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Abstract.—How many species are there on Earth and to what groups do these species belong? These fundamental questions 
span systematics, ecology, and evolutionary biology. Yet, recent estimates of overall global biodiversity have ranged wildly, 
from the low millions to the trillions. Insects are a pivotal group for these estimates. Insects make up roughly half of currently 
described extant species (across all groups), with ~1 million described species. Insect diversity is also crucial because 
many other taxa have species that may be unique to each insect host species, including bacteria, apicomplexan protists, 
microsporidian fungi, nematodes, and mites. Several projections of total insect diversity (described and undescribed) have 
converged on ~6 million species. However, these projections have not incorporated the morphologically cryptic species 
revealed by molecular data. Here, we estimate the extent of cryptic insect diversity. We perform a systematic review of 
studies that used explicit species-delimitation methods with multilocus data. We estimate that each morphology-based 
insect species contains (on average) 3.1 cryptic species. We then use these estimates to project the overall number of species 
on Earth and their distribution among major groups. Our estimates suggest that overall global biodiversity may range 
from 563 million to 2.2 billion species. [Biodiversity; cryptic species; insects; species delimitation; species richness.]

The estimation of global biodiversity represents a colos-
sal failure of science. As astronomers and astrobiolo-
gists search for evidence of life on other worlds, one 
might assume that we knew roughly how many spe-
cies are on our own planet, and to what groups those 
species belong (the Pie of Life; Larsen et al. 2017). The 
range of recent estimates of global biodiversity shows 
that we clearly do not know. For example, some authors 
have estimated that there are only ~2 million species on 
Earth (e.g., Costello et al. 2012), effectively the same as 
the current number of described species (2.01 million; 
Bánki et al. 2021). Others have estimated that there are 
a trillion species or more (Locey and Lennon 2016). A 
very well-cited study has suggested that there are ~11 
million extant species on Earth, with bacteria making up 
a negligible portion of those species (Mora et al. 2011). 
Other studies have estimated vast numbers of micro-
bial species (Locey and Lennon 2016), implicitly mak-
ing macroscopic species richness trivial in comparison.

This uncertainty is far from strictly academic. For 
example, a recent report suggested that a million spe-
cies are now threatened with extinction from human 
activities (Tollefson 2019). But that estimate depended 
on a particular projection of overall global biodiversity, 
one much larger than the number of described species 
but much smaller than other estimates.

Insects are a pivotal group for estimating global bio-
diversity. First, insects currently make up roughly half 
of all extant, described species on Earth, when all spe-
cies are considered across all groups (Bánki et al. 2021). 
Given this, it is reasonable to assume that they will also 
be influential when undescribed species are considered. 
Second, there is evidence that insects may be host to 

numerous other types of organisms (as parasites, mutu-
alists, or commensals). For example, a recent review 
(Larsen et al. 2017) suggested that each insect species 
may host (on average) a unique species of mite, nem-
atode, microsporidian fungus, and apicomplexan pro-
tist, and ~11 bacterial species (or ~8; Wiens 2021). This 
host-associated diversity may dwarf free-living diver-
sity in the most species-rich groups (i.e., animals, fungi, 
protists, bacteria). Thus, the overall number of species 
on Earth (across all groups) may hinge on the number 
of insect species.

There is both good news and bad news about projec-
tions of total insect diversity (with “total” including both 
described and undescribed species). The good news is 
that projections of insect richness have been surpris-
ingly consistent across studies for decades. Specifically, 
several analyses and reviews have concluded that there 
are roughly 6 million insect species, including Gaston 
(1991), Hammond (1995), Groombridge and Jenkins 
(2002), Novotny et al. (2002), Grimaldi and Engel (2005), 
Raven and Yeates (2007), Chapman (2009), Mora et al. 
(2011), Basset et al. (2012), and Stork et al. (2015). These 
studies used very different approaches to estimate these 
numbers (e.g., expert opinion of insect systematists, 
insect–plant associations, ratios of richness among taxo-
nomic ranks, body size and year of description, ratios of 
known to unknown species). Nevertheless, they arrived 
at broadly similar conclusions, especially given the 
huge range of overall estimates of biodiversity when 
all groups are considered (from millions to trillions; see 
above).

The bad news is that these projections of global insect 
diversity did not include morphologically cryptic 
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species revealed by molecular data. Cryptic species 
have been widely documented in numerous groups 
of organisms, and may have important consequences 
for estimating global biodiversity (e.g., Bickford et al. 
2007; Pfenninger and Schwenk 2007; Adams et al. 2014; 
Singhal et al. 2018; Struck et al. 2018). Unfortunately, 
these previous projections of insect diversity assumed 
(either implicitly or explicitly) that morphological data 
alone were sufficient to reveal the overall number of 
insect species.

Larsen et al. (2017) tried to address this issue by 
explicitly incorporating cryptic insect species in their 
projections of global biodiversity. They conducted a sys-
tematic search for studies (published from 2013 to 2015) 
that used multilocus data to delimit species in arthro-
pods. They specifically focused on studies that used 
the Bayesian phylogenetics and phylogeography (BPP) 
method (Yang and Rannala 2010) for species delimita-
tion. The BPP method is widely used and often consid-
ered to be relatively accurate (e.g., Camargo et al. 2012; 
Rannala 2015), despite some controversy (Sukumaran 
and Knowles 2017; Leaché et al. 2019). For each of 16 
studies found in their literature review, they counted 
the number of unnamed species supported by BPP rel-
ative to the number of described (morphology-based) 
species included in the study. Based on averages across 
each study, they inferred that each morphology-based 
species contained approximately 6 cryptic species (on 
average). Thus, rather than there being ~6 million insect 
species, these estimates would suggest that ~36 million 
insect species might be more likely.

There are some potential problems with the estimates 
of cryptic insect richness in Larsen et al. (2017). First, 
“cryptic species” was included as a keyword in the 
literature searches. This might have biased the results 
to find more cryptic species and thereby overestimate 
their frequency. Larsen et al. (2017) discussed this 
potential source of bias, and noted that many studies 
found were focused on phylogeography and not cryp-
tic species at all. Nevertheless, this is a crucial issue to 
address. Second, the number of insect studies included 
was limited (only 8). Larsen et al. (2017) also included 
8 studies of other arthropods (mostly spiders), which 
yielded similar results. A secondary problem arising 
from the limited sampling is that a simple mean across 
studies may not be fully accurate for projecting over-
all insect diversity. For example, given a limited num-
ber of studies, the estimates of cryptic species might 
(by chance) reflect values from groups that are not 
broadly representative of insects overall. Specifically, 
in the survey of Larsen et al. (2017), nearly half of the 
insect studies were of hemipterans (the fifth largest 
insect order in terms of species richness), but none were 
of coleopterans (the largest, about 4 times larger than 
Hemiptera; Bánki et al. 2021). A better approach would 
be to estimate the average number of cryptic species 
(per morphology-based species) for each insect order, 
and weight the overall estimate of cryptic insect diver-
sity by the relative richness of each order.

Given these issues, a re-estimation of morphologically 
cryptic insect diversity is urgently needed. This is cru-
cial not only for understanding overall insect richness, 
but also for understanding global biodiversity overall. 
Here, we provide such a re-estimate. We start from a 
less restrictive search for case studies. We generate a 
much larger sample size of studies, and then weight 
the overall estimates of cryptic diversity within each 
insect order by the richness of those orders. We address 
numerous potential sources of bias in these estimates 
(which were not addressed previously), including 
sampling of individuals within species, different spe-
cies-delimitation methods, sampling of genera across 
latitudes, and sampling of species for inclusion in spe-
cies-delimitation studies. We then use these estimates 
of cryptic insect species to project overall global insect 
richness, and the richness of other groups as well (all 
animals, plants, fungi, bacteria, and protists), given the 
numerous taxa that are associated with insect hosts. Our 
results support the idea that there are likely to be mul-
tiple cryptic species for each morphology-based species 
(roughly 3 on average), but not as many as estimated by 
Larsen et al. (2017). These new estimates also allow us 
to substantially narrow the broad range of estimates for 
global biodiversity.

Materials and Methods

Estimating Numbers of Cryptic Insect Species

Our overall goal was to estimate the number of 
species inferred from molecular data relative to the 
number of morphology-based species across insects, 
and then use this number to project overall global 
diversity of insects and other groups. To do this, we 
needed to find case studies that performed molec-
ular-based species-delimitation analyses, with case 
studies spanning many different insect genera and 
orders. For each genus that was the subject of a 
species-delimitation study, we sought the ratio of the 
number of inferred molecular-based species to the 
number of morphology-based species that were ini-
tially included. A ratio > 1 indicates that there are 1 
or more morphologically cryptic species in the genus. 
On the other hand, a ratio < 1 indicates that the 
molecular species-delimitation analyses found that 1 
or more morphology-based species were not actually 
distinct. Cryptic species were defined as 2 or more 
distinct species that are erroneously classified (and 
hidden) under one species name based on morpho-
logical data. These species could differ in other phe-
notypic characteristics (e.g., ecology, mating signals), 
and there might be various reasons why these spe-
cies were overlooked morphologically (Struck et al. 
2018). Note that inferences of species limits based on 
molecular data generally supported those based on 
morphology, but with additional species often recog-
nized within one or more morphology-based species 
(i.e., the cryptic, molecular-based species). Therefore, 
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we emphasized the ratio of molecular-based to mor-
phology-based species.

We searched Google Scholar with the keywords 
“phylogeography, insect, nuclear, species delimitation” 
on September 12, 2020. The phrase “cryptic species” 
was not used, to avoid biasing the results to favor find-
ing more cryptic species. We assumed that phylogeo-
graphic studies should be neutral about the presence 
of cryptic species (yet should also have the potential 
to reveal them). Therefore, the keyword “phylogeogra-
phy” was used. We included the keyword “nuclear” to 
target studies that included nuclear genes and not only 
mitochondrial genes. Many articles found only focused 
on phylogeographic questions. The keyword “species 
delimitation” was used to help target studies that per-
formed species-delimitation analyses (as opposed to 
merely analyzing phylogeography, estimating phylog-
eny, or other topics).

A total of approximately 3,650 results were found 
in this initial search. These results were then sorted 
by relevance. When we reached a set of 60 articles in a 
row in which the titles and abstracts were not related 
to our keywords, we assumed that subsequent articles 
would also not be relevant (given the sorting by rele-
vance). This left 269 papers that were potentially rele-
vant. We then further screened this set of 269 papers. 
Ninety-one of these 269 articles were excluded because 
they did not focus on species delimitation in insects. We 
also excluded analyses of non-native species that were 
sampled only in their introduced ranges, since these 
analyses may underestimate cryptic species diversity 
relative to analyses of the species’ native range. Articles 
were also excluded if they did not include molecular 
data or focused only on phylogeny (with no species 
delimitation).

Our focus was on estimating the number of mor-
phology-based species relative to the number of 
molecular-based species to calculate the ratio of cryp-
tic species to morphology-based species. Papers were 
therefore excluded if the number of morphology-based 
species sampled in the genus was not clear. Similarly, 
we excluded studies in which the number of species 
estimated by the species-delimitation methods was 
not explicitly given. A list of the methods used for 
species delimitation (and their abbreviations) is given 
in Supplementary Table S1 (all supplementary tables 
and datasets are available on Dryad: http://dx.doi.
org/10.5061/dryad.vt4b8gtt7).

Our primary data set included only studies that 
delimited species using nuclear and mitochon-
drial data (most studies) or nuclear data alone 
(Supplementary Table S2). We also created a separate 
data set (Supplementary Table S3) for studies found in 
our search that only delimited species using mitochon-
drial data. A larger pool of mitochondrial-only studies 
could presumably have been found if our searches had 
not included the keyword “nuclear.” Our emphasis 
here on multilocus studies (nuclear+mitochondrial) 
over single-locus studies (mitochondrial only) should 

be uncontroversial. Indeed, recent studies have high-
lighted the potential for overestimation of cryptic spe-
cies diversity using mitochondrial data alone (e.g., 
Chan et al. 2022).

Some studies were ambiguous as to what category 
they belonged to. Jin et al. (2018) used mitochondrial 
data to delimit species and also re-analyzed a genus 
using both mitochondrial and nuclear genes. Because 
the samples and results were independent between the 
2 steps, we counted them separately in the 2 data sets 
(nuclear vs. mitochondrial only). In Zhu et al. (2017), 
only analyses with the mitochondrial genes were 
counted because the nuclear gene was from a bacterial 
aphid endosymbiont.

Whenever possible, we followed the authors’ con-
clusions about the overall number of cryptic species 
they inferred, if this was given. However, most stud-
ies did not explicitly state this number, and most stud-
ies used more than one method to delimit species (see 
Supplementary Tables S2 and S3). In these cases, we 
used the number of inferred species that was supported 
most frequently by different methods (i.e., the majority 
or plurality). If there was no majority or plurality (e.g., 
only 2 methods were used and they inferred different 
numbers), then the mean number of inferred species 
across all analyses was used instead. All separate spe-
cies-delimitation analyses performed by the authors 
were counted here. The different analyses depended 
on the study (e.g., different genes and their combina-
tions, different delimitation thresholds, different sexes). 
To evaluate whether the overall results were sensitive 
to the use of different methods within each study, we 
performed a set of analyses in which we used the min-
imum number of species estimated in each study, and 
another set in which we used the maximum number.

Some papers used genetic methods to delimit spe-
cies that were not explicitly designed for species delim-
itation (Supplementary Table S1). These included 
Networks (Bandelt et al. 1999) and Structure (Pritchard 
et al. 2000; Falush et al. 2003). We also incorporated the 
results of these analyses, when the authors were explicit 
about how many species they had inferred from these 
methods.

We also obtained the number of individuals sam-
pled in each study for molecular data (Supplementary 
Tables S4 and S5). This was important in order to eval-
uate whether some studies found few cryptic species 
simply because they sampled few individuals per mor-
phology-based species (see below). Outgroup individu-
als were excluded from these counts because outgroup 
species were also excluded in our estimates of cryptic 
species. We followed the authors’ statements regard-
ing how many individuals were used (e.g., if differ-
ent numbers were given in Methods, Results, and/or 
Supplementary Materials). Small discrepancies in these 
numbers should have little impact on our conclusions.

Our initial analyses revealed that cryptic species 
were only rarely found in those studies in which rela-
tively few individuals were sampled for molecular data 
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for each morphology-based species (Supplementary 
Table S6). In a regression analysis of the data in 
Supplementary Table S6 (Fig. 1), we found a strong, 
significant relationship among genera between the 
mean number of individuals sampled per morphol-
ogy-based species in each genus and the mean num-
ber of cryptic species inferred per morphology-based 
species in that genus (r2 = 0.316, P < 0.0001, n = 45). 
This relationship was strong because in most genera 
in which relatively few individuals were sampled per 
morphology-based species, very few cryptic species 
were generally found. By contrast, studies with better 
sampling of individuals could either infer few cryptic 
species per morphology-based species or many (this 
variability helps explain why this relationship is not 
perfect; Fig. 1). Therefore, to avoid artifacts associated 
with limited sampling, we excluded genera in which 
10 or fewer individuals were sampled per morphol-
ogy-based species (on average). The value of 10 is 
arbitrary. However, we preferred to err on the side of 
excluding studies, rather than including those with 
potentially problematic sample sizes. These were our 
primary analyses. We also performed supplementary 
analyses in which we evaluated the effects of using 
other cutoffs, specifically 5 and 20 (i.e., excluding stud-
ies in which 5 individuals or fewer were sampled, or 
20 individuals or fewer, on average). However, a cutoff 
of 5 is clearly problematic, since a single, well-sampled 
morphology-based species can have >5 cryptic species 
(see Results).

We also tested whether there was a strong latitudinal 
effect on the ratio of cryptic species, given that such an 
effect has been suggested (e.g., Freeman and Pennell 
2021). We first estimated the approximate latitudinal 
position of each species in the 25 genera that were the 
focus of the primary analysis (Table 1). For most gen-
era (22 of 25), we used locality information from the 

original studies. However, the authors did not necessar-
ily provide the latitude of each locality. In these cases, 
we searched for the coordinates of named localities in 
GoogleMaps and Baidu Map. For samples with unclear 
locations that were too broad (e.g., a country name 
only), we searched for additional localities in GBIF 
(www.gbif.org) using the R package rgbif (Chamberlain 
and Boettiger 2017). We also searched for localities for 
each species that lacked georeferenced localities in the 
original study. We retrieved 93,647 occurrences records 
(GBIF.org 2022). We then cleaned these records using the 
following steps. First, we filtered the dataset by match-
ing the species associated with the occurrence records 
with species name of the desired species. Second, we 
removed obviously invalid geographic coordinates (i.e., 
zero for both longitude and latitude, ~500 km away 
from the closest mainland). We appended those species 
with localities from GBIF to those from the original ref-
erence. In total, we obtained coordinate data for 93,349 
samples, including 2013 from the original references 
(for 22 of 25 genera) and 91,336 localities from GBIF. 
The mean for each species is given in Dataset S1, and 
the full set of localities is given in Dataset S2 (available 
on Dryad).

To explore the relationship between the latitudi-
nal position of each genus and its ratio of molecular 
to morphology-based species, we first calculated the 
mean latitude among the localities within each species. 
We then estimated the mean latitude for each genus 
based on the mean latitude among the species within 
that genus. We converted the mean latitude of each 
genus to its absolute value (since we are interested in 
whether genera occur nearer or farther from the equa-
tor, not whether they occur in the northern or southern 
hemispheres, and negative values would interfere with 
a potential linear relationship). Finally, we performed 
ordinary least squares regression between the ratio of 
molecular:morphology-based species in each genus 
and the mean latitudinal position of the genus. We 
utilized the R package ggplot2 to visualize our results 
(Wickham 2016).

We note several caveats about this analysis. First, our 
values for species reflect where most sampled locali-
ties are, and our values for genera reflect both this and 
where most sampled species occur. Although the exact 
values could change using other methods to estimate 
these values, the methodology used here should reflect 
whether a genus occurs predominantly at higher or 
lower latitudes. Second, we did not perform a phyloge-
netic correction, because we lacked a genus-level phy-
logeny for these taxa. A phylogenetic correction would 
likely make significant values non-significant (which is 
not an issue here, see Results). Third, we acknowledge 
that differences among clades might make a latitudi-
nal pattern across orders more difficult to find. In some 
ways, our test addresses whether there is a significant 
latitudinal pattern that is stronger than other factors 
that might influence the ratio of molecular to morphol-
ogy-based species.

Figure 1. Regression analysis between the number of individuals 
sampled (for molecular data) per morphology-based species and the 
estimated number of cryptic species inferred per morphology-based 
species. Each data point is a genus (not a study; some studies have 
multiple genera). Data are in Supplementary Table S6.
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Projecting Global Biodiversity

We used the estimated numbers of molecular-based 
species per morphology-based species to project the 
total number of insect species on Earth and over-
all global biodiversity across groups. We did this in 
3 steps, which we outline here and then describe in 
detail below. We first projected the total number of 
insect species by extrapolating the inferred ratios of 
molecular-based to morphology-based species to all 
described insect species. We then incorporated pro-
jections of undescribed insect species richness (which 
were based on morphology-based species) to estimate 
the total number of insect species, including described 
and undescribed species and morphology- and molec-
ular-based species. Finally, we made projections of 
overall global biodiversity by incorporating groups 
with many insect-associated species, such as bacteria, 

apicomplexan protists, microsporidian fungi, nema-
todes, and mites (following Larsen et al. 2017; Wiens 
2021).

First, we estimated the number of molecular-based 
species per morphology-based species among all 
described insect species. To do this, we started with 
an estimate of the number of molecular-based spe-
cies per morphology-based species for each sampled 
genus (Table 1). We then averaged values among gen-
era for each insect order represented (Table 2). Again, 
we excluded genera in which <10 individuals were 
sampled for molecular data per morphology-based 
species. We then multiplied the mean ratio of molec-
ular-based to morphology-based species among sam-
pled genera in each order by the overall number of 
described species in that order (Table 2). We used the 
Catalogue of Life (CoL; Bánki et al. 2021) to obtain the 
current number of described species in each sampled 

Table 1. Number of morphology-based and cryptic (molecular-based) species in each study

Order and family Genus Sampling Ratio Total species Cryptic Morph. Reference 

Coleoptera
  Cetoniidae Cetonia 57.50 2 8 4 4 Ahrens et al. (2013)
  Curculionidae Pachyrhynchus 106 1.50 3 1 2 Chen et al. (2017)
  Hydrophilidae Hydrobius 194.50 5.50 11 9 2 Fossen et al. (2016)
  Lampyridae Pteroptyx 26.17 1 6 1* 6 Jusoh et al. (2020)
Diptera
  Chironomidae Tanytarsus 12 2.50 15 8* 6 Lin et al. (2018)
  Syrphidae Merodon 13.67 1 3 0 3 Popović et al. (2015)
Ephemeroptera
  Baetidae Cloeon 43.33 2.17 6.50 3.5 3 Rutschmann et al. (2017)
Hemiptera
  Aleyrodidae Bemisia 40 9 9 8 1 Hsieh et al. (2014)

9 5 5 4 1 de Moya et al. (2019)
  Coccidae Parasaissetia 65 6 6 5 1 Lin et al. (2017)
  Diaspididae Chionaspis 183 5 10 8 2 Gwiazdowski et al. (2011)
  Eriococcidae Apiomorpha 104 5 5 4 1 Cook and Rowell (2007)
Hymenoptera
  Agaonidae Pediobius 146 5 5 4 1 Hernández-López et al. (2012)
  Agaonidae Pleistodontes 415 5 5 4 1 Darwell et al. (2014)
  Andrenidae Andrena 10.65 1.21 14.50 1* 12 Gueuning et al. (2020)
  Halictidae Lasioglossum 10.65 1 3 0 3 Gueuning et al. (2020)
  Apidae Nomada 10.65 1 2 0 2 Gueuning et al. (2020)

Bombus 70 2 2 1 1 Martinet et al. (2018)
  Braconidae Stenocorse 119 9 9 8 1 Delgado-Machuca et al. (2020)
  Formicidae Cataglyphis 89.25 1.50 6 2 4 Eyer and Hefetz (2018)

36.25 0.75 6 0 8 Eyer et al. (2017)
Ectatomma 133 3 3 2 1 Aguilar-Velasco et al. (2016)
Solenopsis 68 6 6 5 1 Ross et al. (2010)

Mecoptera
  Panorpidae Dicerapanorpa 16.38 1.52 19.75 3* 13 Hu et al. (2019)
Orthoptera
  Lentulidae Betiscoides 33 4.33 13 10 3 Matenaar et al. (2018)
  Pyrgomorphidae Sphenarium 18.56 1.67 15 6 9 Pedraza-Lara et al. (2015)
Thysanoptera
  Thripidae Scirtothrips 267.50 5.50 11 9 2 Dickey et al. (2015)

Notes: These studies delimited species using nuclear data only or using both nuclear and mitochondrial data. Studies with mean molec-
ular sampling of <10 individuals per morphology-based species were excluded. The data and species-delimitation method used in each 
study are summarized in Supplementary Table S2. Studies are listed alphabetically by order and then by family and genus within each order. 
“Sampling” was the total number of individuals sampled for molecular data, divided by the number of morphology-based species in the study 
(Supplementary Table S4). “Ratio” is the ratio of species inferred by molecular data to morphology-based species for each genus (molecu-
lar-based/morphology-based). “Total species” is the overall number of species estimated by molecular data. “Cryptic” is the overall estimated 
number of cryptic species. “Morph.” is the number of species based on morphological data alone. The total number of species can be different 
from that obtained by simply adding the number of cryptic species and morphology-based species. Within a given study, the total number of 
species inferred most frequently by different species-delimitation methods was used (see Methods and Supplementary Table S3), but “*” indi-
cates that the overall inferred number of cryptic species was stated by authors, and this number was used instead.
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order and in insects in general (we assume that the 
vast majority of formally described insect species are 
morphology based).

Our sampling included only some insect orders 
(especially given that many orders have relatively few 
species). To accommodate the unsampled orders, we 
estimated an overall ratio across insects and assumed 
that the unsampled orders fit this general pattern. 
Specifically, we estimated the mean ratio of molecular to 
morphology-based species among the sampled orders, 
and then multiplied this mean ratio by the total number 
of described species among all the unsampled orders. 
The sampled orders spanned most described insect spe-
cies (see Results), which suggests that the treatment of 
these unsampled orders should not strongly affect our 
overall estimates. We then summed the projected num-
bers of insect species across sampled and unsampled 
orders to obtain the total number of estimated molec-
ular-based species among the described insect species.

We used the estimated number of molecular-based 
species divided by the number of described species 
to obtain an overall ratio for insects in general (Table 
2). We then multiplied this ratio by projections of total 
insect richness (described and undescribed species) 
that were calculated using only morphology-based 
species. We specifically used the relatively recent pro-
jection of 6.8 million terrestrial arthropod species, con-
sisting mostly of insects (Stork et al. 2015). This does 
not include insect-associated mites. As noted above, 
other projections of overall insect diversity are simi-
lar in magnitude, close to 6 million (e.g., Gaston 1991; 
Novotny et al. 2002; Basset et al. 2012). We assume that 
the current patterns of relative richness among insect 
orders will be maintained with 6 million or more mor-
phology-based species, and we think that this assump-
tion is consistent with these projections (e.g., Stork et 
al. 2015). Simply averaging among orders yields sim-
ilar values to these richness-weighted projections (see 
Results), so violating this assumption need not strongly 
affect our conclusions.

We also estimated global species richness of other 
groups of organisms (Table 3). We followed Larsen et al. 
(2017) in assuming that species associated with insect 
hosts may be a major driver of global biodiversity in 
many groups. Following that review, we assumed that 
each insect species hosts (on average) one unique spe-
cies of mite, nematode, microsporidian fungus, and api-
complexan protist. Based on the re-estimates of Wiens 
(2021), we assumed that each insect species hosts (on 
average) at last 7.6 unique species of bacteria (a value 
somewhat lower than the estimates of Larsen et al. 
2017). We used the 4 basic scenarios of Larsen et al. 
(2017) regarding symbiont-associated diversity. These 
are described in Table 3.

When estimating global biodiversity, we assumed 
that animal diversity is dominated by insects and their 
symbionts (i.e., mites, nematodes). Animal species that 
are larger in body size than insects might host many 
more symbiont species. This should have little impact 
on overall species numbers given that there are far 
fewer projected species in these larger-bodied groups 
relative to described and projected numbers of insect 
species (e.g., Chapman 2009).

We performed these analyses of other groups on our 
primary estimates of cryptic insect diversity. We did not 
re-estimate global biodiversity for each of our supple-
mentary analyses, since these generally gave similar 
estimates of overall insect diversity.

Results

We focused first on papers that included nuclear 
genes and sampled >10 individuals per morpholo-
gy-based species (on average). Using these criteria, we 
obtained usable data for 25 genera from 8 orders (Table 
1; Fig. 2). These included many of the largest orders 
(Coleoptera, Diptera, Hemiptera, Hymenoptera), with 
the notable exception of Lepidoptera (but see below). 
The sampled orders spanned 73.4% of described insect 

Table 2. The mean ratio of molecular to morphology-based species, averaged among genera within each order

Order Number of 
sampled genera 

Mean ratio of molecular:morphology-
based species among genera 

Described 
species in order 

Projected species richness 

Coleoptera 4 2.50 277,586 693,965
Diptera 2 1.75 165,144 289,002
Ephemeroptera 1 2.17 3341 7250
Hemiptera 4 6.25 99,144 619,650
Hymenoptera 10 3.43 118,308 405,796
Mecoptera 1 1.52 684 1040
Orthoptera 2 3.00 29,130 87,390
Thysanoptera 1 5.50 6521 35,866
Other orders 3.27 250,966 820,659
All insects 3.11 950,824 2,960,618

Notes: Studies that obtained molecular data for 10 or fewer individuals per morphology-based species (average among morphology-based 
species) were excluded (Table 1). For the 2 studies of the hemipteran genus Bemisia, we used the estimate from the study with >10 individuals 
sampled per morphology-based species. For the 2 studies of the hymenopteran genus Cataglyphis, we averaged the 2 estimates to get a mean 
ratio (1.13). For species numbers, we used the Catalogue of Life (Bánki et al. 2021), which was checked 14 March 2022 (number for each order 
in Supplementary Table S7). To project the number of species in each sampled order, we multiplied the ratio of molecular-based:morpholo-
gy-based species by the number of described species. For all other orders, we used the mean ratio across the 8 sampled orders. We then multi-
plied this mean ratio by the summed number of species in these unsampled orders.
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species. We calculated a mean ratio of molecular-based 
to morphology-based species among sampled genera in 
each order (Table 2). Among the 8 orders (Fig. 2), 6 had 
at least 2 cryptic species per morphology-based species 
(average across genera), and all had at least 1.5 (Table 2). 
The highest ratio of cryptic species was in Hemiptera, 
with 6.25 cryptic species per morphology-based species 
(Fig. 2; Table 2).

We multiplied the mean estimated ratio of cryptic 
(molecular-based) species for each order by the num-
ber of described species in that order (Table 2). For 
unsampled orders (26.6% of described insect species), 
we used the mean ratio among the 8 sampled orders 
(3.27). When we tallied up the projected number of spe-
cies across all orders and divided this by the number 
of described species across all insects, the overall ratio 
of molecular-based to morphology-based species was 
3.11.

We then used this latter number (3.11) to estimate the 
total number of insect species and overall patterns of 
biodiversity among non-insect groups. Multiplying this 
value (3.11) by a projected estimate of terrestrial arthro-
pod diversity (6.8 million) yielded 21.15 million species. 
We then estimated richness across other major groups 
of organisms, using 4 basic scenarios for symbiont-asso-
ciated diversity (Table 3). These scenarios yielded from 
563.16 million to 2.206 billion species on Earth, of which 
3.8–13.6% are animals, and 58.6–88.4% are bacteria.

We also estimated ratios of molecular to morphol-
ogy-based species from our limited sample of studies 
using mitochondrial data only (Tables S8–S10). These 
estimates were broadly similar to those incorporat-
ing nuclear data. After excluding studies with limited 

sample sizes (Supplementary Table S9), we obtained 
usable data from 8 genera from 5 orders (Coleoptera, 
Diptera, Hemiptera, Lepidoptera, Orthoptera; 
Supplementary Table S10). The mean ratio of molec-
ular-based to morphology-based species across these 
orders was 3.76 (Supplementary Table S10), similar to 
the mean across orders for nuclear data (3.27). Our set 
of usable studies based on nuclear data did not include 
any representatives of Lepidoptera (Table 2). The mito-
chondrial results for Lepidoptera (mean = 2.53 molecu-
lar-based species per morphology-based species) were 

Table 3. Estimating global biodiversity of major groups of organisms based on the new estimates of cryptic insect diversity.

 Scenario 1 Scenario 2 Scenario 3 Scenario 4

Million species % of total Million species % of total Million species % of total Million species % of total 

Animals 84.59 9.4 84.59 13.6 84.59 3.8 52.87 9.4
Plants 0.34 0 0.34 0.1 0.34 0 0.34 0.1
Fungi 86.99 9.7 86.99 14 86.99 3.9 55.27 9.8
Protists 84.59 9.4 84.59 13.6 84.59 3.8 52.87 9.4
Bacteria 642.88 71.5 363.75 58.6 1949.48 88.4 401.81 71.3
Total 899.39 620.26 2205.99 563.16

Notes: Scenario 1 assumes that all animal species have a full set of bacterial, protist, and fungal endosymbionts, even if they are parasites, but 
that microsporidian fungi and apicomplexan protists have little or no host-specific bacterial richness. Scenario 2 assumes that symbionts have 
limited numbers of symbionts (i.e., nematodes have an average of only one host-specific bacterial species) and that microsporidians and api-
complexans have few or no bacterial species. Scenario 3 assumes that all animal species have a full set of symbiont species and that microspo-
ridians and apicomplexans host (on average) as many bacterial species as animal species do. Scenario 4 is identical to Scenario 1, except that it 
assumes that host-associated mites have more limited richness relative to their arthropod hosts (0.25 mites:other arthropod species). Archaean 
species richness is considered to be relatively small overall (Larsen et al. 2017), and so is not treated separately here. We assumed that each 
insect species hosts (on average) one mite species, and that each insect and mite species hosts (on average) one nematode species, yielding 84.59 
million animal species for Scenarios 1–3. Plant richness is considered to be 0.34 million species. For fungi, we considered each animal species 
to host one microsporidian fungus species (84.59 million), and we added 2.4 million other fungal species (Larsen et al. 2017). For protists, we 
assumed that each animal species hosts at least one apicomplexan protist (and that this number renders other components of protist richness 
negligible in comparison). For bacteria, we assumed that each animal species hosts (on average) 7.6 bacterial species (Wiens 2021), and that 
(for Scenario 1) bacterial richness in plants, endosymbiotic fungi, and protists was relatively negligible. For Scenario 2, we assumed that each 
nematode species host only 1 unique bacterial species (on average) instead of 7.6. This yields a total 363.746 million bacterial species (42.296 
million insect and mite species x 7.6 bacterial species and 42.296 million nematode species x 1 bacterial species). For Scenario 3, we assumed 
that all groups had the same mean number of host-specific bacteria as animals (7.6), including fungi and protists. Finally, for Scenario 4, we 
assumed a reduced number of mites relative to insects (0.25 mite species per insect host), but with other assumptions the same as Scenario 1. 
Thus, we assumed 26.435 million insect and mite species, for a total of 52.87 million animal species (including nematodes). For this scenario, 
we assumed that fungi and protists had negligible bacterial richness.

Figure 2. The ratio of estimated molecular-based species to 
morphology-based species, averaged among genera within each 
order. The number of genera sampled for each order is given on the 
right side of each bar. Data for each genus are given in Table 1 and are 
summarized for each order in Table 2.
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similar to the mean value across orders from nuclear 
data (3.27; Table 2).

We also evaluated the impact of our methodological 
choices on the primary analyses. First, we evaluated 
whether using the minimum or maximum number of 
species estimated in each study impacted the over-
all results (Tables S11–S16) relative to using the mean 
number. We found that they gave estimates of the 
overall ratio of cryptic insect species broadly similar 
to that for the mean (mean = 3.11, minimum = 2.53, 
maximum = 3.61). Second, we evaluated whether dif-
ferent minimum sample sizes (mean individuals sam-
pled per morphology-based species) strongly changed 
the overall number of insect species estimated. We 
found that if we included studies with an average of 6 
or more individuals per species (Supplementary Table 
S17), we included more studies (32 genera, 9 orders), 
and the overall ratio was similar but smaller (ratio = 
2.54). Conversely, if we excluded studies with an aver-
age of <20 individuals per species (Supplementary 
Table S18), we included fewer studies (18 genera, 6 
orders) and the overall ratio was similar but larger 
(ratio = 3.95).

We also tested whether there was a latitudinal gra-
dient in the ratio of cryptic species within genera. The 
data for each genus are in Supplementary Table S19. We 
found a trend towards more cryptic species at lower lat-
itudes (Fig. 3), but this was not significant (r2 = 0.117; 
P = 0.095). We also found no consistent trend within 
orders. For example, in Coleoptera (n = 4 genera), the 
mean ratio was higher in temperate genera (mean = 
3.75, n = 2) than tropical genera (mean = 1.25, n = 2), as 
in Orthoptera (n = 2 genera, temperate = 4.33, tropical = 
1.67). In Hemiptera (n = 4 genera), the mean was instead 
somewhat higher in tropical genera (mean = 7.50, n = 2) 
than temperate genera (mean = 5, n = 2), and was much 
higher in Hymenoptera (n = 10; temperate mean = 1.95, 
n = 6; tropical mean = 5.75, n = 4).

Discussion

The number of species on Earth is highly uncer-
tain, and insects are a pivotal group for estimating 
this number. Here, we estimated the average number 
of molecular-based cryptic species per morpholo-
gy-based insect species (3.11; Table 2). We then extrap-
olated this number to estimate the total number of 
insect species based on the number of described insect 
species (0.95 million species described, yielding 2.96 
million species total) and based on relatively well-es-
tablished projections of undescribed insect richness 
from morphology (6.8 million total projected, yielding 
21.15 million species). We also estimated overall global 
biodiversity across all groups, given that many spe-
cies of mites, nematodes, fungi, protists, and bacteria 
may be associated with insect hosts. These projections 
yielded 0.56–2.20 billion species, the majority of which 
are bacteria (Table 3).

Comparison to Previous Studies

Our estimates of overall global biodiversity are 
broadly similar to those of Larsen et al. (2017), but with 
2 important differences. First, those authors estimated 
that there are from 0.209 to 5.8 billion species on Earth 
(again with the majority being bacteria). They con-
sidered a range of possible ratios of molecular-based 
(cryptic) to morphology-based insect species, from 0 
to 6. By providing improved estimates of cryptic insect 
diversity, we were able to narrow the overall range of 
numbers for global biodiversity, from roughly 30-fold 
to roughly 4-fold. That remaining 4-fold range hinges 
largely on different assumptions about how many sym-
bionts the symbionts themselves host (e.g., how many 
bacteria does a protist or unicellular fungus host?).

Second, our estimate of the number of cryptic insect 
species is roughly half that of Larsen et al. (2017). 
Specifically, we estimated that there are approximately 
3.11 cryptic species per morphology-based species, 
whereas those authors estimated that there were 5.9. 
What explains this 2-fold difference? Our sample size 
of insect genera is more than 3 times larger than that of 
Larsen et al. (2017). Perhaps most importantly, half of 
the genera that they sampled belonged to Hemiptera 
and Thysanoptera. Our study reveals that these 2 orders 
have ratios of molecular-based to morphology-based 
species that are roughly twice the estimated average 
number across orders (Fig. 2; Table 2). Our larger sam-
pling here shows that the high numbers for those 2 
orders are not broadly representative of insects overall.

Our overall estimates for animal richness and global 
biodiversity are strikingly larger than those of the excel-
lent and well-cited study by Mora et al. (2011). There 
are 2 key differences between their estimates and ours. 
First, they did not consider molecular-based cryptic 
species. This explains why our estimates for animals 
are more than 3 times as large. Second, they projected 
total bacterial species richness that was roughly equiv-
alent to described bacterial richness (~10,000 species). 
Many insect species seem to host numerous unique 

Figure 3. The relationship between the latitudinal position 
of each genus (mean among species) and the ratio of estimated 
molecular-based species to morphology-based species within that 
genus. Data for each genus are given in Supplementary Table S19. The 
vertical dashed line indicating tropical versus temperate latitudes at 
23.4 degrees is somewhat arbitrary, but does not impact the analysis.
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bacterial species (almost all of which are undescribed). 
This inference is based on studies of bacterial species in 
closely related insects (which were used to obtain the 
estimate used here of 7.6 unique bacterial species per 
insect host species; Wiens 2021) and large-scale surveys 
across insects. For example, surveys of even modest 
numbers of insect host species (13–31) each found that 
these insects collectively host >1000 bacterial species 
(review in Wiens 2021). A study of 218 insect species 
across diverse orders found 9301 bacterial species (Yun 
et al. 2014). In summary, we think that assuming zero 
cryptic insect species and only ~10,000 bacterial spe-
cies is no longer tenable. Our estimates of cryptic insect 
diversity and bacterial richness are doubtless imper-
fect, but using the number of described species instead 
seems very difficult to justify.

There are many other estimates of global biodiversity 
(e.g., Chapman 2009; Costello et al., 2012), and many 
studies of particular groups that are highly relevant 
(e.g., Novotny et al. 2002; Stork et al. 2015; Locey and 
Lennon 2016). However, few studies simultaneously 
incorporated: (a) all major groups of organisms, (b) 
cryptic species inferred from molecular data, and (c) 
host-associated species richness. We think that these 3 
elements should become standard in estimates of global 
biodiversity going forward.

Our study also provides overall estimates of cryp-
tic diversity across one of the largest clades of animals 
(based on described species). We know of few compara-
ble estimates for other groups. A recent study in mam-
mals estimated that there were ~0.66 cryptic species per 
described species (Parsons et al. 2022), but was based 
on mitochondrial DNA data alone. More broadly, it has 
been suggested that there are no significant differences 
in the relative number of cryptic species among clades 
and biogeographic regions (Pfenninger and Markus 
2007). Our results do suggest that there might be such 
differences among insect orders (e.g., the high numbers 
in Hemiptera). We do not support a strong latitudinal 
increase in the ratio of cryptic species towards the equa-
tor, although one has been hypothesized (Freeman and 
Pennell 2021).

Potential Sources of Error

We acknowledge that there are various ways that our 
estimates of the numbers of cryptic insect species could 
be wrong. We think that the most important potential 
source of error is that species included in species-de-
limitation studies may be more likely to have cryptic 
species than the average, randomly chosen insect spe-
cies. For example, the included species might have 
larger-than-average range sizes (and cryptic species 
typically occur in different parts of a morphology-based 
species’ range; Larsen et al. 2017). This is a difficult fac-
tor to correct for.

Yet, many of the studies that we sampled here 
included 2 or more closely related species in a genus 
(Table 1), and were not just studies focused on a single 
broadly distributed species. Therefore, this issue need 

not be problematic overall. The most unbiased sam-
pling might be obtained by sampling within-species 
variation in every (morphology-based) species in each 
genus. This should be done for multiple genera in the 
largest insect orders. As far as we know, such data are 
not yet available. Nevertheless, as an approximation, 
we re-estimated cryptic insect diversity after eliminat-
ing those nuclear-based studies that only considered 
a single morphology-based species (i.e., those studies 
that might be most impacted by this type of biased sam-
pling). This deletion reduced the number of included 
genera to 16, and yielded mean ratios of molecu-
lar-based to morphology-based species that were 
identical to those including all studies for most orders 
(Supplementary Table S20; compare with Table 2). The 
only ones that changed were Hemiptera (from 6.25 to 5) 
and Hymenoptera, which changed more dramatically 
(3.43 to 1.09). The mean ratio across orders was simi-
lar (3.27 for all studies vs. 2.82 for multi-species studies 
only), as was the overall estimated ratio weighted by 
species numbers in orders (3.11 vs. 2.57). In summary, 
these results suggest that our estimates are not simply 
explained by biases associated with including stud-
ies that each focused on a single, morphology-based 
species.

Another possible solution is to consider other sam-
pling strategies, such as focusing on species at a given 
site or sites rather than across species ranges. Studies 
of this type in insects have often found ~2 cryptic spe-
cies per morphology-based species, including stud-
ies of Ephemeroptera, Plecoptera, and Trichoptera in 
Colorado and Ecuador (Polato et al. 2018), parasitoid 
wasp species at a site in Costa Rica (Smith et al. 2008), 
and cerambycid beetles at a site in French Guyana 
(Berkov 2002). These are simply examples, and not the 
result of a systematic survey. Nevertheless, they high-
light that finding cryptic insect species is not necessar-
ily contingent on broad-scale phylogeographic studies. 
We also note that studies based on single sites (or small 
sets of sites) will likely to underestimate cryptic diver-
sity relative to studies that broadly sample across the 
geographic range of each species.

Another important way that our estimates could be 
wrong is that some methods or types of data might 
give biased answers. The best method(s) for estimating 
species limits from molecular data remain uncertain 
(e.g., Camargo et al. 2012; Rannala 2015; Sukumaran 
and Knowles 2017; Leaché et al. 2019; Chan et al. 2022). 
Most studies included in our primary analyses utilized 
nuclear data and 2 or more methods for species delimi-
tation (70.4% of 27 studies in Table 1; mean = 2.5 meth-
ods per study overall). We primarily focused on results 
using the mean or plurality among studies. Yet, we 
obtained similar overall results using the maximum or 
minimum estimate of the number of species from each 
study (i.e., ~3 cryptic species per morphology-based 
species). Thus, our overall results do not appear to be 
particularly sensitive to variation among the methods 
used. Similarly, we obtained similar overall results 
using studies that included only mitochondrial data. 
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We also found that our conclusions were broadly robust 
to different minimum sample sizes of individuals for 
molecular data. However, it would be impossible to 
infer large numbers of cryptic species (which clearly do 
exist in some species) without sampling many individ-
uals and localities.

Our estimates are also dependent on the sampling 
of studies in each insect group. There may be stud-
ies that our systematic search missed, and other rele-
vant studies may have been published subsequently. 
Given the many downstream analyses, we did not 
constantly update our results with searches for new 
studies. However, simply adding more studies need 
not strongly impact our main conclusions. In our pres-
ent results, those orders with the most sampled genera 
(Coleoptera = 4, Hemiptera = 4, Hymenoptera = 10; 
Table 2) have substantial estimated ratios of cryptic 
species (2.5, 6.3, 3.4), with two that are close to the over-
all mean estimate across insects (~3; except the larger 
number in Hemiptera). This strongly suggests that this 
overall mean estimate is not an artifact of limited sam-
pling of genera within orders. Moreover, given their 
larger sample sizes, including more genera in these 
3 well-sampled orders is less likely to change their 
results. Furthermore, these 3 orders together encompass 
roughly half of all described insects (Table 2). Therefore, 
these 3 orders are pivotal for the overall estimate for 
insects. By contrast, those orders with smaller ratios of 
cryptic species (Diptera, Ephemeroptera, Mecoptera) 
have only 1 or 2 genera sampled (Fig. 2) and together 
encompass <20% of described insect species (Table 2). 
Given their limited sampling, mean estimates in these 3 
orders are especially sensitive to sampling more genera 
(which could bring the estimate for each of these orders 
closer to the mean estimated ratio across all orders). 
Yet, if additional sampling of genera yielded similar 
numbers in these 3 orders, this would have little conse-
quence for the overall estimate for insects given the lim-
ited collective richness of these 3 orders. In summary, 
these results suggest that additional sampling of insect 
genera is by itself unlikely to overturn our conclusions 
(all else being equal).

We acknowledge that some readers might dismiss 
our results simply because the overall number of gen-
era sampled is small (25 genera; Table 1) relative to the 
total number of genera, families, and species. Yet, we 
obtained similar ratios of cryptic species after including 
7 additional genera (with reduced sampling of individu-
als) and 8 genera with mitochondrial data. Furthermore, 
most orders showed similar patterns of cryptic richness, 
with some genera having few or no cryptic species and 
others having many molecular-based species per mor-
phology-based species (range of ratios among orders: 
Coleoptera: 1–5.5; Diptera: 1–2.5; Hymenoptera: 1–9; 
Orthoptera: 1.67–4.33; Table 2). Based on mitochondrial 
data, Lepidoptera also fits this pattern (range: 1.04–
4.00). Four of 8 orders also have mean ratios between 
2 and 4 (Table 2). We think that sampling every fam-
ily (or every order) is not as important for estimating 

insect-wide richness as estimating these overall patterns 
in the most species-rich orders. We note that Hemiptera 
is somewhat exceptional in having consistently high 
cryptic richness. Various ways of reducing our sam-
ple size of genera also yielded similar estimated ratios, 
either by eliminating genera with <20 individuals sam-
pled (n = 18 genera included, estimated ratio = 3.95; 
Supplementary Table S18), deleting those with only 
one sampled species (n = 16 genera included, estimated 
ratio = 2.57; Supplementary Table S20), and including 
only genera with mitochondrial data (n = 8 genera, esti-
mated ratio = 3.76; Supplementary Table S10). Overall, 
we show that an estimated ratio close to 3 is robust to 
various additions and deletions of sampled genera.

There are numerous other potential factors that might 
affect whether a particular morphology-based species 
has cryptic species, and how many. These include dis-
persal ability, patterns of morphological evolution, and 
taxonomic practices within a given order. Yet, the mean 
values of cryptic species ratios for orders varied along 
a limited range of values (1.5–6.2), with 4 of 8 sampled 
orders having from 2.2 to 3.4. Thus, even if there are 
biases, the overall variability in these mean numbers 
seemed limited. We also did not find a strong impact 
of the geographic location of genera (i.e., temperate vs. 
tropical), although this might be worth exploring fur-
ther, especially within orders (like Hymenoptera). If 
there are indeed more cryptic species in the tropics, this 
only reinforces our main conclusion that cryptic insect 
diversity is important and must be included in future 
estimates of global biodiversity.

Putting aside the question of cryptic species, our 
overall estimates of global biodiversity could also 
be wrong, especially if the estimates of Larsen et al. 
(2017) for insect-associated groups are grossly incor-
rect. Specifically, their estimates for the mean numbers 
of mites, nematodes, apicomplexan protists, microspo-
ridian fungi, and bacteria hosted by each insect species 
might be wrong. Some of this uncertainty is addressed 
in Table 3. To better address this uncertainty, system-
atic studies of the number of host-associated species 
of these groups among closely related insect species 
from several major insect orders are needed. However, 
it is important to note that the estimates of Larsen et 
al. (2017) could be overestimates or underestimates 
for each of these groups. Simply assuming that there 
are few or no species of these 5 groups associated with 
insect hosts seems empirically unsupported.

We also think that there are potential issues that are 
not actually problematic. First, the number of morphol-
ogy-based species that are synonyms of other mor-
phology-based species seems unlikely to overwhelm 
the number of cryptic species (e.g., Stork et al. 2015). 
Species-delimitation analyses based on molecular data 
can infer that morphology-based species are not actu-
ally distinct. Therefore, our results already take the 
possibility of synonyms into account, and show that 
morphology-based synonyms do not counterbalance 
the number of morphologically cryptic species. Second, 
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some readers might dismiss morphologically cryp-
tic species altogether. We strongly reject this idea. We 
believe that species are real entities in nature that do 
not rely on morphological diagnosis for their existence. 
Therefore, we see no reason why the only species that 
are real are those that can be diagnosed morphologically 
by humans. Finally, some readers may be concerned 
about when and how all these cryptic species will be 
described. We share this concern. However, the idea that 
we should ignore cryptic species because it will be diffi-
cult to describe them all seems like the tail wagging the 
dog. We also note that there have been calls to use DNA 
data to accelerate the pace of species discovery (e.g., 
Tautz et al. 2003), but these calls have also met with con-
siderable resistance (e.g., Lipscomb et al. 2003). Some of 
this resistance may be confounded with the practice of 
DNA barcoding with a single mitochondrial gene.

Conclusions

In this study, we have provided improved estimates 
of the number of cryptic insect species hidden in mor-
phology-based species. This is not some obscure and 
trivial topic. We show that these estimates of cryptic 
insect diversity are vital to estimating global biodiver-
sity. Our study greatly improves on the previous esti-
mates of cryptic insect diversity, more than tripling the 
number of included genera and cutting the estimated 
number of cryptic species in half. Furthermore, our 
results provide a relatively narrow range of global bio-
diversity estimates. Rather than ranging from the low 
millions to the trillions, our estimates span a 4-fold 
range centered near ~1 billion species. Our estimates 
here will not be the last word on cryptic insect species 
(or global biodiversity). Instead estimates of cryptic 
diversity should improve over time as more case stud-
ies are published and the data and methods for species 
delimitation are expanded and refined. We think that 
the worst approach is to do what is often done now: to 
simply ignore cryptic insect species diversity when esti-
mating global biodiversity. Even though estimates of 
cryptic diversity may change over time, there is clearly 
no justification for assuming that the number of cryptic 
species is zero.
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