, since a newly proposed name that turns out to be a synonym of a known
species can easily be suppressed. But if a specimen is assigned to an incorrect species, the
misidentification may linger in the literature for many years (Ross 1974).

In similar vein, the perception of taxonomy, and systematic biology in general, by other
scientists would be improved by a more rigorous objectification and standardization of
some of its procedures and data. The fact that one of the leading systematists of the 1930s—
1960s, George Gaylord Simpson, characterized taxonomic classification as an art (Simpson
1961, p. 107) continues to cast a shadow over the entire field of taxonomy until the present
day. However, since Simpson’s time the field of systematic biology has experienced
several revolutions that attempted to objectify particular aspects of its methodology and
practice. The most famous of these revolutions, and one that continues to exert its influence
until the present day, is the phylogenetic systematics or cladistics movement (cf. Williams
and Ebach 2008; Wiley and Lieberman 2011, and references therein). In short, phyloge-
netic systematics objectified the reconstruction of evolutionary trees, and its philosophy
implicitly or explicitly underlies every phylogenetic inference study published in current
primary literature. The majority of these studies is based on molecular data because
morphological data are inherently more complex and subject to greater operational and
interpretational ambiguities. However, recent ramifications of the cladistic revolution have
taken on the standardization and objectification of morphological character delineation,
coding, and scoring, as well as the databasing of morphological features (cf. Sereno 2009;
Vogt et al. 2010; O’Leary and Kaufman 2011). In the future this new movement will result
in standardized morphological data that will facilitate communicability and comparability
across disciplines and present usable data for taxonomic studies and for evolutionary
comparative analyses in a next generation of phyloinformatics programs (cf. Deans et al.
2012; Vos et al. 2012).

The pace of taxonomic description

Recent studies have downplayed the taxonomic impediment alluded to in so many pub-
lications (e.g. Giangrande 2003; Wheeler et al. 2004) and that stimulated the U. S. National
Science Foundation to launch the PEET programme, with its goal to overcome some of the
problems residing under this generalized label (cf. Rodman and Cody 2003; Agnarsson and
Kuntner 2007). Notably Joppa et al. (2011a) showed that for a number of organismal
datasets the rates of species description has increased exponentially over the period
1950-2000, as did the number of taxonomists (see also Costello et al. 2012; Costello et al.
2013). These results run counter to an earlier study that identified a long and persistent
decline since the 1950s in both professional and amateur entomological output, as well as
number of active workers in entomology (Hopkins and Freckleton 2002; see also Drew
2011).

Bibliometric analyses of the number of active taxonomists, their cumulative effort, and
their taxonomic output, in the form of documented new species, although valuable in
principle, appear to be fraught with difficulties and to yield contradictory results. The
problems already start with the appropriate classification of authors of species descriptions.
Some studies distinguish between professionals and amateurs and class an author as an
amateur if the associated address is a private residence, grouping all others with an
affiliation at an institution as professional taxonomists (cf. Hopkins and Freckleton 2002).
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In this context it is important to realize that non-paid taxonomic workers often use the
address of a professional institution. They do this because the organization may have
facilitated part of the study, for example by providing access to collections of specimens, in
the case of natural history museums, and/or because such workers hold an honorary
position at the institution. Other studies consider as professional taxonomists only those
authors who hold a paid job to do taxonomy, while as amateurs are classified all other
workers, including the frequently very active retired taxonomists (cf. Fontaine et al.
2012b). In the most inclusive categorization a taxonomist is any author who contributes a
species description (Costello et al. 2012, 2013). It would be interesting to know whether
the contribution of amateurs, or at least non-specialists, to the taxonomic output leads to a
greater increase in synonyms. As an example I mention the description of five new Chinese
wasps by Dong and coauthors (Dong 2001; Dong et al. 2002, 2004, 2005; Dong and Wang
2003) that not long thereafter were synonymized by Carpenter et al. (2011).

An example of a contradictory result between bibliometric analyses concerns the pre-
diction by Costello et al. (2012) that soon it would become harder to find new species,
excepting smaller invertebrates in the less explored areas and habitats. However, their
prediction was already falsified before it had been made public because the results of
Fontaine et al. (2012b) indicated that the species description curve for the European fauna
shows no sign of approaching a plateau, in other words, that the inventory of this well-
studied fauna is far from being complete. This holds true not only for small invertebrates
but also for freshwater fishes (see also Giam et al. 2011).

The discrepancy between the notion that the number of taxonomists is not in decline
(e.g. Costello et al. 2013) and the viewpoint that the opposite is true (e.g. Drew 2011) may
well result from different perspectives and different concerns about what is necessary for a
healthy future of the discipline of taxonomy. When one focuses only on current overall
taxonomic output the situation may seem not so bleak. But the picture darkens consider-
ably when one thinks about the necessary infrastructure (e.g. natural history museums,
web-based databases) and about the equally necessary scientific framework of systematic
biology, in which taxonomy lies embedded as a subdiscipline. If the current situation is
such that many new species are described by amateur, non-paid taxonomists (Fontaine
et al. 2012b) and that the number of tenured professionals is dwindling, a notion that keeps
on surfacing within the community of professional taxonomists (cf. Drew 2011), one may
indeed wonder who will train and facilitate the research of future generations of amateurs.
Therefore, without an adequately-sized professional workforce and infrastructure the entire
field of taxonomy, including amateurs as well as professionals, runs the risk of eventually,
but inevitably, falling below the level of sufficiency.

The fact that taxonomic papers are increasingly multi-authored (Costello et al. 2012)
does not necessarily imply an increased and healthy taxonomic workforce. Many of the co-
authors will concern workers with a wide range of competency, only documenting species
in the context of other studies but not dedicated to a comprehensive taxonomic and phy-
logenetic analysis of a group of species.

Furthermore, it is unsurprising that the number of taxonomists has increased consid-
erably since 1800 (cf. Joppa et al. 2011a, Fig. 1C). Most likely a similar trend is present in
many other branches of science, in view of the increased overall size of the global scientific
community. But this increase in absolute numbers does not nullify the situation that (1)
universities and funding agencies all too often weaken or even completely discontinue their
support for taxonomy (Wheeler 2004; Kozlowski 2008; Drew 2011), (2) even an increased
number of taxonomists is currently insufficient to provide a good and timely account of
still undiscovered species (Bacher 2012). A recent example of the first-mentioned situation
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is the discontinuation of the Zoological Museum of the University of Amsterdam (ZMA) in
2011, after having existed for almost 175 years (cf. Reitsma 2012). Fortunately, the col-
lections of the ZMA and its highly reduced number of staff members were incorporated in
the restructured Naturalis Biodiversity Center.

The second point mentioned above, i.e. the continued presence of the taxonomic
impediment, has recently been questioned (Costello et al. 2013) but gets support from the
generally long shelf life between the first collection of specimens of a new species and its
formal description and naming in the scientific literature, with the average shelf life being
21 years (Fontaine et al. 2012a). This effective presence of the taxonomic impediment has
resulted in suggestions to speed up the pace of taxonomic description through the
implementation of new cyber technologies and non-conventional workflows (e.g. Maddi-
son et al. 2012).

That taxonomy needs to implement and will profit from modernized practices and
infrastructure is without any doubt. Evidently, constraints that may have slowed down
progress in the past, such as availability of literature and access to specimens, need no
longer exist (Wheeler 2010). However, it is questionable whether new technologies will
greatly increase the number of adequately analyzed and documented species descriptions.
It is clear that introduction of cybertaxonomy instrumentation and infrastructure will not
alleviate the intrinsically analytical and hypothesis-testing process underlying the
description of each new taxon, nor the identification of already known species. It is a
scientific process that basically occurs in the minds of experienced taxonomists and forms
the part and parcel of the comparative, hypothesis-driven methodology of taxonomy. As
with any other branch of the natural sciences, speed of discovery, hypothesis testing, and
scientific progress is constrained by the number of dedicated scientists.

It is also a misconception to think that the pace of taxonomic description will increase as
we know more of biodiversity, with species description curves perhaps even approaching
an asymptote, suggesting a diminishing pool of the so-called missing species (Joppa et al.
2011a, b). Only someone unfamiliar with the hard, complex, comparative, and analytical
work involved in the discovery and description of new species could conclude that “....
over time there has been easier circumscription of taxa owing to increasing numbers of
species with which to compare ...” (Joppa et al. 201 1a, p. 551). That precisely the opposite
holds true is apparent from every taxonomic study. For example, description of a new
species of freshwater flatworm of the genus Dugesia from South Africa entailed (1)
comparison with all 75 species known to science, (2) redescription of several African
species, and (3) re-assessment of the taxonomic status of some African Dugesia popula-
tions (Sluys 2007). All of that was necessary in order to properly establish the taxonomic
status of animals from only one newly sampled population, representing a new species (see
also Scotland and Wood 2012).

Itis also obvious that as more becomes known of biodiversity, the amount of literature that
needs to be consulted increases as well, as does the number of taxonomic synonyms (Costello
etal. 2012). Again, evaluation of literature and synonyms can only take place in the mind of
the qualified taxonomist and cannot be replaced or speeded up by new technologies.

In the present context I do also venture an alternative explanation for the asymptotically
decreasing number of species descriptions per taxonomist, as found in some studies (Joppa
et al. 2011a, b; Costello et al. 2012). The decreasing number of descriptions may not result
from a diminishing pool of missing species, as suggested by Joppa et al. (2011a), but may
simply signal the fact that the time needed for the entire analytical taxonomic process
increases with an increased base of specimens and existing data. That in many taxa missing
species will concern cryptic species among the smaller invertebrates (Costello et al. 2012;
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Scheffers et al. 2012) will add another complicating and time-consuming factor to the
taxonomic process.

Although molecular tools certainly will help in the discrimination of putative species,
notably new cryptic species, these methods will not necessarily increase the discovery
process and rate of description. One of the reasons for this is that integrative taxonomy is
rapidly becoming the new conceptual framework for the formulation of stable species
hypotheses. In an integrative approach to taxonomy several, independent data sources (e.g.
morphology and DNA) are used to formulate and test species boundary hypotheses (cf.
Schlick-Steiner et al. 2010). In practice, integration of the results from analyses of several
datasets will actually slow down the discovery and documentation of fully described
species and candidate species. This is simply due to the fact that performing more analyses
takes more time and that cooperation between research groups with different competencies
usually is accompanied by an expanded timetable for the project.

In conclusion, due to the analytical nature of taxonomy there is ultimately only one way
to overcome the taxonomic impediment and to speed up the discovery and documentation
of the world’s undescribed species, viz. the training of more taxonomists. Currently, for
many groups of organisms only one, or at best very few specialists, either professional or
amateur, are available to resolve species identifications, while there is also a large number
of taxa for which qualified expertise is insufficient or even completely lacking. It is of the
utmost importance that a new generation of taxonomists is trained by professional spe-
cialists still active today before further erosion of the discipline has created a taxonomic
cliff that cannot be overcome before the missing species have effectively gone extinct.

Acknowledgments I am grateful to Dr. R. Vos (Naturalis Biodiversity Center, Leiden) for commenting on
a draft of the manuscript. Dr. M. Riutort (University of Barcelona) and Dr. J. A. J. Breeuwer (University of
Amsterdam) are thanked for providing some references on barcoding and genetic hitchhiking, respectively.
Dr. Jiangli Tan (College of Life Sciences, Northwest University, Xi’an, Shaanxi, China) and Prof. Dr. C. van
Achterberg (Naturalis Biodiversity Center, Leiden) brought the Chinese wasps example to my attention.
Prof. Dr. M. Schilthuizen (Naturalis Biodiversity Center, Leiden) kindly suggested some pertinent refer-
ences and also read and commented on the penultimate version of the manuscript. Mr. J. van Arkel
(University of Amsterdam) is thanked for the digital rendering of the figure.

References

Aanen DK, Kuyper TW (1999) Intercompatibility tests in the Hebeloma crustuliniforme complex in
northwestern Europe. Mycologia 91:783-795

Agnarsson I, Kuntner M (2007) Taxonomy in a changing world: seeking solutions for a science in crisis.
Syst Biol 56:531-539

Bacher S (2012) Still not enough taxonomists: a reply to Joppa et al. Trends Ecol Evol 27:65-66

Ball IR (1980) Freshwater planarians from Colombia—a revision of Fuhrmann’s types. Bijdr Dierk
50:235-242

BION (1993) Systematics: Biodiversity and Evolution — National Plan for Systematic Biology (Systematiek:
Biodiversiteit en Evolutie: Nationaal Plan voor Systematische Biologie). Stichting voor Biologisch
Onderzoek BION (NWO), p 59. (in Dutch)

Boykin LM, Armstrong K, Kubatko L, de Barro P (2012) DNA barcoding invasive insects: database
roadblocks. Invert Syst 26:506-514

California Academy of Sciences (2013). http://www.calacademy.org/sciencetoday/how-science-works/. Accessed
29 Jan 2013

Carpenter JM, Dvorak L, Jun-Kojima J-1, Nguyen LTP, Perrard A, Pickett KM (2011) Taxonomic notes on
the Vespinae of Yunnan (Hymenoptera: Vespidae). Am Mus Novit 3709:1-10

Chat J, Decroocq S, Petit RJ (2003) A one-step organelle capture: gynogenetic kiwifruits with paternal
chloroplasts. Proc R Soc B 270:783-789

@ Springer


http://www.calacademy.org/sciencetoday/how-science-works/

1104 Biodivers Conserv (2013) 22:1095-1105

Costello MJ, Wilson S, Houlding B (2012) Predicting total global species richness using rates of species
description and estimates of taxonomic effort. Syst Biol 61:871-883

Costello MJ, May RM, Stork NE (2013) Can we name Earth’s species before they go extinct? Science
339:413-416

De Carvalho MR, Bockmann FA, Amorim DS, Brandao CRF, de Vivo M, de Figueiredo JL, Britski HA, de
Pinna MCC, Menezes NA, Marques FPL, Papavero N, Cancello EM, Crisci JV, McEachran JD,
Schelly RC, Lundberg JG, Gill AC, Britz R, Wheeler QD, Stiassny MLJ, Parenti LR, Page LM,
Wheeler WC, Faivovich J, Vari RP, Grande L, Humphries CJ, DeSalle R, Ebach MC, Nelson GJ
(2007) Taxonomic impediment or impediment to taxonomy? A commentary on systematics and the
cybertaxonomic-automation paradigm. Evol Biol 34:140-143

Deans AR, Yoder MJ, Balhoff JP (2012) Time to change how we describe biodiversity. Trends Ecol Evol
27:78-84

Dong D (2001) A new species of the Vespa Linnaeus (Hymenoptera: Vespidae) from Yunnan China.
J Southwest Agric Univ 23:82-83 (in Chinese)

Dong D, Wang Y (2003) Phylogeny of Vespa Linnaeus (Hymenoptera: Vespidae). J Southwest Agric Univ
25:405-408 (in Chinese)

Dong D, Wang Y, He Y, Wang R (2002) A new species of Vespula (Hymenoptera: Vespidae) from Yunnan
China. J Southwest Agric Univ 24:396-397 (in Chinese)

Dong D, Wang Y, He Y, Wang R (2004) A new species of the genus Vespula (Hymenoptera: Vespidae)
from Nujiang of Yunnan Province. J Southwest Agric Univ 26:146—147 (in Chinese)

Dong D, Liang X, Wang Y, He Y (2005) A new species of the genus Vespula (Hymenoptera: Vespidae)
from Gongshan Yunnan, China. Entomotaxonomia 27:65-68 (in Chinese)

Drew LW (2011) Are we losing the science of taxonomy? Bioscience 61:942-946

Ebach MC, Valdecasas AG, Wheeler QD (2011a) Impediments to taxonomy and users of taxonomy:
accessibility and impact evaluation. Cladistics 27:550-557

Ebach MC, de Carvalho MR, Nihei SS (2011b) Saving our science from ourselves: the plight of biological
classification. Rev Bras Entomol 55:149-153

Fontaine B, Perrard A, Bouchet P (2012a) 21 years of shelf life between discovery and description of new
species. Curr Biol 22(22):R943-R944

Fontaine B, van Achterberg K, Alonso-Zarazaga MA, Araujo R, Asche M et al (2012b) New species in the
old World: Europe as a frontier in biodiversity exploration, a test bed for 21st century taxonomy. PLoS
ONE 7(5):e366881. doi:10.1371/journal.pone.00366881

France SC, Hoover LL (2002) DNA sequences of the mitochondrial COI gene have low levels of divergence
among deep-sea octocorals (Cnidaria: Anthozoa). Hydrobiologia 471:149-155

Giam X, Scheffers BR, Sodhi NS, Wilcove DS, Ceballos G, Ehrlich PR (2011) Reservoirs of richness: least
disturbed tropical forests are centres of undescribed species diversity. Proc R Soc B 279:67-76

Giangrande A (2003) Biodiversity, conservation, and the ‘Taxonomic Impediment’. Aquat Conserv
13:451-459

Godfray HC (2007) Linnaeaus in the information age. Nature 417:17-19

Grant LJ, Sluys R, Blair D (2006) Biodiversity of Australian freshwater planarians (Platyhelminthes: Tri-
cladida: Paludicola): new species and localities, and a review of paludicolan distribution in Australia.
Syst Biodivers 4:435-471

Gross M (2012) Barcoding biodiversity. Curr Biol 22(3):R73-R76

Hebert PDN, Gregory TR (2005) The promise of DNA barcoding for taxonomy. Syst Biol 54:852-859

Hempel CG (1966) Philosophy of natural science. Prentice-Hall, Inc., Englewood Cliffs

Hopkins GW, Freckleton RP (2002) Declines in the numbers of amateur and professional taxonomists:
implications for conservation. Animal Conserv 5:245-249

House of Lords (2008) Systematics and taxonomy: followup Sth report session 2007-08 with evidence.
TSO, London, p 330

Hurst GDD, Jiggins FM (2005) Problems with mitochondrial DNA as a marker in population, phylogeo-
graphic and phylogenetic studies: the effects of inherited symbionts. Proc R Soc B 272:1525-1534

Joppa LN, Roberts DL, Pimm SL (2011a) The population ecology and social behaviour of taxonomists.
Trends Ecol Evol 26:551-553

Joppa LN, Roberts DL, Pimm SL (2011b) How many species of flowering plants are there? Proc R Soc B
278:554-559

Kozlowski G (2008) Is the global conservation status assessment of a threatened taxon a utopia? Biodivers
Conserv 17:445-448

Kwong S, Srivathsan S, Meier R (2012) Update on DNA barcoding: low species coverage and numerous
unidentified sequences. Cladistics 28:639-644

@ Springer


http://dx.doi.org/10.1371/journal.pone.00366881

Biodivers Conserv (2013) 22:1095-1105 1105

Liicking R (2008) Taxonomy: a discipline on the brink of extinction—are DNA barcode scanners the future
of biodiversity research? Arch Sci 61:75-88

Maddison DR, Guralnick R, Hill A, Reysenbach A-L, McDade LA (2012) Ramping up biodiversity dis-
covery via online quantum contributions. Trends Ecol Evol 27:72-77

Meier R (2008) DNA sequences in taxonomy—opportunities and challenges. In: Wheeler QD (ed) The new
taxonomy. The systematics association special, vol Series., 76CRC Press, Boca Raton, pp 95-127

O’Leary MA, Kaufman S (2011) MorphoBank: phylophenomics in the ‘cloud’. Cladistics 27:529-537

Padial JM, de la Riva I (2007) Taxonomy, the Cinderella of science, hidden by its evolutionary stepsister.
Zootaxa 1577:1-2

Padial JM, de la Riva I (2010) A response to recent proposals for integrative taxonomy. Biol J Linn Soc
101:747-756

Platnick N (1979) Philosophy and the transformation of cladistics. Syst Zool 28:537-546

Reitsma E (2012) A thousand and more stories in spirit (Duizend en meer verhalen op sterk water).
Uitgeverij Noord-Holland, Wormer, p 320. (in Dutch)

Rodman JE, Cody JH (2003) The taxonomic impediment overcome: NSF’s partnership for enhancing
expertise in taxonomy (PEET) as a model. Syst Biol 52:428-435

Ross HH (1974) Biological systematics. Addison-Wesley Inc., Reading, p 345

Scheffers BR, Joppa LN, Pimm SL, Laurance WF (2012) What we know and don’t know about Earth’s
missing biodiversity. Trends Ecol Evol 27:501-510

Schlick-Steiner BC, Steiner FM, Seifert B, Stauffer C, Christian E, Crozier RH (2010) Integrative taxon-
omy: a multisource approach to exploring biodiversity. Annu Rev Entomol 55:421-438

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, Chen W, Fungal Barcoding
Consortium (2012) Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA
barcode marker for Fungi. Proc Nat Acad Sci USA 199:6241-6246

Scotland RW, Wood JRI (2012) Accelerating the pace of taxonomy. Trends Ecol Evol 27:415-416

Sereno P (2009) Comparative cladistics. Cladistics 25:624-659

Shearer TL, Van Oppen JH, Romano SL, Woérheide G (2002) Slow mitochondrial sequence evolution in the
Anthozoa (Cnidaria). Mol Ecol 11:2475-2487

Simpson GG (1961) Principles of animal taxonomy. Columbia University Press, New York, pp XII + 247

Sluys R (2007) Annotations on freshwater planarians (Platyhelminthes Tricladida Dugesiidae) from the
Afrotropical region. Tropical Zool 20:229-257

Sluys R, Kawakatsu M (2001) Contribution to an inventory of the freshwater planarians of Australia and
New Zealand (Platyhelminthes, Tricladida, Dugesiidae), with distribution maps of the species exam-
ined. Beaufortia 51:163-198

Stegemann S, Keuthe M, Greiner S, Bock R (2013) Horizontal transfer of chloroplast genomes between
plant species. Proc Nat Acad Sci USA. doi:10.1073/pnas.1114076109

Taylor HR, Harris WE (2012) An emergent science on the brink of irrelevance: a review of the past 8 years
of DNA barcoding. Mol Ecol Res 12:377-388

Vogt L, Bartolomaeus T, Giribet G (2010) The linguistic problem of morphology: structure versus
homology and the standardization of morphological data. Cladistics 26:301-325

Vos RA, Balhoff JP, Caravas JA, Holder MT, Lapp H, Maddison WP, Midford PE, Priyam A, Sukamaran J,
Xia X, Stolzfus A (2012) NeXML.: rich, extensible, and verifiable representation of comparative data
and metadata. Syst Biol 61:675-689

Wheeler QD (2004) Taxonomic triage and the poverty of phylogeny. Philos Trans R Soc B 359:571-583

Wheeler Q (2010) What would NASA do? Mission-critical infrastructure for species exploration. Syst
Biodivers 8:11-15

Wheeler QD, Raven PH, Wilson EO (2004) Taxonomy: impediment or expedient? Science 303:285

Whitworth TL, Dawson RD, Magalon H, Baudry E (2007) DNA barcoding cannot reliably identify species
of the blowfly genus Protocalliphora (Diptera: Calliphoridae). Proc R Soc B 274:1731-1739

Wiley EO, Lieberman BS (2011) Phylogenetics: the theory and practice of phylogenetic systematics, 2nd
ed., Wiley-Blackwell, Hoboken, pp XVI + 406

Will KW, Rubinoff D (2004) Myth of the molecule: DNA barcodes for species cannot replace morphology
for identification and classification. Cladistics 20:47-55

Will KW, Mishler BD, Wheeler QD (2005) The perils of DNA barcoding and the need for integrative
taxonomy. Syst Biol 54:844-851

Williams DM, Ebach MC (2008) Foundations of systematics and biogeography. Springer, New York, pp
XVII + 309

@ Springer


http://dx.doi.org/10.1073/pnas.1114076109

	The unappreciated, fundamentally analytical nature of taxonomy and the implications for the inventory of biodiversity
	Abstract
	Introduction: the status of taxonomy
	The end-user mode
	Hypothesis-, and discovery-driven science
	The pace of taxonomic description
	Acknowledgments
	References

	NIEUW Template embargo 6 maanden Repository Taverne (20).pdf
	​Naturalis Repository 


