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ABSTRACT

Background: Many studies have tried to estimate the number of undescribed species based on the known diversity. These esti-

mates often rely on extrapolation based on data from a limited number of species. Although statistical methods provide accurate
inference when generalizing from a random sample, their predictions will be biased when based on a non-random sample unless

the sampling process is explicitly accounted for.

Problem: In this paper, we argue that this is a fundamental issue in many estimates of unrecorded biodiversity. We show that the

sample of species used in biodiversity extrapolation represents disproportionately common and abundant taxa, which leads to an

overestimation of extrapolated diversity. We discuss this issue in the context of three specific cases: estimates of plant-associated

insect diversity, estimates of parasite diversity and estimates of cryptic species diversity.

Implications: For the example of plant-associated insects, we provide an estimate of the magnitude of the error, but insufficient
data are currently available to estimate the magnitude of the problem for the other examples. Our findings cast doubt over previ-
ous attempts to estimate the number of undescribed species, suggesting that they provide consistent overestimations.

1 | Introduction

How many species are there on Earth? This apparently simple
question has proved extremely difficult to answer. For many
groups we do not even know how many species have been prop-
erly described (Mora et al. 2011), and a large fraction of the
ones we have described may turn out to be synonyms (Costello
et al. 2013). It is therefore not surprising that the number of
unknown species is even harder to assess. Yet, this question
has fascinated many scientists, with numerous estimates hav-
ing been made over the last 40years based on different meth-
ods, with several reviews summarizing these estimates and

their associated limitations (e.g., May 1988; Stork et al. 2015;
Wiens 2023). However, many of these estimates rely on the same
problematic assumption, which appears to have been largely ne-
glected so far: they assume that the species we have data for and
that are used to derive estimates of unknown species numbers,
are a random subset of all species. In biology, however, truly ran-
dom samples are extremely rare.

One of the most studied patterns in biology is the species-area
relationship (SAR). The SAR, a cornerstone of the equilib-
rium island biogeography model developed by MacArthur and
Wilson (1967), describes how the size of islands (or areas more
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generally) positively correlates with the number of species. In
the classic example of endemic amphibians and reptiles on
Caribbean islands, the pattern is evident (Figure 1a), with the
number of species ranging from 1 on Saba (13km?) to 205 on
Hispaniola (76,192km?). We use this example dataset to illus-
trate the problem of extrapolating total species richness from a
non-random subset of measurements. If only the diversity of a
subset of n islands were known, we could extrapolate to estimate
the total diversity of the archipelago as the average number of
species observed across the n sampled islands multiplied by the
total number of islands (here, 7). If the subset of islands is se-
lected randomly, we will on average get unbiased estimates of
the true diversity, with increasing precision as we increase the
number of sampled islands (Figure 1b). However, if we sampled

islands non-randomly with respect to their size (in our exam-
ple with probability proportional to the logarithm of the area),
our extrapolation would become biased toward higher diversity
(Figure 1c).

It is obvious that, as a result of the SAR, larger islands have more
species and that we therefore cannot use a sampling methodol-
ogy that is more likely to sample larger islands and not correct
for it in our diversity estimates. In this paper we will argue that
many estimates of unrecorded diversity are effectively doing
the equivalent of this. This is because these analyses typically
involve trying to estimate the number of species associated
with other species (e.g., the number of insect species associated
with individual tree species, or the number of parasite species
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FIGURE1 | Illustrated effects of biased sampling. (a) The richness of amphibians and reptiles on seven Caribbean islands and its relationship to
island size. We re-analysed the same islands and organism groups as MacArthur and Wilson (1967) used in their seminal work, but we updated the
data to (i) follow a more recent taxonomy and (ii) only include single island endemics following Caribherp (2025). In (b) we extrapolated the total
diversity of the archipelago based on data from a set of 1 or more islands randomly sampled without replacement. The circles report the mean of ex-
trapolated diversity across 10,000 random samples, with the dashed line showing the true total diversity (N=462). Shaded areas show the 95%, 80%
and 50% quantiles. In (c) we repeated the analysis but resampled the areas with sampling weights proportional to the logarithm of island area (in
km?). The results clearly show that biased sampling produces biased estimates of total diversity.
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associated with individual host species), as these groups are
predicted to contain a large proportion of unrecorded diversity.
However, when undertaking analyses of this nature, the species
we have data for and use to extrapolate to all species are dispro-
portionally common and widespread. Just as larger areas can
support more species, more widespread and common species
likely have more associated species. This likely leads to global
diversity extrapolations that are potentially substantially over-
estimated. The issue is likely present in many types of analyses,
and here, we discuss three specific cases focused on the estima-
tion of: the diversity of plant-associated insects based on data of
insect species interacting with individual tree species, parasite
diversity based on host associations, and the number of cryptic
species.

A small number of studies have stressed the importance of
considering SARs in richness estimation, including an inter-
esting comparison of multiple models used to upscale diversity
from plot to country level (Kunin et al. 2018). In this paper, we
argue that extrapolations based on a few well-studied species,
which is a common methodology employed in analyses of global
biodiversity (e.g., Forbes et al. 2018; Larsen et al. 2017; Li and
Wiens 2023), likewise should incorporate SARs, and that the re-
sults of published estimates that did not are likely overestimates.

We note that alternative methods exist for extrapolating rich-
ness that are not influenced by the SAR issue discussed here,
but these generally have separate problems. For example, one
of the most cited global diversity estimation studies utilizes a
method that is based on an observed strong correlation between
the number of species and the number of higher order taxonom-
ical groupings (Mora et al. 2011), but this approach has been
criticized for a lack of a theoretical basis (Scheffers et al. 2012).
Other methods rely on patterns in the number of species discov-
ered per year, but models fitted to these data normally fail to
converge unless the majority of species in a group are already
known (Bebber et al. 2007). Thus, they cannot be employed to
estimate the unrecorded diversity of hyperdiverse but under-
studied groups. Furthermore, results are frequently compared
between methods, with the assumption that a method is more
reliable when it generates estimates that are similar to the es-
timates derived from other methods (see e.g., Stork et al. 2015).
Under this approach, the inferred reliability of completely inde-
pendent methods (such as Mora et al. 2011) may still be affected
by methods that are our focus here, that is, those that should but
do not properly account for SAR dynamics.

2 | Estimates Based on Plant Associated Insects

One of the earliest attempts to estimate unrecorded diversity,
which isalso one of the studies where the bias we discuss is easiest
to see, is the estimate of global insect diversity by Erwin (1982).
Under the assumption that the vast majority of all species were
insects, he focused on this group and estimated the total diver-
sity based on the approximately 1200 insect species associated
with a single neotropical tree species (Luehea seemannii). Here,
insect species associated with a tree are considered as insects
for which the tree species represents a non-negligible fraction
of their habitat. This will include both herbivores feeding on the
tree itself as well as predators, fungivores and scavengers using

the tree as habitat. Erwin then estimated the fraction of specialist
insect species, that is, species only found on a single tree species,
and assumed that this, as well as the number of non-specialist
associated insects, was similar for all tropical tree species. Based
on these estimates and assumptions, Erwin extrapolated the
total global insect diversity to be around 30,000,000 species.
Several studies have since argued that the fraction of host spe-
cific insects was vastly overestimated by Erwin and that most
insects are specialists to tree genera rather than species and that
his estimate therefore was an overestimate (Basset et al. 1996;
Hamilton et al. 2010; Novotny et al. 2002). Another assumption
in Erwin's study, which has received less attention, is that the
insect diversity from a moderately common tree species is an
unbiased estimate of the average insect diversity for a neotrop-
ical tree. This second assumption however likely also leads to a
substantial overestimate of the total unknown diversity.

If we imagine conducting a similar experiment in Germany, we
could for example base our diversity estimate on the 9 insect
species associated with Taxus (Yew), the 12 species associated
with Ilex (Holly), the 499 species associated with Betula (Birch)
or the 728 species associated with Salix (Willow) (Briandle and
Brandl 2002). In this regard, it is important to note that Taxus
and Ilex, which have the lowest associated insect diversity, are
among the rarest tree genera in Germany while Betula and
Salix, with the most associated insects, may be among the most
abundant (Briandle and Brandl 2002).

It has long been recognized that there is a strong relationship
between plant abundance and the number of associated as well
as host-specific insects (Brindle and Brandl 2002; Janzen 1970;
Southwood 1960, 1961), and that this relationship can be under-
stood in terms of the SAR (Janzen 1968). In this context, more
abundant tree species represent a greater ‘area’ for insect species
to inhabit, and thus more abundant trees are predicted to have
more associated insect species. This is also related to the clas-
sic Janzen-Connell hypothesis, where high diversity in tropical
rainforests is maintained because rarer species have a competi-
tive advantage over common ones by escaping from specialized
herbivores and parasites (Connell 1971). Southwood (1960) pro-
posed two linked reasons for such a SAR: (i) that the number
of encounters between an insect and a tree is a function of the
tree species’ abundance, ‘thereby influencing the rate of species
evolution of the ability to feed on that tree’ and (ii) a target effect
(sensu Lomolino 1990), where more abundant tree species have
a greater likelihood of being found by immigrant insect individ-
uals (Southwood 1960). If rarer tree species are associated with
fewer specialized herbivore species, this relationship between
tree abundance and associated insect diversity should be taken
into account when estimating diversity.

Returning to the European example discussed above, anyone
wandering through Germany picking a random tree is much
more likely to select a birch or willow tree than a yew or a holly.
We can further see that the same thing applies to the single tree
Erwin (1982) selected. Luehea seemannii mainly occurs in cen-
tral America (POWO 2024), and Erwin studied it in Costa Rica,
although it extends into the Amazon rainforest. The Amazon
rainforest contains ~15,000 tree species, of which the most
abundant comprises billions of individuals while around a third
of species have estimated population sizes of 1000 individuals or
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less (ter Steege et al. 2020). The Amazonian population of L. see-
mannii, which seems to only represent a small fraction of the en-
tire population of the species (Condit 2019), has been estimated
to number 0.45 million trees (ter Steege et al. 2020), making it
roughly the 5000th most abundant out of the estimated 15,000
tree species in the Amazon rainforest.

If we generalize, it is clear that if a study is based on the species
represented by a randomly selected subset of individuals, the
species studied will nearly always be much more common than
the median species in that assemblage when species are ranked
by abundance. In this context, the species—area relationship will
further interact with one or both of two other macroecological
patterns: (i) the approximately log-normal distribution of spe-
cies range sizes (Gaston 1998) and (ii) the species abundance
distribution, which has often been shown to be well approxi-
mated by logseries distributions (i.e., most species are relatively
rare) across scales, from local to global assemblages (Baldridge
et al. 2016; Callaghan et al. 2023; ter Steege et al. 2020). The
combined result of this is that selecting one or more species of
tree, investigating their associated fauna, and then generalizing
to all species is nearly guaranteed to lead to overestimates of the
number of associated insects.

The logic we are using here has also partly been incorporated
into recent estimates of unrecorded fungi, although this was
done without noting species-area relationships and species
abundance patterns. Earlier studies estimated unrecorded plant-
associated fungi by assuming a global ratio of the number of
fungi and plants in an area (Hawksworth 1991), whereas more
recent studies have noted that the relative number of fungi per
plant is lower in the tropics and higher at the site compared to
the country level (Niskanen et al. 2023). Although not discussed
in these studies, the results match our expectations. First, at the
site level, the most common species are disproportionally likely
to be present, and these should have more associated fungal spe-
cies. Second, tropical regions have relatively higher numbers of
rare species (Enquist et al. 2019), and rare plants should have
fewer associated fungal species.

In summary, while a SAR—in terms of tree abundance and the
number of associated insects—is known to operate in temperate
systems (Bréndle and Brandl 2002; Southwood 1961), it has not
yet been incorporated into estimates of tropical insect diversity.
Doing so would reduce previous estimates of undescribed trop-
ical insects.

3 | Estimates of the Number of Animal Parasites
and Parasitoids

Although much attention to global unrecorded diversity has
focused on plant-associated insects, there are other extremely
diverse, albeit even less understood, groups; many of these are
parasites or parasitoids (Forbes et al. 2018; Larsen et al. 2017).
Estimating the number of parasites is therefore an essential part
of estimating total undescribed diversity. A challenge in this re-
gard is defining what a parasite actually is. One attempt at de-
fining this was made by Poulin and Morand (2000), who note
a loose definition of a parasite as ‘obligate feeding on a living
organism without death to the host’, and a stricter one further

requiring that ‘an organism must live on or in its host for a signif-
icant portion of its life to be considered a parasite’. Plant-eating
insects are generally not included in discussions of parasites,
and for the purpose of this paper, their inclusion or exclusion is
irrelevant. We do however stress that most plant-eating insects
would fit both the loose and strict criteria listed above and that
the ecological dynamics between plants and insects therefore
seem very similar to the dynamics between hosts and parasites.

Previous diversity estimates for parasites (e.g., Forbes et al. 2018;
Larsen et al. 2017), just like previous estimates of plant-eating
insects, have ignored the SAR and the parasite estimates may
therefore be overestimates. Since the bias we focus on requires
both the presence of a SAR and biased sampling, we will first
show why a SAR is expected in the context of parasite diversity,
and then highlight the biased sampling.

The existence of a SAR in parasites has been somewhat con-
troversial but there are strong reasons to assume its presence.
Although some studies have only found weak or even no sup-
port for a parasite SAR (e.g., Strona and Fattorini 2014), a global
meta-analysis provided strong evidence of the pattern (Kamiya
et al. 2014). The SAR for plant-eating insects is well known
(Southwood 1960) and it is difficult to use theoretical arguments
to explain why a SAR should apply for insects and plants but not
for parasites and hosts. In addition, Strona and Fattorini (2014)
highlight that sampling is difficult for parasites, meaning that
the data used to search for a SAR are often sparse and noisy.
In line with a SAR for parasites, it seems clear that host species
with narrow ranges and small population sizes are unlikely to
sustain specialist parasites. There is a strong relationship be-
tween population size or range size and extinction rate (Griffin
and Drake 2008; Payne and Finnegan 2007) and since no par-
asite will infect all host individuals at the same time, parasite
species in hosts with small populations will face high extinction
risk. Parasites vary widely in the minimum host population size
they require, but there are at least some species requiring very
large population sizes. For instance, the host-specific measles
virus that only affects humans requires population sizes of at
least 500,000 humans to survive in a population (Black 1966).
Population sizes are only known for a subset of species but
among birds, which is one of the only groups where global pop-
ulation sizes have been estimated for nearly all species, the
median population size at the species level was only 450,000
(Callaghan et al. 2021). Given that many species are divided
into multiple populations, it seems likely that most species do
not have any populations large enough to sustain parasites like
measles, thus again leading to SAR-like patterns, where fewer
parasite species are associated with relatively rare host species.

Given that, as we have argued above, SARs are expected to
exist for parasites, estimates of the total number of unknown
parasites will be problematic if the host species whose parasites
or parasitoids have been investigated are disproportionately
more common than a randomly selected species. This clearly
seems to be the case. For example, an estimation of the global
number of parasitoid species (Forbes et al. 2018) relied on four
host genera, each coming from one of the four largest insect
orders, and relied on data from thoroughly studied insect spe-
cies. The data, however, also come from highly abundant an-
imals. One genus (Rhagoletis: Diptera) is an important pest in
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agriculture and the three others (Malacosoma: Lepidoptera,
Dendroctonus: Coleoptera and Neodiprion: Hymenoptera) are
among the most important pests in forestry (Forbes et al. 2018).
To take another example, Larsen et al. (2017) estimated the
total number of parasites/commensal animals globally (with
parasitoids not included in their definition of parasites) and
argued that mites and nematodes are by far the most diverse
groups. They estimated the number of parasitic/commensal
mites (Larsen et al. 2017) based on several papers, but the
two most recent studies (Knee et al. 2012, 2013) are based on
bark beetles including the extremely abundant Dendroctonus
beetles mentioned above. Larsen et al. (2017) also used sev-
eral sources to generate nematode diversity estimates, but it
is interesting that one of their highest estimated numbers of
host-specific parasites again comes from a genus of bark bee-
tles (Ips), which are important pests in forestry (Grucmanova
and HoluSa 2013). We note that major pests are not necessarily
the most abundant species naturally, as for example seen in
the Colorado potato beetle (Leptinotarsa decemlineata) which
is a worldwide major pest today but apparently used to be a
moderately common species with a spatially limited range
(Casagrande 1985). All else being equal, however, it seems fair
to assume that the abundances over evolutionarily relevant
timescales of the insect species investigated for their parasite
or parasitoid fauna are substantially larger than randomly se-
lected insect species.

In summary, if there is a SAR in animal parasites and parasit-
oids (which seems theoretically very likely although it has yet
to be convincingly shown empirically), the previous estimates
of the number of parasites and parasitoids are likely to be vast
overestimates given that they are based on some of the most
abundant insect species.

4 | Estimates of the Number of Cryptic Species

A related problem is apparent in estimates of the number of
cryptic species, that is, distinct species that cannot be distin-
guished based on their morphology (at least based on current
knowledge). Several studies (e.g., Larsen et al. 2017; Li and
Wiens 2023) have tried to identify, for a range of taxa, the aver-
age number of cryptic species per analysed morphological spe-
cies in order to estimate the total number of undescribed cryptic
species. A thorough study focused on cryptic insect species did
acknowledge that their estimate could be an overestimate if
cryptic species are more common in abundant and widespread
morphological species and acknowledged that their data over-
represented such species (Li and Wiens 2023). They however
went on to argue that their results would be unlikely to suffer
from this bias (Li and Wiens 2023).

Yet, there are strong reasons to assume that species with avail-
able genetic data are disproportionally widespread, and that
widespread species are disproportionally likely to contain cryp-
tic species. Among mammals, a study found a clear pattern
where morphological species suggested to comprise a number
of cryptic species had on average a much larger range size than
species without any such evidence (Parsons et al. 2022). This
pattern may be even stronger than it appears in their data since
species with genetic data (which is a requirement when looking

for cryptic species) are on average more widespread than spe-
cies without genetic data (Reddy 2014). We acknowledge that we
cannot know if the relationship between range size and cryptic
species is also present in arthropods, which are the most import-
ant group in estimates of global undescribed diversity, but there
is no obvious reason why a relationship between range size and
cryptic divergence should be vertebrate-specific.

There are also theoretical reasons why more widespread mor-
phological species should be more likely to contain cryptic spe-
cies. Currently accepted species generally correspond to clades
representing one or more actual (but potentially cryptic) species.
As long as there is not a perfect correlation between the rate of
speciation and the rate of evolution of morphological charac-
ters that enable scientists to tell species apart, cryptic species
should be more common in clades with higher speciation rates.
A higher speciation rate for widespread species is supported
by both theoretical models and empirical studies (e.g., Pigot
et al. 2010; Smycka et al. 2023), and widespread morphological
species should therefore on average contain more cryptic species
than geographically restricted ones.

In summary, we again have strong reasons to assume that the
current estimates of the number of cryptic species are overesti-
mates because they are based on morphological species which
are disproportionately likely to contain cryptic species com-
pared to a randomly selected morphologically defined species.

5 | Estimating the Effect Size

We have argued for the presence of a bias but have not yet tried
to estimate the magnitude of it. The magnitude of the bias for
parasites and for cryptic species may not yet be possible to es-
timate but for the case of plant-feeding insects some data are
available, which will enable us to illustrate the potential magni-
tude of these biases. The first step is deciding on a mathematical
function for the SAR. The two most frequently applied models
to estimate the number of species (n, in an area of size A) are
the power model (1, = cpyy, X A%w) and the semi-log model (n
A:zSemﬂnglog(A)+cSemilog), where ¢ and z are coefficients es-
timated from empirical data. Across true island datasets, the
power law has typically been found to provide a marginally bet-
ter fit than the semi-log model (Triantis et al. 2012). However,
we will use the semi-log model here for the purpose of our ap-
proximation of the bias, as it allows for an easier transfer of the
slope coefficient of the relationship (zSemilog) across systems, as
we show below. In this regard, we also note that the complex
reality of diversity scaling can never be fully captured by SAR
models with a limited number of parameters. Several important
factors, such as the often-discussed small island effect whereby
species richness initially increases at a slower rate for small is-
lands (see e.g., Chiarucci et al. 2021), are necessarily omitted
from these simple models and the results from them should
therefore always be interpreted with caution.

If we only look at specialist species, it seems clear that there
must be some lower bound where no associated species exist.
More generalist species could in principle be associated with
trees of any population size, but for most insects adding an
additional host plant requires some adaptations, for example,
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associated with the plant's chemical defences or how adult
insects identify host plants (Després et al. 2007). There must
again be some lower bound where such adaptations are not
evolutionarily advantageous to maintain. We acknowledge
that this lower bound does not need to be the same for special-
ist and generalist species, and that a small number of hyper
generalists exist (see e.g., Forister et al. 2014), which can be
found on plants with any population size. For model simplic-
ity we will however assume a single lower bound, which we
indicate with k. Below this lower bound we will assume no
associated insects.

Based on these definitions, we can predict the number of species
in an area of size A as follows:

I=1,ifA>k
ny = I'x (zSemilog X loglO(A) + cSemilog) where .
I=0, otherwise

@

where k can either be specified based on empirical observation
or set to the value above which the predicted species number is
not negative, that is,

k = 10 Csemilog/Zsemilog 2

For plant-feeding insects, we can get potential values for
the above equation based on the data from Bridndle and
Brandl (2002). After fitting a log-linear regression model to
the Brindle and Brandl (2002) data and setting A to the abun-
dance of a tree species, we obtain (multiple R-squared: 0.30,
p=0.0046) a slope Lsemilog = 924> N intercept ¢ —1489
and threshold k=694.

Semilog =

If, for the sake of argument, we assume that the species-area
slope (zSemﬂog) (with area here representing the abundance of
a given tree species) is consistent across areas (although we ac-
knowledge that it will vary across regions in reality), we can use
this estimate and apply it to the Amazonian data, while still al-
lowing for a different intercept (cSemilog)' Erwin (1982) estimated
there to be 1200 insect species associated with L. seemannii and
ter Steege et al. (2020) estimated the log,, population size of
L.seemannii in the Amazon population to be 5.66 (0.45 million
individuals). Using this and applying the semi-log model slope
parameter calculated above (i.e., Zsemilog = 524), we can estimate
the intercept (rounded to integer) cg emilog = 1764, and the param-
eter k=2325 (the minimum number of individuals that can sus-
tain one insect species, here rounded to an integer), and can use
these to predict the number of associated insects for tropical tree
species using Equation (1).

ter Steege et al. (2020) used data from a large network of tree
plots to estimate tree diversity in the Amazon. They found that
the log transformed rank abundance curve was approximately
linear and predicted a total diversity of about 15,000 tree species
(between 13,887 and 17,020) of which the majority was unsam-
pled, that is, did not occur in any of their plots. Using a linear
model to predict the abundances of unsampled species, we find
that 5758 tree species (almost 40%) have predicted abundance
lower than our estimated threshold k. Applying Equation (1)

to the predicted tree abundances we further obtain a mean in-
sect diversity per tree species of 798. This suggests that taking
the estimate from L. seemannii (i.e., 1200) to extrapolate insect
diversity without accounting for the SAR would lead to a 50%
overestimation.

The transference of SAR slopes between temperate systems (i.e.,
ZSemilog = 524) and tropical ones is of course problematic and only
intended as an illustrative example of the magnitude of the prob-
lem. Yet, we find that repeating our predictions of mean insect
diversity per tree species under a range of slopes, spanning from
524/2to 524 x 2, still result in estimates substantially lower than
the 1200 species measured for L.seemannii (Figure 2). Under
this range of scenarios, assuming 1200 insect species across all
tree species would lead to overestimations ranging from 25%
to 52%.

We can also look at an empirical distribution of SAR slopes
from an analysis of 601 true island datasets covering multi-
ple taxa (Triantis et al. 2012). These slopes are derived from
the analysis of biogeographical systems which may respond
differently from the evolutionary relationship between trees
and herbivorous insects. We also note that there may be sam-
pling biases associated with these, for example, as a function
of relatively more intense sampling on smaller oceanic is-
lands. Yet they may still represent a useful comparison to as-
sess if the SAR slope (of the semi-log model) we estimated for
temperate trees is comparable to those from biogeographical
datasets. However, initial examination of the slopes revealed
that the slope is clearly taxon-specific. This is most obvious
when thinking about taxonomically nested datasets where
the slopes necessarily increase for higher taxonomic groups.
Taking the simplest theoretical example, if the diversity of
two groups G and H are given by ng , =z;xlog(A) +c; and
Ny o =2 X10g(A) + ¢y, then the combined diversity is given by
No At hy A= (zg +24) X 10g(A) + ¢ + ¢,y Thus, semi-log model
slopes are not comparable among organism groups that vary
in the number of species they contain. Yet, if similar under-
lying biological processes were operating, the ratio between
the maximum predicted diversity (e.g., the number of species
associated with the largest area or most abundant host spe-
cies, here indicated with n, ) and the slope may be approx-
imately constant. Using the 601 datasets and Equation (1),
we calculated the ratio between the slope ZSemilog and the ob-
served maximum diversity value n,  and find that indeed
this relationship is unimodal and relatively constrained, with
a median of 4.39% and 75% of the values between 2.3 and 7.6
(Figure 3). Going back to the insect example in Amazonia and
using the estimated n,  =3303 for the most abundant spe-
cies in the dataset (Eschweilera coriacea) and ZSemilog = 524, we
find that the ratio for this dataset was 6.3, which is well within
the range of empirical measurements (Figure 3). This suggests
that the slope of ecological species-area relationships is rela-
tively well constrained and that our estimates of Amazonian
insect diversity per tree species fall within a plausible range,
despite the extrapolations made from temperate data.

These estimates are based on the semi-log model where we could
use empirical values, but there are several alternative models for
the SAR (Triantis et al. 2012), with the power model being the
most obvious alternative candidate model. However, we cannot
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FIGURE 2 | Estimated average insect diversity per tree species under a range of SAR slope (zSemilog parameter of the semi-logSAR model) values

spanning from 524/2 to 524 x 2. These averages are estimated while accounting for the SAR using Equation (1) across all Amazonian tree species.

The horizontal dashed line shows the 1200 insect species associated with the tree species Luehea seemannii and clearly indicates that using this value

as a proxy for mean insect diversity per tree species would lead to a substantially higher estimate of total diversity, across a wide range of slopes, here
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FIGURE 3 | Frequency distribution of the empirical ratio be-
tween observed maximum species richness and the slope of the
semi-log SAR model. The data come from 601 true island datasets
from Triantis et al. (2012), where each dataset represents the number
of species of a given taxon on islands in an archipelago. The y-axis
represents the frequency among the 601 studies considered here. For
plotting purposes, we included datasets within the 2.5%-97.5% quan-
tiles, resulting in the exclusion of 32 points, that is, 5% (the full range
can be seen in Figure S1). The estimated ratio for insect diversity on
Amazonian trees (dashed red line), although based on extrapolations
from temperate trees, is clearly within the range of empirical island
SARs.

€{262, 1048}. The overestimation using the slope of the temperate tree SARs, Zsemilog = 924 is 50% (red circle).

reliably transfer the exponent (z,,) of the power model from
temperate to tropical systems. If we fit a power model to the
German study discussed above (Brdndle and Brandl 2002), we
get an exponent of 1. If we tried transferring this exponent di-
rectly, we would get the nonsensical result of 35.4 million insect
species per tree species. We can instead try a suggested value of
the exponent from the literature, such as 0.2, which has been
suggested as plausible for continental settings in conventional
SARs (Kunin et al. 2018). Using this exponent, we get a mean
insect diversity per tree species of 1095, which is just 9% lower
than Erwin's (1982) estimate of 1200 insects per tree species. It
has recently been suggested that the true SAR in many cases is
intermediate between the semi-log and the power model (Carey
et al. 2023). Taking all of this into account, the best available
data suggest that the extrapolated diversity estimates may be
up to 50% too high due to the failure to integrate species-area
relationships into the estimates, but there is considerable uncer-
tainty to consider.

We also note that all the above estimates of the bias are condi-
tional on the population size of L.seemannii, which is known
to be an underestimate. For one thing, our population estimate
only relates to the Amazonian abundance, whereas the ma-
jority of the distribution of the species is in Central America
(Condit 2019). An analysis has suggested that about %4 of all tree
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species in the Amazon have the majority of their range outside
the Amazon (Feeley 2016). The effect of this is that not integrat-
ing SAR dynamics into diversity estimates is potentially an even
bigger problem than the numbers and analyses above suggest,
although we do not have adequate data to estimate the extent to
which this is the case.

In conclusion, it is important to highlight that there are several
reasons why Erwin's (1982) predictions are overestimates and we
are not arguing that the SAR related issue presented here is the
most important or only source of bias. For example, L. seeman-
nii could be atypical for other reasons (e.g., in terms of its phy-
tochemistry), and the fraction of species that were considered
monophagous was based on a rough and likely inaccurate rule
of thumb. Indeed, the predicted number of phytofagous insects
has been drastically lowered following Erwin's (1982) estimate
of 30 million. Later analyses estimated the number to be one
order of magnitude lower, with a reported 90% confidence inter-
val between 2 and 7 million (Hamilton et al. 2010). However, the
identification and discussion of other potentially larger sources
of bias does not negate the importance of highlighting the poten-
tial SAR related bias, particularly as this likely also affects other
elements of global richness estimation (including but not limited
to estimates of total parasite diversity and estimates of cryptic
species numbers).

6 | Ways Forward

Here, we have addressed three cases in which ignoring the
SAR results in biased global diversity estimates, but it should
be noted that they may interact with and potentially strengthen
one another. As an example, we consider the estimate of the total
number of animal species generated by Larsen et al. (2017). They
started out with an estimate of 6.8 million insect species from
Stork et al. (2015). This estimate is not directly related to the
SAR, but one of the arguments for its credibility used by Stork
et al. (2015) was its similarity with estimates based on plant-
associated insects, which, as we argued above, are near guar-
anteed to be overestimates. Larsen et al. (2017) multiplied this
estimate of morphological species diversity with an estimate
of the number of cryptic species per insect, which we also dis-
cussed above is near guaranteed to be an overestimate. This was
then multiplied with an estimate of the number of mites per in-
sect, which suffers from the same overestimation bias. Finally,
the total number of arthropods (based on insects and mites) was
multiplied by the average number of nematodes per arthropod,
which we contend will be biased in the same direction. Although
the undescribed diversity of these groups is unquestionably vast,
extrapolation biases potentially lead to a cascade of error prop-
agation and amplification, resulting in unrealistic biodiversity
estimates.

The biases we focus on are restricted to classical approaches,
leading to the question of whether the easiest solution to the
problem is using eDNA to estimate global biodiversity instead.
We, however, consider this unlikely. As DNA sequencing is
rapidly becoming cheaper and easier, some scientists have ar-
gued that barcoding approaches may resolve uncertainties in
the number of species (Hebert et al. 2016). DNA barcoding may
prevent some of the issues leading to error amplification just

mentioned, but it alone will not lead to correctly estimated total
species diversity for similar reasons to those we have addressed
here. Many species are extremely narrowly distributed (and/or
very rare), and it seems unrealistic to assume that all or even a
large number of species can be picked up by generalized sam-
pling procedures. The distribution of range-restricted species is
at least somewhat predictable (Sandel et al. 2011), and this could
theoretically be incorporated into a sampling regime, but each
area only contains a moderately small number of narrow-ranged
species (Jetz and Rahbek 2002). It seems likely that eDNA se-
quencing can solve many issues but probably not the ones we
address here, at least not unless an unrealistically dense global
sampling regime is undertaken, involving sampling every few
kilometres apart across the globe.

There is a rich literature on upscaling biodiversity, with many
proposed approaches (see e.g., Kunin et al. 2018), and we are
not arguing that all species richness extrapolation approaches
are flawed. Rather, our analyses show that many estimates of
global diversity—particularly those based on extrapolating
based on a few well studies species—may be substantially bi-
ased. In our opinion, we cannot get reliable estimates of global
diversity based on such generalizing without integrating the
species-area relationship into the analyses, and to do so we
may require large amounts of field work. The plant-eating in-
sects we discussed first may be the pattern where empirical
data are easiest to obtain. Different research groups have al-
ready undertaken each half of this work for the insect-plant
relationship. This was unfortunately done on separate tropical
continents—as we noted above, ter Steege et al. (2020) esti-
mated population sizes of all tree species in the Amazon and
in another study Novotny et al. (2002) identified all plant asso-
ciated insects on 51 different tree species in New Guinea—but
it shows that the data needed to analytically solve this can be
obtained and we hope that this paper may motivate future em-
pirical work trying to do so. Although with the available data
it remains difficult to provide robust estimates of the magni-
tude of the problems shown here, we think existing evidence
points to substantial overestimations of current global diver-
sity estimates.
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Additional supporting information can be found online in the
Supporting Information section. Figure S1: Empirical ratio between
maximum species richness and slopes of logarithmic SAR models. Data
come from 601 true island datasets from Triantis et al. (2012), where
each dataset represents the number of species of a given taxon on is-
lands in an archipelago. The value estimated based on temperate trees
is shown as a vertical red line, and the median value across all SARs is
shown as a vertical blue line.
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