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Abstract.—We found that trends in the rate of description of 580,000 marine and terrestrial species, in the taxonomically
authoritative World Register of Marine Species and Catalogue of Life databases, were similar until the 1950s. Since then,
the relative number of marine to terrestrial species described per year has increased, reflecting the less explored nature
of the oceans. From the mid-19th century, the cumulative number of species described has been linear, with the highest
number of species described in the decade of 1900, and fewer species described and fewer authors active during the World
Wars. There were more authors describing species since the 1960s, indicating greater taxonomic effort. There were fewer
species described per author since the 1920s, suggesting it has become more difficult to discover new species. There was no
evidence of any change in individual effort by taxonomists. Using a nonhomogeneous renewal process model we predicted
that 24–31% to 21–29% more marine and terrestrial species remain to be discovered, respectively. We discuss why we
consider that marine species comprise only 16% of all species on Earth although the oceans contain a greater phylogenetic
diversity than occurs on land. We predict that there may be 1.8–2.0 million species on Earth, of which about 0.3 million are
marine, significantly less than some previous estimates. [Biodiversity; biogeography; deep-sea modeling; macroecology;
marine; taxonomy; terrestrial.]

Speculation as to how many species exist on Earth has
excited scientists for at least 260 years (Ødegaard 2000),
and estimates vary by tens of millions. Even the number
of described species is uncertain because an inventory
that accounts for multiple descriptions of species is not
yet available. However, Species 2000’s Catalogue of Life
(CoL) has inventoried over 1.2 million (Bisby et al. 2010)
of the estimated 1.5 million described species (May
1998). We favour the 1.5 million estimate because evi-
dence suggests that at least 20% of currently recognized
species are likely to be found to be synonyms (e.g.,
Alroy 2002; Gaston and Mound 1993; Solow et al. 1995;
May 1998, 2002, 2010) and only known synonyms are
accounted for in other estimates (e.g., Chapman 2009).
Methods of estimating species richness that involve scal-
ing up from ratios of species in particular geographic
areas and habitats are compromised because taxa do
not always show consistent gradients in richness across
environments, latitude, altitude, depth, or beta diversity
(Gaston 1991; Bartlett et al. 1999; Novotny et al. 2006;
Costello, Coll, et al. 2010), and the rate of discovery of
species has varied between habitats and environments.
Thus, with our present state of knowledge, predictions
based on description rates may have a sounder theo-
retical and empirical basis than extrapolations using
species ratios (Costello and Wilson 2011), and an im-
proved method of predicting future discoveries has
been developed (Wilson and Costello 2005). However,
no statistically based methods to predict how many
species may exist have been applied across all taxa and
environments.

In this paper, we have predicted future discover-
ies using global species databases (GSD) totalling over
580,000 species from marine, terrestrial, and freshwater

environments, from their rates of description. Weak-
nesses of using species descriptions are their sensitivity
to variation in rates of synonymy and to taxonomic
effort (O’Brien and Wibmer 1979; Alroy 2002; Joppa
et al. 2011). Synonym rates vary by taxa, but can be
7–80% in different insect orders and families (Gaston
and Mound 1993; Gaston et al. 1995), were 81% in Eu-
ropean freshwater fish (Kottelat 1997), between 58 and
78 % for seed plants (Scotland and Wortley 2003), and
37% for molluscs (Bouchet 1997). To minimize varia-
tion due to synonyms, the present study only used data
that had accounted for known synonyms. We have not
tried to account for as yet unrecognized synonyms, for
synonyms that may later be found to be valid, or that
some future “species” will be synonymized. Despite a
large literature claiming that there has been a decline
in taxonomic expertise, analyses of expertise are more
equivocal (Costello, et al. 2006), and in general, the
number of scientists and their publications has been in-
creasing in recent decades (Frank and Curtis 1979; Alroy
2002; Zapata and Robertson 2007; Ware and Mabe 2009;
Eschmeyer et al. 2010; Pimm et al. 2010). Joppa et al.
(2011) fitted a nonlinear regression model to predict the
total number of flowering plant species, with one of the
regressor variables being the number of taxonomists’
actively describing species in a 5-year period. Unfortu-
nately, their model lacked an estimate of the uncertainty
in their prediction. Bebber et al. (2007) correctly con-
cluded that using description rates was problematic
because of variable taxonomic effort and because lack of
flattening out of the cumulative description rate curve.
In this paper, we analyzed trends in authorships of
species descriptions over time to see if there were indi-
cations of increased or decreased taxonomic effort that
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may influence the rate of description, and we calculated
confidence limits to quantify the variation in the rate
of description. Therefore, this paper provides the most
comprehensive and statistically rigorous approach to
date that predicts global species richness while consid-
ering sampling effort.

METHODS

We analyzed data compiled from the World Register
of Marine Species (WoRMS) version Aphia20091106.zip
downloaded on 8 December 2009 (Appeltans et al.
2010) and the 2009 issue of the CoL (Table S1). Sup-
plementary material is available at http://www.sysbio.
oxfordjournals.org and includes details of methods,
tables, figures, and citations of databases used in our
analysis. The inclusion of marine taxa maximized cov-
erage of all phyla and classes of life on Earth. Only
CoL databases covering terrestrial species were used,
although several taxa will include species that will have
larvae and/or life stages living in freshwater environ-
ments. All have attempted to account for synonyms.
However, the largest, LepIndex, based on the catalog
of the butterflies and moths in the collections of the
Natural History Museum (London) may include mul-
tiple names for the same species (Roskov Y., personal
communication).

GSD in CoL that included significant numbers of ma-
rine species, and which lacked years of description for
many species, were excluded from the analysis (Table
S2). Apparent duplicated entries in GSD were filtered
out. It is the practice in botany and some animal groups
to also include the author and year of when a species
was reclassified into a different genus. In these cases,
the species were also omitted to avoid using the year of
taxonomic revision rather than the first year of descrip-
tion. The years covered by the data went from 1758 to
2009, but we only included the years 1761–2000 in most
graphs to exclude the large number of descriptions at
the onset by Linnaeus, and the time lag in recent data
publication and entry into the databases.

The number of distinct author surnames were ex-
tracted from each database. Different authors with the
same surname were not distinguished, nor different
names (e.g., spelling variants) for the same author; such
occurrences were assumed to not significantly alter
the trends in the number of authors reported per year.
Except for the instance of Linnaeus (as Linne and L),
manual correction of such occurrences was not practi-
cal due to the size of the databases analyzed. From the
1970s onward, there was an increasing use of the Latin
et al. for indicating additional author names further to a
given first author. Further details of the computational
processes to identify distinct authors surnames, and ac-
count for multiple authors and use of “et al.” authors,
are in the supplementary material.

To study the taxonomic effort more closely, we consid-
ered whether there had been a change in specialization
effort by authors over time in three ways. First, we an-
alyzed the duration of surnames in the data sets. To

prevent counting surnames from different authors, we
only counted a surname for 30 or 40 years from its first
occurrence. We assumed that the number of authors
with the same surnames at the same time to be ran-
dom over time and not affect the trend. Second, we
looked at what proportion of species were described
by the 10% most prolific authors each decade. This was
calculated per decade, so if an author described many
species in one decade and none in others then he or she
would be counted as prolific only in that one decade.
Finally, we calculated Pearson’s skewness coefficient
(= 3∗(mean − median)/(standard deviation)) in the
number of species described by authors over time.

A stochastic process model was fitted to the descrip-
tion data and the fitted model was then used to make
predictions of numbers of species to be described by
2050, 2100, and in total. These models produced es-
timates of uncertainty in their predictions based on
the observed variation in description rates from year
to year. The model that was used is the nonhomoge-
neous renewal process (NHRP) of Wilson and Costello
(2005) that has a trend and a variation component. For
the trend, a logistic-type function was used, which has
been found to be a good description of the shape of dis-
covery curves in several studies (reviewed by Costello
and Wilson 2011). For the variation component, the
NHRP has the advantage that this is independent of
the trend, allowing any size of variation about the lo-
gistic trend, so its estimates of prediction uncertainty
are not as ad hoc as with other statistical approaches.
For example, the nonhomogeneous Poisson process is a
more commonly used stochastic process model (Solow
and Smith 2005; Bebber et al. 2007), but its variation is
a fixed function of the trend (actually the square root of
the mean). Indeed, it has been found to underestimate
the amount of error by about 20% (Costello and Wilson
2011).

RESULTS

The cumulative number of species described was al-
most linear for all species from the middle of the 19th
century until the present (Fig. 1a). The period of great-
est discovery was in the first decade of the 20th cen-
tury (Fig. 1b). Interruptions in this rate during the World
Wars were scarcely noticeable on the cumulative graphs
but were evident when plotted as number of species de-
scribed per year (Fig. 1b). Following the World Wars, the
number of species described increased, and continued to
increase after the 1950s for marine, but not other species
(Fig. 1b). The apparent decrease in the rate of marine
species in recent years was considered an artifact of the
time delay in entering recent descriptions into WoRMS.

The number of authors describing species increased
over time with decreases during the World Wars (Figure
S1a,b). The relative increase was greater for species in
WoRMS than CoL. In part, this increase may be due to
multiple authors describing a species because before the
1960s it was rare for a species to be authored by more
than one person (Figure S1c,d). The trend in multiple
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COSTELLO ET AL.—PREDICTING GLOBAL SPECIES RICHNESS

FIGURE 1. The number of species described each year in the WoRMS (dashed line) and CoL (solid line) databases as (upper panel) cumula-
tive and (lower panel) actual number of species, up to the year 2000.

authorships was the same for the WoRMS and CoL data.
The average number of authors per year accounted for
this effect and still showed that more individuals were
describing species since the 1960s (Fig. 2).

In contrast to the increasing number of authors over
time, the number of species described per author has
decreased since the 1920s, although less so for WoRMS
than CoL (Fig. 3). The high variation in this ratio in the
late 18th and early 19th centuries was due to relatively
few species being described by few authors. Generally,
there were more species described per author for the
CoL than WoRMS data. The duration of author’s publi-
cation years averaged 9.0 and 9.3 years for the WoRMS
and CoL data, respectively (Figure S2) when publication
lifetimes were limited to 30 years to avoid overestimates
due to the same surnames reoccurring over time. When
the recent decades were excluded because they con-
strain the potential lifetime, the average durations were
9.6 and 9.9 years, respectively. The average durations
of surnames during the 10 decades from 1760 to 1860
and 1860–1960 were very similar, namely 9.7 and 9.5 for
WoRMS, and 9.6 and 10.1 for CoL. The pattern over time
was similar if a 40-year lifetime was used as the cutoff
criterion although it resulted in longer average dura-
tions of 11.4 and 11.8 years. Over time, about 80% of
CoL and 70% of WoRMS species were described by the
most prolific authors (Figure S3). The proportion was
more variable when there were few authors involved
before the 1850s, and has been slightly lower in recent
decades. The proportion of prolific authors measures

the “head” of the frequency distribution of species per
author, whereas skewness measures its asymmetry. A
skewness coefficient of <0.5 would indicate little to no
skewness, and close to 1, high skewness. Because many
authors described few species, and there were relatively
few prolific authors, the skewness values were positive.
This skewness was stronger for WoRMS (0.96) than CoL
(0.66). That we noticed more variable skewness before
the 1880s and less since then reflected the pattern in
prolific authors. These measures of “specialization” of
authors do not indicate any trend that might suggest
more or less full-time taxonomists in recent decades.

Making predictions from earlier dates showed that
the model underestimated the number of species later
discovered (Fig. 4a). This would in part have been due
to the effect of the decreased numbers of species de-
scribed during the World Wars. In preliminary model-
ing we also observed that the best-fit model favoured an
early leveling off. Thus, the model was conservative in
underestimating rather than overestimating future dis-
coveries. Furthermore, the model was also sensitive to
when the peak rate of description occurred (Fig. 4b). To
consider this effect, the forecasting of species richness
was set to assume peak rates of discovery in 2010, 2050,
and 2100 (Fig. 4b). If the peak period of discovery is
now or in the future, then our predictions are significant
underestimates (Fig. 4b). Considering that the num-
ber of species described per year in recent decades has
not exceeded that in the early 20th century, this seems
unlikely.
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FIGURE 2. The average number of authors describing species each year in (upper panel) WoRMS and (lower panel) CoL global species
databases. The dots represent actual values, and the solid line the 11-year moving average.

Several groups of marine and terrestrial species
showed no sign of a slowing description rate by 2010,
and so, although their mean and median predictions
did not seem surprising, the confidence limits were
wide (Tables 1 and 2). Thus, for several WoRMS and
CoL databases, the estimates of the number of species
in 2050 are reasonable, but less so for 2100, and they will
be significant underestimates for the total remaining
(Tables 1 and 2). The mean and median were similar in
all cases, and the coefficient of variation was very low
(< 5%) for all databases except Echinodermata (Table 1).
The proportion of species predicted to be discovered
ranges from <1% of the presently known marine birds
and <7% for mammals, to 124% for all fungi and 175%
for marine isopod crustaceans.

The lower to upper predictions for the proportion of
species yet to be described were 24–31% for marine and
21–29% for terrestrial species when modeled from 2009.
The total number of species analyzed was 141,000 for
marine and 370,000 for terrestrial. Thus, considering the
upper and lower confidence limits on the predictions,
we conservatively predict a further 40,000–56,000 ma-

rine and 79,000–108,000 terrestrial species are to be dis-
covered from these taxa (Tables 1 and 2).

DISCUSSION

A problem in comparing predictions across taxa and
geographic areas is the “ecologic fallacy” (Steel and Holt
1996), whereby data that are aggregated are analyzed
and then the results are assumed falsely to extend to
either the level of an individual or alternative aggrega-
tions. Such aggregations may be based on geography,
or taxonomic groups, and were a weakness of previous
approaches to extrapolate local data to global scales.
Here we have minimized this effect by analyzing global
species databases, as well as comparing across species
rich taxa and environments. As the marine environment
includes all but one of the phyla on Earth, it provides
a unique perspective on biodiversity. Nevertheless, it
must be recognized that our current knowledge of bio-
diversity is biased in several respects. Larger and more
common species will be better known than the smaller
and rarer, and relatively more marine species are known
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COSTELLO ET AL.—PREDICTING GLOBAL SPECIES RICHNESS

FIGURE 3. The ratio of species discovered to distinct author surnames for the (upper panel) WoRMS and (lower panel) CoL databases. The
dashed line takes a minimum “et al.” effect into account, whereas the solid line is based on the empirical average to be consistent with Figure 2.

for the northern than southern hemisphere (Costello,
Coll, et al. 2010).

We found the same patterns in both the marine and
terrestrial data sets, namely:

1. the highest period of species descriptions was the
first decade of the 20th century;

2. the increase in number of authors describing
species over time;

3. the average publication life of an author being
about 10 years;

4. the decline in number of species described and au-
thors active during the World Wars;

5. the continued high rate of species discovery since
the 1950s;

6. an increase in more than one author describing a
species since the 1960s;

7. a decrease in the number of species described per
author since the 1920s;

8. the range in the percentage of undiscovered species
was similarly predicted to be between 24–31% and
21–29% of currently described species.

The key differences between the trends for the marine
(WoRMS) and terrestrial (CoL) species were that for ma-
rine species:

1. there were generally fewer species described per
author throughout time;

2. the rate of species description was higher since the
1950s;

3. the number of species described per year has in-
creased since the 1950s;

4. the relative number of authors describing species
was greater since the 1950s;

5. the decrease in number of species described per
author per year since the 1920s has been subtle.

We attribute the higher rate of discovery, despite rela-
tively fewer authors, for marine than terrestrial species
to reflect the less explored nature of the marine envi-
ronment. In other words, it has been easier to discover
new species in the oceans than on land. It is thus fitting
that exactly a century after the decade with the highest
number of species described, the Census of Marine Life
research programme has increased awareness in science
and society of the opportunities to discover more about
marine species (Costello, Coll, et al. 2010).

Taxonomic Effort

The increased number of authors per described species
in recent years may reflect a change in practice whereby
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FIGURE 4. The cumulative number of marine species described over time (black line), with the total number of species predicted indicated
to the right including its 95% confidence interval (vertical lines). Upper panel: The predicted number of species based on the number of species
described until 1900, 1950, 1980, and from 2009. Dashed lines show 95% confidence intervals. Predictions using earlier years of description
significantly underestimated the number of species later discovered. Lower panel: The predicted number of species predicted by the NHRP
model assuming a peak rate of discovery in 2010 (x), 2050 (o), and 2100 (∗).

both the person who collected the new species, and
the person who described it, are recognized as authors.
The description may also involve several people, es-
pecially where a range of morphological, genetic, and
perhaps other subdisciplines are involved. This finding
may also, or alternatively, indicate that increasing effort
is being applied to maintain the rate of discovery and

description of new species. In fact, even ignoring when
several authors described one species, there were still
more authors involved than pre-1960s. The increase in
authors has also been found for North American fossil
mammals (Alroy 2002), marine fish (Eschmeyer et al.
2010), flowering plants and land vertebrates in Brazil
(Pimm et al. 2010), and flowering plants (Joppa et al.

VOL. 61876

 at T
rinity C

ollege D
ublin on A

ugust 22, 2013
http://sysbio.oxfordjournals.org/

D
ow

nloaded from
 

http://sysbio.oxfordjournals.org/


COSTELLO ET AL.—PREDICTING GLOBAL SPECIES RICHNESS

2011). As found in the present study, Pimm et al. (2010)
found that the number of species described per author
was declining. These findings may indicate that it is get-
ting harder to discover new species because the more
conspicuous ones have been discovered, but the in-
creased overall size of the scientific community globally
is offsetting this and maintaining the rate of discovery. If
this is the case, at some point the effort required will be
such that the pool of individuals will not offset it, and
there will be a rapid reduction in the number of new
species discovered. This has already occurred for birds,
mammals, euphausid crustaceans, scleractinian corals,
and some insects, and closer inspection of other taxa,
especially at regional scales, may reveal such a pattern
as well (Gaston 1991; Costello et al. 1996; Cairns 1999;
Costello and Wilson 2011; Joppa et al. 2011; this study).
These taxa are conspicuous by virtue of their large body
size, and/or that their location is accessible to sam-
pling or observation. Most species remaining to be de-
scribed occur in the smaller invertebrate taxa (Costello
et al. 1996; Wilson and Costello 2005; Stork et al. 2008;
Costello and Wilson 2011). A more detailed analysis
of species discovery rates with measures of conspicu-
ousness such as body size, location, abundance, and
commonness will help refine estimates of global species
richness.

It was possible that the working lifetime of specialist
taxonomists has changed over time. As species new to
science become harder to find, one would expect au-
thors to only describe them on an opportunistic basis
and devote their time to other aspects of species biology
or ecology. Thus, the increase in the number of authors
describing species since the 1950s may not reflect in-
creased scientific effort if there have been fewer people
specializing in taxonomy. At present, we do not know
for how long recent (since 1950) authors will continue
to publish and thus whether the post-1950s author du-
rations will be similar to previous decades. However,
the facts that the average lifetime of author’s surnames,
the proportion of prolific authors, and skewness of au-
thorships, did not show any trend over time indicated
that there was still the same proportion of people who
specialized in taxonomy to part-time taxonomists. The
lower proportion of species described by the most pro-
lific authors in recent decades may reflect the greater
number of authors describing species and that authors
may publish more frequently than in earlier decades
(i.e., their publications may be spread more evenly
across decades). It is possible that there is more effort
needed to describe species nowadays due to the need to
account for more species relationships and synonyms,
more past literature, and higher standards in journals
(Frank and Curtis 1979). However, this may be offset by
more rapid access to publications and colleagues, and
computerized processes for the preparation of species
descriptions for publication. Thus, on balance, the large
increase in the number of authors suggests that taxo-
nomic effort has increased since the 1950s and may be
part of the reason for the continued high rate of species
discovery.

Marine Biodiversity

We analyzed data on 141,000 marine species. Winston
(1992) estimated about 250,000 marine species were de-
scribed, although her figure for molluscs was probably
the total number believed to exist. Reaka-Kudla (1996)
estimated that there were 1,868,000 species described in
the world, of which 274,000 were marine. Gibbons et al.
(1999) estimated there were 204,000 marine metazoan
animals described, and van der Land (1994) 150,000.
However, the most recent published estimate, similarly
based on the opinions of experts in individual taxa was
230,000 (Bouchet 2006). Thus, if we assume our WoRMS
data fairly represented 61% of all described marine
species, then our results predict that 65,000–91,000 more
marine species remain to be discovered. That is, a total
of 295,000–321,000 marine species on Earth, which con-
sidering the errors involved in such estimates and that
almost 2000 species are described per year, should be
reported as 0.3 million. In contrast, previous estimates
of marine species richness have ranged from “certainly
greater than 1 and may exceed 10 million” (Grassle and
Maciolek 1992), to 5 million (Poore and Wilson 1993),
0.5 million (May 1992), over 1 million (Winston 1992),
and 1.4–1.6 million (Bouchet 2006). As mentioned, our
predictions are conservative. However, they are still
lower than all previous estimates, and closest to May’s.
Why such estimates vary so widely deserves further
consideration.

We do not consider that the WoRMS data need ad-
justment to account for parasites or microbial eukary-
otes because both are already included. The number of
protozoans may not alter these figures significantly be-
cause at least half of all species may already be described
(Foissner 2006). There is increasing evidence that many
microscopic species, including phytoplankton and pro-
tozoa, but perhaps other zooplankton and benthic meio-
fauna, are very widespread in the oceans (Foissner 2006;
Lozupone and Knight 2007; Costello et al., unpublished
data). This reflects their great abundance when in a suit-
able environment, and low extinction rates due to life
stages that can survive unsuitable environmental con-
ditions. Microplankton and meiobenthos are easily dis-
persed by water currents and attached to animals. In
contrast to larger animals, their dispersal is passive and
without an energy cost (O’Dor et al., 2009).

One of the reasons for high estimates of undiscovered
marine biodiversity reflected the lack of sampling of the
largest habitat on Earth. Less than 10% of the deep sea
has been mapped by ships (Charette and Smith 2010),
and 60% of the planet is below 1000 m depth (Costello,
Cheung, et al. 2010). Undersampling underestimates
alpha (local) diversity and overestimates beta (habi-
tat) diversity, leading to inaccurate estimates of gamma
(regional) diversity (Stork et al. 2009). In contrast to
early diversity–stability hypotheses of high speciation
and richness in a large stable deep-sea environment,
the evidence suggests this is not the case, although
extraordinary species and habitats occur there (e.g., hy-
drothermal vents, deep-sea coral reefs). Recent evidence
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across a range of taxa indicates species richness is higher
in warmer climates due to higher metabolism and mu-
tation rates generating higher rates of speciation (e.g.,
Martin and Palumbi 1993; Wright et al. 2006, 2011).
Even if an ectothermic species adapts its metabolism
to different temperatures, its populations in warmer
waters will have shorter generation times thereby facili-
tating their differentiation from cold-water populations
should there be sufficient time. In shallow seas, photo-
synthesis fueled productivity will produce more abun-
dant populations, and this abundance may facilitate
speciation and mitigate against extinction. In addition,
most tropical seas support elaborate coral reefs that
provide a physically diverse three-dimensional habitat
without parallel in colder seas. By contrast, the deep
sea is cold (<4◦C) with far lower primary productivity
and habitat variation. Finally, the fossil evidence sug-
gests generally more species evolved in shallow tropical
seas (Briggs 1995), although there may be particular
taxa that are more diverse in colder climates. As pre-
dicted by Ekman (1953), deep-sea species have greater
distribution ranges than shallow water species (e.g.,
Macpherson 2003; Fortes and Absalão 2010; Eschmeyer
et al. 2010). In addition, species depth ranges increase
with depth so there are few abyssal and hadal endemics
(e.g., Rex et al. 2005; Vanreusel et al. 2010). Deep-sea
populations need good dispersal abilities (and thus
high gene flow) to overcome low population densities
in the deep sea and to colonize isolated habitats (e.g.,
hydrothermal vents, whale falls) (Krylova and Sahling
2010). The fluctuations in Pleistocene sea levels may
have fostered allopatric speciation along coastlines, but
not in deeper seas (Clarke and Crame 2010). Apparent
endemicities may reflect insufficient sampling in the
oceans, especially for species that may occur in low
density in suboptimal environments. Thus, deep-sea
species will have larger ranges and fewer species per
unit area than in coastal waters, and coastal seas less
species density than on land. The midocean pelagic
waters are also less sampled than coastal areas. How-
ever, these are dominated by relatively few species
per unit area and they have widespread distributions
(e.g., Gibbons et al. 2005; Costello et al., unpublished
data).

The estimated 230,000 described marine species is
15% of all presently described species. Even accounting
for the relatively higher rate of discovery underway for
marine species predicted here, the oceans would still
include only 16% of all species on Earth despite life
originating there and its greater diversity of phyla and
classes than on land. The lower richness of species in the
sea than on land may be a consequence of its relatively
less variable environment (with fewer physical niches
that isolate populations) and organisms’ greater disper-
sal abilities. In addition, insects, which comprise most
species on earth, appear to have diversified due to the
diversity of flowering plants (e.g., Novotny et al. 2006),
which provide habitat structure as well as food over
most of the land area. In contrast, habitat structuring
plants, such as seaweeds, mangroves, and seagrasses,

only occur in the coastal rim of the ocean and provide a
more limited habitat.

Recent predictions of the number of undiscovered
marine species are as modest as ours. Eschmeyer et al.
(2010) considered that most marine fish for the North-
ern Hemisphere have been described, and that it is
taking more effort (authors) to discover more species.
They proposed that about 5000 (30%) more marine fish
species would be discovered by 2050, which is the mid-
point of the range of marine fish our present model
predicts will be discovered by 2050 (Table 2). In an
analysis of marine species in Europe, we predicted
32% remained to be discovered (Costello and Wilson
2011). New Zealand, with the highest rate of marine
endemicity of any country (Costello, Coll, et al. 2010),
has 12,780 described species, 6740 species undescribed
in specimen collections, and an estimated 16,990 (87%
of described number) that remain to be discovered (i.e.,
36,550 species in total) (Gordon et al. 2010).

Comparison with the Fossil Record

In addition to many living marine species being un-
described, due to being inconspicuous by virtue of their
location, microhabitat, small size, or lack of distinctive
features, we must assume an even higher proportion
of marine fossil species are undescribed as many will
leave little fossil record. Over half (57%) of shelled mol-
luscs, and 46% of dinosaurs, may leave no fossil record
(Cooper et al. 2006; Wang and Dodson 2006). Crus-
taceans (which make up 20% of present marine species),
and the many soft-bodied species will leave fewer fossils
still. In a review, May (1994) calculated that present-day
biodiversity is only 2–5% of all species that ever existed
on Earth. This estimate was based on species life spans
in the fossil record, which largely consisted of 250,000
marine species. It is remarkable that more fossil than
recent species may have been described, although some
species in the fossil record may still be extant. If the esti-
mated 0.5–1.6 million marine species alive today are 5%
of all that ever existed, then there were an estimated 10–
32 million extinct species. The number of known fossil
species is thus 1–2.5% of the undescribed fossil species.
It seems unlikely that a smaller proportion of living
than fossil species (i.e., <2.5%) has been described, thus
arguing against the predictions of there being over 9.2
million living marine species.

Terrestrial Biodiversity

Rather like hyperestimates of marine biodiversity, es-
timates of terrestrial species diversity, largely based on
insects, have ranged from 5 to 100 million (reviewed
by Hamilton et al. 2010). It has been estimated (there
is no register) that there are about 1 million insects de-
scribed and 2–5 million may exist (reviewed by Gaston
1991; Dolphin and Quicke 2001). Two statistical mod-
els of tropical beetle diversity considered that about
76–94% may await description, and between 6.1 or
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7.8 million tropical arthropods may exist (Hamilton
et al. 2010, 2011). However, the 95% confidence limits
over both models ranged from 3.6 to 13.7 million, and
determined that earlier extrapolations of over 30 mil-
lion tropical arthropod species were highly unlikely.
A review of knowledge of insect families found about
350,000 described species of beetles, and suggested 1–3
million insect species may exist (Gaston 1991), whereas
extrapolation from Sulawesi rain forest Hemiptera sug-
gested there may be 1.84–2.57 million insects globally
(Hodkinson and Casson 1991). These estimates of in-
sect diversity may be too high because most insects
have good dispersal abilities, large geographic ranges,
and high rates of synonymy (Gaston 1991; Gaston and
Mound 1993). The 370,000 terrestrial species analyzed
in the present paper thus comprised about 22% of the
estimated 1.3 million described terrestrial species, and
we predicted 21–29% more species remained to be dis-
covered. Pimm et al. (2010) and Joppa et al. (2011) also
included taxonomic effort in their estimates of diver-
sity and predicted only 1% of birds, 6% of mammals,
15% of amphibians, and 16.5% of plants in Brazil; and
10–20% more plants globally; awaited discovery. If our
findings are representative of all terrestrial and freshwa-
ter species, our analyses indicate that 0.27–0.37 million
more remain to be discovered. This sums up to a total of
1.6–1.7 million potential terrestrial species. Adding the
predicted 0.3 million marine species, our data and anal-
yses suggest that there may be 1.8–2.0 million species
on Earth. Even excluding consideration of synonyms in
a recent estimate of 1.9 million described species (Chap-
man 2009) would predict 2–2.1 million species on Earth.
These are lower than previous estimates and invite fur-
ther research. This research may include accounting for
taxonomic effort, rates of synonymy, and how conspic-
uousness species are by virtue of their size, location,
commonness, or other features, in statistical models.

Outlook

This study provides a broad context for more detailed
analyses of past, current, and future discoveries by spe-
cialists in particular taxa. Our predictions may have
overestimated future discoveries if, (i) the continued
high rate of species description, at about 18,000 species
per year (Wheeler and Pennak 2010), including about
2000 marine species per year, was due to increased
taxonomic effort since the 1950s, and (ii) delays in rec-
ognizing and resolving synonyms. On the other hand,
our predictions may be underestimates due to the data
being biased toward better known taxa in better studied
geographic areas, and the conservative properties of
the statistical model. The higher rate of species discov-
ery in the oceans suggests it has been getting relatively
harder to discover new species on land. Nevertheless,
the results suggest that about two-thirds of all species
have been described. Bouchet (2006) estimated it would
take 250–1000 years to describe all species on Earth,
and noted that the rate of description of new species

of marine animals was less than the rate for terrestrial
when adjusted for the lower richness of described ma-
rine species. However, if our predictions are proven
true, it will soon become harder to find species new to
science except among the smaller invertebrates in the
less explored areas and habitats, and the description
of most species on Earth would be a feasible goal this
century. Achieving this will be expedited by interna-
tional collaboration to (i) share taxonomic knowledge
through online databases (e.g., May 1998; Appeltans
et al. 2010), (ii) fill geographic, habitat, and taxonomic
gaps, and (iii) publish identification guides online to
increase the pool of people able to discover new species
(Costello, Coll, et al. 2010). Putting better numbers to
the described species, and what taxa and places unde-
scribed species will occur, will help estimate both world
biodiversity and extinction rates (Gaston and Mound
1993; May 1998; González-Oreja 2008; Stork et al. 2009;
Stork 2010; Joppa et al. 2011). Completing the inventory
of known species is thus a priority for both biodiversity
data management and conservation.

SUPPLEMENTARY MATERIAL

Supplementary material, including data files and/or
online-only appendices, can be found at http://www.
sysbio.oxfordjournals.org/.
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