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Abstract
The diversity o f life is on e  o f the m ost striking aspects o f our planet; hence knowing how  many species inhabit Earth is 
am ong the m ost fundam ental questions in science. Yet the answer to this question remains enigm atic, as efforts to sam ple  
the world's biodiversity to date have been limited and thus have precluded direct quantification of global species richness, 
and because indirect estim ates rely on assum ptions that have proven highly controversial. Here w e sh ow  that the higher 
taxonom ic classification o f species (i.e., the assignm ent of species to  phylum, class, order, family, and genus) follow s a 
consistent and predictable pattern from which the total num ber o f species in a taxonom ic group can be estim ated. This 
approach was validated against well-known taxa, and w hen applied to all dom ains o f life, it predicts ~ 8 .7  million (± 1 .3  
million SE) eukaryotic species globally, o f  which ~ 2 .2  million (± 0 .1 8  million SE) are marine. In spite o f 250 years o f  
taxonom ic classification and over 1.2 million species already catalogued in a central database, our results su g g est that som e  
86% of existing species on Earth and 91% of species in the ocean still await description. Renewed interest in further 
exploration and taxonom y is required if this significant gap  in our know ledge of life on Earth is to  be closed.
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Introduction

Robert May [1] recently noted that if aliens visited our planet, 
one of their first questions would be, “How many distinct life 
forms— species— does your planet have?” He also pointed out that 
we would be “embarrassed” by the uncertainty in our answer. 
This narrative illustrates the fundamental nature of knowing how 
many species there are on Earth, and our limited progress with this 
research topic thus far [1-4], Ehifortunately, limited sampling of 
the world’s biodiversity to date has prevented a direct quantifi­
cation of the number of species on Earth, while indirect estimates 
remain uncertain due to the use of controversial approaches (see 
detailed review of available methods, estimates, and limitations in 
Table 1). Globally, our best approximation to the total number of 
species is based on the opinion of taxonomic experts, whose 
estimates range between 3 and 100 million species [1]; although 
these estimations likely represent the outer bounds of the total 
number of species, expert-opinion approaches have been ques­
tioned due to their limited empirical basis [5] and subjectivity [5- 
6] (Table 1). O ther studies have used macroecological patterns and 
biodiversity ratios in novel ways to improve estimates of the total 
number of species (Table 1), but several of the underlying 
assumptions in these approaches have been the topic of sometimes 
heated controversy ([3-17], Table 1); moreover their overall 
predictions concern only specific groups, such as insects [9,18-19], 
deep sea invertebrates [13], large organisms [6-7,10], animals [7], 
fungi [20], or plants [21]. With the exception of a few extensively 
studied taxa (e.g., birds [22], fishes [23]), we are still remarkably 
uncertain as to how many species exist, highlighting a significant 
gap in our basic knowledge of life on Earth. Here we present a 
quantitative method to estimate the global number of species in all

domains of life. We report that the number of higher taxa, which is 
much more completely known than the total number of species 
[24], is strongly correlated to taxonomic rank [25] and that such a 
pattern allows the extrapolation of the global number of species for 
any kingdom of life (Figures 1 and 2).

Higher taxonomy data have been previously used to quantify 
species richness within specific areas by relating the number of 
species to the number of genera or families at well-sampled 
locations, and then using the resulting regression model to estimate 
the number of species at other locations for which the number of 
families or genera are better known than species richness (reviewed 
by Gaston & Williams [24]). This method, however, relies on 
extrapolation of patterns from relatively small areas to estimate the 
number of species in other locations (i.e., alpha diversity). 
Matching the spatial scale of this method to quantify the Earth’s 
total number of species would require knowing the richness of 
replicated planets; not an option as far as we know, although 
May’s aliens may disagree. Here we analyze higher taxonomic 
data using a different approach by assessing patterns across all 
taxonomic levels of major taxonomic groups. The existence of 
predictable patterns in the higher taxonomic classification of 
species allows prediction of the total number of species within 
taxonomic groups and may help to better constrain our estimates 
of global species richness.

Results

We compiled the full taxonomic classifications of ~ 1 .2  million 
currently valid species from several publicly accessible sources (see 
Materials and Methods). Among eukaryote “kingdoms,” assess­
ment of the temporal accumulation curves of higher taxa (i.e., the
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Author Summary

Knowing the num ber o f species on Earth is on e  o f the  
m ost basic yet elusive questions in science. Unfortunately, 
obtaining an accurate num ber is constrained by the fact 
that m ost species remain to  be described and because  
indirect attem pts to answer this question have been highly 
controversial. Here, w e docum ent that the taxonom ic  
classification o f species into higher taxonom ic groups 
(from genera to phyla) follow s a consistent pattern from 
which the total num ber o f species in any taxonom ic group  
can be predicted. A ssessm ent o f this pattern for all 
kingdom s o f life on Earth predicts ~ 8 .7  million (± 1 .3  
million SE) species globally, o f which ~ 2 .2  million (± 0 .1 8  
million SE) are marine. Our results su g g est that som e 86% 
o f the species on Earth, and 91% in the ocean , still await 
description. Closing this know ledge gap  will require a 
renewed interest in exploration and taxonom y, and a 
continuing effort to catalogue existing biodiversity data in 
publicly available databases.

cumulative number of species, genera, orders, classes, and phyla 
described over time) indicated that higher taxonomic ranks are 
much more completely described than lower levels, as shown by 
strongly asymptoting trajectories over time ([24], Figure 1A—IF, 
Figure SI). However, this is not the case for prokaryotes, where 
there is little indication of reaching an asymptote at any taxonomic 
level (Figure SI). For most eukaryotes, in contrast, the rate of 
discovery of new taxa has slowed along the taxonomic hierarchy, 
with clear signs of asymptotes for phyla (or “divisions” in botanical 
nomenclature) on one hand and a steady increase in the number of 
species on the other (Figure 1A—IF, Figure SI). This prevents 
direct extrapolation of the number of species from species- 
accumulation curves [22,23] and highlights our current uncer­
tainty regarding estimates of total species richness (Figure IF). 
However, the increasing completeness of higher taxonomic ranks 
could facilitate the estimation of the total number of species, if the 
former predicts the latter. We evaluated this hypothesis for all 
kingdoms of life on Earth.

First, we accounted for undiscovered higher taxa by fitting, for 
each taxonomic level from phylum to genus, asymptotic regression 
models to the temporal accumulation curves of higher taxa 
(Figure 1A—IE) and using a formal multimodel averaging 
framework based on Akaike’s Information Criterion [23] to 
predict the asymptotic number of taxa of each taxonomic level 
(dotted horizontal line in Figure 1A-11E; see Materials and 
Methods for details). Secondly, the predicted number of taxa at 
each taxonomic rank down to genus was regressed against the 
numerical rank, and the fitted models used to predict the number 
of species (Figure 1G, Materials and Methods). We applied this 
approach to 18 taxonomic groups for which the total numbers of 
species are thought to be relatively well known. We found that this 
approach yields predictions of species numbers that are consistent 
with inventory totals for these groups (Figure 2). W hen applied to 
all eukaryote kingdoms, our approach predicted —7.77 million 
species of animals, ~298,000 species of plants, ~ 6 1 1,000 species 
of fungi, ~36,400 species of protozoa, and ~27,500 species of 
chromists; in total the approach predicted that ~ 8 .74  million 
species of eukaryotes exist on Earth (Table 2). Restricting this 
approach to marine taxa resulted in a prediction of 2.21 million 
eukaryote species in the world’s oceans (Table 2). We also applied 
the approach to prokaryotes; unfortunately, the steady pace of 
description of taxa at all taxonomic ranks precluded the 
calculation of asymptotes for higher taxa (Figure SI). Thus, we

used raw numbers of higher taxa (rather than asymptotic 
estimates) for prokaryotes, and as such our estimates represent 
only lower bounds on the diversity in this group. O ur approach 
predicted a lower bound of —10,100 species of prokaryotes, of 
which —1,320 are marine. It is important to note that for 
prokaryotes, the species concept tolerates a much higher degree of 
genetic dissimilarity than in most eukaryotes [26,27]; additionally, 
due to horizontal gene transfers among phylogenetic clades, 
species take longer to isolate in prokaryotes than in eukaryotes, 
and thus the former species are much older than the latter [26,27]; 
as a result the number of described species of prokaryotes is small 
(only ~  10,000 species are currently accepted).

A sse s s m e n t  o f  Poss ib le  Limitations
We recognize a number of factors that can influence the 

interpretation and robustness of the estimates derived from the 
method described here. These are analyzed below.

Species definitions. An important caveat to the 
interpretation of our results concerns the definition of species. 
Different taxonomic communities (e.g., zoologists, botanists, and 
bacteriologists) use different levels of differentiation to define a 
species. This implies that the numbers of species for taxa classified 
according to different conventions are not directly comparable. 
For example, that prokaryotes add only 0.1% to the total number 
of known species is not so much a statement about the diversity of 
prokaryotes as it is a statement about what a species means in this 
group. Thus, although estimates of the number of species are 
internally consistent for kingdoms classified under the same 
conventions, our aggregated predictions for eukaryotes and 
prokaryotes should be interpreted with that caution in mind.

Changes in higher taxonomy. Increases or decreases in the 
number of higher taxa will affect the raw data used in our method 
and thus its estimates of the total number of species. The number 
of higher taxa can change for several reasons including new 
discoveries, the lumping or splitting of taxa due to improved 
phylogenies and switching from phenetic to phylogenetic 
classifications, and the detection of synonyms. A survey of 2,938 
taxonomists with expertise across all major domains of life 
(response rate 19%, see Materials and Methods) revealed that 
synonyms are a major problem at the species level, but much less 
so at higher taxonomic levels. The percentage of taxa names 
currently believed to be synonyms ranged from 17.9 (±28.7 SD) 
for species, to 7.38 (±15.8 SD) for genera, to 5.5 (±34.0 SD) for 
families, to 3.72 (±45.2 SD) for orders, to 1.15 (±8.37 SD) for 
classes, to 0.99 (±7.74 SD) for phyla. These results suggest that by 
not using the species-level data, our higher-taxon approach is less 
sensitive to the problem of synonyms. Nevertheless, to assess the 
extent to which any changes in higher taxonomy will influence our 
current estimates, we carried out a sensitivity analysis in which the 
number of species was calculated in response to variations in the 
number of higher taxa (Figure 3A-3E, Figure S2). This analysis 
indicates that our current estimates are remarkably robust to 
changes in higher taxonomy.

Changes in taxonomic effort. Taxonomic effort can be a 
strong determinant of species discovery rates [21]. Hence the 
estimated asymptotes from the temporal accumulation curves of 
higher taxa (dotted horizontal line in Figure 1A-1E) might be 
driven by a decline in taxonomic effort. We presume, however, 
that this is not a major factor: while the discovery rate of higher 
taxa is declining (black dots and red lines in Figure 3F-3J), the rate 
of description of new species remains relatively constant (grey lines 
in Figure 3F-3J). This suggests that the asymptotic trends among 
higher taxonomic levels do not result from a lack of taxonomic 
effort as there has been at least sufficient effort to describe new
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T a b le  1. Available m ethods fo r  estim a ting  the  g loba l num ber o f species and th e ir  lim ita tions.

Case Study Limitations

Macroecological patterns

B ody s ize  freq u en cy d istribu tions. By extrapolation from the  frequency of May [7] suggested that there was no reason to  expect a simple scaling
large to small species, May [7] estimated 10 to 50 million species of animals. law from large to  small species. Further studies confirmed different

m odes of evolution among small species [4] and inconsistent body size 
frequency distributions among taxa [4].

L atitudinal g rad ien ts in  species. By extrapolation from the better sampled tem perate May [2] questioned the assumption that tem perate regions were better
regions to  the tropics, Raven [10] estimated 3 to 5 million species of large organisms. sampled than tropical ones; the  approach also assumed consistent

diversity gradients across taxa which is not factual [4].

Species-area relationships. By extrapolation from the  number of species in deep-sea Lambshead & Bouchet [12] questioned this estimation by showing that
samples, Grassle & Maciolek [13] estimated that the world's deep seafloor could high local diversity in the  deep sea does not necessarily reflect high
contain up to 10 million species. global biodiversity given low species turnover.

Diversity ratios

R atios b e tw een  taxa. By assuming a global 6:1 ratio of fungi to vascular 
plants and that there are —270,000 species of vascular plants, 
Hawksworth [20] estimated 1.6 million fungi species.

H ost-specificity a n d  spa tia l ratios. Given 50,000 known species of tropical trees 
and assuming a 5:1 ratio o f host beetles to trees, that beetles represent 40% of 
the  canopy arthropods, and that the  canopy has twice the species of the  ground, 
Erwin [9] estimated 30 million species of arthropods in the  tropics.

Ratio-like approaches have been heavily critiqued because, given known 
patterns of species turnover, locally estimated ratios between taxa may or 
may not be consistent a t the global scale [3,12] and because a t least one 
group of organisms should be well known a t the global scale, which may 
not always be true [15]. Bouchet [6] elegantly dem onstrated the 
shortcomings of ratio-based approaches by showing how even for a well- 
inventoried marine region, the ratio of fishes to  total multicellular 
organisms would yield —0.5 million global marine species whereas the 
ratio of Brachyura to  total multicellular organisms in the  sam e sampled 
region would yield —1.5 million species.

Known to  unknow n ratios. Hodkinson & Casson [18] estimated that 62.5% of the 
bug (Hemiptera) species in a sampled location were unknown; by assuming that 7.5%-10% of 
the  global diversity of insects is bugs, they estimated between 1.84 and 2.57 million 
species of insects globally.

Taxonom ic patterns

Tim e-species accum ulation curves. By extrapolation from the  discovery record 
it was estimated that there are —19,800 species of marine fishes [23] and —11,997 
birds [22].

This approach is not widely applicable because it requires species 
accumulation curves to  approach asymptotic levels, which is only true for 
a small num ber of well-described taxa [22-23].

A uthors-species accum ulation curves. Modeling the  num ber of authors describing This is a very recent m ethod and the effect of a number of assumptions
species over time allowed researchers to estim ate that the proportion of flowering remains to be evaluated. One is the extent to  which the  description of
plants yet to be discovered is 13% to  18% [21]. new species is shifting from using taxonomic expertise alone to  relying on

molecular methods (particularly among small organisms [26]) and the 
o ther that not all authors listed on a manuscript are taxonomic experts, 
particularly in recent times when the number of coauthors per taxa 
described is increasing [21,38], which could be due to  more collaborative 
research [38] and the acknowledgment of technicians, field assistants, 
specimen collectors, and so on as coauthors (Philippe Bouchet, personal 
communication).

A nalysis o f  exp ert estim ations. Estimates of —5 million species of insects [15] 
and —200,000 marine species [14] were arrived a t by compiling opinion-based 
estimates from taxonomic experts. Robustness in the estimations is assumed 
from the consistency of responses among different experts.

doi:10.1371 /journal.pbio.1001127.t001

Erwin [5] labeled this approach as "non-scientific" due to  a lack of 
verification. Estimates can vary widely, even those of a single expert [5,6]. 
Bouchet [6] argues that expert estimations are often passed on from one 
expert to  another and therefore a robust estimation could be the  "same 
guess copied again and again".

species a t a  constant rate. Secondly, although a  majority (79.4%) 
of experts that we polled in our taxonomic survey felt that the 
num ber o f taxonomic experts is decreasing, it was pointed out that 
other factors are counteracting this trend. These included, among 
others, more am ateur taxonomists and phylogeneticists, new 
sampling methods and molecular identification tools, increased 
international collaboration, better access to information, and 
access to new areas of exploration. Taken together these factors 
have resulted in a constant rate of description of new species, as 
evident in our Figure 1, Figure 3F-3J, and Figure SI and suggest 
that the observed flattening of the discovery curves of higher taxa 
is unlikely to be driven by a  lack of taxonomic effort.

Completeness of taxonomic inventories. To account for 
yet-to-be-discovered higher taxa, our approach fitted asymptotic 
regression models to the temporal accumulation curve of higher 
taxa. A critical question is how the completeness o f such curves 
will affect the asymptotic prediction. To address this, we 
performed a sensitivity analysis in which the asymptotic number 
o f taxa was calculated for accumulation curves with different levels 
o f completeness. The results o f this test indicated that the 
asymptotic regression models used here would underestimate the 
num ber of predicted taxa when very incomplete inventories are 
used (Figure 3K—30). This underestimation in the num ber of 
higher taxa would lower our prediction of the num ber o f species
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A Phylum B Class C Order D Family
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Figure 1. Predicting the global num ber of species in Animalia from their higher taxonom y. (A-F) The tem poral accum ulation o f taxa 
(black lines) and the  frequency of the  m ultim odel fits to  all starting years selected (graded colors). The horizontal dashed lines indicate the  consensus 
asym ptotic num ber of taxa, and the  horizontal grey area its consensus standard  error. (G) Relationship betw een  the  consensus asym ptotic num ber of 
higher taxa and the  numerical hierarchy of each taxonom ic rank. Black circles represent the  consensus asym ptotes, green  circles th e  catalogued 
num ber of taxa, and th e  box a t th e  species level indicates the  95% confidence interval around th e  predicted  num ber of species (see Materials and 
Methods).
doi:10.1371 /journal.pbio.1001127.g001
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through our higher taxon approach, which suggests that our 
species estimates are conservative, particularly for poorly sampled 
taxa. We reason that underestimation due to this effect is severe for 
prokaryotes due to the ongoing discovery of higher taxa (Figure 
SI) but is likely to be modest in most eukaryote groups because the 
rate of discovery of higher taxa is rapidly declining (Figure 1A-3E, 
Figure SI, Figure 3F-3J).

Since higher taxonomic levels are described more completely 
(Figure 1A-1E), the resulting error from incomplete inventories 
should decrease while rising in the taxonomic hierarchy. 
Recalculating the number of species while omitting all data from 
genera yielded new estimates that were mostly within the intervals 
of our original estimates (Figure S3). Flowever, Chromista (on 
Earth and in the ocean) and Fungi (in the ocean) were exceptions, 
having inflated predictions without the genera data (Figure S3). 
This inflation in the predicted number of species without genera 
data highlights the high incompleteness of at least the genera data 
in those three cases. In fact, Adi et al.’s [28] survey of expert 
opinions reported that the number of described species of 
chromists could be in the order of 140,000, which is nearly 10 
times the number of species currently catalogued in the databases 
used here (Table 1). These results suggest that our estimates for 
Chromista and Fungi (in the ocean) need to be considered with 
caution due to the incomplete nature of their data.

Subjectivity in the Linnaean system of classification. 
Different ideas about the correct classification of species into a 
taxonomic hierarchy may distort the shape of the relationships we 
describe here. Flowever, an assessment of the taxonomic hierarchy 
shows a consistent pattern; we found that at any taxonomic rank,

the diversity of subordinate taxa is concentrated within a few 
groups with a long tail of low-diversity groups (Figure 3P-3T). 
Although we cannot refute the possibility of arbitrary decisions in 
the classification of some taxa, the consistent patterns in Figure 3P— 
3T imply that these decisions do not obscure the robust underlying 
relationship between taxonomic levels. The mechanism for the 
exponential relationships between nested taxonomic levels is 
uncertain, but in the case of taxa classified phylogenetically, it 
may reflect patterns of diversification likely characterized by 
radiations within a few clades and little cladogenesis in most others 
[29]. We would like to caution that the database we used here for 
protistan eukaryotes (mostly in Protozoa and Chromista in this 
work) combines elements of various classification schemes from 
different ages— in fact the very division of these organisms into 
“Protozoa” and “ Chromista” kingdoms is non-phylogenetic and 
not widely followed among protistologists [28], It would be 
valuable to revisit the species estimates for protistan eukaryotes 
once their global catalogue can be organized into a valid and 
stable higher taxonomy (and their catalogue of described species is 
more complete— see above).

Discussion

Knowing the total num ber of species has been a question of 
great interest motivated in part by our collective curiosity about 
the diversity of life on Earth and in part by the need to provide a 
reference point for current and future losses of biodiversity. 
Ehifortunately, incomplete sampling of the world’s biodiversity 
combined with a lack of robust extrapolation approaches has
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Figure 2. Validating the higher taxon approach. We com pared 
the  num ber of species estim ated  from th e  higher taxon approach 
im plem ented  here to  the  known num ber of species in relatively well- 
studied taxonom ic g roups as derived from published sources [37], We 
also used  estim ations from  m ultim odel averaging from  species 
accum ulation curves for taxa with near-com plete inventories. Vertical 
lines indicate th e  range of variation in the  num ber o f species from 
different sources. The d o tted  line indicates the  1:1 ratio. Note tha t 
published species num bers (y-axis values) are m ostly derived from 
expert approxim ations for well-known groups; hence th e re  is a 
possibility th a t those  estim ates are subject to  biases arising from 
synonyms.
doi:10.1371 /journal.pbio.1001127.g002

yielded highly uncertain and controversial estimates of how 
many species there are on Earth. In this paper, we describe a 
new approach whose validation against existing inventories and 
explicit statistical nature adds greater robustness to the

estimation of the num ber of species of given taxa. In  general, 
the approach was reasonably robust to various caveats, and we 
hope that future improvements in data quality will further 
diminish problems with synonyms and incompleteness of data, 
and lead to even better (and likely higher) estimates of global 
species richness.

O ur current estimate of ~ 8 .7  million species narrows the range 
of 3 to 100 million species suggested by taxonomic experts [1] 
and it suggests that after 250 years of taxonomic classification 
only a small fraction of species on Earth (—14%) and in the ocean 
(~9% ) have been indexed in a central database (Table 2). Closing 
this knowledge gap may still take a lot longer. Considering 
current rates of description of eukaryote species in the last 20 
years (i.e., 6,200 species per year; ±811 SD; Figure 3F-3J), the 
average num ber of new species described per taxonomist’s career 
(i.e., 24.8 species, [30]) and the estimated average cost to describe 
animal species (i.e., ETS$48,500 per species [30]) and assuming 
that these values remain constant and are general among 
taxonomic groups, describing E arth’s remaining species may 
take as long as 1,200 years and would require 303,000 
taxonomists at an approximated cost of ETS$364 billion. With 
extinction rates now exceeding natural background rates by a 
factor of 100 to 1,000 [31], our results also suggest that this slow 
advance in the description of species will lead to species becoming 
extinct before we know they even existed. High rates of 
biodiversity loss provide an urgent incentive to increase our 
knowledge of Earth’s remaining species.

Previous studies have indicated that current catalogues of 
species are biased towards conspicuous species with large 
geographical ranges, body sizes, and abundances [4,32]. This 
suggests that the bulk of species that rem ain to be discovered are 
likely to be small-ranged and perhaps concentrated in hotspots 
and less explored areas such as the deep sea and soil; although 
their small body-size and cryptic nature suggest that many could 
be found literally in our own “backyards” (after Hawksworth 
and Rossman [33]). Though remarkable efforts and progress 
have been made, a further closing of this knowledge gap will 
require a renewed interest in exploration and taxonomy by both

T a b le  2. C urren tly  ca ta logued and pred ic ted to ta l num ber o f species on Earth and in the ocean.

Species Earth Ocean

Catalogued Predicted ±SE Catalogued Predicted ±SE

Eukaryotes

Animalia 953,434 7,770,000 958,000 171,082 2,150,000 145,000

Chromista 13,033 27,500 30,500 4,859 7,400 9,640

Fungi 43,271 611,000 297,000 1,097 5,320 11,100

Plantae 215,644 298,000 8,200 8,600 16,600 9,130

Protozoa 8,118 36,400 6,690 8,118 36,400 6,690

Total 1,233,500 8,740,000 1,300,000 193,756 2,210,000 182,000

Prokaryotes

Archaea 502 455 160 1 1 0

Bacteria 10,358 9,680 3,470 652 1,320 436

Total 10,860 10,100 3,630 653 1,320 436

Grand Total 1,244,360 8 ,750,000 1,300,000 194,409 2,210,000 182,000

Predictions for prokaryotes represent a lower bound because they do  not consider undescribed higher taxa. For protozoa, the ocean database was substantially more 
com plete than the  database for the entire Earth so w e only used the  former to  estim ate the total number of species in this taxon. All predictions were rounded to  three 
significant digits.
doi:10.1371 /journal.pbio.1001127.t002
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Figure 3. Assessment of factors affecting the higher taxon approach. (A-E) To tes t the  effects o f changes in higher taxonom y, w e perform ed 
a sensitivity analysis in which th e  num ber o f species was calculated after altering th e  num ber o f higher taxa. We used Animalia as a tes t case. For each 
taxonom ic level, we added  or rem oved a random  proportion o f taxa from 10% to  100% of the  current num ber of taxa and recalculated th e  num ber of 
species using our m ethod. The tes t w as repeated  1,000 tim es and th e  average and 95% confidence limits of th e  sim ulations are show n as points and 
dark areas, respectively. Light gray lines and boxes indicate the  currently estim ated  num ber o f species and its 95% prediction interval, respectively. 
Our current estim ation o f the  num ber of species appear robust to  changes in higher taxonom y as in m ost cases changes in higher taxonom y led to 
estim ations th a t rem ained within the  current estim ated  num ber of species. The results for changes in all possible com binations of taxonom ic levels 
are show n in Figure S2. (F-J) The yearly ratio of new  higher taxa in Animalia (black points and red line) and the  yearly num ber of new  species (grey 
line); this reflects the  fraction o f newly described species th a t also represent new  higher taxa. The contrasting patterns in the  description o f new 
species and new  higher taxa suggest th a t taxonom ic effort is probably no t driving observed flattening of accum ulation curves in higher taxonom ic 
levels as there is a t least sufficient effort to  maintain a constan t description of new  species. (K-O) Sensitivity analysis on the  com pleteness of 
taxonom ic inventories. To assess th e  ex ten t to  which incom plete inventories affect the  predicted consensus asym ptotic values obtained  from the  
tem poral accum ulation o f taxa, we perform ed a sensitivity analysis in which th e  consensus asym ptotic num ber of taxa was calculated from curves at 
different levels o f com pleteness. We used th e  accum ulation curves a t the  genus level for m ajor g roups of vertebrates, given the  relative 
com pleteness o f these data (i.e., reaching an asym ptote). Vertical lines indicate the  consensus standard  error. (P-T) Frequency distribution o f the  
num ber o f subordinate  taxa a t different taxonom ic levels. For display purposes we presen t only th e  data  for Animalia; lines and tes t statistics are from 
a regression m odel fitted with a pow er function. 
doi:10.1371 /journal.pbio.1001127.g003
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researchers and funding agencies, and a continuing effort to 
catalogue existing biodiversity data in publicly available 
databases.

Materials and M ethods

D a ta b a se s
Calculations of the number of species on Earth were based on 

the classification of currendy valid species from the Catalogue of 
Life (www.sp2000.org, [34]) and the estimations for species in the 
ocean were based on The W orld’s Register of M arine Species 
(www.marinespecies.org, [35]). The latter database is largely 
contained within the former. These databases were screened for 
inconsistencies in the higher taxonomy including homonyms and 
the classification of taxa into multiple clades (e.g., ensuring that all 
diatom taxa were assigned to “ Chromista” and not to “plants”). 
The Earth’s prokaryotes were analyzed independently using the 
most recent classification available in the List of Prokaryotic 
Names with Standing in Nomenclature database (h ttp ://w w w . 
bacterio.cict.fr). Additional information on the year of description 
of taxa was obtained from the Global Names Index database 
(http://www.globalnames.org). We only used data to 2006 to 
prevent artificial flattening of accumulation curves due to recent 
discoveries and descriptions not yet being entered into databases.

Statistical Analysis
To account for higher taxa yet to be discovered, we used the 

following approach. First, for each taxonomic rank from phylum 
to genus, we fitted six asymptotic parametric regression models 
(i.e., negative exponential, asymptotic, Michaelis-Menten, rational, 
Chapman-Richards, and modified Weibull [23]) to the temporal 
accumulation curve of higher taxa (Figure 1A—IE) and used 
multimodel averaging based on the small-sample size corrected 
version of Akaike’s Information Criteria (AICc) to predict the 
asymptotic number of taxa (dotted horizontal line in Figure 1A— 
IE) [23]. Ideally data should be modeled using only the 
decelerating part of the accumulation curve [22-23], however, 
frequently there was no obvious breakpoint at which accumulation 
curves switched from an increasing to a decelerating rate of 
discovery (Figure 1A-1E). Therefore, we fitted models to data 
starting at all possible years from 1758 onwards (data before 1758 
were added as an intercept to prevent a spike due to Linnaeus) and 
selected the model predictions if at least 10 years of data were 
available and if five of the six asymptotic models converged to the 
subset data. Then, the estimated multimodel asymptotes and 
standard errors for each selected year were used to estimate a 
consensus asymptote and its standard error. In this approach, the 
multimodel asymptotes for all cut-off years selected and their 
standard errors are weighted proportionally to their standard 
error, thus ensuring that the uncertainty both within and among 
predictions were incorporated [36].

To estimate the number of species in a taxonomic group from 
its higher taxonomy, we used Least Squares Regression models to 
relate the consensus asymptotic number of higher taxa against 
their numerical rank, and then used the resulting regression model 
to extrapolate to the species level (Figure 1G). Since data are not
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(see comparison of fits in Figure S4).

Survey o f  T ax o n o m is ts
We contacted 4,771 taxonomy experts with electronic mail 

addresses as listed in the World Taxonomist Database (www.eti.uva. 
nl/tools/wtd.php); 1,833 were faulty e-mails, hence about 2,938 
experts received our request, of which 548 responded to our survey 
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effort (measured as numbers of professional taxonomists) in their 
area of expertise in recent times was increasing, decreasing, or stable.

Supporting Information

Figure SI Completeness of the higher taxonomy of kingdoms of 
life on Earth.
(DOC)

Figure S2 Sensitivity analysis due to changes in higher 
taxonomy.
(DOC)

Figure S3 Assessing the effects of data incompleteness.
(DOC)

Figure S4 Comparison of the fits of the hyperexponential, 
exponential, and power functions to the relationship between the 
number of higher taxa and their numerical rank.
(DOC)

A cknow ledgm ents
We thank David Stang, W ard Appeltans, the Catalogue of Life, the W orld 
Register o f M arine Species, the List o f Prokaryotic Names with Standing 
Nomenclature, the Global Names Index databases, the W orld Taxonomist 
Database, and all their constituent databases and uncountable contributors 
for making their data freely available. We also thank the numerous 
respondents to our taxonomic survey for sharing their insights. Finally, we 
are indebted to Stuart Pimm, Andrew Solow, and Catherine M uir for 
helpful and constructive comments on the manuscript and to Philippe 
Bouchet, Frederick Grassle, and Terry Erwin for valuable discussion.

Author Contributions
Conceived and designed the experiments: C M  D PT BW. Analyzed the 
data: C M  D PT. W rote the paper: C M  D PT SA AGBS BW. Reviewed 
higher taxonomy: CM  SA AGBS.

6. Bouchet P (2006) The magnitude of marine biodiversity. In: Duarte CM , ed. The 
exploration of marine biodiversity: scientific and technological challenges, pp 31—62.

7. M ay R M  (1988) H ow  m any species are there on earth? Science 241: 1441-1449.
8. Thom as C D  (1990) Fewer species. N ature 347: 237.
9. Erwin T L  (1982) Tropical forests: their richness in Coleoptera and other 

arthropod species. Coleopterists Bull 36: 74—75.

PLoS Biology | www.plosbiology.org 7 August 2011 I Volume 9 | Issue 8 | e1001127

http://www.sp2000.org
http://www.marinespecies.org
http://www
http://www.globalnames.org
http://www.eti.uva
http://www.plosbiology.org


On the  Number o f Species on Earth and in the  Ocean

10. R aven PH  (1985) D isappearing species: a global tragedy. Futurist 19: 8—14.
11. M ay R M  (1992) Bottoms up for the oceans. N ature 357: 278-279.
12. Lam bshead PJD. Boucher G (2003) M arine nem atode deep-sea biodiversity- 

hyperdiverse or hype? J  Biogeogr 30: 475—485.
13. Grassle JF , M aciolek N L (1992) Deep-sea species richness: regional and  local 

diversity estimates from quantitative bottom  samples. A m  N at 139: 313—341.
14. B riggsJC , Snelgrove P (1999) M arine species diversity. Bioscience 49: 351—352.
15. G aston K J (1991) T he magnitude of global insect species richness. Conserv Biol 

5: 183-196.
16. Poore CB, W ilson G DF (1993) M arine species richness. N ature 361: 597-598.
17. M ay R M  (1993) M arine species richness. N ature 361: 598.
18. H odkinson ID , Casson D  (1991) A  lesser predilection for bugs: H em iptera 

(Insecta) diversity in tropical forests. B io lJ  Linn Soc 43: 101—119.
19. H am ilton AJ et al (2010) Quantifying uncertainty in  estimation o f tropical 

arthropod species richness. Am N a t 176: 90—95.
20. H awksworth D L (1991) T he fungal dimension of biodiversity: magnitude, 

significance and conservation. M ycol Res 95: 641—655.
21. Jo p p a  L, Roberts DL, Pim m  SL (2010) H ow  m any species of flowering plants are 

there? Proc Roy Soc B doi: 10.1098/rspb .2010.1004.
22. Bebber DP, M arrio tt FHG , G aston IQ , H arris SA, Scodand RW  (2007) 

Predicting unknown species num bers using discovery curves. Proc Roy Soc B 
274: 1651-1658.

23. M ora C, T ittensor DP, M yers RA  (2008) T he completeness o f taxonomic 
inventories for describing the global diversity and distribution of m arine fishes. 
Proc Roy Soc B 275: 149-155.

24. G aston IQ , Williams PH  (1993) M apping the w orld’s species-the higher taxon 
approach. Biodiv Lett 1: 2—8.

25. R icotta C , Ferrari M , Avena G  (2002) U sing the scaling behaviour o f higher taxa 
for the assessment o f species richness. Biol Conserv 107: 131—133.

26. Lopez-Garcia P, M oreira D (2008) T racking m icrobial biodiversity through 
molecular and  genomic ecology. Res M icrobiol 159: 67—73.

27. Y oung J M  (2001) Implications of alternative classifications and  horizontal gene 
transfer for bacterial taxonomy. I n t J  Syst Evol M icrobiol 51: 945—953.

28. Adi SM, Leander BS, Simpson AGB, A rchibald J M , Anderson O R , et al. (2007) 
Diversity, nom enclature, and  taxonom y of protists. Syst Biol 56: 684—689.

29. D ial K P, M arzluff J M  (1989) N onrandom  diversification w ithin taxonomic 
assemblages. Syst Zool 38: 26—37.

30. Carbayo F, M arques AC (2011) T he costs o f describing the entire animal 
kingdom. T rends Ecol Evol 26: 154-155.

31. Pim m  SL, Russell JL , G itdem an, Brooks T M  (1995) T he future o f biodiversity. 
Science 269: 347-350.

32. Zapata F, R obertson R  (2006) H ow  m any species of shore fishes are there in the 
T ropical Eastern Pacific? J  Biogeogr 34: 38—51.

33. H awksworth DL, Rossm an AY (1997) W here are all the undescribed fungi? 
Phytopathology 87: 888-891.

34. Bisby FA, Roskov Y R, O rrell T M , Nicolson D, Paglinawan LE, et al. (2010) 
Species 2000 & ITIS  Catalogue of Life: 2010 Annual Checklist. Digital resource at 
h ttp://w w w .catalogueoflife.org/annual-checklist/2010. Species 2000: Reading, 
UK.

35. Appeltans W , Bouchet P, Boxshall GA, Fauchald K , G ordon D P, et al. (2011) 
W orld Register of M arine Species. Accessed a t http://w w w .m arinespecies.org 
on 2011-03-11.

36. Rukhin AL, Vangel M G  (1998) Estimation of a com m on m ean and weighted 
m eans statistics. J  Am Stat Assoc 93: 303—308.

37. C hapm an AD (2009) N um bers of living species in Australia and  the world. 2nd 
edition. Australian Biodiversity Inform ation Services: Toow oom ba, Australia.

38. C ribb T H , Bray RA  (2011) Trem atode families and  genera: have we found them  
all? T rend  Parasitol doi: 10.1016 /j .p t.2 0 10.12.008.

PLoS Biology | www.plosbiology.org 8 August 2011 I Volume 9 | Issue 8 | e1001127

http://www.catalogueoflife.org/annual-checklist/2010
http://www.marinespecies.org
http://www.plosbiology.org

