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abstract
The number of species on Earth is one of the most fundamental numbers in science, but one that
remains highly uncertain. Clearly, more species exist than the present number of formally described species (approximately 1.5 million), but projected species numbers differ dramatically among studies. Recent estimates range from about 2 million species to approximately 1 trillion, but most project around
11 million species or fewer. Numerous studies have focused on insects as a major component of overall
richness, and many have excluded other groups, especially non-eukaryotes. Here, we re-estimate global
biodiversity. We also estimate the relative richness of the major clades of living organisms, summarized
as a “Pie of Life.” Unlike many previous estimates, we incorporate morphologically cryptic arthropod
species from molecular-based species delimitation. We also include numerous groups of organisms that
have not been simultaneously included in previous estimates, especially those often associated with particular insect host species (including mites, nematodes, apicomplexan protists, microsporidian fungi,
and bacteria). Our estimates suggest that there are likely to be at least 1 to 6 billion species on Earth.
Furthermore, in contrast to previous estimates, the new Pie of Life is dominated by bacteria (approximately 70–90% of species) and insects are only one of many hyperdiverse groups.

Introduction
OW many species are there on Earth?
This is a fundamental question in science, but one that remains far from resolved.
It is widely agreed that the number of described species (approximately 1.5 million
species; Roskov et al. 2014) underestimates
actual global richness, but the extent of this
underestimation remains unclear. Projections of global biodiversity have ranged from
as low as ~2 million species (Costello et al.
2012), up to ~100 million (e.g., Ehrlich and
Wilson 1991; May 1992; Lambshead 1993),
or even ~1 trillion (Locey and Lennon 2016).
In some ways, there is an encouraging
trend in that some estimates appear to have
stabilized. For example, some larger estimates
of global richness have centered on tropical
insects (e.g., approximately 30 million; Erwin
1982). Several recent studies have now converged at ~6 million insect species (Novotny
et al. 2002; Basset et al. 2012; Stork et al.
2015), and ~11 million or fewer species overall (Mora et al. 2011; Costello et al. 2012).
However, most estimates do not incorporate
morphologically cryptic species discovered
through molecular analyses, which might dramatically increase richness (e.g., Bickford
et al. 2007; Adams et al. 2014). Many papers
also exclude major branches of the Tree of
Life, such as bacteria. Further, some studies
have included bacteria but have estimated
their richness to be very low (e.g., Mora
et al. 2011). Other studies have focused speciﬁcally on estimating microbial species richness, but have not simultaneously addressed

H

the richness of other groups. Some studies
have estimated the presence of 107 to 109 bacterial species globally (Dykhuizen 1998; Curtis et al. 2002), whereas others have suggested
that such estimates are too high (Schloss and
Handelsman 2004). An exciting recent study
used scaling laws to project the presence of
~1 trillion microbial species (Locey and Lennon 2016), but did not address to what
groups these microbes belong (e.g., bacteria
versus archaeans versus microbial fungi versus protists), where they occur (e.g., soil versus endosymbiotic), or the richness of other
groups.
A topic that is closely related to the number of species on Earth is the relative species
richness of different clades, sometimes presented in a pie diagram (e.g., Wilson 1992;
Figure 1). We refer to such a diagram as a
“Pie of Life” (parallel to the Tree of Life).
Relatively few studies have presented explicit
estimates of the Pie of Life relative to the
many that have estimated global species richness. Interestingly, some estimates of the relative richness of clades have remained similar
to those based on described species (e.g., Wilson 1992), even with dramatic increases in
projected richness overall (e.g., Mora et al.
2011; Figure 1).
Here, we provide new estimates of global
species richness and the Pie of Life. Our approach differs from most previous studies in
three main ways. First, as much as possible,
we include all major groups of living organisms, including bacteria (but not viruses,
which are not necessarily alive). Second, we
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Figure 1. Traditional and New Estimates of the Pie of Life
The pie on the left shows a traditional estimate of the relative richness of different groups of organisms based
on numbers of described species (Wilson 1992), the middle shows an estimate based on projected richness of
different groups (Mora et al. 2011), and the pie on the right shows estimates based on the projected richness
of different groups in the present study. The pie on the right is estimated based on Scenario 1 (Table 1),
but other scenarios and assumptions give very similar estimates of the relative richness of different groups (Tables 1–4), even as total species richness changes. See the online edition for a color version of this ﬁgure.

incorporate morphologically cryptic species
as part of our estimation, as revealed by
molecular data from multiple genetic loci
and the use of rigorous, well-established,
coalescent-based species delimitation methods. Third, we emphasize groups that are
associated with insects (e.g., as parasites or
endosymbiotes), especially those groups with
species that are relatively speciﬁc to each insect host species. These groups may have the
strongest inﬂuence on overall species numbers. Estimates of insect richness based on
morphologically deﬁned species appear to
have stabilized (approximately 6 million;
Novotny et al. 2002; Basset et al. 2012; Stork
et al. 2015), providing an important anchor
for other projections. Our estimates suggest
that there may be more than a billion species
on Earth, that global richness is dominated
by bacteria, and that the Pie of Life is very different from traditional estimates.
Methods
estimating animal richness
To estimate overall animal richness, we
ﬁrst used the mean estimated number of arthropod species from Stork et al. (2015),
which is ~6.8 million (consisting mostly of
insects). This number does not explicitly include mites that are associated with insects.

Next, we estimated the mean number of
cryptic species for each morphologically deﬁned arthropod species (for details see Appendix S1; Tables S1 and S2). This estimate
is based on a systematic search for studies that
applied a rigorous, well-established method
of species delimitation to multilocus DNA sequence data, focusing on species that were
sampled from multiple populations across
their geographic ranges. We conducted a
systematic search of the literature for studies from 2013–2015 that used the Bayesian
Phylogenetics and Phylogeography method
(BPP; Yang and Rannala 2010) to delimit
cryptic species in arthropods (details in Appendix S1). The BPP method is standard
and considered to be relatively accurate (e.g.,
Camargo et al. 2012; Carstens et al. 2013).
For each of 16 studies, we counted the number of unnamed species supported by BPP
relative to the number of described species
included in the study. Note that almost all
cryptic species occupied only parts of the
geographic range of a described species.
Thus, assessing cryptic diversity based on a
single location or geographic region would
miss most of these cryptic species.
We then multiplied the mean number of
cryptic species per described species per
study (5.9, rounded up to 6) by the projected
number of arthropod species based on mor-
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phological criteria (approximately 6.8 million). This yielded our baseline number of
arthropod species (40.8 million). However,
this estimate of six cryptic species might be
an overestimate (see below and Appendix S1
for further discussion). First, an alternative
calculation is to divide the total number of
cryptic species by the total number of described species across all studies (rather than
study-speciﬁc means), yielding two cryptic
species per named species. Second, phylogeographic studies may focus preferentially
on wide-ranging taxa with many cryptic species, such that our pool of species is not representative of all arthropod species. Third,
some authors have suggested that BPP may
overestimate species diversity if there is a
time lag between genetic fragmentation
and completion of speciation (Sukumaran
and Knowles 2017). However, fragmentation may be the primary cause of allopatric
speciation (Wiens 2004) and the evolution
of intrinsic reproductive isolation may be
decoupled from the origin of new species
(e.g., Wiens et al. 2006; Rabosky and Matute
2013). Overall, given these considerations,
we also explored smaller ratios of cryptic to
morphologically distinct species, speciﬁcally,
two and zero cryptic species (see below).
Again, we emphasize that our results include
the possibility that there are no cryptic arthropod species at all.
Next, we assumed that each of these arthropod species has (on average) at least
one associated mite species (for justiﬁcation see Appendix S2). We also explored
a smaller ratio of arthropods to mite species (see below, Scenario 4). Assuming a
1:1 ratio of mites to other arthropods yields
a total of 81.6 million arthropod species.
We then assumed an average of one nematode species per arthropod species (for justiﬁcation see Appendix S2), yielding a total of
81.6 million nematode species. We added
these estimates for arthropods and nematodes for a total of 163.2 million animal species. Of course, arthropods and nematodes
are not the only animals, but recent projections suggest that it is unlikely that all other
animal groups combined would have much
more than a million species (e.g., Scheffers
et al. 2012; see Appendix S2). Even a substantially larger estimate (e.g., 10 times this)
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would have relatively little impact on overall
animal richness, given the projected numbers
of arthropods and nematodes.
plants
There are presently ~300,000 described
plant species (Roskov et al. 2014). Quantitative estimates suggest that the actual number
is not substantially higher than this (e.g., approximately 320,000 species; Mora et al.
2011; about 330,000–360,000 species; Joppa
et al. 2011). We used an intermediate estimate of ~340,000 species. Importantly, even
estimates that were two or three times this
value would have little impact overall, given
how small this number is relative to those
for other groups.
estimating fungal richness
For fungi, we assumed that each animal
species contains (on average) one microsporidian species, yielding 163.2 million species
(for justiﬁcation see Appendix S3). To this,
we added the estimated number of soil fungi
(2.4 million; Appendix S3) to yield 165.6 million fungal species. We recognize that other
fungal groups might also have very high species richness (e.g., endophytes, entomopathogenic fungi), but their host speciﬁcity is
not sufﬁciently well established for us to estimate and include their richness (Appendix S3). Overall, we conclude that fungal
richness is much higher than previously estimated, and so these additional sources of
fungal richness would clearly not overturn
that conclusion, but would only reinforce
it further.
estimating protist richness
For protists, we assumed that each animal
species hosts (on average) at least one apicomplexan species (for justiﬁcation see Appendix S4), yielding 163.2 million apicomplexans.
Free-living protist richness might also be substantial, but possibly not much greater than
1 million species (Appendix S4). Therefore,
we did not include this number in our estimates. Nevertheless, much higher free-living
protist richness would only further support
our conclusions that protist richness (and
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overall richness) is much higher than presently estimated.
archaeans
We did not include archaeans as a separate
clade in our overall estimates of global richness. Archaeans currently include less than
1000 described species (Roskov et al. 2014),
and we are not aware of speciﬁc estimates
suggesting that their undescribed diversity
is many orders of magnitude higher. Speciﬁcally, given our overall results, there would
need to be hundreds of millions of undescribed archaean species to strongly impact
our global richness estimates (or substantially
alter the Pie of Life). Archaea can be very
abundant be in the ocean (Karner et al.
2001), soils (Leininger et al. 2006), and freshwater (Chaban et al. 2006), but their overall
species richness in these environments remains unclear. Archaeans are also part of
the human gut microﬂora (Eckburg et al.
2005), and occur in some other animals (Chaban et al. 2006). A survey of methane production across 110 arthropod taxa (Hackstein
and Stumm 1994) found evidence for methanogenic archaeans in only a limited set of
taxa, including millipedes (Diplopoda), termites (Isoptera), cockroaches (Blattodea), and
scarab beetles (Coleoptera: Scarabaeidae).
However, they did not ﬁnd them in other
species-rich insect orders, such as Diptera,
Hemiptera, Lepidoptera, Orthoptera, or in
most beetle families tested (Hymenoptera
were not examined). Furthermore, in those
arthropod groups in which evidence for the
presence of archaeans was found, it was not
clear how species-speciﬁc they were to their
arthropod host species. In summary, we did
not include archaeans separately here. However, even if archaean richness were very high
(e.g., similar to bacteria), this would alter our
estimated Pie of Life, but would only further
reinforce our conclusion that global richness
was much greater than current estimates and
not dominated by insects or animals.
estimating bacterial richness
We initially assumed that the many bacterial species associated with insects might have
a strong inﬂuence on overall bacterial rich-
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ness. Therefore, to estimate bacterial richness, we ﬁrst estimated the average number
of bacterial gut endosymbionts unique to
each arthropod host species. Based on comparisons of closely related species in two of
the most species-rich insect orders (Diptera,
Hymenoptera), we estimated an average of
10.7 unique bacterial species per arthropod
host species (with similar mean values across
insect genera; for details see Appendix S5).
Furthermore, based on our review of the literature, insects in other species-rich orders
(e.g., Coleoptera, Lepidoptera) host similar
overall numbers of bacterial species (Appendix S5; Table S3). These rich bacterial
biotas are widespread across other animal
phyla, including nematodes, chordates, and
sponges (Appendix S5).
Given these results, we estimated that each
animal species hosts an average of 10.7
unique bacterial species, yielding 1.75 billion
bacterial species in total (163.2 million ×
10.7). We assumed that the contribution of
free-living bacteria to this total was minor in
comparison to overall estimated bacterial
richness (possibly less than 10 million; Appendix S5). However, it is very important to
note that high estimates of free-living bacterial richness would only reinforce our main
conclusions about the high richness of bacteria and their dominance of the Pie of Life
(see Discussion). We also initially assumed
that microsporidian fungi and apicomplexan
protists did not host substantial numbers of
species-speciﬁc bacterial species (being unicellular parasites themselves). Therefore, we
did not initially add any projected bacterial
richness associated with these two groups.
overall estimates and effects
of changing assumptions
Using the initial estimates for each major
group described above, we then summed
these estimates across groups to calculate
the total number of living species on Earth.
We then compared the estimated number
of species in each group to this total number to estimate the proprotional richness
of each group and the overall Pie of Life.
We also explored the consequences of
changing this initial set of assumptions (Table 1), which we hereafter refer to as Sce-
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TABLE 1
Projected species number of major taxonomic groups, assuming six cryptic arthropod species
per morphology-based species

Groups
Animals
Plants
Fungi
Protists
Bacteria
Total

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Parasites with intermediate
parasite richness

Parasites with reduced
parasite richness

Parasites with full
parasite richness

Reduced mite richness,
parasites intermediate

163.2 million
(7%)
0.340 million
(<0.5%)
165.6 million
(7%)
163.2 million
(7%)
1.746 billion
(78%)
2.238 billion

163.2 million
(11%)
0.340 million
(<0.5%)
165.6 million
(11%)
163.2 million
(11%)
0.955 billion
(66%)
1.447 billion

163.2 million
(3%)
0.340 million
(<0.5%)
165.6 million
(3%)
163.2 million
(3%)
5.264 billion
(91%)
5.756 billion

102 million
(7%)
0.340 million
(<0.5%)
104.6 million
(8%)
102 million
(7%)
1.091 billion
(78%)
1.400 billion

Scenario 1 assumes all animal species have a full complement of bacterial, protist, and fungal endosymbionts, even if they are
themselves parasites, but that microsporidian fungi and apicomplexan protists have negligible host-speciﬁc bacterial species. Scenario 2 assumes that endoparasites have reduced numbers of endosymbiotes themselves (i.e., nematodes have a mean of only
one host-speciﬁc bacterial species), and that microsporidians and apicomplexans have negligible bacterial species. Scenario 3
assumes that all animal species have a full complement of parasite and endosymbiote species, and that microsporidians and
apicomplexans host as many bacterial species as do animal species. Scenario 4 is the same as Scenario 1, but assumes that mites
have limited species richness relative to other arthropods (0.25 mites∶1 other arthropod species). In this table, all scenarios assume six cryptic arthropod species per morphology-based species (alternative values of two and zero are explored in Tables 2
and 3). Archaean richness is not treated separately.

nario 1. First, we assumed that nematodes
living inside insects might have a reduced
set of host-speciﬁc bacterial species (Scenario 2). Therefore, we assumed each nematode species has (on average) only one
unique bacterial species, instead of 10.7.
This yielded a total of 873.2 million bacterial
species associated with arthropods (81.6 million arthropods × 10.7 bacteria), but only
81.6 million associated with nematodes. This
reduced our estimated number of bacterial
species to 954.8 million (Table 1).
Second, we assumed that microsporidian
fungi and apicomplexan protists hosted as
many unique bacterial species as do freeliving animal species (Scenario 3). Therefore, we multiplied the number of species
of animals (163.2 million), fungi (165.6 million), and protists (163.2 million) by the mean
number of host-associated bacterial species
estimated for animals (10.7). This yielded
a total of 5.264 billion bacterial species (Table 1).
Third, we changed our initial assumption
that the number of arthropod-associated mite
species is roughly equivalent to the number of
other arthropod species (Scenario 4). Instead,

we assumed that there are only (on average)
0.25 mites per “other” arthropod species.
This speciﬁc number (0.25) is arbitrary (and
most likely an underestimate; Appendix S5),
but is used here for illustrative purposes. We
started with our initial estimate of 6.8 million
arthropods multiplied by an average of six
cryptic species to yield 40.8 million arthropods. We then assumed 0.25 mites per other
arthropod species, yielding 10.2 million mite
species and a total of 51 million arthropods.
This new estimate leads to a lower projected
number of nematodes (51 million), animals
(102 million), fungi (102 million microsporidians + 2.6 million free-living species, for
104.6 million), protists (102 million), and
bacteria (102 million × 10.7 bacteria =
1.091 billion species). Again, we assumed that
microsporidians and apicomplexans have
limited bacterial richness, as in Scenario 1.
We also explored three additional assumptions, and then addressed their impacts
across these four scenarios. First, we assumed
that each arthropod species contains (on average) only two cryptic species, instead of six
as in our other analyses (see above and Appendix S1 for a discussion of the evidence
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TABLE 2
Projected species numbers of major taxonomic groups, assuming two cryptic arthropod
species per morphology-based species

Groups
Animals
Plants
Fungi
Protists
Bacteria
Total

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Parasites with intermediate
parasite richness

Parasites with reduced
parasite richness

Parasites with full
parasite richness

Reduced mite richness,
parasites intermediate

54.4 million
(7%)
0.340 million
(<0.5%)
56.8 million
(7%)
54.4 million
(7%)
0.582 billion
(78%)
0.748 billion

54.4 million
(11%)
0.340 million
(<0.5%)
56.8 million
(12%)
54.4 million
(11%)
0.318 billion
(66%)
0.484 billion

54.4 million
(3%)
0.340 million
(<0.5%)
56.8 million
(3%)
54.4 million
(3%)
1.772 billion
(91%)
1.938 billion

34 million
(7%)
0.340 million
(<0.5%)
36.4 million
(8%)
34 million
(7%)
0.364 billion
(78%)
0.468 billion

Estimated numbers of species across major taxonomic groups, under different assumptions (Scenarios 1 to 4), and assuming
only two cryptic arthropod species per morphology-based species instead of six (see Table 1 for results assuming six and Table 3
for results assuming zero). See Table 1 for descriptions of Scenarios 1 to 4.

for six versus two cryptic species). This alternative number (two) is somewhat arbitrary,
and is merely intended to illustrate the effect
of a reduced value (see Table 2). Second, we
assumed that there are no cryptic arthropod
species (Table 3), although this assumption is
demonstrably untrue. Third, we changed our
initial assumption that each mite species
hosts (on average) one nematode species,
like other arthropods. Instead, we assumed
that mites harbor negligible nematode richness (see Table 4).

alternative approaches
Our approach is only one among many
used to estimate global richness (e.g., Mora
et al. 2011; Costello et al. 2012; Locey and
Lennon 2016). For example, estimates based
on rates of formal taxonomic description of
species have estimated much lower global
richness (Costello et al. 2012), especially relative to studies of undescribed arthropod
richness (Novotny et al. 2002; Basset et al.
2012; Stork et al. 2015). Similar approaches
have suggested that parasite richness is much

TABLE 3
Projected species numbers of major taxonomic groups, assuming no cryptic arthropod species

Groups
Animals
Plants
Fungi
Protists
Bacteria
Total

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Parasites with intermediate
parasite richness

Parasites with reduced
parasite richness

Parasites with full
parasite richness

Reduced mite richness,
parasites intermediate

20.4 million
(7%)
0.340 million
(<0.5%)
22.8 million
(8%)
20.4 million
(7%)
0.218 billion
(77%)
0.282 billion

20.4 million
(10%)
0.340 million
(<0.5%)
22.8 million
(11%)
20.4 million
(10%)
0.146 billion
(70%)
0.209 billion

20.4 million
(3%)
0.340 million
(<0.5%)
22.8 million
(3%)
20.4 million
(3%)
0.680 billion
(91%)
0.744 billion

15.3 million
(7%)
0.340 million
(<0.5%)
17.7 million
(8%)
15.3 million
(7%)
0.164 billion
(77%)
0.212 billion

Estimated numbers of species across major taxonomic groups, under different assumptions (Scenarios 1 to 4), and assuming no
cryptic arthropod species (see Table 1 for results assuming six cryptic species per morphology-based species, and Table 2 for
results assuming two instead). See Table 1 for descriptions of Scenarios 1 to 4.
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TABLE 4
Projected species numbers of major taxonomic groups, assuming mites host limited nematode richness,
and six cryptic arthropod species per morphology-based species

Groups
Animals
Plants
Fungi
Protists
Bacteria
Total

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Parasites with intermediate
parasite richness

Parasites with reduced
parasite richness

Parasites with full
parasite richness

Reduced mite richness,
parasites intermediate

122.4 million
(7%)
0.340 million
(<0.5%)
124.8 million
(7%)
122.4 million
(7%)
1.310 billion
(78%)
1.680 billion

122.4 million
(9%)
0.340 million
(<0.5%)
124.8 million
(10%)
122.4 million
(9%)
0.914 billion
(71%)
1.284 billion

122.4 million
(3%)
0.340 million
(<0.5%)
124.8 million
(3%)
122.4 million
(3%)
3.955 billion
(91%)
4.325 billion

91.8 million
(7%)
0.340 million
(<0.5%)
94.2 million
(8%)
91.8 million
(7%)
0.982 billion
(78%)
1.260 billion

Estimated numbers of species across major taxonomic groups, under different assumptions (Scenarios 1 to 4), and assuming that
mites harbor negligible numbers of endoparasitic nematode species (results assuming that all arthropod species host an average
of one nematode species are shown in Tables 1–3). See Table 1 for descriptions of Scenarios 1 to 4.

lower than host richness, based on declining
parasite description rates over time (Costello
2016). We suggest that the most important
parasites for estimating overall global richness are those with potentially species-speciﬁc
host relationships in the most diverse insect
orders (e.g., bacteria, mites, nematodes, apicomplexans, microsporidians). However, the
groups that we examine here either did not
show such declines (nematodes, microsporidians) or were not examined at all (bacteria,
mites, apicomplexans; Costello 2016). Perhaps most importantly, the parasites of insects
were simply not addressed (Costello 2016).
On the other hand, we acknowledge that
our own estimates may be biased if previous
authors primarily studied insects known to
host species-speciﬁc parasites and endosymbiotes. This might be a possibility in some
groups (e.g., mites, nematodes) but seems
unlikely for those that have been the subject
of systematic, broad-scale surveys (e.g., bacteria). Furthermore, for many eukaryotic parasites (especially internal and unicellular
ones, such as nematodes, apicomplexans,
and microsporidians), it is unclear how
one could predict their presence in particular insect species without detailed studies.
That is, it seems unlikely that one could predict that these parasites were present in advance, especially microscopic and internal
parasites (i.e., given no external signs of

their presence). Therefore, it seems unlikely
that the insects studied were chosen because
they were known to have these parasites (and
that the insects studied are therefore unrepresentative of insects in general). Thus, this
source of bias also seems unlikely.
Another approach is to extrapolate local
richness (in soils and hosts) to global richness
using scaling laws (Locey and Lennon
2016). This approach is promising and gives
even higher estimates of global richness than
our own (e.g., a trillion species; see Discussion). However, this approach does not estimate the distribution of this richness among
taxonomic groups (a major focus of our
study) or habitats (e.g., endosymbiotes versus soil). Therefore, it is difﬁcult to address
whether and how our results actually differ,
beyond the total number of species. Overall,
we anticipate that the number of species
on Earth (and distribution of these species
among groups across the Pie of Life) will become more certain as different approaches
converge on similar answers and as the causes
of discordance among estimates are illuminated.
Results
the number of species on earth
We estimated global richness for each major group of organisms, including animals,
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plants, fungi, protists, and bacteria (Appendixes S1–S5; Tables S1–S3), under several
different scenarios and sets of assumptions
(Tables 1–4). Summing the estimates from
different groups under these different assumptions, we suggest that Earth most likely
has at least a billion species (Table 1), rather
than 11 million or fewer (e.g., Mora et al.
2011; Costello et al. 2012; Stork et al. 2015).
We initially estimated ~2.2 billion species
(Table 1). However, this depends on several assumptions. We assumed that there
are 6.8 million projected species of arthropods based on morphological criteria (Basset
et al. 2012), but not including insect-associated
mites or morphologically cryptic species revealed by molecular data. Based on a systematic review of studies of molecular species
delimitation in arthropods (using coalescent-based methods with multilocus DNA
sequence data; Tables S1 and S2; Appendix S1), we estimated that there is an average of six morphologically cryptic species
per morphology-based species (but we also
explored the effects of assuming only two
or zero cryptic species on our overall richness estimates; Tables 2 and 3). This yields
a total of 40.8 million non-mite arthropod
species (six times 6.8 million). Based on
our reviews of the relevant literature (Appendixes S2–S5), we also estimated that
each arthropod species hosts (on average)
at least one species-speciﬁc mite, nematode,
apicomplexan protist, and microsporidian
fungal species, and a mean of 10.7 bacterial
species (Table S3). More precise estimates
would be difﬁcult for most groups given
the available information. However, these
estimates are relatively conservative because
they only consider species that are apparently unique to each insect host species.
We initially assumed that endoparasitic
animals (e.g., nematodes) contain similar
numbers of host-speciﬁc bacterial species
as do free-living animal species. In contrast,
we initially assumed that unicellular parasites (i.e., apicomplexan protists, microsporidian fungi) host trivial bacterial richness.
We collectively refer to these latter two assumptions as Scenario 1 (intermediate parasite richness).
We then explored the consequences of
changing these assumptions (Table 1). First,
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we assumed endoparasites have reduced
endosymbiote numbers themselves. Speciﬁcally, we assumed parasitic nematode species each have only one host-speciﬁc bacterial species (on average), and again that
microsporidians and apicomplexans have
none (Scenario 2; reduced parasite richness). This yields a total of 1.4 billion species
summed across all groups. Second, we assumed all animal species have similar bacterial biotas (on average), and that unicellular
fungal and protist parasites host roughly as
many bacterial species as do animal species
(although this seems less likely), yielding a total of ~5.8 billion species (Scenario 3; high
parasite richness). Finally, we assumed that
mites are much less species-rich than insects,
and otherwise followed our initial assumptions about bacterial diversity in endoparasites
(i.e., Scenario 1). This scenario (Scenario 4;
reduced mite richness) yields 1.4 billion species overall. Thus, across these different scenarios, the projected number of species on
Earth remains roughly similar, ranging from
~1 to ~6 billion species (Table 1).
the new pie of life
Our estimates of the Pie of Life are also
strikingly different from traditional estimates
(Figure 1), but are similar across many different estimates of total global richness (Tables 1–4). Pies based on described species
numbers have been relatively stable for decades (e.g., Wilson 1992; Roskov et al. 2014).
The traditional estimate is ~75% animals (including more than 50% insects) and ~16%
plants, ~5% fungi, with only minor contributions from bacteria and protists (e.g., Wilson
1992). Estimates of total richness (including
projected undescribed species) that span all
groups (e.g., Mora et al. 2011) are even more
strongly animal-dominated (about 90% of
11 million projected species), with a similar
contribution from fungi (approximately 5%)
and a reduced contribution from plants
(about 3%). Slices for bacteria and protists
are again trivial.
The new Pie of Life estimated here (Figure 1; Table 1) is dominated by bacteria (approximately 70–90% of all species) rather
than insects or animals. Furthermore, fungi
and protists may be similar in their overall
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richness to animals, and the relative richness
of all three groups may be quite small
(around 3–8%; Table 1). Within animals, insects are only one of three hyperdiverse lineages, along with mites and nematodes.
testing additional assumptions
We explored three additional assumptions, and addressed their impacts on total
species number across the four scenarios described above. First, we assumed that each
morphology-based arthropod species has
only two cryptic species (on average), instead
of the six assumed in the other analyses.
These results are shown in Table 2. This assumption reduces estimates of global richness, decreasing the range of estimates from
1.400–5.756 billion to 0.468–1.938 billion
(across the four different scenarios). Nevertheless, global richness remains similar in
overall magnitude. The impact on relative
richness of major groups (the Pie of Life) is
minor (almost all changes of only 1% or less).
Second, we assumed that there are no
cryptic arthropod species (despite considerable evidence to the contrary; Appendix S1).
The results (Table 3) further lower overall
global richness (0.209–0.744 billion), but
again remain very large in overall magnitude (hundreds of millions of species) relative to previous estimates. Again, the impact
on relative richness of major groups (the Pie
of Life) is trivial, with almost all new estimates
within 1% of the original estimates.
Third, we changed our initial assumption
that each mite species harbors (on average)
one nematode species, like other arthropods. Instead, we assumed that mites harbor
negligible nematode richness. The impacts
of this assumption (Table 4) on our initial
estimates of global richness are relatively minor (i.e., changing the range of estimates
from 1.400–5.756 billion to 1.260–4.325 billion). Again, the impact on relative richness
of major groups is trivial.
Discussion
Our new estimates of global species richness and the Pie of Life are strikingly different from most previous projections. Our re-
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sults suggest that Earth may have a billion
species or more, and that the new Pie of Life
is dominated by bacteria (approximately 70–
90%) rather than insects or animals. Fungi
and protists are similar to animals in their
overall richness, and insects are only one of
three hyperdiverse animal clades, along with
mites and nematodes. Thus, although Haldane quipped that the relative richness of
different groups showed that a Creator had
an “inordinate fondness for beetles” (Hutchinson 1959:146), our results suggest that a
fondness for beetles (and insects in general)
was shared with many other groups.
These estimates may seem very surprising.
However, they rest on three well-supported
observations. First, animal species (especially
insects) each have many host-speciﬁc bacterial species (Table S3; Appendix S5). Second,
insects host many other groups that can be
highly speciﬁc to a given insect species, including mites, nematodes, microsporidian
fungi, and apicomplexan protists. Indeed,
some authors commented decades ago that
some of these groups had the potential to
dramatically increase estimates of global
biodiversity (e.g., Ehrlich and Wilson 1991;
May 1992). Third, species numbers estimated
from morphological data alone underestimate actual richness, even for macroscopic
taxa (e.g., Bickford et al. 2007; Adams et al.
2014).
We have also shown that our general conclusions are robust to several assumptions
(Tables 1–4). Nevertheless, many uncertainties remain, which should be priorities for
future research. These uncertainties are discussed below, and focus on six main areas:
the generality of host speciﬁcity patterns
across arthropods; the impact of free-living
species (and additional host-associated clades)
in several focal groups; whether host-associated species harbor reduced parastic/endosymbiotic richness themselves; estimating
cryptic species diversity in arthropods; the
comparability of species across different kingdoms; and the inclusion of viruses.
First, we extrapolated host speciﬁcity of
many associated groups to all insects or arthropods, even though these groups were
sometimes surveyed in relatively few host
species (but in species-rich orders). Future

This content downloaded from 128.196.198.060 on August 25, 2017 09:19:00 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

September 2017

GLOBAL BIODIVERSITY AND THE NEW PIE OF LIFE

empirical studies should systematically assess species richness and host speciﬁcity of
these parasite and endosymbiotic groups
in closely related insect species in the most
diverse insect orders (i.e., Coleoptera, Diptera, Hymenoptera, and Lepidoptera). Our
literature-based estimates are conservative
(e.g., assuming a single species per host
species in some groups), and many groups
may be far richer. For example, we focused
primarily on parasite, endosymbiote, and
other host-associated species that seem to
be speciﬁc to a given host species. However,
species shared among two or more host
species may also contribute to overall richness (especially those restricted to only a
few host species). Similarly, some groups
have additional parasitic or endosymbiotic
clades whose host distribution and speciﬁcity were not well documented enough for
us to conﬁdently include (e.g., in archaeans,
protists, and fungi). Furthermore, our estimates of bacterial endosymbiote diversity are
from the gut alone, but other organs and tissues may harbor distinct biotas that could
multiply bacterial diversity even further (Appendix S5). Finally, many additional factors
may inﬂuence parasite/endosymbiote richness that were not directly addressed here,
such as host body size or geographic range
size (e.g., Poulin and Morand 2004; Kamiya
et al. 2014). However, most of our estimates
are minimum estimates (e.g., for apicomplexans, microsporidians, mites, and nematodes),
which should not change with these factors.
Similarly, estimates of bacterial richness are
broadly similar across a wide range of insect
hosts (Appendix S5). Overall, we suggest that
incorporating these other factors might increase estimates of richness of these parasitic
and endosymbiotic groups, but should not
overturn our minimum estimates.
Second, in some groups we did not include estimates of their free-living diversity,
especially in soils (e.g., mites, nematodes,
protists, and bacteria). We made this choice
because it is often difﬁcult to extrapolate
this diversity to the global scale. We readily
acknowledge that the free-living biodiversity
of soils may also be extensive, and its inclusion might change our estimates somewhat.
However, additions of a few million species,
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as for soil fungi (Tedersoo et al. 2014),
would have little impact on our main results (Table 1). Some previous studies have
also estimated much higher diversity of soil
bacteria (e.g., Dykhuizen 1998), although
these estimates have been controversial (e.g.,
Schloss and Handelsman 2004). More recently, Locey and Lennon (2016) estimated
that there are ~1 trillion microbial species,
but did not address where these species
occur (e.g., free-living versus endosymbiotic) or to what groups they belonged (e.g.,
archaeans, bacteria, fungi, protists). Most
importantly for our study, estimating much
larger numbers of free-living species (or
more parasitic or endosymbiotic species)
from groups such as mites, nematodes, protists, fungi, archaeans, and bacteria would
only reinforce our two most fundamental
conclusions: ﬁrst, that overall species richness is much higher than most previous estimates and, second, that the Pie of Life is
not dominated by insects or animals.
A third key area of uncertainty is whether
host-associated species themselves have reduced parasite or endosymbiote diversity.
For example, do nematodes inside insects
have the same mean bacterial richness as
free-living nematodes? Do unicellular parasites (e.g., apicomplexans, microsporidians)
have reduced bacterial richness, given their
size or occurrence inside other organisms?
We explored how different answers to these
questions might inﬂuence our results, and
found that our major conclusions were robust (Tables 1–4). Nevertheless, these questions should be thoroughly explored with focused empirical studies. Most importantly,
we explicitly address these uncertainties
here, but they are clearly relevant to all studies that estimate the overall species richness
of life on Earth.
Fourth, we illustrate how estimates of
overall species richness on Earth depend
on the relative numbers of morphologically
distinct and cryptic arthropod species. We
initially assumed six cryptic species per estimated morphology-based species, but we have
shown that our major conclusions remain
supported regardless of whether we assume
that there are two or six cryptic arthropod
species per projected morphology-based spe-
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cies, or even zero (although this latter number seems very unlikely; see Appendix S1).
We show that assuming fewer cryptic arthropod species reduces overall richness (but
with the lowest estimates still in the hundreds of millions) and has negligible impact
on our estimates of the Pie of Life (Tables 2
and 3). We also assumed that these cryptic
species each have distinct parasite and endosymbiote species. We think that the latter is a
very reasonable assumption (and therefore
we did not explore it explicitly). After all, if
cryptic host species are geographically isolated from each other (see below), then
their parasites and endosymbiotes should
be also. However, more explicit testing would
be desirable. Conversely, parasites and endosymbiotes might speciate through geographic isolation even when their hosts do
not (Wong et al. 2013). This process might
increase the richness of these groups even
further.
In a similar vein, the baseline projections
of global insect richness used here are based
(in part) on the association of insects with
plants (Novotny et al. 2002; Basset et al.
2012; Stork et al. 2015), but these estimates
do not necessarily incorporate morphologically cryptic species associated with different
plant hosts. Our estimates of morphologically cryptic arthropod species are primarily
associated with single morphology-based
species that occur in different geographic
regions (where different regions have distinct cryptic species), rather than on different host plant species (Appendix S1). However, there might also be morphologically
cryptic insect species on different host plants.
For example, in one well-known study, a single morphology-based butterﬂy species was
estimated to contain 10 morphologically
cryptic species that occur in sympatry, each
utilizing largely distinct host plant species
(Hebert et al. 2004). However, this example
may be more extreme than typical. Similarly,
an insect species that uses different host
plants locally might have different morphologically cryptic parasitoid species on different
host plants (e.g., wasps; Forbes et al. 2009),
even if the host insect has not speciated. If
such cases were frequent, it could increase insect richness further (at least for herbivorous
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insects and their parasitoids), presumably
with cascading increases in richness in their
parasites and endosymbiotes. This possibility
adds support to our initial assumption that
there could be many cryptic arthropod species for each currently described species,
and thus many cryptic species for each species projected to exist based on morphological evidence (e.g., Novotny et al. 2002; Basset
et al. 2012; Stork et al. 2015). However, we
emphasize that the cryptic species considered in this study were inferred from molecular evidence showing that populations in
different parts of the geographic range of
morphology-based species are actually distinct species. Therefore, the global number
of cryptic species cannot be estimated solely
from studies of cryptic species at a single geographic location (e.g., Hebert et al. 2004).
Fifth, a broader question is whether species richness can be compared between different groups at all. However, there is no
reason why this should be an issue for our
study alone, and not other studies on this
topic, especially those including both eukaryotes and prokaryotes (e.g., Mora et al.
2011; Locey and Lennon 2016). Perhaps
the most important issue is that an asexual
bacterial species may not be identical to a
sexual plant and animal species, in which
species limits and speciation are (in the
end) typically based on inferences about
gene ﬂow and reproductive isolation (e.g.,
Coyne and Orr 2004). Nevertheless, there
is genetic exchange among closely related
bacterial individuals through homologous
recombination (e.g., Fraser et al. 2007; Shapiro et al. 2012). Therefore, recombination
may act as a cohesive force among conspeciﬁc bacterial individuals, just as in sexual
species (e.g., Fraser et al. 2007; Shapiro
et al. 2012). Many bacterial species also appear to be comparable to many sexual species based on additional critera, such as:
homogenization of conspeciﬁc individuals
through ecological similarity and natural
selection (in addition to recombination);
phenotypic clustering of conspeciﬁc individuals; and adaptive divergence among
species (Cohan 2002; Vos 2011; RossellóMóra and Amann 2015). Species concepts
and delimitation in bacteria are subjects
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of ongoing debate and discussion (e.g., Cohan 2002; Vos 2011; Rosselló-Móra and
Amann 2015), but this is true for all other
organisms as well. After all, there is considerable variation in sexual systems (and species isolation mechanisms) among different plant species, among animal species,
and between animals and plants (e.g., Coyne
and Orr 2004). In summary, we argue that
bacterial species should be broadly comparable to those in other groups.
Our estimates of bacterial species richness
(i.e., within insect hosts) are based on a standard and highly conservative criterion for
bacterial species delimitation (i.e., clustering
of 16S sequences at the approximately 97%
identity level; see Appendix S5). Other criteria might actually show bacterial richness to
be considerably higher (e.g., Hong et al.
2009). Using this minimal criterion of ~3%
sequence divergence, some estimates indicate that most bacterial species may be millions of years old (Ochman et al. 1999),
and potentially more divergent than closely
related plant and animal species. Thus, the
much higher richness of bacterial species estimated here (relative to many previous estimates) should not be an artifact related to
these bacterial species being insufﬁciently
distinct from each other (or somehow less
“real” than plant, animal, or fungal species).
Finally, our study excludes viruses because
their status as living organisms is unclear
(Moreira and López-García 2009). Nevertheless, some authors suggest that each bacterial
species might host 10 or more unique virus
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species (Rowher 2003). Therefore, if they
were included, global biodiversity might extend into the tens of billions, and the Pie of
Life would then be dominated by viruses
(more than 90%).
Conclusions
In summary, we provide new estimates of
global species richness and the Pie of Life
that are dramatically different from traditional estimates. Clearly, our specifc results
are subject to considerable uncertainty, and
we present broad ranges of global richness
estimates rather than a single value. Nevertheless, we argue that all future estimates
of global biodiversity should incorporate
morphologically cryptic species and the diversity of clades and species hosted by arthropods. If they do, then future estimates
of global richness and the Pie of Life should
remain orders of magnitude higher than
most current estimates, and should be dominated by non-eukaryotic groups. Our results also imply that parasitic, endosymbiotic,
and similar relationships between species
might be fundamental drivers of the overall
richness of life on Earth.
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APPENDIX S1
Estimating the Number of
Cryptic species (as deﬁned here) are present
when a named, morphologically deﬁned species
is found to contain two or more species that are
distinct (e.g., based on molecular data), but
which are not necessarily morphologically distinguishable. Cryptic species have been called
the “elephant in the room” in determining global
species richness (Adams et al. 2014). Yet, studies
estimating global richness vary in the extent to
which they explicitly consider cryptic species,
from including estimates of cryptic species richness based on expert opinion (Appeltans et al.
2012) to a brief discussion of the topic (Scheffers
et al. 2012; Stork et al. 2015) to no mention at all
(Mora et al. 2011; Costello et al. 2013).
Here, we attempt to quantitatively estimate
the mean number of cryptic species per morphology-based arthropod species, in order to reﬁne our estimates of global species richness. We
focus only on arthropods because for other animal groups, even if there were numerous cryptic
species per described species, their richness would
still be inconsequential relative to that for arthropods. For example, if every named vertebrate species contained an average of 10 undescribed cryptic species, this would still add up to less than a
million species.
To estimate the number of cryptic species, we
only considered cryptic species as distinct if they
were strongly supported using a rigorous method
of species delimitation and multilocus genetic data
(i.e., we did not simply count species estimated
through DNA barcoding of a single mitochondrial gene). We conducted a literature search for
studies using the multilocus coalescent model implemented in Bayesian Phylogenetics and Phylogeography (BPP; Yang and Rannala 2010). We
chose this method because it is quickly becoming
a standard approach for species delimitation (Car-

Cryptic Arthropod Species
stens et al. 2013), and because it has outperformed
other species delimitation methods in accurately
identifying evolutionary lineages in simulated
and empirical data (Camargo et al. 2012). Unlike
“discovery” delimitation methods, which assign individuals to species groups without a priori information, BPP is a “validation” delimitation method,
which requires a resolved phylogeny of putative
species as input along with multilocus sequence
data. The method then tests the support for the
species status for each of the nodes in the given
phylogeny. This validation aspect of BPP is particularly important to our question here, because it
can provide an objective test of the hypothesis that
a described species contains one or more cryptic
lineages (meaning a hypothesized cryptic species
is either validated with high support or it is not).
Therefore, it is possible for putative cryptic species to be statistically unsupported, which should
provide more conservative estimates than the
number of putative species inferred solely from
an author’s interpretation of the data.
We used Google Scholar to search for studies of
arthropods that used BPP. We used the following
Google Scholar query: “cryptic,” with the exact
phrase “Bayesian species,” at least one of the
words “delimitation” or “delineation,” and the
years 2013–2015 (we assumed applications of
BPP would be limited immediately after its publication). The search was conducted on December 20, 2015. This query yielded 284 results, from
which we only selected studies using BPP on arthropods (20 total). We did not include a study
on parasitic mites (Bochkov et al. 2014) because
estimates of host-speciﬁc mites are included separately in our analyses of arthropod richness (Appendix S2).
In each study, we counted the number of
cryptic species delimited with high support for
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each described species included in the BPP
analysis (ignoring results of other species delimitation analyses in the study). We did not include
new species discovered using the BPP method
that were not originally identiﬁed as part of a
named species because our goal was to calculate
the ratio of cryptic to described species. For this
reason, we excluded three studies because the information provided did not allow us to distinguish between cryptic species within a described
species from newly discovered species, given the
unclear taxonomic afﬁnity of the putative species
(Parmakelis et al. 2013; Derkarabetian and Hedin 2014; Esmaeili-Rineh et al. 2015). Each study
considered used a combination of mitochondrial
and nuclear loci. Furthermore, the geographic
ranges of the described species that were included were broadly sampled (i.e., multiple populations across the species range). Importantly, almost all cryptic species that were delimited
were based on subdividing the geographic range
of a described species. The sole exception to our
focus on cryptic geographically distinct species
was a study on host-related cryptic species of parasitoid wasps (Hamback et al. 2013).
We ultimately analyzed 16 studies, and found
the mean number of cryptic molecular species
supported by BPP per described species to be
5.9 (Table S1). This is the mean of the 16 studyspeciﬁc means (Table S2). There was little difference in numbers between insects and non-insect
arthropods (Table S1). We apply the number six
(5.9 rounded up) to estimate the overall number
of arthropod species in the main text (Table 1).
We also considered alternative values of two
and zero cryptic species in calculating global richness (Tables 2 and 3). Although zero cryptic species is unlikely, our estimated value of six might
also be an overestimate, for several reasons.
First, our results may be biased if authors only
published studies that revealed cryptic species.
However, the impact of publication bias is unclear, because many studies using BPP were primarily concerned with broader questions of
phylogeography, and not simply the discovery
of cryptic species. Therefore, they do report negative results: cases in which potential cryptic species
were not supported (e.g., Hedin 2015; Toussaint
et al. 2015).
Second, recent simulations suggest that the
BPP method might overestimate the number of
species when there is a time lag between genetic
fragmentation and completion of the speciation
process (Sukumaran and Knowles 2017). On the
other hand, the criterion used in the simulations
may underestimate species richness.
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Third, it is possible that our estimated value
of 5.9 cryptic species is biased to be high because some studies that used BPP were focused
on “species complexes” (i.e., Zhang et al. 2014).
Therefore, these might be groups in which undescribed species (or other taxonomic issues)
were suspected, and so might have more cryptic
species than a completely random sample of arthropod species. On the other hand, numerous
species might be too poorly known (morphologically or geographically) to be recognized as “species complexes” in the ﬁrst place, especially since
the vast majority of estimated species richness in
insects is undescribed. In addition, studies that
densely sampled each species across its geographic range tended to ﬁnd more cryptic species than studies with less dense sampling per
species (i.e., Zhang et al. 2014 versus Toussaint
et al. 2015).
Fourth, there are alternative ways to estimate
the number of cryptic species from our data. Speciﬁcally, one could simply take the total number
of lineages supported by BPP and divide this by
the total number of described species included
in all of these studies, rather than the mean of
16 study-speciﬁc means. This would yield 2.00
cryptic species per described species (82 versus
41) for insects, 3.50 for non-insect arthropods
(84 versus 24), and 2.55 for arthropods overall
(166 versus 65). However, this approach is somewhat problematic. Speciﬁcally, the results for insects using this approach are dominated by a
single study that included 32 described species
but found relatively few cryptic species among
them, presumably because of decreased sampling
effort per described species (Toussaint et al.
2015). Excluding this study yields a mean of ﬁve
cryptic species per described insect species, similar
to the mean value across studies. Therefore, the
average across studies ameliorates such potential
artifacts.
These issues are difﬁcult to resolve at the present time, and have been the subject of considerable debate. For example, Pfenninger and
Schwenk (2007) argued that cryptic species are
distributed homogenously among higher taxa
when correcting for study effort, whereas PérezPonce de León and Poulin (2016) found conﬂicting results a decade later. In this study, we
consider six versus two or zero cryptic species
per named species (on average) to estimate the
impact of this uncertainty on global species richness (Tables 1, 2, and 3 in main text, respectively).
Additionally, several authors have suggested
that synonyms (multiple names corresponding
to the same biological species) might counteract
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the additions to global species richness from
cryptic species (Mora et al. 2011; Appeltans et al.
2012; Pimm 2012). Authors differ in their view
on the role of synonyms in estimating global
species richness, from minor (Appeltans et al.
2012) to major (Scheffers et al. 2012; Stork et al.
2015). However, none of these studies have directly claimed that there are more synonyms
than cryptic species. Our survey takes potential
synonymy into account because BPP analyses
could also reveal that the number of named spe-
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cies was overestimated (i.e., if molecular data
did not support morphologically deﬁned species
as distinct). For example, in the study by Hedin
(2015), several species named based on morphological evidence are not supported as distinct by BPP. In the end, our result of 5.9 cryptic
species per morphologically based arthropod
species suggests that additions to global species
richness from cryptic species may vastly outweigh subtractions due to synonymy (at least
for arthropods).
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APPENDIX S2
Estimating Animal Richness
question that there are many more undescribed
Current estimates of species numbers suggest species, but the speciﬁc number of undescribed
that arthropods, especially insects, are the most species has varied among different estimates.
species-rich clade of animals (and living things). However, in recent years, several estimates have
The current catalog of living, described species begun to converge toward similar numbers. For
suggests that there are ~1 million described spe- example, Hamilton et al. (2011) and Basset et al.
cies of insects, out of 1.6 million described spe- (2012) tentatively agreed on a number around
cies in total across the Tree of Life (Roskov et al. 6.1 million for global tropical arthropod species
2014). Thus, 62% of all living species are insects richness. Importantly, “arthropod” is not just inbased on these values. We suggest that the pro- sects, and also includes mites, but the contribuportional richness of insects may be overestimated. tion of mites is low in these estimates. Note that
Speciﬁcally, groups that parasitize insects (or are Hamilton et al. (2010) included an error that
otherwise intimately associated with them) may caused diversity to be underestimated by nearly
occupy a larger slice of the Pie of Life. We address twofold; this was corrected by Hamilton et al.
(2011). Hamilton et al. (2013) noted that there
these groups in turn.
was considerable uncertainty in this estimate.
Stork et al. (2015) recently showed that four
different methods for estimating beetle richness
Phylum Arthropoda
converged on a similar mean estimate of 1.5 milinsects
lion beetle species (both described and undeThe number of currently described insect spe- scribed), with a relatively narrow range (0.9–
cies is ~1 million (Roskov et al. 2014). There is no 2.1 million). They used relationships between

Overview
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plant and beetle diversity to estimate total global
insect richness, ﬁnding that this was from 5.4–
7.2 (midpoint = 6.3). They assumed that there
is one beetle species per 3.9 species of other terrestrial arthropods, to estimate a total of 5.9–7.4
terrestrial arthropod species (mean among estimates of 6.8 million). However, we do not use
this estimate directly, given that that this most
likely underestimates the diversity of mites that
utilize other arthropods as hosts (see next section).

mites
Almost all organisms that are larger than mites
are colonized by mites (Walter and Proctor
2013), including plants, vertebrates, molluscs, annelids, and arthropods (including larger mites). A
single host species may harbor a very large number of mite species, potentially from many different mite families. Levels of host speciﬁcity are
not always clear, but Walter and Proctor (2013)
noted that there has been a tendency toward host
speciﬁcity in the diversiﬁcation of symbiotic mites
in association with many species-rich host clades,
including hymenopterans (ants, bees, wasps), coleopterans (beetles), cockroaches, orthopterans,
hemipterans, myriapods (centipedes and millipedes), squamates (snakes and lizards), birds, and
mammals, conifers, and angiosperms.

mites on insects
Mites often occur on insects, and they may do
so in a remarkable variety of locations and taxa
(Walter and Proctor 2013), such as the tracheae
of honey bees (Hymenoptera), the stink glands
of stink bugs (Hemiptera), and the ears of noctuid moths (Lepidoptera). Not all associations
between mites and hosts are clearly parasitic, including many mites that use other arthropods
for transportation (phoresy; Walter and Proctor
2013). Many mite species have potentially commensal relationships with insects, or relationships
where the costs and beneﬁts are not obvious. One
genus from one family occurs on the antennae
of army ants, whereas another genus from another
family occurs on their feet (Walter and Proctor
2013).
Walter and Proctor (2013) reviewed associations between mites and their hosts across different
groups of mites. They noted that mesostigmatans
(in Parasitiformes) are particularly diverse on insects and other arthropods, including the most
species-rich insect orders (Coleoptera, Diptera,
Hymenoptera, and Lepidoptera). These mites uti-
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lize many families in each of these orders, including at least 24 coleopteran families, 19 dipteran
families, eight hymenopteran families, and 41 lepidopteran families (review in Hunter and Rosario
1988). Mestostigmatans also utilize non-insect arthropods, including centipedes, millipedes, scorpions, spiders, and crustaceans (Hunter and
Rosario 1988). Furthermore, mesostigmatans are
not the only mites occurring on insects (Walter
and Proctor 2013). For example, Prostigmata
(in Acariformes) are also frequent parasites on
arthropods, including all major orders of insects
and arachnids. Parasitengonina includes water
mites that parasitize most major groups of freshwater insects (including dipterans, odonates,
hemipterans, and coleopterans, but not ephemeropterans or megalopterans; Walter and Proctor
2013).
There can also be large numbers of mite species and families on each insect host species.
Honey bees alone are host to 34 mite species
(De Jong et al. 1982). Up to 55 families of mites
are associated with a single army ant species,
and even a temperate ant species may host more
than 30 species of mites (Walter and Proctor
2013). Examples of high mite diversity on beetles include 13 mite species from three families
from the scarabaeid species Heliocopris japetus,
19 species from four families from the scarabaeid
Copris hispanus, and 13 species from eight families from the passalid Odontotaenius disjunctus (review in Hunter and Rosario 1988). Even very small
insects can have many mite species that are intimately associated with them (i.e., approximately
5 mm carabid beetles of the genus Sericoda;
Beaulieu et al. 2008).
Mites on insects can exhibit a diverse range of
host speciﬁcities: a single insect host species can
harbor dozens of mite species, but a single mite
species can also utilize multiple hosts (Walter
and Proctor 2013). Unfortunately, the data that
would provide a strong basis for estimating a ratio of insect to mite diversity across all insects
seem to be lacking (i.e., published surveys of
the entire mite faunas of closely related insect
species across many orders), and it is possible
that published surveys have focused only on
those insect taxa known to have many mites.
Nevertheless, given that insect-associated mites
can be highly diverse on individual host species
(i.e., potentially compensating for those host
species that might lack host-speciﬁc mite species
altogether), that they are widespread across the
most diverse insects orders (e.g., Coleoptera,
Diptera, Hymenoptera, Lepidoptera), and that
many mite species can be quite host speciﬁc,
we tentatively assume that there is (on average)
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at least one mite species per insect species (for
speciﬁc studies supporting this ratio see Schwartz
et al. 1998; Salmane and Telnov 2009; Knee et al.
2012, 2013; speciﬁcally these four studies respectively estimated ratios of beetle species to mite
species of 4∶7, 38∶36, 51∶36, and 30∶33 for a mean
ratio across studies of 1.13 or a combined ratio,
based on species and not separate studies, of
123∶112 or 0.91).
This ratio may be an overestimate, and we
dealt with this possibility in two ways. First, we
did not include mites inhabiting other animals
or plants as part of our tally (even though the
number of mite species on plants could be very
large, see below). This was intended to counterbalance our potential overestimation for insectassociated mites. Second, we performed a set of
analyses in which we assumed that the ratio of insect to mite diversity was much smaller, only
1∶0.25 instead of 1∶1.

mites on other animals
Mites are known to be particularly diverse on
the skins, fur, and feathers of birds and mammals
(Walter and Proctor 2013). We make the simplifying assumption that mites on vertebrates are
relatively well studied (given that thousands of
species have already been described). Moreover,
even if each bird and mammal species had an average of 30 unique mite species (almost certainly
an overestimate; Walter and Proctor 2013), the
impact on overall mite diversity would be limited
relative to estimated mite diversity overall (e.g.,
10,000 bird + 5000 mammal species × 30 mites
per species = 450,000 mite species).

mites on plants
Walter and Proctor (2013:285) stated that
most woody dicots and many herbaceous dicots
are attacked by eriophyoid mites (along with
many monocots, conifers, and ferns). Furthermore, most eriophyoid mite species are host speciﬁc (e.g., approximately 80%; Skoracka et al.
2010), and a single plant species may be utilized
by multiple mite species (e.g., sugar maple, Acer
saccharum, attacked by eight mite species that
are mostly host-speciﬁc; Patankar et al. 2012).
Most of these species are thought to be undescribed (Amrine and Stasny 1994; Walter and
Proctor 2013). Unfortunately, it is not clear what
the typical number of mites per host plant species
is (but presumably smaller plants have fewer mite
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species than a large tree such as a sugar maple).
Assuming that there are ~340,000 plant species
(see Methods), and as many as eight mite species
per plant species, there could be as many as
2.7 million species of herbivorous mites. Furthermore, applying the number of cryptic arthropod
species (six; see Appendix S1) would suggest up
to 16.2 million mite species on plants. However,
we emphasize that most plant species may have
far fewer unique mite species, and that there
might be only a few million eriophyoid species
at most.

free-living mites
In addition to mites associated with other organisms, there is a vast diversity of free-living
mites. Along with nematodes, mites are the most
diverse organisms in soils around the world, and
mites are more diverse at many sites, especially in
temperate forests and some tropical forests (Wu
et al. 2011). However, the global diversity of freeliving mites is difﬁcult to estimate. A single site
near Hudson Bay (including multiple microhabitats, such as boreal forest) was estimated to have
1229 species of mites (approximately 900 identiﬁed based on DNA barcoding; Young et al. 2012).
The turnover between sites within regions is unclear. Nevertheless, tropical mite richness might
still exceed temperate richness at individual sites
(Walter and Proctor 2013:Figure 11.2).

overall mite diversity
Estimates of overall mite diversity are particularly uncertain. We assume that there are ~6.8
million arthropod species projected based on morphological criteria (Stork et al. 2015), and that
there are roughly six cryptic insect species for each
morphological species (Appendix S1), and that
these projections do not include insect-associated
mites. This initial estimate yields 40.8 million arthropods. To then estimate the number of mites,
we assumed that each of these arthropod species
has (on average) one mite species uniquely associated with them, yielding 40.8 million additional arthropod species. We note that even if this is an
overestimate of the number of insect-associated
mites, it does not account for the many mite species associated with vertebrates and plants. Therefore, this estimate yields 81.6 million arthropods
overall. We also performed analyses assuming reduced speciﬁcity of mites to their arthropod
hosts, with a host∶mite ratio of 1∶0.25. This yields
10.2 million mite species, and 51 million arthropod species overall.
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Phylum Nematoda
nematodes in insects
Nematodes are known to infect insects.
Therefore, the proportional richness of nematodes (relative to other organisms) may depend
on how many groups of insects are potentially
infected by nematodes, the number of nematode parasites per insect species, and their level
of host speciﬁcity. We know of few speciﬁc estimates for this. However, Powers et al. (2009) estimated that there are 0.8 unique endoparasitic
nematode species per termite species in a Central American rainforest site, and summarized
data from other studies suggesting that this ratio
may be widespread for termite species in temperate and tropical sites. They also noted that
each ﬁg species appeared to contain two unique
nematode species in their fruits, which appear to
be related to ﬁg wasps. They suggested that each
plant and animal species at La Selva, Costa Rica
might contain a unique nematode species. An
important question is whether all insects contain
similar specialized endoparasitic nematodes, and
whether they have similar levels of host speciﬁcity.
The most diverse insect orders are Coleoptera,
Diptera, Hymenoptera, and Lepidoptera. Grucmanová and Holuša (2013) summarized the nematode species found among one genus of beetles
(Ips) in Central Europe. They found that each
beetle species hosted an average 3.2 endoparasitic
nematode species, of which 1.8 species are unique
to each host, and 3.4 ectoparasitic nematode species, of which 1.4 are unique. Thus, there are an
average of 3.2 unique nematode species per beetle species in this genus.
Diptera may host numerous nematodes. Simulid ﬂies (for example) may host several genera
of mermithid nematodes (Poinar 1977).
Camino and Achinelly (2011) described nematodes in two sympatric species of orthopterans
in two different families, ﬁnding 16 and nine
nematode species per host species, with 15 and
eight unique nematode species per host species.
However, since these are in different families,
the level of host speciﬁcity at the species level
is unclear. Nevertheless it is clear that orthopterans can harbor many nematode species, and
that these can show considerable host speciﬁcity
within the order.
In Hymenoptera, in addition to infecting
wasps (e.g., Poinar 1977; Saito-Morooka 2014),
nematodes are also known to infect ants (Poinar
2012). Many genera and families may infect a
single host ant species or genus (the ant genus
Lasius may host species in the nematode families
Mermithidae, Diplogratridae, and Rhabditidae),
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and some families of nematodes have species that
can be speciﬁc to a single ant species (e.g., Mermithidae; Poinar 2012).
Nematodes are known to infect Lepidoptera,
but nematode ectoparasites appear to be relatively uncommon (Simmons and Rogers 1996).
The prevalence of nematode endoparasites in
Lepidoptera is unclear.
In summary, the most species-rich orders of
insects (with the possible exception of Lepidoptera) seem to contain numerous nematode species, many of which appear to be host speciﬁc.
Furthermore, those studies with relevant data
suggest that the mean number of host-speciﬁc
nematodes per insect host species may be at least
one (including 0.8 for isopterans, 2 for ﬁg wasps,
and 3.2 for Ips beetles). We acknowledge that we
have not shown that every major group of insects
has host-speciﬁc nematodes. However, it seems
difﬁcult to explain why particular groups would
be nematode-free, and we conservatively use an average of one host-speciﬁc nematode per host species, even though this might be higher.

nematodes parasitizing vertebrates
Poulin and Morand (2004) provided a summary
of species richness and host speciﬁcity of nematodes parasitizing species of various major vertebrate clades. These allow one to calculate ratios
of host to parasite richness for each group: Chondrichthyes: 0.180; Actinopterygii: 0.145; Amphibia: 0.535; Lepidosauria (reptiles): 1.014;
Aves: 1.012; and Mammalia: 0.642. These are
consistent with the idea that each terrestrial animal species might have roughly one unique nematode species, as suggested above for some insects
(e.g., termites).

nematodes parasitizing plants
Nematodes are known to parasitize plants, including economically important pests that attack
the roots of plants, such as the root-knot nematodes (Meloidogyne sp.) and cyst nematodes (Heterodera and Globodera; Williamson and Gleason 2003).
The level of host speciﬁcity in these taxa can be
quite wide. Given this, their global diversity patterns
are uncertain, but might not be very high.

free-living nematodes
The species-richness of non-parasitic (free-living) nematodes is uncertain, but could be very
high. The number of marine nematodes is particularly unclear. Some estimates suggested that
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there were more than 1 million species, with this
high richness driven largely by deep marine habitats, but these estimates have been challenged by
the authors of some of these same estimates
(Lambshead and Boucher 2003). However, some
authors continue to cite Lambshead (2004), which
suggested that total marine nematode richness
might exceed 1 million species (of which only a
few thousand are described). Importantly, the
lower estimates from Lambshead and Boucher
(2003) were actually made after the larger estimate
from Lambshead (2004), even though their later
estimate actually has an earlier publication date.
In addition to marine habitats, nematodes are
the most diverse animals in the soil in some regions
of the world (e.g., grasslands), along with mites (Wu
et al. 2011). Using molecular barcodes and careful
sampling, Powers et al. (2009) identiﬁed ~500 putative free-living species at a local site in the tropics (La Selva, Costa Rica). Most (approximately
66%) of the species were in the leaf litter and understory rather than in the soil. Powers et al.
(2009) did not sample the canopy, however. Bloemers et al. (1997) identiﬁed 431 putative nematode species in the soil at a tropical rainforest
reserve in Africa, of which 90% were undescribed.
This location has the highest local soil nematode
diversity (Powers et al. 2009).
The level of geographic turnover of the free-living nematode fauna remains unclear. Wu et al.
(2011) found that very few soil nematode species
were shared among sites in different regions (e.g.,
continents). A key question is how species composition of free-living nematodes at local sites changes
over spatial scales within continents. Without this
information we cannot speculate at global richness
of free-living nematodes.

overall nematode diversity
We assume that the major driver of global
nematode diversity is the set of nematodes species parasitizing insects. Given that there are at
least 40.8 million free-living arthropods, there
should be at least as many nematode species, as described above. An important but unresolved question is whether most mite species also tend to host
species-speciﬁc nematodes. We initially assume
that they do (Table 1), but also explored the impacts of assuming that mites host relatively few
host-speciﬁc nematode species (Table 4). We also
assume that nematodes parasitizing other animal
phyla besides arthropods make a minor contribution to nematode diversity. For example, if there
are only ~70,000 chordate species (Zhang 2013),
with the majority of these being actinopterygian
ﬁsh, and each has an average of only 0.145 unique

Volume 92

nematode species, their nematode diversity may
be quite limited. Other animal phyla also have
nematodes, but their contribution may be relatively small as well. Similarly, the contribution
of plant and soil-dwelling nematodes is unclear,
but may be small relative to the 40.8 million suggested for those parasitizing insects. Therefore,
we use a value of 40.8 million nematode species
for our subsequent calculations.

Other Animal Phyla
Based on current numbers of described species, the most species rich animal phyla exclusive
of Arthropoda and Nematoda are Mollusca (approximately 73,000 species), Chordata (about
70,000), Platyhelminthes (around 30,000), and
Annelida (approximately 18,000; Zhang 2013).
We addressed the diversity of Arthropoda and
Nematoda above. There may be numerous undescribed species of these four orders. However, we
are unaware of factors that would push the number of undescribed species in any of these groups
into millions of species. For example, Chapman
(2009) summarized estimates of projected global
richness for many animal phyla, including Mollusca (around 200,000 species), Chordata (about
80,000), Platyhelminthes (approximately 80,000),
and Annelida (around 30,000). In short, summing the estimates for these other animal phyla
would add up to less than 0.5 million. Mora et al.
(2011) estimated that there were 2.2 million animal species in the oceans, but did not focus on
which phyla these species belonged to. Appeltans
et al. (2012) suggested that Mora et al. (2011)
had overestimated marine richness somewhat,
and that there were only 0.7–1.0 million marine
species (across all kingdoms), with the most diverse groups including Mollusca (about 150,000
estimated marine species), Arthropoda (approximately 150,000 crustaceans), Nematoda (61,400),
Annelida (around 30,000), and Chromista (about
85,000). In summary, we argue that the contribution of these other animal phyla to global animal
richness may be limited, especially in relation to our
projected numbers for arthropods and nematodes.

Total Animal Richness
As described above, we estimate that there are
at least 81.6 million arthropod species, or potentially fewer if mites are less host speciﬁc in some
insect groups (52 million). We estimate that there
are 81.6 million nematode species, but possibly
many fewer if mites host relatively few nematodes
(40.8 million). Overall, we estimate that there
163.2 million animal species (but with estimates
varying from 102 million).
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APPENDIX S3
Estimating Fungal Richness
on our estimates or because the existing literature
Overview
Fungi are among the most ecologically impor- did not permit an estimate of their overall species
tant organisms on Earth (Mueller and Schmit richness. For example, mycorrhizal fungi exhibit
2007) and the extent of fungal diversity has been both low species richness and low host speciﬁcity
debated for decades. Although there are only (Lee et al. 2013; van der Heijden et al. 2015) and
~128,432 currently described species (Roskov et al. are therefore excluded from our analysis. Simi2014), many researchers have suggested that larly, arthropod gut fungi (class Trichomycetes)
global diversity is actually much higher. Many es- may only exhibit host speciﬁcity at the level of
timates have been based on extrapolations using host families or genera (Lichtwardt et al. 2001;
the ratio of fungal species to plant species in well- Cafaro 2002).
studied areas. For example, Hawksworth (1991) estimated 1.62 million fungal species based upon a
6∶1 ratio of fungal to plant species in Great Britain.
This approach has been criticized by some on the
basis of its generalization from small to very large
scales (May 1991, 1994; Mueller and Schmit 2007;
Schmit and Mueller 2007). However, Hawksworth’s
(1991) estimate has nonetheless become widely
accepted. Furthermore, other estimates of global
fungal diversity have approached 10 million species (Bass and Richards 2011 and references therein).
Bass and Richards (2011) concluded that there is
minimally one order of magnitude more fungal
species than the ~128,000 currently known.
In the sections below, we brieﬂy characterize
some groups of fungi that may harbor vast undescribed species richness. We focus speciﬁcally
on groups that have sufﬁcient evidence for generalization about species numbers and that have
important implications for the total number of
fungal species, especially those associated with
animals. We emphasize that many groups of fungi
are not addressed in our analysis, including lichens, plant pathogens, mycorrhizal fungi, and
arthropod gut fungi (see Blackwell 2011 for other
potentially important reservoirs of fungal diversity).
These groups were excluded either because we
considered them unlikely to have major impacts

Soil Fungi
updated estimate from
fungus:plant ratios
Building on the fungal to plant ratio (F∶P) approach, Taylor et al. (2014) used direct molecular
techniques to comprehensively census soil fungi
in a boreal forest ecosystem with well-known plant
diversity. They found a regionally consistent F∶P
ratio of at least 17∶1. Assuming 352,000 vascular
plant species globally, Taylor et al. (2014) extrapolated to a total of ~6 million soil fungal species.
However, Tedersoo et al. (2014) showed that
F∶P ratios increase dramatically from tropical to
polar latitudes, and therefore that extrapolations
of fungal richness based on F∶P ratios in boreal
latitudes overestimate soil fungal richness by
~2.5 fold. Taking into account the estimate from
Taylor et al. (2014) as well as variation in F∶P ratios discovered by Tedersoo et al. (2014), we estimate approximately 2.4 million soil fungal species.
Importantly, Taylor et al. (2014) noted that their
estimate was conservative for a number of reasons,
most importantly in that their method of species
delimitation tends to lump together sequences
from closely related but distinct taxa. As such, a
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global estimate of 2.4 million soil fungi may be a
lower boundary.

Animal-Associated Fungi
microsporidia
The microsporidia are a group of obligate intracellular fungal parasites that have been documented across most animal phyla (Keeling and
Slamovits 2004), including arthropods (see below)
and nematodes (Troemel et al. 2008; ArdilaGarcia and Fast 2012). They are particularly well
studied in arthropods and ﬁsh (Keeling and Fast
2002; Smith 2009). Notably, microsporidia have
been documented in the most diverse insect orders, including Coleoptera (e.g., Yaman et al.
2010; Kyei-Poku et al. 2011; Ovcharenko et al.
2013), Lepidoptera (e.g., Solter et al. 2000), and
Hymenoptera and Diptera (see references below).
Some microsporidian species can infect many distantly related hosts, but speciﬁcity to a single host
or a group of closely related hosts may predominate (Baker et al. 1998; Keeling and Fast 2002;
Smith 2009; Vávra and Lukeš 2013). For example,
although some microsporidia can infect hosts from
multiple lepidopteran families in laboratory settings, ecological host speciﬁcity is generally much
narrower than physiological host speciﬁcity (Solter
and Maddox 1998; Solter et al. 2000). Subsequent
ﬁeld experiments have conﬁrmed narrow host
speciﬁcity of microsporidia associated with Lepidoptera (Solter et al. 2010). Further, it has been
suggested that microsporidia have frequently cospeciated with their hosts (Vávra and Lukeš
2013). For example, Shafer et al. (2009) found evidence of both strict-sense cospeciation and host
switching between four species of Nosema and their
bee hosts. Similarly, Andreadis et al. (2012) found
compelling evidence of joint speciation between
Amblyospora species and Culex mosquitoes, with
one microsporidian species per host species. Moreover, although some host-parasite associations indicated host switching, there were several instances
where single mosquito species hosted two to four
microsporidian species each, suggesting that
microsporidians may also diversify independently
in isolated populations of their hosts (Andreadis
et al. 2012). Cospeciation has also been indicated
by strong congruence between the phylogenies
of Loma species and their ﬁsh hosts in the Paciﬁc
(Brown et al. 2010). Given these ﬁndings, the hypothesis that microsporidian richness may equal
animal richness (Keeling and Fast 2002) may actually be conservative. We therefore assume that
each animal species hosts at least one unique
microsporidian species.
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entomopathogenic fungi
Entomopathogenic fungi have been extensively studied, given their potential use for biological control of insect pests (Vega et al. 2012).
Most research has focused on Entomophthorales
(Zygomycota) and Hypocreales (Ascomycota),
which occur in most insect orders (Keller 2007).
Although the degree of host specialization varies
in both groups, species in Hypocreales are considered facultative host generalists whereas those in
Entomophthorales are considered highly hostspeciﬁc (Roy et al. 2006; Vega et al. 2012;
Boomsma et al. 2014). For example, species-level
host speciﬁcity has been documented in ﬂy-pathogenic Entomophthora ( Jensen et al. 2001, 2006).
However, it is unclear if this degree of host speciﬁcity is mirrored in Entomophthora associated with
other insect orders. For example, host-driven divergence of Entomophthora appears to be much
less extensive in aphids ( Jensen et al. 2009). Similarly, despite the generalization that species of
Hypocreales have broad host ranges, some lineages appear to be highly host-speciﬁc. For example, members of the genus Ophiocordyceps have
been shown to be speciﬁc to their ant hosts (Evans
et al. 2011; Kobmoo et al. 2012), and some recently
discovered Ophiocordyceps species also appear to
have strict host afﬁliations (Kobmoo et al. 2015;
Sanjuan et al. 2015). Overall, it appears that at
least some insect lineages harbor species-speciﬁc
entomophathogenic fungi. These entomopathogenic fungi may be as diverse as Microsporidia,
but they also exhibit host generalism. Given the
latter pattern, we do not include them in our calculations, but we acknowledge that they might be
as diverse as microsporidians appear to be.

Plant-Associated Fungi
fungal endophytes
Fungal endophytes occur in all major plant lineages, and occur from tropical to arctic habitats
(Arnold et al. 2000; Arnold 2007). Endophyte
species richness has been documented in many
studies, which frequently reveal ~10 to 50 fungal
species in a given host plant species (e.g., Arnold
and Lutzoni 2007), but with the number of fungal
species unique to each host plant species remaining uncertain. Even higher species richness has
been documented in studies with extensive sampling within a single host species, for example, more
than 4000 operational taxonomic units (OTUs)
in a tree species endemic to the Hawaiian Islands
(Zimmerman and Vitousek 2012). In these studies, putative species (OTUs) were delineated
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based on DNA sequence similarity. Despite suggestions that fungal endophytes may be hyperdiverse
(Arnold et al. 2000), uncertainty surrounding species detection and host speciﬁcity makes it difﬁcult
to estimate their overall species richness. For example, studies of endophyte diversity are sometimes
limited by non-asymptotic species accumulation
curves (e.g., Arnold and Lutzoni 2007; Zimmerman and Vitousek 2012), suggesting incomplete
sampling. Furthermore, large proportions of detected endophytic OTUs are singletons (e.g., Arnold and Lutzoni 2007; Hoffman and Arnold
2008; Lau et al. 2013; Higgins et al. 2014; Massimo
et al. 2015), meaning that they are known from a
single sampled individual. This is problematic because it may be difﬁcult to distinguish rare individuals from those that are truly speciﬁc to a given
host species (U’Ren 2011). Even when analyses
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are restricted to non-singleton taxa, patterns in
host speciﬁcity are highly variable, with some studies ﬁnding narrow host afﬁliations (e.g., Higgins
et al. 2007; Massimo et al. 2015) and others ﬁnd
striking host generalism (e.g., Higgins et al.
2007, 2011; Sandberg et al. 2014). Therefore, we
do not include endophytes in our overall estimate
of fungal richness. In the future, targeted studies
of closely related pairs of host taxa with extensive
sampling within each host species should help
clarify the extent of endophyte species richness
and host speciﬁcity. However, we note that even
if there were (on average) ~50 fungal species
unique to each plant species, the impact of endophytes on overall fungal richness would still be
relatively limited (e.g., approximately 18 million
added to an estimated total of about 163 million;
Table 1).

REFERENCES
Andreadis T. G., Simakova A. V., Vossbrinck C. R.,
Shepard J. J., Yurchenko Y. A. 2012. Ultrastructural
characterization and comparative phylogenetic analysis of new microsporidia from Siberian mosquitoes:
evidence for coevolution and host switching. Journal
of Invertebrate Pathology 109:59–75.
Ardila-Garcia A.-M., Fast N. M. 2012. Microsporidian
infection in a free-living marine nematode. Eukaryotic Cell 11:1544–1551.
Arnold A. E. 2007. Understanding the diversity of foliar
endophytic fungi: progress, challenges, and frontiers. Fungal Biology Reviews 21:51–66.
Arnold A. E., Lutzoni F. 2007. Diversity and host range
of foliar fungal endophytes: are tropical leaves biodiversity hotspots? Ecology 88:541–549.
Arnold A. E., Maynard Z., Gilbert G. S., Coley P. D.,
Kursar T. A. 2000. Are tropical fungal endophytes
hyperdiverse? Ecology Letters 3:267–274.
Baker M. D., Vossbrinck C. R., Becnel J. J., Andreadis
T. G. 1998. Phylogeny of Amblyospora (Microsporidia: Amblyosporidae) and related genera based
on small subunit ribosomal DNA data: a possible example of host parasite cospeciation. Journal of Invertebrate Pathology 71:199–206.
Bass D., Richards T. A. 2011. Three reasons to re-evaluate fungal diversity “on Earth and in the ocean.”
Fungal Biology Reviews 25:159–164.
Blackwell M. 2011. The fungi: 1, 2, 3 . . . 5.1 million
species? American Journal of Botany 98:426–438.
Boomsma J. J., Jensen A. B., Meyling N. V., Eilenberg J.
2014. Evolutionary interaction networks of insect
pathogenic fungi. Annual Review of Entomology 59:
467–485.

Brown A. M. V., Kent M. L., Adamson M. L. 2010. Description of ﬁve new Loma (Microsporidia) species
in Paciﬁc ﬁshes with redesignation of the type species Loma morhua Morrison & Sprague, 1981, based
on morphological and molecular species-boundaries
tests. Journal of Eukaryotic Microbiology 57:529–553.
Cafaro M. J. 2002. Species richness patterns in symbiotic gut fungi (Trichomycetes). Fungal Diversity 9:
47–56.
Evans H. C., Elliot S. L., Hughes D. P. 2011. Hidden
diversity behind the zombie-ant fungus Ophiocordyceps unilateralis: four new species described from
carpenter ants in Minas Gerais, Brazil. PLOS ONE
6:e17024.
Hawksworth D. L. 1991. The fungal dimension of biodiversity: magnitude, signiﬁcance, and conservation.
Mycological Research 95:641–655.
Higgins K. L., Arnold A. E., Miadlikowska J., Sarvate
S. D., Lutzoni F. 2007. Phylogenetic relationships,
host afﬁnity, and geographic structure of boreal and
arctic endophytes from three major plant lineages.
Molecular Phylogenetics and Evolution 42:543–555.
Higgins K. L., Coley P. D., Kursar T. A., Arnold A. E.
2011. Culturing and direct PCR suggest prevalent
host generalism among diverse fungal endophytes
of tropical grasses. Mycologia 103:247–260.
Higgins K. L., Arnold A. E., Coley P. D., Kursar T. A.
2014. Communities of fungal endophytes in tropical forest grasses: highly diverse host- and habitat
generalists characterized by strong spatial structure. Fungal Ecology 8:1–11.
Hoffman M. T., Arnold A. E. 2008. Geographic locality
and host identity shape fungal endophyte commu-

This content downloaded from 128.196.198.060 on August 25, 2017 09:19:00 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

September 2017

GLOBAL BIODIVERSITY AND THE NEW PIE OF LIFE

nities in cupressaceous trees. Mycological Research
112:331–344.
Jensen A. B., Thomsen L., Eilenberg J. 2001. Intraspeciﬁc variation and host speciﬁcity of Entomophthora
muscae sensu stricto isolates revealed by random ampliﬁed polymorphic DNA, universal primed PCR,
PCR-restriction fragment length polymorphism, and
conidial morphology. Journal of Invertebrate Pathology
78:251–259.
Jensen A. B., Thomsen L., Eilenberg J. 2006. Value of
host range, morphological, and genetic characteristics within the Entomophthora muscae species complex. Mycological Research 110:941–950.
Jensen A. B., Eilenberg J., Lastra C. L. 2009. Differential divergences of obligately insect-pathogenic Entomophthora species from ﬂy and aphid hosts. FEMS
Microbiology Letters 300:180–187.
Keeling P. J., Fast N. M. 2002. Microsporidia: biology
and evolution of highly reduced intracellular parasites. Annual Review of Microbiology 56:93–116.
Keeling P. J., Slamovits C. H. 2004. Simplicity and complexity of microsporidian genomes. Eukaryotic Cell
3:1363–1369.
Keller S. 2007. Arthropod-Pathogenic Entomophthorales: Biology, Ecology, Identiﬁcation. COST Action 842. Luxembourg: Ofﬁce for Ofﬁcial Publications of the
European Communities.
Kobmoo N., Mongkolsamrit S., Tasanathai K., Thanakitpipattana D., Luangsa-ard J. J. 2012. Molecular
phylogenies reveal host-speciﬁc divergence of Ophiocordyceps unilateralis sensu lato following its host ants.
Molecular Ecology 21:3022–3031.
Kobmoo N., Mongkolsamrit S., Wutikhun T., Tasanathai K., Khonsanit A., Thanakitpipattana D., Luangsaard J. J. 2015. New species of Ophiocordyceps unilateralis,
an ubiquitous pathogen of ants from Thailand. Fungal
Biology 119:44–52.
Kyei-Poku G., Gauthier D., Schwarz R., van Frankenhuyzen K. 2011. Morphology, molecular characteristics and
prevalence of a Cystosporogenes species (Microsporidia)
isolated from Agrilus anxius (Coleoptera: Buprestidae). Journal of Invertebrate Pathology 107:1–10.
Lau M. K., Arnold A. E., Johnson N. C. 2013. Factors
inﬂuencing communities of foliar fungal endophytes in riparian woody plants. Fungal Ecology 6:
365–378.
Lee E.-H., Eo J.-K., Ka K.-H., Eom A.-H. 2013. Diversity
of arbuscular mycorrhizal fungi and their roles in
ecosystems. Mycobiology 41:121–125.
Lichtwardt R. W., Cafaro M. J., White M. M. 2001. The
Trichomycetes: Fungal Associates of Arthropods.
Revised Edition. Available at http://www.nhm.ku
.edu/~fungi/Monograph/Text/Mono.htm.
Massimo N. C., Nandi Devan M. M., Arendt K. R., Wilch
M. H., Riddle J. M., Furr S. H., Steen C., U’Ren J. M.,
Sandberg D. C., Arnold A. E. 2015. Fungal endophytes in aboveground tissues of desert plants: infre-

255

quent in culture, but highly diverse and distinctive
symbionts. Microbial Ecology 70:61–76.
May R. M. 1991. A fondness for fungi. Nature 352:475–
476.
May R. M. 1994. Conceptual aspects of quantiﬁcation
of the extent of biological diversity. Philosophical
Transactions of the Royal Society B: Biological Sciences
345:13–20.
Mueller G. M., Schmit J. P. 2007. Fungal biodiversity:
what do we know? What can we predict? Biodiversity
and Conservation 16:1–5.
Ovcharenko M., Świątek P., Ironside J., Skalski T. 2013.
Orthosomella lipae sp. n. (Microsporidia) a parasite
of the weevil, Liophloeus lentus Germar, 1824 (Coleoptera: Curculionidae). Journal of Invertebrate Pathology
112:33–40.
Roskov Y. et al. 2014. Species 2000 and ITIS Catalogue
of Life, 29 October 2014. Leiden (The Netherlands): Species 2000, 2014. Available at http://
www.catalogueoﬂife.org/col.
Roy H. E., Steinkraus D. C., Eilenberg J., Hajek A. E.,
Pell J. K. 2006. Bizarre interactions and endgames:
entomopathogenic fungi and their arthropod hosts.
Annual Review of Entomology 51:331–357.
Sandberg D. C., Battista L. J., Arnold A. E. 2014. Fungal
endophytes of aquatic macrophytes: diverse hostgeneralists characterized by tissue preferences and
geographic structure. Microbial Ecology 67:735–747.
Sanjuan T. I., Franco-Molano A. E., Kepler R. M.,
Spatafora J. W., Tabima J., Vasco-Palacios A. M.,
Restrepo S. 2015. Five new species of entomopathogenic fungi from the Amazon and evolution of neotropical Ophiocordyceps. Fungal Biology 119:901–916.
Schmit J. P., Mueller G. M. 2007. An estimate of the
lower limit of global fungal diversity. Biodiversity
and Conservation 16:99–111.
Shafer A. B. A., Williams G. R., Shutler D., Rodgers
R. E. L., Stewart D. T. 2009. Cophylogeny of Nosema
(Microsporidia: Nosematidae) and bees (Hymenoptera: Apidae) suggests both cospeciation and
a host-switch. Journal of Parasitology 95:198–203.
Smith J. E. 2009. The ecology and evolution of microsporidian parasites. Parasitology 136:1901–1914.
Solter L. F., Maddox J. V. 1998. Physiological host
speciﬁcity of Microsporidia as an indicator of ecological host speciﬁcity. Journal of Invertebrate Pathology 71:207–216.
Solter L. F., Pilarska D. K., Vossbrinck C. F. 2000. Host
speciﬁcity of Microsporidia pathogenic to forest
Lepidoptera. Biological Control 19:48–56.
Solter L. F., Pilarska D. K., McManus M. L., Zúbrik M.,
Patočka J., Huang W.-F., Novotný J. 2010. Host
speciﬁcity of microsporidia pathogenic to the gypsy
moth, Lymantria dispar (L.): ﬁeld studies in Slovakia.
Journal of Invertebrate Pathology 105:1–10.
Taylor D. L., Hollingsworth T. N., McFarland J. W.,
Lennon N. J., Nusbaum C., Ruess R. W. 2014. A

This content downloaded from 128.196.198.060 on August 25, 2017 09:19:00 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

256

THE QUARTERLY REVIEW OF BIOLOGY

ﬁrst comprehensive census of fungi in soil reveals
both hyperdiversity and ﬁne-scale niche partitioning. Ecological Monographs 84:3–20.
Tedersoo L., Bahram M., Põlme S., et al. 2014. Global
diversity and geography of soil fungi. Science 346:
1256688.
Troemel E. R., Félix M.-A., Whiteman N. K., Barrière
A., Ausubel F. M. 2008. Microsporidia are natural
intracellular parasites of the nematode Caenorhabditis elegans. PLOS Biology 6:e309.
U’Ren J. M. Host-, geographic- and ecological speciﬁcity of endophytic and endolichenic fungal communities. PhD diss., University of Arizona, 2011.
van der Heijden M. G. A., Martin F. M., Selosse M.-A.,
Sanders I. R. 2015. Mycorrhizal ecology and evolution: the past, the present, and the future. New
Phytologist 205:1406–1423.

Volume 92

Vávra J., Lukeš J. 2013. Microsporidia and “the art of living together.” Advances in Parasitology 82:253–319.
Vega F. E., Meyling N. V., Luangsa-ard J. J., Blackwell M.
2012. Fungal entomopathogens. Pages 171–220 in
Insect Pathology, Second Edition, edited by F. E. Vega
and H. K. Kaya. London (United Kingdom): Academic Press.
Yaman M., Radek R., Weiser J., Toguebaye B. S. 2010.
Unikaryon phyllotretae sp. n. (Protista, Microspora),
a new microsporidian pathogen of Phyllotreta undulata (Coleoptera; Chrysomelidae). European Journal of Protistology 46:10–16.
Zimmerman N. B., Vitousek P. M. 2012. Fungal endophyte communities reﬂect environmental structuring across a Hawaiian landscape. Proceedings of the
National Academy of Sciences of the United States of
America 109:13022–13027.

APPENDIX S4
Estimating Protist Richness
Protists are a polyphyletic assemblage of eu- and 1.6 million species based on unknown sekaryotic clades that are very poorly understood quences recovered in environmental DNA samples
with respect to undescribed species richness reported in Adl et al. (2007), a study that also pre(Pawlowski et al. 2012). Many researchers histor- dicted 1.2 million species of parasitic apicomically believed that protists had low global rich- plexans.
ness due to the ubiquity of a few cosmopolitan
As with animals and fungi, the greatest potenmorphospecies (Finlay and Fenchel 1999; Finlay tial for large-scale undescribed protist richness
2004). However, this view is in conﬂict with the may come from parasitic groups (Roberts and
inﬂux of studies reporting high sequence diver- Janovy 2009). It has been suggested that all anisity in environmental samples across habitats, mal species have at least one host-speciﬁc spewith many novel sequences representing new cies of Apicomplexa (Adl et al. 2007; Cotterill
species (Foissner 1999) and possibly new higher- et al. 2009; Morrison 2009; Pawlowski et al.
level clades (Moon-van der Staay et al. 2001; 2012). Apicomplexans include the famous paraŠlapeta et al. 2005; Epstein and López-García sites Toxoplasmosis and Plasmodium (i.e., malaria).
2008; Massana and Pedrós-Alió 2008; de Vargas Apicomplexans infect most (and possibly all)
et al. 2015).
major invertebrate taxa (Sparks 1985) such as
Estimates of actual protist richness are of- free-living nematodes (Poinar and Hess 1988; inten several times higher than the number of de- formation is lacking for endoparasitic nematodes)
scribed species. Mora et al. (2011) predicted and all arthropod lineages (Levine 1988; Gole27,500 species based on extrapolation of 13,033 mansky and Lipa 1991; Tanada and Kaya 1993),
cataloged species, but cautioned that the polyphyly including beetles (Matthes and Guhl 1975). In adand taxonomic instability of protist lineages compli- dition, host speciﬁcity is often found to be strict
cated this estimation. Appeltans et al. (2012) pre- when thoroughly investigated among closely redicted marine richness alone to be 77,930–93,923 lated host species (birds: Bensch et al. 2000;
species within Chromista and 2207 within Protozoa Beadell et al. 2004; Blattodea: Clopton and Gold
(compared to 19,444 and 542 cataloged species, re- 1996; Smith and Cook 2008; Diptera: Lantová et al.
spectively, based on expert opinion). Recently, de 2010; Coleoptera and other insect orders: ClopVargas et al. (2015) estimated 150,000 putative spe- ton 2009). Apicomplexan parasite species may
cies of planktonic eukaryotes in the marine photic also be speciﬁc to different life stages of the same
zone globally, of which 85% were protists. Paw- host species (as in mealworm beetles; Clopton et al.
lowski et al. (2012) updated the number of cata- 1992). If this latter phenomenon is widespread
loged morphospecies from 26,010 to 74,373. They in holometabolous insects, there is potential for
predicted global richness to be between 140,000 overall species richness of apicomplexans to be
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extraordinarily high. However, this pattern has
not yet been widely established across arthropod hosts.
In the main text, we assume one species of
parasitic protist species per animal host species
as a reasonable and conservative estimate con-
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gruent with predictions from other authors (Adl
et al. 2007; Cotterill et al. 2009; Morrison 2009).
In contrast, although much higher than previously anticipated, free-living protist diversity may
not form a large proportion of overall protist
richness compared to symbionts.

REFERENCES
Adl S. M., Leander B. S., Simpson A. G. B., Archibald
J. M., Anderson O. R., Bass D., Bowser S. S., Brugerolle G., Farmer M. A., Karpov S., Kolisko M., Lane
C. E., Lodge D. J., Mann D. G., Meisterfeld R., Mendoza L., Moestrup Ø., Mozley-Standridge S. E.,
Smirnov A. V., Spiegel F. 2007. Diversity, nomenclature, and taxonomy of protists. Systematic Biology 56:
684–689.
Appeltans W., Ahyong S. T., Anderson G., et al. 2012.
The magnitude of global marine species diversity.
Current Biology 22:2189–2202.
Beadell J. S., Gering E., Austin J., Dumbacher J. P.,
Peirce M. A., Pratt T. K., Atkinson C. T., Fleischer
R. C. 2004. Prevalence and differential host-speciﬁcity of two avian blood parasite genera in the AustraloPapuan region. Molecular Ecology 13:3829–3844.
Bensch S., Stjernman M., Hasselquist D., Örjan Ö.,
Hannson B., Westerdahl H., Pinheiro R. T. 2000.
Host speciﬁcity in avian blood parasites: a study of
Plasmodium and Haemoproteus mitochondrial DNA
ampliﬁed from birds. Proceedings of the Royal Society
B: Biological Sciences 267:1583–1589.
Clopton R. E. 2009. Phylogenetic relationships, evolution, and systematic revision of the septate gregarines (Apicomplexa: Eugregarinorida: Septatorina).
Comparative Parasitology 76:167–190.
Clopton R. E., Gold R. E. 1996. Host speciﬁcity of
Gregarina blattarumvon Siebold, 1839 (Apicomplexa:
Eugregarinida) among ﬁve species of domiciliary
cockroaches. Journal of Invertebrate Pathology 67:219–
223.
Clopton R. E., Janovy J. Jr., Percival T. J. 1992. Host stadium speciﬁcity in the gregarine assemblage parasitizing Tenebrio molitor. Journal of Parasitology 78:
334–337.
Cotterill F. P. D., Al-Rasheid K., Foissner W. 2009. Conservation of protists: is it needed at all? Pages 193–
209 in Protist Diversity and Geographical Distribution,
edited by W. Foissner and D. L. Hawksworth. Heidelberg (Germany): Springer Science.
de Vargas C., Audic S., Henry N., et al. 2015. Eukaryotic plankton diversity in the sunlit ocean. Science
348:1261605.
Epstein S., López-García P. 2008. “Missing” protists: a
molecular prospective. Biodiversity and Conservation
17:261–276.

Finlay B. J. 2004. Protist taxonomy: an ecological perspective. Philosophical Transactions of the Royal Society
B: Biological Sciences 359:599–610.
Finlay B. J., Fenchel T. 1999. Divergent perspectives
on protist species richness. Protist 150:229–233.
Foissner W. 1999. Protist diversity: estimates of the
near-imponderable. Protist 150:363–368.
Golemansky V., Lipa J. J. 1991. Gregarines (Apicomplexa:
Eugregarinida) from cave and terrestrial arthropods
in Bulgaria. Acta Protozoologica 30:201–208.
Lantová L., Ghosh K., Svobodová M., Braig H. R.,
Rowton E., Weina P., Volf P., Votýpka J. 2010. The
life cycle and host speciﬁcity of Psychodiella sergenti
n. sp. and Ps. tobbi n. sp. (Protozoa: Apicomplexa)
in sand ﬂies Phlebotomus sergenti and Ph. tobbi (Diptera: Psychodidae). Journal of Invertebrate Pathology
105:182–189.
Levine N. D. 1988. The Protozoan Phylum Apicomplexa,
Volume I. Boca Raton (Florida): CRC Press.
Massana R., Pedrós-Alió C. 2008. Unveiling new microbial eukaryotes in the surface ocean. Current Opinion in Microbiology 11:213–218.
Matthes D., Guhl W. 1975. Systematik, Anpassungen
und Raumparasitismus auf Hydrophiliden lebender
operculariformer Epistyliden. Arch Protistenk 117:
110–186.
Moon-van der Staay S. Y., De Wachter R., Vaulot D. 2001.
Oceanic 18S rDNA sequences from picoplankton reveal unsuspected eukaryotic diversity. Nature 409:
607–610.
Mora C., Tittensor D. P., Adl S., Simpson A. G. B.,
Worm B. 2011. How many species are there on
Earth and in the ocean? PLOS Biology 9:e1001127.
Morrison D. A. 2009. Evolution of the Apicomplexa:
where are we now? Trends in Parasitology 25:375–382.
Pawlowski J., Audic S., Adl S., et al. 2012. CBOL Protist
Working Group: barcoding eukaryotic richness beyond the animal, plant, and fungal kingdoms.
PLOS Biology 10:e1001419.
Poinar G. O. Jr., Hess R. 1988. Protozoan diseases. Pages
103–131 in Diseases of Nematodes, Volume 1, edited by
G. O. Poinar Jr. and H. B. Jansson. Boca Raton (Florida): CRC Press.
Roberts L. S., Janovy J. 2009. Gerald D. Schmidt and Larry S.
Roberts’ Foundations of Parasitology. Eighth Edition. Boston (Massachusetts): McGraw-Hill Higher Education.

This content downloaded from 128.196.198.060 on August 25, 2017 09:19:00 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

258

THE QUARTERLY REVIEW OF BIOLOGY

Šlapeta J., Moreira D., López-García P. 2005. The extent of protist diversity: insights from molecular
ecology of freshwater eukaryotes. Proceedings of
the Royal Society B: Biological Sciences 272:2073–
2081.
Smith A. J., Cook T. J. 2008. Host speciﬁcity of ﬁve
species of Eugregarinida among six species of cock-

Volume 92

roaches (Insecta: Blattodea). Comparative Parasitology 75:288–291.
Sparks A. K. 1985. Synopsis of Invertebrate Pathology: Exclusive of Insects. Amsterdam (The Netherlands):
Elsevier Science Publishers.
Tanada Y., Kaya H. K. 1993. Insect Pathology. San Diego
(California): Academic Press.

APPENDIX S5
Estimating Bacterial Richness
lar studies of bacteria, sequences are typically clusIn order to estimate global species richness, it tered together that are less than 3% different at
is important to include bacteria, the most abun- the DNA level and described as OTUs. OTUs
dant living organisms on the planet (Whitman are used as a proxy for “species” in these molecuet al. 1998). Less than 1% of all bacteria can lar assessments. The lowest number of bacterial
be cultured, which historically has limited the OTUs within a host species across animal ordetection of their diversity (Torsvik et al. 1990; ders examined is Hemiptera with three. The highAmann et al. 1995; Pace 1997). Therefore, new mo- est bacterial diversity per host species is within a
lecular techniques that can generate millions of se- single species of mites (Sarcoptiformes) with 557
quences in a single sequencing run allow a much unique OTUs, however, we note this estimate is
deeper analysis of bacterial diversity. We suggest much larger than other mite-associated bacterial
that bacteria that are associated with animals are species estimates and may be an overestimate.
more diverse than previously recognized and Taking an average of these data provides a rough
may be the numerically dominant organisms on estimate of 83 OTUs of bacteria per animal host
the planet. Free-living bacteria may also be more species. However, given the limited amount of
diverse than currently recognized, however, the host speciﬁcity data associated with these studies,
richness of bacterial species associated with ani- we cannot use this number other than as a rough
estimate of the bacterial diversity that is associated
mals may be even greater.
with animals.

Overview

Bacteria Associated with Animals
Excellent reviews and meta-analyses of bacterial
diversity associated with animal hosts already exist
and were used extensively here. Some of these reviews are general and describe patterns of bacterial diversity across different animal hosts and
environments (Ley et al. 2008; Nemergut et al.
2011), while others are speciﬁc to certain host
groups: mammals (Ley et al. 2008), ﬁsh (Sullam
et al. 2012), birds (Waite et al. 2014), soil nematodes (Ladygina et al. 2009), mites (Chaisiri et al.
2015), insects (Colman et al. 2012; Engel and
Moran 2013; Jones et al. 2013; Yun et al. 2014),
and marine sponges (Schmitt et al. 2012). These
representative groups and their associated bacterial diversity are shown in Table S3. This table is
not meant to be exhaustive, but merely to demonstrate the diversity of the associated bacteria that
are present across animal phyla.
Table S3 lists the average number of bacterial
operational taxonomic units (OTUs) for a host
species separated by taxonomic order. In molecu-

host speciﬁcity and calculations of
unique bacterial species per host
animal species
Data from previously published research were
used to estimate insect gut-associated microbial
diversity. Only studies that contained estimates
of species richness within a single host insect genus were used in order to estimate the number of
host-speciﬁc bacterial species. Using these data,
the number of bacterial species per insect host
can be estimated.
Chandler et al. (2011) examined the number of
OTUs that were unique between species of Drosophila (Diptera) and two species from closely related genera sampled from a variety of locations
in Asia, Africa, and North America (two unidentiﬁed Drosophila species, D. elegans, D. ﬂavohirta, D.
falleni, D. hydei, D. immigrans, D. sulfurigaster, D.
melanogaster, D. mojavensis + D. arizonae, D. sechellia,
D. takahashii, Microdrosophila sp., Scaptodrosophila
hibiscii ). A total of 7–20 individuals were pooled
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from each sampling locale and species. Universal
16S primers were used to amplify the gene and
were then cloned and sequenced with Sanger sequencing. The mean number of OTUs for each
of these species was 15. Furthermore, on average,
89.3% of the OTUs were unique to a species in
each pairwise comparison. Therefore, we estimate
that there are 13.4 bacterial species unique to
each Drosophila host species.
Sanders et al. (2014) estimated the number of
bacterial OTUs across species from the genus
Cephalotes (turtle ants; Hymenoptera). The genus
Cephalotes contains around 130 described species,
however, in our calculations we only focused on
three clades that included closely related species
to better capture the number of unique bacterial
OTUs per host species. Data were obtained from
their Table S1 and from the datadryad link listed
in the paper. In the laminatus clade, the four sampled species (C. minutus, C . pusillus, C. simillimus,
C. spinosus) were used to calculate the average
number of OTUs and the average number of
OTUs unique to each host species. Samples were
collected in Peru or Brazil and a total of three
individuals were pooled for each sample. These
four species averaged 19 bacterial OTUs per species, and on average only nine were shared in
each species comparison (52.7% unique; 10 unique
bacterial species per OTU). For the depressus
clade, three species were collected, again either
in Brazil or Peru, and a total of three individuals
in each case (C. borgmeieri, C. cordatus, C. eduarduli).
In this case the average number of OTUs was 16,
with an average number of eight that were shared
(eight unique bacterial species per host species).
These two estimates of unique bacterial species
per host species were averaged to obtain a mean
of nine bacterial species per host species for the
genus Cephalotes.
Finally, data were obtained for three species of
wasps (Hymenoptera) from the genus Nasonia
(Brucker and Bordenstein 2012). There are only
three species within this genus, and all three were
used in this study: N. vitripennis, N. giraulti, and N.
longicornis (Campbell et al. 1994). All wasps were
collected from the wild and inbred in the laboratory to cure them of Wolbachia infection. This
could lead to a lower estimate of bacterial diversity than would be expected in the wild. All three
species were raised under identical conditions.
Ten individuals were pooled together from each
species and universal 16S primers were used during PCR to amplify the gene. The sequences were
cloned and ~90 clones from each sample were Sanger sequenced. In the adult stage of this wasp, they
found an average of 15.6 OTUs in each laboratory-
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reared wasp species. Furthermore, six OTUs were
shared between each species on average (61.6%).
This yields an average of 9.6 bacterial species per
host species in the genus Nasonia.
Averaging the estimates of mean bacterial
species per host species from these three insect
host genera (13.4, 9, 9.6) yields a mean estimate
of 10.7 bacterial species unique to each arthropod species. Unfortunately, comparisons of gut
microbiomes between closely related species
are lacking in other arthropod orders. However,
the fact that bacterial richness in two of the most
species-rich insect orders converge on similar values gives us some conﬁdence that values should
be similar in other major insect orders also. Furthermore, studies across insects (although not addressing host speciﬁcity) conﬁrm that numerous
bacterial species occur in each insect species, including in the most species-rich insect orders
(e.g., Coleoptera, Diptera, Hymenoptera, Lepidoptera; Table S3). We note that bacterial species
richness is considerably higher in the estimates of
Colman et al. (2012) than those in Jones et al.
(2013). For example, Jones et al. (2013) estimate
seven, nine, eight, and seven bacterial species
per host species for Coleoptera, Diptera, Hymenoptera, and Lepidoptera, whereas Colman et al.
(2012) estimated 25, 28, 11, and 32 (respectively).
Colman et al. (2012) generally examined more species per order, and used a greater diversity of molecular approaches to estimate bacterial richness.

Free-Living Bacteria
Several overviews have been published of
free-living bacterial diversity in soil (Fierer and
Jackson 2006; Lozupone and Knight 2007; Fierer
et al. 2012), atmospheric (Bowers et al. 2009;
Gandolﬁ et al. 2013), marine (Sogin et al. 2006;
Pommier et al. 2007; Zinger et al. 2011), and
deep-earth habitats (Fry et al. 2008; Griebler
and Lueders 2009; Edwards et al. 2011). Details
on bacterial diversity in each of these habitats
are described below. Overall, a commonly cited
ﬁgure for free-living bacteria is ~6 million species
(Curtis et al. 2002).

bacteria in soils
Recent studies suggest that bacterial species
richness at local scales in soil can be high. However, a reliable estimate of global diversity has
been elusive, given that the amount of species
turnover within and between local sites is unclear. Depending on the soil type, 10 gram soil
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samples have contained between ~3000 and
~12,000 bacterial OTUs, based on 16S metagenomic sequences (Fierer et al. 2012). Furthermore, when bacterial endemism has been compared across soil samples, 74.4% of OTUs were
found to be unique to a single soil sample (Fulthorpe et al. 2008). Nevertheless, microbial species diversity in the soil remains contentious (Dykhuizen 1998; Schloss and Handelsman 2004).
Although a recent paper suggested there may be
~1 trillion microbial species, the environment
occupied by these species is not known (parasitic
versus free-living; Locey and Lennon 2016).

bacteria in the atmosphere
Bacteria in the atmosphere can be metabolically active and may play a role in weather events
such as cloud formation (Gandolﬁ et al. 2013;
Behzad et al. 2015). Bacteria also inhabit the upper troposphere, with sample locations at 10 km
above the surface containing 99 to 299 bacterial
OTUs per 6 m3 of air (DeLeon-Rodriguez et al.
2013). However, these bacteria appear to match
those from both soil and marine environments.
Therefore, the atmosphere might have relatively
limited numbers of unique bacterial species.

bacteria in the ocean
In a large analysis of marine bacterial diversity
studies, a total of 9.6 million 16S sequences from
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509 globally distributed marine samples recovered
a total of ~120,000 OTUs at the 3% sequence identity cutoff (Zinger et al. 2011).

Caveats
Molecular studies of uncultivable bacteria
have revealed high levels of diversity that were
previously unknown. Next-generation sequencing technologies now allow the simultaneous
ampliﬁcation of millions of bacterial DNA sequences. Nevertheless, there are a few caveats.
First, the use of “universal” 16S primers to amplify all bacterial sequences in a population for sequencing may insert bias in the estimates. These
primers were used in the majority of the studies
we reported here. One paper suggested that up
to half of all bacterial diversity could be missed because these universal primers may fail to amplify
many species (Hong et al. 2009). Second, bacterial species (OTUs) are typically recognized based
on a criterion of clustering of 16S sequences at a
97% identity level. However, this criterion may be
overly conservative, because it has been shown
that different species of bacteria can harbor
nearly identical 16S sequences and yet be differentiated phenotypically (Fox et al. 1992; Stackebrandt and Goebel 1994). In contrast, bacterial
diversity may sometimes be overestimated due to
PCR and sequencing error (Kunin et al. 2010).
Rigorous controls need to be in place in order to
assess the true diversity within samples.
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TABLE S1
Summary of estimated numbers of cryptic species per morphology-based described species in arthropods,
averaged across studies

Insects
Non-insect arthropods
Total

Included
studies

Mean cryptic species
per described species

Standard
deviation

7
9
16

5.95
5.84
5.89

3.62
5.42
4.57

Full data are in Table S2. See Appendix S1 for discussion.
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TABLE S2
Number of cryptic species delimited per named (described) species based on Bayesian species delimitation
(BPP), including mean and standard deviation per study
Cryptic species delimited
per described species

Focal taxon

Study mean and standard
deviation (described
species considered)

Insects
in 1
4 (1)
in 1
9 (1)
in 1
9 (1)
in 1
9 (1)
in 1, 2 in 1; cryptic lineages
1.5 ± 0.58 (4)
not found in 2 species
1.2 ± 0.448 (32)
Polyura butterﬂies
3 in 1, 2 in 1, 2 in 1, 2 in 1;
cryptic lineages not found
in 28 species
Cicadetta cicadas
8 in 1
8 (1)
Non-insect arthropods
Aliatypus trapdoor spiders
6 in 1
6 (1)
Nesticella cave spiders
2 in 1, 3 in 1, 2 in 1; cryptic
1.5 ± 0.76 (8)
lineages not found in 5 species
Titanidiops trapdoor spiders
2 in 1
2 (1)
Tomocerus springtails
19 in 1, 7 in 1
13 ± 8.49 (2)
Telema cave spiders
16 in 1
16 (1)
0.50 ± 0.34 (4)
Cicurina cave spiders
3 named spiders delimited as
1 species; 1 additional species
with no cryptic lineages found
Microhexura moss spiders
6 in 1
6 (1)
Wangiannachiltonia amphipods 6 in 1
6 (1)
Megabunus harvestmen
3 in 1, 2 in 1; cryptic lineages
1.6 ± 0.89 (5)
not found in 3 species
Asecodes parasitoid wasps
Bemisia whiteﬂies
Pyrgonota leafhoppers
Scirtothrips thrips
Sphenarium grasshoppers

4
9
9
9
2

Reference
Hamback et al. (2013)
Hsieh et al. (2014)
Su et al. (2014)
Dickey et al. (2015)
Pedraza-Lara et al. (2015)
Toussaint et al. (2015)

Wade et al. (2015)
Satler et al. (2013)
Zhang and Li (2013)
Opatova and Arnedo (2014)
Zhang et al. (2014)
Zhang and Li (2014)
Hedin (2015)

Hedin et al. (2015)
Murphy et al. (2015)
Wachter et al. (2015)

Note that we did not include new species not previously identiﬁed to named species. In the study by Wade et al. (2015), there
were 13 named species included in the BPP analysis, but these were described based on song differences. Given our focus on
morphologically deﬁned species, we considered these all to be one species (Cicadetta montana), in accordance with previous,
morphology-based taxonomy. In the study by Opatova and Arnedo (2014), we used the most conservative estimated number
of cryptic species across different analyses. See Appendix S1 for discussion and references.
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Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata

Phylum

Arachnida
Arachnida
Arachnida
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia

Class

TABLE S3

Sarcoptiformes (mites)
Sarcoptiformes (mites)
Sarcoptiformes (mites)
Coleoptera
Diptera
Hemiptera
Hymenoptera
Isoptera
Lepidoptera
Neuroptera
Siphonaptera
Hymenoptera
Coleoptera
Diptera
Isoptera
Lepidoptera
Neuroptera
Heteroptera
Artiodactyla
Carnivora
Chiroptera
Hyracoidea
Insectivora
Lagomorpha
Perissodactyla
Primates
Proboscidea
Rodentia
Xenarthra
Diprotodontia

Order
10
100
557
7
9
7
8
6
7
2
6
11
25
28
95
32
8
3
102 (54.8)
35 (47.3)
63 (42.1)
43 (53.1)
54 (55.6)
54 (87.0)
136 (64.1)
98 (59.0)
87 (56.9)
108 (80.8)
94 (60.6)
111 (66.4)

Mean bacterial
OTUs/host
4
1
1
6
13
8
7
1
1
1
2
20
19
4
12
3
1
1
11
9
2
1
1
1
6
16
2
3
1
1

Host species
Sanger
WGS
454
454
454
454
454
454
454
454
454
Sanger/454
Sanger/454
Sanger/454
Sanger/454
Sanger/454
Sanger/454
Sanger/454
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger

Sequencing
method

Species richness of gut-associated bacteria across animal hosts

Lab cultured
Lab cultured
Lab cultured
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild/Captive
Captive
Captive
Captive
Captive
Captive
Wild/Captive
Wild/Captive
Wild/Captive
Captive
Captive
Captive

Source of host

Hubert et al. (2012)
Chan et al. (2015)
Zindel et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Jones et al. (2013)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)
Colman et al. (2012)

Reference
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Actinopterygii (Fish)
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Actinopterygii (Fish)
Actinopterygii (Fish)
Actinopterygii (Fish)
Actinopterygii (Fish)
Actinopterygii (Fish)
Aves
Aves
Aves
Aves
Aves
Aves
Aves
Secernentea
Demospongiae
Demospongiae
Demospongiae
Demospongiae
Demospongiae
Demospongiae
Demospongiae
Homoscleromorpha
Demospongiae
Demospongiae
Perciformes
Cypriniformes
Gasterosteiformes
Salmoniformes
Siluriformes
Cyprinodontiformes
Pleuronectiformes
Tetraodontiformes
Sphenisciformes
Galliformes
Gruiformes
Opisthocomiformes
Psittaciformes
Charadriiformes
Struthioniformes
Rhabditida
Astrophorida
Hadromerida
Verongida
Dictyoceratida
Haplosclerida
Halichondrida
Chondrosida
Homosclerophorida
Poecilosclerida
Lithistida

Monotremata

68 (82.4)
531
34
85
39
16
52
70
18
21
44
126
7
322
12
85
98
35
261
45
138
146
199
32
42
77
111
131

1
39
9
1
1
4
1
1
1
1
1
3
1
1
1
1
1
9
5
1
4
8
3
2
1
2
1
1

Sanger
454
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
Sanger
454
454
454
454
454
454
454
454
454
454

Captive
Wild/Captive
Wild/Captive
Wild/Captive
Captive
Wild/Captive
Wild
Wild
Captive
Wild
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild

Colman et al. (2012)
Muegge et al. (2011)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Sullam et al. (2012)
Waite and Taylor (2014)
Waite and Taylor (2014)
Waite and Taylor (2014)
Waite and Taylor (2014)
Waite and Taylor (2014)
Waite and Taylor (2014)
Waite and Taylor (2014)
Ladygina et al. (2009)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)
Schmitt et al. (2012)

All studies used the 16S gene (either in part or full), and an identity threshold of 96 or 97% for considering sequence clusters to be unique species. The number of operational taxonomic units
(OTUs) is used as a proxy for species. The mean % of unique species is given in parentheses with the mean bacterial species per host species, and refers to OTUs that are unique to that order
(mostly in mammals). The number of host species refers to the number of sampled species within that host order that were used in calculating the mean number of bacterial OTUs per host.
The sequencing methods included Sanger sequencing of clones, 454 pyrosequencing, or WGS (whole-genome shotgun sequencing). See Appendix S5 for references.
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