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Even after more than 250 years of descriptive
taxonomy, it is clear that there are many more species
than have been described so far (e.g., May 1988;
Stork 1993). A major concern for biology is that the
capacity of the taxonomic workforce is insufficient
to document the missing species within a reasonable
time (Wheeler and Cracraft 1997; Wheeler et al. 2004).
This concern is reflected in recent opinion papers that
argued that taxonomy is in a state of crisis (Agnarsson
and Kuntner 2007), that the profession is endangered
(Pearson et al. 2011) and that taxonomists are an
endangered race (Wägele et al. 2011). For long-term
taxonomic capacity planning, two major empirical issues
are important: the total number of missing species,
and the pace at which these can be documented by
taxonomists. Both issues require detailed study and
careful evaluation.

Given the pressure of time resulting from the ongoing
extinction crisis, it is important that as many species are
adequately documented as soon as possible. Efficiency
is therefore an important but largely overlooked aspect
of taxonomy. Several recent studies have presented
evidence that in a wide range of organisms the number
of newly described species continues to increase, in
some cases even exponentially, but that the number of
taxonomists producing these descriptions has increased
even faster (Pimm et al. 2010; Joppa et al. 2011a; Costello
et al. 2012; Tancoigne and Dubois 2013). Consequently,
numbers of species described per taxonomist have
decreased. In three of these studies, this was interpreted
by the authors as an effect of a diminishing pool of
missing species which makes it harder to discover any
new ones (Pimm et al. 2010; Joppa et al. 2011a; Costello
et al. 2012; see also Costello et al. 2013). Although these
studies rejected the idea that the number of taxonomists
is declining, they nevertheless implied that the output
per taxonomist is declining.

Both Joppa et al. (2011b) and Costello et al. (2012)
predicted numbers of undescribed species based on

the assumption that long-term declines in the number
of species described per taxonomist are caused by
a declining pool of undiscovered species. Using this
approach, Costello et al. (2012) were led to conclude that
there were only 1.8–2.0 million species on Earth. This
number is remarkably low given that about 1.9 million
species have already been described (Chapman 2009)
and thus suggests that only few species remain to be
discovered. Furthermore, their estimate contrasts starkly
with those others, including Mora et al. (2011; 8.7 million
species on Earth), Chapman (2009; 10 million species)
and Grimaldi and Engel (2005; 4 million species of insects
alone).

Surprisingly, neither Joppa et al. (2011a) nor Costello
et al. (2012, 2013) evaluated the possibility that trends
in the number of authors of taxonomic descriptions
have not so much to do with the discovery of species
but rather with the scientific documentation of newly
proposed species. In this article, we examine the
possibility that the increased number of authors involved
in descriptions is not primarily an effect of a declining
pool of undescribed species but rather represents a
side effect of a drive towards increased quality of
taxonomic descriptions. During the last few decades,
taxonomy has transformed into an independent science
that regards taxa as scientific hypotheses that are subject
to falsification, and thus require detailed documentation.
If increased numbers of authors involved in descriptions
are a result of higher standards in taxonomy, one would
expect that taxonomic descriptions (i) have become more
elaborate in recent decades (e.g., are based on more
specimens and characters, include more information
and illustrations), and (ii) take more time to complete
(i.e., there is a longer interval between discovery and
description). Importantly, if the increased authorship of
new species is reflected in higher-quality descriptions,
and if better descriptions require fewer revisions by other
taxonomists, then the net result may be an increase of
efficiency.
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There are surprisingly few studies that have measured
the quality of species descriptions, and, to our
knowledge, none that have assessed the relationship
between quality and revision. In a study of dinosaur
descriptions, Benton (2008) found that the type material
of new species has become more complete since the
1950s. For birds, it has been claimed that the quality of
descriptions has declined (LeCroy and Vuilleumier 1992)
but this claim has been challenged (Collar 1999) and
neither of these views were supported by quantitative
data.

In addition, we examine the relative importance of
descriptions and revisions in taxonomic progress. The
importance of revisionary taxonomy is well known
among taxonomists (e.g., Wheeler and Cracraft 1997;
Raczkowski and Wenzel 2007) but often fails to be
appreciated by others, including macroecologists and
biodiversity scientists. Pimm et al. (2010), Joppa et al.
(2011a), and Costello et al. (2012) based their conclusions
on description dates and original authorship of taxa that
are currently recognized as species (i.e., after revision
by subsequent taxonomists). This approach confounds
descriptive and revisionary taxonomy, and does not
accurately reflect either type of taxonomy. Importantly,
description is not enough. Even if all species have
been described (i.e., named), this does not necessarily
mean that all species have been correctly delimited
and properly documented. If past taxonomic activity
has been biased against cryptic species (Blackburn
and Gaston 1995; Bickford et al. 2007), or towards
lumping distinctive taxa in widespread polytypic species
(Sangster 2009), the total number of species may still be
greatly underestimated.

This study focuses on birds because birds are often
considered to be the taxonomically most mature group
of animals (e.g., Mayr 1982; Price 1996). If a diminishing
pool of missing species limits taxonomic progress, one
might expect this limitation to be most severe in the best-
studied groups, including birds.

METHODS

The quality of species descriptions was studied in
481 extant bird taxa that were originally described as
species in the period 1935–2009. These represent all
species described during this period. Type descriptions
published between 1935 and 1990 were identified using
two partially overlapping datasets, the Peters Checklist
(Peters 1937–1951; Mayr and Greenway 1960, 1962; Mayr
and Paynter 1964; Paynter 1967–1970; Mayr and Cottrell
1979; Traylor 1979; Mayr and Cottrell 1986) and a series
of inventories of new species descriptions (Zimmer and
Mayr 1943; Mayr 1957, 1971; Mayr and Vuilleumier 1983;
Vuilleumier and Mayr 1987; Vuilleumier et al. 1992; Bahr
1995). Type descriptions published from 1991 up to and
including 2009 were located in the zoological literature
and using Zoological Record (BIOSIS), Web of Science
(Thomson Scientific), and Recent Ornithological Literature.
Descriptions of species likely or known to be extinct

at the time of publication, introductions of new names
for previously described species, and nomenclaturally
unavailable names were excluded.

Seven measures of quality were studied: (i) the number
of pages devoted to descriptions of new species, (ii) the
number of specimens of the new species, (iii) the number
of character states differentiating the new species from
its most similar or most closely related species (as
identified in the original description), (iv) the number
of taxa to which the new species was compared, (v)
the inclusion of an illustration (photograph or artwork)
of the new species, (vi) the inclusion of a map of the
range or collecting localities of the new species, and
(vii) the inclusion of a sonagram (audiospectrogram)
of the vocalizations of the new species. In addition,
the number of pages per taxonomist was calculated by
dividing the total number of pages per description by
the number of authors of each description. The number
of pages was measured in units of 0.25 pages; title,
authorship, author affiliations, abstract, illustrations,
maps, sonagrams, acknowledgements, and references
were excluded. If multiple species were described in a
single publication, the number of pages was divided
by the number of new species described. The number
of character states was the sum of all morphological,
behavioural, acoustic, and ecological differences. If
taxa also differed in any molecular analysis, this was
treated as a single difference for each locus included
in the study. Mitochondrial sequences, microsatellites,
and allozyme analyses were each counted as single
characters.

The relationship between the quality of species
descriptions and the proportion of newly proposed
species that have been revised was studied using a
dataset that included all 414 species described in the
period 1935–1999. A cutoff date of 31 December 1999 was
used to allow time for revision. Two categories of revision
were compared: (i) unrevised species: valid species
which are placed in the same genus as in the original
description, and (ii) revised species: taxa originally
described as species but which are now considered either
invalid taxa, subspecies, or valid species in a different
genus than in the original description. The current
status of species was determined using the Zoonomen
database (Peterson 2012). Well-documented revisions
not yet incorporated in the Zoonomen database at the
time of writing were included in the study: Lophura
hatinhensis (synonym of L. edwardsi, Hennache et al.
2012), Myrmeciza disjuncta (now Aprositornis disjuncta,
Isler et al. 2013), Hypositta perdita (synonym of Oxylabes
madagascariensis, Fjeldså et al. 2013), Mirafra sidamoensis
(now Heteromirafra archeri sidamoensis, Spottiswoode et al.
2013), Cettia carolinae (now Horornis carolinae, Alström
et al. 2011), Cisticola dorsti (synonym of C. guinea,
Dowsett-Lemaire et al. 2005), and Dendroica angelae (now
Setophaga angelae, Lovette et al. 2010).

We used both univariate (Mann–Whitney U test,
Fisher’s Exact Test) and multivariate (regression)
analyses to assess the relationship between the
quality of species descriptions and the proportion
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TABLE 1. Temporal trends in measures of quality in species descriptions of birds (1935–2009)

Best-fitting line Spearman’s rho P-value t

Pages (number) 0.117x–227.055 0.879 <0.001 13.63
Specimens (number) 0.073x–136.679 0.514 <0.001 2.53
Characters (number) 0.063x–117.752 0.718 <0.001 8.54
Taxa compared (number) 0.058x–110.170 0.522 <0.001 3.17
Illustration (proportion) 0.014x–26.243 0.795 <0.001 11.55
Map (proportion) 0.012x–23.919 0.793 <0.001 11.93
Sonagram (proportion) 0.009x–18.495 0.789 <0.001 10.18
Pages per taxonomist (number) 0.032x–60.100 0.520 <0.001 4.45

Notes: Yearly means (n=75) were used as data points.

of newly proposed species that have been revised.
Multivariate analyses were performed with Regression
with Empirical Variable Selection (REVS, Goodenough
et al. 2012), a method which avoids well-known
problems associated with full and stepwise regression
methods (e.g., Whittingham et al. 2006; Hegyi and
Garamszegi 2011). REVS uses branch-and-bound all-
subsets regression to quantify the amount of empirical
support for each independent variable, and then
calculates multiple linear regression models. The Akaike
Information Criterion (AIC) was used to compare
models and identify the best model. Analyses were
performed in R version 2.15 (R Development Core Team
2011) with the LEAPS package (Lumley 2009), and a script
modified from Goodenough et al. (2012).

The time between the initial discovery of a species
and its formal description was assessed in all bird taxa
that were described as species in the period 1935–2009.
Species were excluded from the dataset if the year
of discovery could not be determined from the type
descriptions.

The relative impact of descriptions and revisions on
the number of recognized bird species was determined
by comparing the number of validly described new
species of birds and the total number of species estimated
or recognized in 18 classifications of Recent birds
published between 1946 and 2012 (Mayr 1946; Mayr and
Amadon 1951; Storer 1960, 1971; Edwards 1974; Moroney
et al. 1975; Gruson 1976; van Tyne and Berger 1976;
Bock and Farrand 1980; Sibley and Monroe 1990, 1993;
Sibley 1996; Clements 2000; Dickinson 2003; Perrins 2003;
Clements 2007; Gill and Donsker 2011; Peterson 2012).

RESULTS AND DISCUSSION

Quality and Efficiency
All seven measures of quality were significantly and

positively related to the year of description (P<0.001,
Table 1). The mean number of pages devoted to a
description, which is an indication of the amount of
taxonomic information presented, has increased >8-
fold, from about one in 1935–1939 to more than eight
in 2005-2009 (Fig. 1a). The numbers of specimens
(Fig. 1b), characters (Fig. 1c) and taxa compared (Fig. 1d),
each more than doubled during the study period. The

proportion of descriptions with an illustration of the
new species increased from 15% to 90% during the study
period (Fig. 1e), those with a range map increased from
less than 20% before 1970 to more than 80% during the
1990s and 2000s (Fig. 1f), and those with one or more
sonagrams increased from close to zero before 1970 to
more than 50% in 1995–2009 (Fig. 1g). The number of
pages produced per taxonomist almost doubled during
the study period (Fig. 1h).

There was a significant positive relationship between
the quality of descriptions and the probability that
no subsequent revision was made. Univariate analyses
show that species taxa proposed during 1935–1999 that
were subsequently revised (i.e., are now considered
either invalid taxa, subspecies or members of another
genus) were described using significantly fewer pages,
specimens and characters, were compared to fewer
species, were less often illustrated, and their descriptions
less often included maps and sonagrams than valid
species that have remained in their original genus
(Fig. 2).

More powerful multivariate analysis of species taxa
proposed during 1935–1999 confirmed the relationship
between quality and revision (Table 2). The best model
identified by REVS was highly significant (F5,397 =16.54;
P<0.001; adjusted R2 =0.162). This model included five
variables that were positively related to the probability
that a taxon was not revised. There was a significant
positive effect of year of description on the probability
that a taxon was not revised, independent of the quality
variables. This may indicate that the taxonomic status
of some of the more recently described species requires
revision. This is not surprising given that there was
less time to revise more recently described species than
those that have been described earlier. To determine
whether the observed relationship between the quality
of descriptions and the probability of subsequent
revision is an artifact of incomplete revision of recent
descriptions, the dataset was subdivided into five sets,
each spanning 13 years, and the analysis was repeated for
each set. The positive relationship between the quality
of descriptions and the probability that no subsequent
revision was made, was observed in each of these
periods, although most comparisons were no longer
significant due to smaller sample sizes (Fig. S1). Thus,
the observed relationship between quality and revision
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FIGURE 1. Temporal trends in measures of taxonomic quality (1935–2009), expressed as yearly means (n=75): a) number of pages per
description, b) number of specimens per new species, c) number of character state differences per new species, d) number of taxa to which the
new species has been compared, e) proportion of descriptions in which a new species is illustrated, f) proportion of descriptions illustrated with
a map, g) proportion of descriptions in which vocalizations are illustrated with sonagrams, h) number of pages per description per taxonomist.
Two outliers in figures b and d are indicated by an arrow.

FIGURE 2. Relationship between quality of original descriptions of species (1935–1999) and subsequent revision (n=414). Significance levels
(***P <0.001) are based on Mann–Whitney U test (a, pages, specimens, characters, taxa compared) and Fisher’s Exact Test (b, illustrations, maps,
sonagrams).

cannot be explained by incomplete revision of recent
descriptions.

The time between initial discovery and formal
publication of new species showed a strong and
significant increase during the study period (Fig. 3a;
Spearman’s rho=0.652; P<0.001; t=6.99). Species taxa
proposed in the late 1930s were typically described about
1 year after their discovery, whereas the mean interval

between discovery and description had increased to
about 6 years by the late 2000s.

These results show that taxonomic descriptions
have become more elaborate and that the amount
of information (i.e., number of pages) produced per
taxonomist has increased. Because the increase in the
number of authors per description coincides with a
strong overall increase in quality, increased authorship
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TABLE 2. Regression analysis of the effect of seven measures of quality and year of description on the probability that a newly described
species is not revised (n=403 bird species described from 1935–1999)

Predictive variable Estimate ± SE t P-value AIC �AIC

Year (continuous) 0.004±0.001 3.089 0.002 −603.7 19.9
Map (no/yes) 0.201±0.065 3.092 0.002 −615.5 8.1
Specimens (continuous) 0.005±0.002 2.366 0.018 −619.0 4.7
Taxa compared (continuous) 0.009±0.004 2.077 0.038 −622.0 1.7
Characters (continuous) 0.013±0.007 1.917 0.056 −623.7 0
Pages (continuous) – – – −622.4 1.3
Sonagram (no/yes) – – – −620.5 3.2
Illustration (no/yes) – – – −618.5 5.2
Intercept −7.730±2.584 −2.992 0.003

Notes: AIC values are those of increasingly complex models, with parameters entered from top to bottom. Thus, the AIC value of “Year” relates
to the model with only “Year” being entered, the second to the model with both “Year” and “Map,” and so on. The model with the first five
variables entered was optimal (as shown by AIC). Differences from the optimal model are indicated by delta AIC (�AIC) values.

FIGURE 3. Temporal trends in a) the time between the discovery of a new species and its formal scientific description, and b) the number of
species described per taxonomist per year (1935–2009), expressed as yearly means (n=75).

cannot simply be attributed to a declining pool of
missing species. Based on the results of the present study,
we suggest that the primary force driving the decline
of the number of species described per taxonomist
is a drive towards higher quality. The trend towards
more elaborate studies reflects a transition in taxonomy
from naming taxa (which in a strict sense requires
only a few lines of text) to a science, in which the
existence of new taxa and their properties are presented
as hypotheses that require documentation and testing
(Haszprunar 2011; Sluys 2013). The increased interval
between discovery and description during the study
period is consistent with this trend. Elaborate, well-
researched descriptions typically take more time, and
require more authors, than the brief descriptions often
published in previous decades.

The results of this study further show why elaborate
descriptions of new species are important for taxonomy.
Elaborate descriptions less often required revision by
subsequent taxonomists, and may therefore be regarded
as more efficient, than less elaborate descriptions.

Because the quality of descriptions has increased since
the 1930s (Fig. 1), and a significant positive relation exists
between quality and the probability that no revision is
needed (Fig. 2, Table 2), it is likely that efficiency in
taxonomy has increased likewise.

The findings of this study offer a different perspective
on progress in taxonomy than those of Joppa et al.
(2011a) and Costello et al. (2012). Whereas these authors
attributed the drop in the numbers of species described
per taxonomist to the (supposed) difficulties of finding
any new species, our study shows that (at least in
birds) this drop is best seen as a side-effect of a trend
towards higher-quality descriptions, and that this trend
translates into fewer subsequent revisions.

No Slowdown of Progress
The pool of “missing” species is often equated with

undescribed species (e.g., Joppa et al. 2011a; Costello
et al. 2012). However, this pool also contains misclassified
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FIGURE 4. Trends of the total number of recognized species of Recent
birds (based on 18 estimates and classifications) and newly described
valid species of birds (1946–2011). Note that the number of recognized
species increases much faster than the number of newly described valid
species. A second-order trendline was added to illustrate the trend of
the number of recognized species.

species: named species that remain hidden because
these are incorrectly considered as invalid taxa or as
subspecies of another species. Previously named species
that are currently misclassified must be “rediscovered”
by taxonomic revision. Between 1946 and early 2012,
the number of recognized bird species increased from
8616 to 10,511 (Fig. 4). During the same period, 266
valid species were described, which represent 14.0% of
the total increase of 1895 species, or roughly one in
seven species. Since 1946, the rate of increase of the total
number of species was exponential (y=0.431x2 +0.652x)
whereas the increase in newly described valid species
was linear (y=3.968x) (Fig. 4).

This underscores that in avian taxonomy, revision is
a much more important source of newly recognized
species than descriptions of previously unnamed species
(Fig. 4). Consequently, progress in avian taxonomy is not
limited by a diminishing pool of undescribed species.
Importantly, there is no evidence of a slowdown of
taxonomic progress (Fig. 4). This result is not unexpected
given that in the first half of the twentieth century there
was a very strong bias toward lumping distinctive bird
species into large polytypic species (Haffer 1992) and
this bias is only slowly undone by modern revisions
(Sangster 2009).

Species limits in many groups of birds have not been
revisited in recent decades using modern techniques,
modern data and explicit taxonomic criteria. As
a consequence, numerous species of birds remain
inadequately documented by current standards. It
is therefore not surprising that many “species” of
birds, including those not yet formally revised, have
been shown to comprise multiple diagnosable taxa

(Garrido et al. 1997; Navarro-Sigüenza and Peterson
2004; Peterson 2007; Isler et al. 2007), multiple
reproductively isolated taxa (Knox 1990; Alström and
Olsson 1999; König 1991; Martens et al. 2004) and
multiple phylogeographically distinct subunits (Honey-
Escandon et al. 2008; Lohman et al. 2010; Deiner
et al. 2011; Milá et al. 2012; Irestedt et al. 2013). This
suggests that the actual number of bird species may be
much higher than presently recognized. Clearly, even in
relatively well-known groups such as birds the pool of
missing species is likely very large, and is not limiting
taxonomic research.

CONCLUSIONS

Declines in the number of species described per
taxonomist do not indicate a diminishing pool of
undescribed species but are better explained by a
widespread drive among taxonomists towards higher-
quality descriptions. Taxonomists have good reasons for
this, because more elaborate descriptions require fewer
subsequent revisions. The findings of this study and
the lack of evidence that increasing numbers of authors
involved in descriptions are driven by a diminishing
pool of undescribed species, suggest that trends in the
number of species described per author should not be
used to estimate total numbers of species. Furthermore,
because numbers of recognized species of birds are
increasing exponentially it is incorrect to suggest that
species inventories of birds, let alone of all animals, are
“nearly complete.” The drive towards better descriptions
and the strong increase of species numbers long after
their initial descriptions, underscore the fundamentally
analytic and iterative nature of taxonomy (Yeates et al.
2011; Sluys 2013; de Carvalho et al. 2014), aspects
often overlooked by biodiversity scientists and other
end-users of taxonomy. Broader appreciation of the
scientific nature of taxonomy, and of the limitations of
nomenclatural databases, will help to acquire a better
understanding of the diversity of life.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.m4g2n
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