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Soil is an immense habitat for diverse organisms across the tree of life, but just how
many organisms live in soil is surprisingly unknown. Previous efforts to enumerate soil
biodiversity consider only certain types of organisms (e.g., animals) or report values for
diverse groups without partitioning species that live in soil versus other habitats. Here,
we reviewed the biodiversity literature to show that soil is likely home to 59 + 15%
of the species on Earth. We therefore estimate an approximately two times greater soil
biodiversity than previous estimates, and we include representatives from the simplest
(microbial) to most complex (mammals) organisms. Enchytraeidae have the greatest
percentage of species in soil (98.6%), followed by fungi (90%), Plantae (85.5%), and
Isoptera (84.2%). Our results demonstrate that soil is the most biodiverse singular
habitat. By using this estimate of soil biodiversity, we can more accurately and quan-
titatively advocate for soil organismal conservation and restoration as a central goal of
the Anthropocene.

biodiversity | diversity | soil biodiversity | soil diversity

“How many species on Earth live in soil?” Like many simple questions, it is one of the
most challenging to answer. A timely account of soil biodiversity is critical as Earth faces
another wave of mass extinctions (1), and evidence points to humans as the major cause
(2-4). Curtailing and reversing this trend requires biodiversity monitoring and conserva-
tion programs like the Endangered Species Act in the United States and the Global IUCN
Redlist, the most extensive source of information on global extinction risks. Yet, these
efforts largely exclude species inhabiting soil, despite the critical importance of soil organ-
isms to nearly every Earth function (5-7). Only with a complete estimation of the quantity
of life that lives in soil can we understand the magnitude of value for conserving and
restoring soil biodiversity.

Soil organisms are indispensable drivers of ecosystem composition and function. They
govern global biogeochemical fluxes and directly influence rates of climate change and
human health (8-10). Without an accurate estimate of soil biodiversity, we not only
overlook a fundamental component of global biodiversity but additionally lack the
quantitative information essential for policy advocation (11). There has been one pre-
vious estimate of global soil biodiversity based on soil animals. Decaéns et al. (12)
reported that at least 25% of described animal species live in or on soil based on a rapid
survey of known animal species from a limited set of encyclopedic sources (12). This
value has been widely taken up in soil biodiversity research, but it has also been incor-
rectly cited to comprehensively represent all species versus just animals. To systematically
estimate soil biodiversity, we must synthesize species numbers across the tree of life (see
organisms living in soil in Fig. 1) and overcome myriad theoretical and technical
obstacles.

The first main obstacle to synthesizing global biodiversity is understanding the “species”
concept across different life forms. Most familiar are the biological and evolutionary
species concepts which define species as populations incapable of effectively mating
with other groups (13) or as separately evolving lineages with different heritable traits
at the population level (14). There are secondary species concepts that better account
for all types of organisms using operational methods to distinguish species, including
asexually and nonreproducing groups (15). Differences among these concepts are most
salient when comparing macrobes to microbes. For example, whereas mammal species
diversity is often based on direct observations in the field paired with information on
species distributions, traits, and molecular analyses (16), microbial species diversity has
been quantified primarily using molecular analyses of DNA hybridization (17), riboso-
mal RNA gene polymorphism (18), and/or dissimilarity in other regions of the microbial
genome (19). Microbial species differences are also blurred by horizontal gene transfer
(20) and/or asexual reproduction (21), but operationally, the vast majority of researchers
define microbial species based on sequence similarity of ribosomal RNA regions (22-24),
enabling a fairly straightforward integration across microbial studies (25). The species
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Fig. 1. Diversity of the major life forms found in soil. (A) bristletail (© F. Ashwood), (B) springtail (© H. Conrad), (C) nitrogen-fixing bacteria-containing nodules on
clover root (© M. van der Heijden), (D) predatory mite (© H. Conrad), () isopod (© F. Ashwood), (F) scots pine root colonized by ectomycorrhizal fungi (yellow) (©
M. Anthony), (G) earthworm (© G. Brandle), (H) nematode (© A. Murray), (/) corn root colonized by arbuscular mycorrhizal fungi (blue) (© F. Bender), (/) springtail
(© F. Ashwood), (K) a common soil bacterium Bacillus (Creative Commons Attribution-Share license, photo by M. Das Murtey and P. Ramasamy), (L) horned mite
(© H. Conrad), (M), pseudoscorpion (© F. Ashwood), (N) phage infecting a soil bacterium (© T. de Carvalho), (O) centipede (© F. Ashwood).

concept is even muddier for viruses due to immense ranges in
mutation rates, lack of ribosomal and other replication-related
protein-encoding genes, and the absence of reproduction (26).
Yet, recent work demonstrates that viruses can be organized into
isolated groups akin to the biological species concept (26), and
overlapping viral RNA and DNA sequences can be used as indi-
cators of taxa much like other microbial ribosomal RNA gene
regions (27, 28). However, it is worth noting that the viral species
concept is widely debated for myriad reasons (e.g., some viruses
lack the ability to recombine genomes, viruses cannot replicate
without hosts), and arguably, the viral species concept is most
useful for taxonomic purposes (29, 30). Thus, while the species
concept may vary considerably across groups, especially between
macrobes and various microbes, there are now established meth-
ods and sufficient data to synthesize findings using best practices
specific to each area of life.

However, there is one additional, large obstacle: We cannot rely
on species counted by observation alone to accurately quantify
total species diversity. If we relied on known species for all groups,
like the previous estimate of soil animal diversity (12), the vast
majority of small and cryptic lifeforms (e.g., Arthropoda, protists,
Nematoda, Fungi, Bacteria, Archaea, Viruses) would not be
counted (31-34). This is because for many groups, it is untenable
to count all species, so we must use statistical approaches to more
accurately approximate total species richness. Methods of predic-
tion are diverse and include extrapolating proportions of known
to unknown groups [e.g., plant:fungus ratios (35)], inference from
rarefaction (36) or species-accumulation curves (37), estimators
based on information of the rarest species [e.g., Chao and ACE
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estimators (38)] or the least and most abundant species under a
species abundance curve (39), extrapolations using species discov-
eries over time or estimates based on body size and year of descrip-
tion (40), or predictions based on known information from higher
taxonomic levels (41). While each technique has its own set of
assumptions and limitations, they have been employed at varying
degrees across all major organismal groups ranging from microbes
(34) to mammals (41) and provide invaluable and, oftentimes,
more plausible enumeration of species numbers compared to
direct counts alone.

Here, we review the literature of global species predictions to
identify the lower, central, and upper estimations of global and
soil-specific species richness on Earth. We include estimates using
best practices respective to each organismal group, many based on
statistical predictions of total species richness using theoretically
grounded models. The central estimate is always in between the
lower and upper and is generally the most rigorous richness esti-
mate across multiple studies or based on the most comprehensive
study to date. In addition to providing estimates of total numbers
of species from the simplest (e.g., viruses) to most complex organ-
isms (e.g., mammals), we also provide an estimate and error range
of the proportion of life inhabiting soil (Materials and Methods).
We emphasize that this effort is not encyclopedic, and it is not
necessary to consider every group of organisms in order to estimate
global biodiversity (sensu refs. 42 and 43). We included the most
speciose groups and significant groups based on previous analyses
and conservation efforts. The current state of soil biodiversity
research is highly fragmented and speculative. Estimates provided
here are therefore an initial attempt to unite disparate efforts and
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highlight key knowledge gaps for the future. Previous reports of
soil biodiversity have not been this expansive (44), nor have they
differentiated between total versus soil-inhabiting species within
groups (7, 45), including in the Global Soil Biodiversity Atlas
(46). Our results therefore provide an estimate of biodiversity to
enumerate the species richness of explicitly soil-inhabiting species.
We define species that live in soil as those that live within, on (e.g.,
insects that feed on the surface of soil), or which complete any
part of their life cycle in soil (e.g., organisms with an inactive pupal
stage in soil or plant seeds that germinate in soil) or in the tissues
of soil-dwelling symbionts (e.g., microbial parasites of soil ani-
mals). We keep a broad definition because these organisms rely
on soil to grow, compete, and complete their life cycle. We define
soil as the gases, solids, and water contained within the loose
terrestrial surface covering Earth’s upper crust. Whether viruses
should be considered species has been questioned (see above), and
because diversity estimates for viruses are also highly uncertain
(see below), we provide estimates of soil biodiversity with and
without viruses.

Results and Discussion

W first provide estimates of global macrobe species diversity with
trackable estimates in soil for the most speciose groups based on
literature review and data synthesis. Arthropoda are the most
diverse group on Earth with a central estimate of 7 x 10° species
(32) and arange of 1.14 to 30 x 10° (Table 1). In soil, we predict
2.1x10° spec1es with alow 0f 3.49 x 10* and an upper prediction
of 9.2 x 10° species (see estimate calculation and references in
Table 1). We therefore estimate that 30.4 + 0.4% of Arthropoda
live in soil, with Isoptera (84 + 15% of species) and Diplopoda
(76.8 £ 0.14%) being the most soil-specialized subgroups. On the
other extreme are the Annelids, including the Enchytraeidae and
Oligochaeta, with the lowest overall biodiversity but hlgh special-
izations to soil. We estimate that there are 7.8 x 10% and 1 x 10°
Enchytracidae and Oligochacta species and that 98.6 + 0.06%
and 63 + 4.2% of species live in soil, respectively. The least speciose
group in soil are the Mammalia (3.8% of species, no error range
estimated) and Mollusca (20.4 + 17.6%). Neither of these results
is surprising since Mammalia and Mollusca lifeforms have pri-
marily evolved to live aboveground (47) and in the oceans (48),
respectively.

Most Plantae can be considered to live in soil because of their
belowground root systems and life cycles in soil. Between 22 and
67% of terrestrial plant biomass is in soil (i.e., roots) (79), and
many terrestrial plant seeds and spores germinate 1n soil. Current
best estimates suggest that there are 5.37 x 10° plant species
(Table 1, central estimate). Approximately 7.2 to 11.4% of angi-
osperm families are entirely or partially aquatic (80), equivalent
to about ca. 39,453 species. There are also ca. 31,311 vascular
epiphytes (81). After accountlng for epiphytes and aquatic angi-
osperms, there are ca. 4.7 x 10° plant species that live in soil.
Incorporating all estimates of plant diversity together, we estimate
that 85 + 1.3% of plant species live in soil.

Estimates of biodiversity become more complicated for smaller
organisms like Nematoda The current best estimate suggests that
there are 1 x 10° Nematoda species, defined based on rRNA gene
dissimilarity, morphological-based surveys, and statistical infer-
ence (Table 1, central estimate), but estimates range f from an unre-
alistic low of 2 x 10* species (7) to as high as 1 x 108 species (52)
We can reject this low estimate since there are already 2.7 x 10°*
known Nematoda spec1es (82) and embrace a more realistic low
estimate of 5 x 10° species (51). Bagyaraj et al. (50) argue that
half of all Nematoda species live in soil as plant and animal
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parasites or as free-living species, based on expert opinion. The
share of Nematoda living as helminths inside soil animals rep-
resents a large fraction of this biodiversity (42, 82), and we
include them here as soil-dwelling to be consistent with earlier
deﬁnlnons (50, 83). A synthesis of marine biodiversity shows 1.1
x 10* described Nematoda species and an estimated 5 x 10% or
more species yet to be discovered (84). There is no global estimate
of fresh-water Nematoda biodiversity, but 7% of the currently
described 2.7 x 10* species live in fresh-water (85), and 50% live
in the marine environment (50). If we assume that this 57%
reflects nonsoil inhabiting species, then we can estimate that 43%
of Nematoda biodiversity lives in soil (or in animals and plants
that live in soil), a value not far from the expert opinion of
Bagyaraj et al. (50). If there are 1 x 10° Nematoda species, we
estimate that 4.3-5 x 10” species live in soil.

Protists are polyphyletic, microscopic eukaryotes that are not
Animalia, Plantae, or Fungi. There is a massive _range in global
protist diversity from 6 x 10* up to 16.2 x 10” with a central
estimate of 2 x 10° (Table 1). The upper prediction is orders of
magnitude higher than the central prediction, and it is based on
ratios of protists to Arthropoda (42). While possible, predictions
of biodiversity using the protist to Arthropoda ratio have been
highly criticized in the literature (19), so we conservatively do not
consider them when calculating soil protist diversity. Despite these
concerns, it is noteworthy that tropical rainforest soil protist com-
munities are mainly composed of host-specific parasitic species
(83), of which many are linked to Arthropoda. Further studies are
necessary to assess whether the protist to Arthropoda ratio is a
useful proxy to estimate protist diversity. To estimate the propor-
tion of protists in soil, we calculated the percent of species observed
in soil relative to other ecosystem types using two independent,
global datasets. We found that 40.4% of amplicon sequence var-
iants (ASVs), a molecular metric for an individual taxon, were
detected in soil compared to city water, lakes, and marine ecosys-
tems (86) (SI Appendix, Table S1). In the second dataset, we found
that 42.5% of operational taxonomic units (OTUs), another
molecular species metric, were detected in soil compared to fresh-
water and marine ecosystems (87) (S/Appendix, Table S2).
Estimates for the fraction of taxa living in soil are therefore very
similar when using ASVs or OTUs as species metrics, though it
is important to acknowledge that these are likely underestimates
since most widely used DNA metabarcoding and bioinformatic
techniques omit many soil protists known to be abundant based
on morphological observation (88). We therefore cautiously use
the lower estimate of the percent of species found in soil (40.4%)
and the average of lower and higher estimates (41.45%) to com-
pute the fraction of protist species found in soil relative to global
predictions, accepting that this is likely an underestimation. We
estimate that 2.4-8.3 x 10 protist species live in soil, and we use
this number because it reflects the range in estimates for the frac-
tion of taxa found in soil relative to global predictions.

The other large group of microscopic eukaryotes is Fungi, whose
soil biodiversity has received considerable attention with numerous
global biodiversity surveys (69, 89-91). Fungi are one of the most
biodiverse groups of organisms on Earth w1th global estimates as
low as 2.2 x 10° and as high as 1.65 x 108 (Table 1). The current
best estimate, from a recent compilation of ITS2 ribosomal RNA
gene sequences in the GlobalFungi database, predicts 6.2 x 10°
species computed as 97% sequence similarity OTUs (69). This
number is likely even higher because many species within large
fungal genera are combined into one taxon at 97% sequence sim-
ilarity (24), and sampling to date is highly skewed toward northern
laticudes (92). The upper estimate of fungal diversity (1.65 x 10 %)
has the same limitations as the upper protists estimate—it is based
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Table 1. Enumeration of biodiversity on Earth and in soil

Total species

Macrobes Lower Central Upper Conf.
Mammalia n/a 6.5x 10 (16, 49) 4.5 x 10* (41) H
Nematoda 5x10° (50, 51) 1% 10°(33, 52) 1% 108 (52) L
Arthropoda 1.14 x 10° (53) 7 x10°(32) 3% 107 (54)> M
Insecta 9.5 x 10° (53) 5-5.5 x 10° (32, 41) 1 x 108 (55)°7 M
Arachnida 9x 10%(53) 1.1 % 10° (41) 7.5 x 10° (50) M
Collembola 6.5 x 10° (56) 8.7 x 10%(53) 5x 10% (57) M
Diplopoda 1.3 x10%(53, 58) 1.5 x 10%(58) 7-8 x 10% (41, 59) M
Isoptera 3x10°(53) 5.4 x 107 (60) 1% 10%(7) M
Formicidae 1x10%(53) 1.5%10*(61) 2.1x10%(62) M
Oligochaeta 5x 10> (63) 1 x 10% (64) ? H
Enchytraeidae 7.1 % 10 (65) 7.8 x 10%(53) 1.2x10°(7) H
Mollusca 8 x 10 (41) 1.2 x 10° (53) 2 x 10° (50) H
Plantae 3.8 x 10° (53) 5.37 x 10° (64) n/a H
Microbes* 6.7 x 10%* 1.01 x 10% 1 x10'%" (34, 66’ L
Phage 1% 10%(67) 1x10" (68)7 3.7x 10" (68)" VL
Bacteria 4.3-4.5x10°(19, 39) 1x10°(17) 3.7 x 107 (43)" L
Fungi 2.2x10°(35) 6.2 x 10° (69) 1.65 x 108 (42)” M
Archaea 1.1 x 10*(70) 1.9x10°(19) 3.8x10°(19) L
Protists 6 x 10* (55) 1-3x10° (12, 55, 71) 8.4-16.2 x 107 (42, 72) L
Total 1.1x108 1.01 x 10" 3.74 x 10" L
Macrobes Species in soil

Mammalia 75(12) 250 (73) ? H
Nematoda 2.15 x 10> 4.65 x 10> 5x 107 L
Arthropoda 3.49x10°(12) 2.1 x10°¢ 9.2 x 10%¢ M
Insecta 2.88x10°(12) 1.67 x 10%¢ 3x105¢ M
Arachnida 4.32x10%(12) 5 x 10*¢ 3.5 x 10%¢ M
Collembola 5.98 x 10° (74)° 8x10°(12) 8.18 x 10% (74)° M
Diplopoda 1x10%(12) 1.15 x 10*¢ 6.15 x 10*° M
Isoptera 2x10°(12) 4.9 x 103 9.5 x 10> M
Formicidae 5x10° (75) 9x10°(12) 1.1 x 10*(75)% M
Oligochaeta 3.3x10° (63) 6x10%(12) ? H
Enchytraeidae 7 x10*" 7.7 x 10 (12) 1.18 x 103 H
Mollusca 80 (12) 3.5x 10* (76)' 6.4 x 10*(77) H
Plantae 3.2x10% 4.66 x 10> n/a H
Microbes® 6 x 10% 4.4 x 108K ? L
Phage 5.6 x 10° (68)™ 9.9 x 10° (78)™ 1.59 x 10"+™? VL
Bacteria 9.5 x 10° (39)° 4.3 x 10%° 3.3x10% L
Fungi 2x10% 5.6 x 10%4 n/a® M
Archaea 1.1x10% 3.6 x 10*° 1.9 x 10%° L
Protists 2.4 x 104 8.3 x 10™ n/at L
Total 9.5x 10° 1.04 x 10" 1.62 x 10" L

Species in soil include taxa that live in, on, or which complete part of their life cycle in soil. Values representing the most realistic predictions at the lower, central, and upper ranges are
included based on literature review. For microbes, species concepts are based on direct counts or predictions of the most accepted molecular definitions of “species” (unless explicitly
stated elsewise) represented as contigs, protein clusters, or viral OTUs for viruses, and 97% sequence similarity OTUs for protists, bacteria, archaea, and fungi. Note that each reference
is shown in parentheses as a numeric value whereas methodological notes describing the estimations are shown outside of the parentheses using letters (S/ Appendix, Table S10), where
needed. Groups within a larger category are shown in italicized font. Question marks denote areas where we currently lack enough information to estimate. Not applicable (n/a) refers
to lower and/or upper estimations that are obsolete or which do not make sense to estimate because there is no realistic lower or upper prediction due to a high confidence central pre-
diction. In the absence of a value or where a value is highly speculative (e.g., upper fungal diversity), we used the central estimate to predict total species richness in soil. The confidence
column (Conf.) reflects how well current data support predictions of species in soil within each group as very low (VL), low (L), mid (M), or high (H).

on ratios of Fungi to Arthropoda (42) and was therefore not
included when predicting 5011 fungal biodiversity. Global surveys
suggest that there are 3 x 10 lichenicolous fungi, 8.4 x 10 aquatlc
fungi, 2 x 10* Arthropoda- assoc1ated fungi, and 1.2 x 10° mlcro—
sporidians (mostly animal para51tes) equivalent to ca. 3.3 x 10*
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potentially non-soil-dwelling fungal species. We also estimate
fungal diversity in animal hosts to be at least 10x lower than 5011
fungal diversity (93). Thus, if we account for the 3.3 x 10*

non-soil-dwelling fungi, we estimate that 10% of the remaining
fungal diversity is animal associated. Assuming that these fungi
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generally lack dual capacities to live biotrophically in animal hosts
and as soil saprotrophs, an assumption that we know is not correct
for all species (94), we estimate between 1.9 and 5.99 x 10° nonsoil
inhabiting fungi and 2 and 5.6 x 10° species of soil-dwelling fungi.
This estimate would be about 25% higher if ASVs were used as
species proxies versus the 97% OTU threshold used here (95), but
this approach may not be advisable for fungal ITS-based surveys
where we observe sequence variability within species for some
fungal clades (24). Soil fungal diversity is therefore one of the
highest compared to global diversity among all groups of life on
Earth.

Bacteria are an order of magnitude more diverse than Fungi and
Nematoda combined, but their soil biodiversity is harder o, estimate.
Global estimates of bacterial richness  range from 4.3 x 10° t0 3.7 x
10’ with a central estimate of 1 x 10° (Table 1). To derive estimates
of soil bacterial richness, we reanalyzed three global prokaryotic data-
sets to estimate the proportion of observed bacterial species in soil
versus other ecosystem types. We first reanalyzed data from the SILVA
database —a quality-checked resource of ribosomal RNA gene
sequences (96) with metadata organized by others (70)—to estimate
that 27.9% of all 97% OTUs have been observed in soil, after cor-
recting for sequencing effort (S/ Appendix, Table S3). We then
repeated this process using data from the Earth Microbiome Project
(97) and found that 32.9% of ASVs, an even higher resolution molec-
ular species concept, have been observed in soil (S7Appendix,
Table S4) and then a third time using data from an earlier meta-analysis
(98) to find that 22.2% of OTUs have been observed in soil
(SI Appendix, Table S5). All three estimates are substantially lower
than an initial estimate of 88.8% calculated using theoretical statistical
approaches (39). Estimates of the proportion of bacterial life in soil
therefore range between 22 and 89% with an average (hereafter: cen-
tral estimate) of 43%. Using 22.2, 43, and 88.8% as our low, central,
and upper predictions of the proportion of bacterial spec1es in soil,
we estimate that there are 9.5 x 10%, 4.3 x 10%, and 3.3 x 10 bacterial
species in soil, respectively. We used the same methodology as
described above to predict archaeal soil r1chness Global estimates of
archaeal richness are 1.1 x 10%, 1.9 x 10°, and 3.8 x 10° at the lower,
central, and upper levels of prediction. Using two independent data-
sets, we calculate the proportion of Archaca OTUs in soil to range
from 10.3 to 27.8% with an average of 19.1% (S/ Appendix, Tables S6
and §7). Using 10.3, 19.1, and 27.8% as our lower, central, and upper
5011 proportion estimates, we predict that there are 1.1 x 10, 3.6 x
10, and 1.1x 10° Archaeal OTUs in soil, respectively.

It is worth noting that the values for prokaryotes outlined above
are potentially considerable underestimations. There are two esti-
mates of global microbial richness that suggest orders of magnitude
higher diversity (1 x 10'%'%) (34, 66). These staggering estimates
include all microbial groups (except protists) but primarily represent
bacteria and are computed using power-scaling laws and global
compilations of 16S ribosomal RNA sequences clustered at a 97%
sequence similarity. While we did not include these values in our
ultimate predictions of soil biodiversity, it is possible that bacterial
richness is orders of magnitude higher than reported here. And, if
ASVs were used, we would expect these values to be twice as high
(95) and 2.7 times higher if full-length 16S versus shorter hyper-
variable regions were analyzed (19). Even if the exact species richness
estimates presented here are underestimates, the proportions of
species living in soil would remain unaffected. Soil is therefore a
massive reservoir of bacterial species richness consistent with general
soil biodiversity theory. Our estimate of the proportion of life in
soil is also higher than any other singular ecosystem type where we
also observe high bacterial species richness, including in sediments,
air, water, and host organisms such as arthropods and humans

(81 Appendix, Table S3-S5).
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The most challenging groups for which we estimated biodi-
versity are viruses. A major reason is that viral and bacterial
diversity are not independent. Estimates of viral biodiversity
focus on phages (viruses that infect bacteria) because bacteria
are orders of magnitude more diverse than any other group
(Table 1). The first step to quantifying viral biodiversity is
therefore accurately identifying how many unique phages are
typically found per bacterial species. Traditional models suggest
a virus-to-bacterium ratio of 10:1 (99), but this is likely a gross
underestimation. Thirty distinct viral sequence clusters, a
molecular indicator of an individual viral taxon, have been
isolated from hundreds of Mycobacterium smegmatis cultures
(100), and many of the clusters are so diverse that they likely
reflect more than one taxon. Hundreds to thousands of viral
protein clusters, another molecular metric for a viral taxon,
have been discovered in the pangenomes of individual bacterial
species of Pseudomonas, Straphylococcus, Mycobacterium, and
Lactococcus (68). There are more likely hundreds to thousands
of unique phage taxa infecting any individual bacterial species.
Phage also typically infect only a single host species or strain
(101) because each host harbors a unique repertoire of
cell-binding surface receptors that the phage must recognize
(102). By analyzing co-occurrence patterns of viral OTUs from
bacterial hosts with at least 1,000 viral metagenomes in the
IMG/VR database (78), we show that phages are rather host
specific and that bacterial hosts generally share 0 to 1 viral taxa
(SI Appendix, Fig. S1A), though as many as 53 vOTUs were
shared between Escherichia coli and Salmonella enterica. Each
of these bacterial species also harbored hundreds to thousands
of vOTUs. We can therefore use the virus-to-bacterium ratio
as a method to predict phage species richness assuming minimal
shared viral species among distinct hosts (68). If we assume an
intermediate virus-to-bacterium ratio of 1,000:1 to estimate
phage diversity, we predict anywhere from 1 x 10° t0 3.7 x 10!
viral “species”. This upper range is much higher than previous
global phage diversity estimates of 1 to 6 billion (67, 68)
because we used more accurate, updated predictions of global
bacterial species richness. Even if we used a much more con-
servative estimate of the virus-to-bacterium ratio of 100:1, we
would still predict upward of 1 x 10'° phage species.

Next, we incorporated our predictions of global phage biodi-
versity with data from global surveys of viral diversity across
ecosystem types to provide an initial estimate of soil viral biodi-
versity. To do this, we downloaded the most recent and largest
dataset of viral metagenomes from IMG/VR (78), and we com-
pared the distribution of vOTU richness across ecosystem types
to date (S Appendix, Fig. S1B). We found that 9.9% of all
vOTUs were from soil (87 Appendix, Fig. S1C). We arrived at a
slightly smaller estimate of 5.6% using an independent dataset
of 1,882 metagenomic samples (S Appendix, Table S8). We
therefore estimate that a minimum of 6 to 10% of viral diversity
is found in soil and acknowledge that this value is much likely
higher since the databases we used, albeit the best ones currently
publicly available, are highly biased toward oceans and host asso-
ciates (humans) (87 Appendix, Table S8). For example, a com-
parison of two fresh-water lakes to agricultural soils collected
around the catchment zone found 50 to 1,000% higher viral
richness in soil compared to lakes (103). Soil viral communities
also exhibit remarkable distance decay, with ~75% of vOTUs
different across a 10-m distance (104), consistent with other
studies showing that >90% of vOTUs at a given site are unique
(105, 106). Viral species composition is also tightly linked to
bacterial species composition (103, 104), though both spatial
(104) and temporal (107) turnover is greater for soil viruses
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compared to bacteria. Because most viruses are phages, we expect
the proportion of phages in soil to track soil bacterial diversity,
with the possibility for soil phage biodiversity to be higher due
to the aforementioned higher turnover rates. Our central esti-
mate for the proportion of bacterial life in soil is 43%, and if we
substitute this value as a theoretical estimate of phage soil bio-
diversity, we estimate that a range of 5.6 x 10%,9.9 x 10%, and
1.59 x 10" viral taxa live in soil, assuming a 6% lower, 9.9%
middle, and 43% upper estimates (average of 19.5 + 12%) of
the proportion of viral life in soil. When we consider our esti-
mates in the context of the current state of soil virology research,
soil is a major reservoir of viral biodiversity at the global scale.
Moving forward, it will be important for more concerted efforts
to sample soil viral metagenomes across the globe and to apply
complementary tools like electron microscopy and fluorescent
staining to attempt to differentiate between DNA and RNA
viruses (108).

When considering most life on Earth together, the average pro-
portion of species in soil across all three estimates (lower, central,
and upper) is 58.5 + 14.7%, excluding phage (Figs. 2 and 3).
Because phage biodiversity is orders of magnitude higher than for
all other groups, a soil estimate including phages (20.8 + 11) is
essentially the same as the average proportion of phages in soil
(19.5 + 12) and is therefore not representative of most groups of
life. Our prediction of the proportion of species in soil is not
strongly affected if we also remove bacteria alongside phages, the
second most speciose group (63 + 5 versus 58.5 + 14.7%).
However, the total number of species in soil is estimated to be
between 9.5 x 10° and 1.62 x 10", and this number is strongly
affected the most species-rich groups like bacteria but especially
phages. Since we have the lowest confidence in our phage estimates
(Table 1), and the viral species concept is arguably a more utili-
tarian than genetic concept, there is greater value to our estimate
reflecting life beyond phages. This value better represents the pro-
portion of life in soil across the tree of life. Even if we only con-
sidered the proportion of life based on the central prediction of
species richness (43.2%), this is still a massive fraction of the total
proportion of life on Earth.
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Upper

We therefore estimate more than two times greater life in soil
than former predictions by Decaéns et al. (12). Our estimate that
an average of 58.5% of life inhabits soil provides a staggering
enumeration to the value of conserving soil biodiversity. While
some predictions range across orders of magnitude (e.g., Bacteria,
phage) and are currently limited by data availability and potential
shortcomings of the models used to predict species richness (e.g.,
protists, phage), we at least suggest that the current estimate of
25% strongly underestimates soil biodiversity. Moving forward,
we encourage particularly greater attention to biodiversity explo-
ration for viruses, bacteria, and protists. Most large-scale efforts to
sample viruses have been in the global oceans (109), and there is
a massive need for viral discovery in soils (110, 111). There is also
a sizable range in the bacterial predictions presented here that may
be biased by massive efforts to sample the human microbiome
relative to soils (70) (S Appendix, Table S1). This same work shows
that the number of newly detected bacterial taxa is decreasing over
time (70). This is a result of geographic undersampling of many
areas of the world (112), including in often-neglected deep soils
which harbor many unique lineages compared to surface soil (113).
This emphasizes the need to orchestrate deliberate soil sampling
efforts toward areas not yet captured by existing observations or
environmental conditions (92), but this effort should not stop
with microorganisms. In fact, our predictions of the proportion
of species in soil is likely underestimated for many groups because
Earth’s life has been so much more extensively characterized in
above-ground, nonsoil systems across the tree of life.

Our goal with this effort was to provide an estimate of the
proportion of life inhabiting soil. Because soil organisms drive
global biogeochemical cycles and human health and form the base
of agricultural food and fiber production, they are indispensable
components of the biosphere. Many ecosystems across the globe
are not considered in conservation efforts owing to a lack of visible
organisms of interest (114). This inherently overlooks many soil
organisms whose cryptic lifestyles are mostly incompatible with
existing structures for the conservation of species. Changing this
requires greater attention and advocation by the public, scientists,
and policy makers for soil biodiversity. We suggest that a value of

Richness estimate
Lower

Central

Fig. 2. Percentages of different groups of life on Earth that
live in soil. Species that live in, on, or complete part of their
life cycle in soil were classified as “species in soil”. The glob-
al percent of species in soil, including or excluding phage,
summarized across all groups is also shown. Bars represent
the mean and error bars are plus or minus one SE (where
>1 prediction was available) of the lower, central, and upper
estimates (e.g., for bacteria, we estimate 22.2, 43, and 88.8%
for the lower, central, and upper estimates, respectively,
for an average of 51 + 20%). Note that some groups do not
have a lower, central, and upper species richness estimate
(e.g., Mammalia; see Table 1), and there are no error bars
for these groups. See Table 1 for an estimate of the total
number of taxa on Earth and those living in soil for each tax-
onomic group as well as our confidence in each prediction.
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59% be used to advocate for soil biodiversity conservation and
restoration as a central goal of the Anthropocene.

Materials and Methods

We searched the literature for estimates of total species richness for most groups
of life (see a list of groups in Table 1) using Google Scholar. We searched for

All other

M sSoil

Oligochaeta

Fig. 3. Graphical overview of
the share of species living in
soil. Doughnuts reflect the per-
. centage of species in soil versus
Mammalia all other ecosystems combined
. (e.g., marine, freshwater, built en-
vironment, host organisms such
as humans). The larger doughnut
on top shows the total share of
species, and smaller doughnuts
show individual shares for the
most speciose and well-known
groups ordered from greatest to
least specialized in soil. Illustra-
tions by Michael Dandley ©.

forindividual groups (e.g., viruses, bacteria, archaea, protists) and calculated the
share of observed species in soil relative to other ecosystem types. We then used
this proportion to estimate the share of species in soil based on the total species
estimate.

When possible, we provide three feasible estimates of species biodiversity: a
lower, central, and upper prediction. We then used these estimates to calculate
the proportion of species in soil using the following equation:

Proportion of species in soil = i(( Z soil species (upper) + Z total species (upper) )

*biodiversity, *diversity, *species richness, *global, and *total species (where *
represents search terms with and without the word “soil") and browsed article
titles, abstracts, and figures to deduce whether there was quantitative information
that could be included as an estimate of species richness. We conducted the same
searches for each organismal group listed in Table 1.

Methods of quantifying species biodiversity and the number of publications
differed widely across groups considered in this study. We therefore employed a
variety of complimentary techniques specific to certain groups to estimate soil biodi-
versity (see Methodological notes for in S/ Appendix, Table $10 for a comprehensive
overview). When a direct soil estimation was unavailable or unable to be estimated
using the current literature, we downloaded global datasets of species distributions

PNAS 2023 Vol.120 No.33 e2304663120

+ ( " soil species (central) + " total species (central)>
+ ( z soil species (lower) + Z total species (lower) ) )

Data, Materials, and Software Availability. All data and scripts associated
with this manuscript are available in the following GitLab repository: https:/
gitlab.com/fungalecology/soil_biodiversity_review (115).
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