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It is a biogeographical trope that after several centuries of explora-
tion, our knowledge of the world's biodiversity is still staggeringly
incomplete (Meyer et al., 2016), even for well-studied groups such as
trees (Keppel et al., 2021). Thus, when a study publishes a new esti-
mate of the number of known (and unknown) tree species on Earth, it
often gains global media attention. Recently, a new study suggested
that there were approximately 73,000 tree species worldwide and
as much as 14% of the world's tree flora still remains unknown to
science (Gatti et al., 2022). But how accurate are such estimates?
Assessments of the global number of tree species vary be-
tween 45,000 (table 1 in Fine & Ree, 2006) and 100,000 (Oldfield
et al., 1998). Estimates of tree species richness in the Amazonian
rainforest range from 14,000 (Cardoso et al., 2017) to over 15,000
species (ter Steege et al., 2020). The disparity in the estimates trig-
gered a scientific debate about the most appropriate data and meth-
ods to identify the total number of tree species (Cardoso et al., 2017;
Chao & Colwell, 2017; ter Steege et al., 2020). Much progress has
been made in understanding the sensitivity of estimates to different
mathematical models (e.g. parametric or non-parametric estimators),

and the completeness of biodiversity inventories. Surprisingly, there

has been little progress in quantifying uncertainty associated with
underlying data, specifically related to changes in taxonomy and er-
rors in species identification. Here, we highlight two reasons why
understanding taxonomic uncertainty is crucial for estimating the
number of known and unknown species in the world.

First, taxonomy does not advance homogeneously across taxa
or regions. Until 2015, 15,000 plant species were described for the
Brazilian Atlantic forest but only 12,000 for the Brazilian Amazon,
a region that is nearly four times larger than the Atlantic forest. In
fact, the Brazilian Amazon lags 65 years behind the Atlantic forest in
terms of species description (Hopkins, 2019). Moreover, taxonomic
effort and reclassification do not affect taxa equally. For several
well-studied taxa, such as palms, taxonomic lumping has reduced the
number of valid species over time. For example, the 27 species that
currently comprise the single palm genus, Attalea, were described
as 16 different genera and 167 species (!) over the past 200years
(Henderson, 2020) (Figure 1). For other taxa, such as the Neotropical
genus Protium, taxonomic splitting has increased the number of spe-
cies (Damasco et al., 2021). Thus, it is questionable whether taxo-

nomic lumping and splitting is a ‘zero-sum game’; specifically, at the
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FIGURE 1 Taxonomic change in palms (Arecaceae; Palmae). (a) Shows the taxonomic reclassification of 708 synonyms into 148 accepted
names of palm species that occur in Amazonia; each colour represents a species name. (b) Depicts the link between heterotypic synonyms
and the accepted name in a timeline of taxonomic lumping for one palm species, Attalea butyracea; horizontal coloured lines mark the year
of description of 18 heterotypic synonyms and the year of synonymization, with each colour representing a current synonym; vertical lines
indicate the counts of accepted species (in parentheses) in a given year; curved lines represent the lumping of 18 heterotypic synonyms into
A. butyracea. Data sources: For (a), the list of accepted names of palms that occur in Amazonia was extracted from Cardoso et al. (2017) and
ter Steege et al. (2019), whereas the list of synonyms was obtained from Govaerts et al. (2022); the list of heterotypic synonyms shown in (b)

was obtained from Henderson (2020).

level of individual genera or families. Taxonomic change will continue
to impact species numbers, particularly for poorly studied taxa and
regions. Given the different stages of taxonomic knowledge for the
various plant families, it is difficult to establish robust estimates of
species richness, especially when such estimates are based on as-
ymptotic values of extrapolated species accumulation curves or non-
parametric species richness estimators (as e.g. in Gatti et al., 2022).
Second, species misidentification is common across taxa and
prevalent in temperate and tropical forest plots (Dexter et al., 2010).
Yet, the absolute number of misidentified trees is particularly high in
floristically diverse tropical forests as many tree families lack recent
taxonomic studies that provide, e.g. identification keys. This prob-
lem is reflected by tropical herbaria that tend to contain a large num-
ber of misidentified vouchers, which are used to match unidentified
tree samples (Goodwin et al., 2015). By contrast, temperate forests
have lower diversity and a longer taxonomic history and thus their
tree flora is less prone to misidentification. Species counts are af-
fected by misidentification in at least two ways. A single species can
be incorrectly identified as several species, which inflates the count
of “rare” species. Conversely, several rare species can be incorrectly
identified as one single species, which inflates the count of “common”
species (Dexter et al., 2010). Both ways of misidentification cause

spurious variation in the species composition between sampling
units and may affect estimates of species richness as calculated, for
example, by the Chao2 adjusted estimator (Chao, 1987). This esti-
mator can be adequate for predicting regional species richness from
heterogeneous data sources (Hortal et al., 2006). However, to mini-
mise a possible overestimation of species richness, it requires that all
unique species in a sample have the same mean detection probability
(Chao & Colwell, 2017). Several studies, such as Gatti et al. (2022),
partly account for this by estimating true unique species, but this
approach assumes that the probability of errors in the recording of
unique species is similar across continents—an unrealistic assump-
tion given the large regional discrepancies in the resources and ca-
pacity to accurately identify tree species.

A single, universally accepted estimate of the number of species
on Earth may never be achieved as it would require each species
being unambiguously described, named and allocated to a unique
branch in the tree of life based on a single species concept; an out-
of-reach goal for taxonomy. Understanding how taxonomic uncer-
tainty affects estimates of species richness continues to be a major
challenge that requires collaboration across disciplines. This opens
a research avenue with at least three fronts. First, it is necessary
to document the taxonomic history of species, that is, describing
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temporal trends and understanding the drivers of new discoveries,
taxonomic lumping, splitting and re-assignments. Second, such his-
torical taxonomic data need to be incorporated into mathematical
models of species richness, thereby capturing variations in spe-
cies numbers that result purely from progress in taxonomy (e.g.
Alroy, 2002; Edie et al., 2017). Third, insight from taxonomic history
can be used to forecast how future taxonomic explorations, includ-
ing new discoveries and reclassifications, may reshape the current
pattern of species richness (Edie et al., 2017). Tackling these chal-
lenges requires a network of taxonomists, macroecologists and data
scientists collaborating across multiple taxa in different continents.
Expeditions to remote forests are surely needed to unveil the
diversity of the world's tree flora, but uncovering the number of
known and unknown tree species also requires bridging the gap
between taxonomy and macroecology. In the age of advanced data
mining and statistical modelling, reconstructing centuries of taxo-
nomic discoveries may be as rewarding as new field expeditions.
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