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Highlights

•	 Biodiversity shortfalls lead to biased biodiversity 
estimates, preventing a comprehensive understanding 
of biodiversity patterns, and jeopardizing the 
effective implementation of data-driven conservation 
strategies.

•	 When new species are described, species diversity 
patterns based on phylogenies are less affected than 
those based on richness.

•	 In this context, solving the Darwinian shortfall will 
lead to more robust evaluations of macroecological 
and biogeographic patterns.

•	 However, Latitudinal Taxonomic Gradients (LTGs) 
provide an interesting framework to explore how 
uneven knowledge about species taxonomy and 
geographical distribution link the Linnean, Wallacean, 
and Darwinian shortfalls and affect the evaluation of 
diversification patterns.

Abstract

Species are the currency of most biodiversity studies. 
However, many shortfalls and biases remain in our 
biodiversity estimates, preventing a comprehensive 
understanding of the eco-evolutionary processes that 
have shaped the biodiversity currently available on Earth. 
Biased biodiversity estimates also jeopardize the effective 
implementation of data-driven conservation strategies, 
ultimately leading to biodiversity loss. Here, we delve 
into the concept of the Latitudinal Taxonomy Gradient 
(LTG) and show how this new idea provides an interesting 
conceptual link between the Linnean (i.e., our ignorance 
of how many species there are on Earth), Darwinian (i.e., 
our ignorance of species evolutionary relationships), and 
Wallacean (i.e., our ignorance on species distribution) 
shortfalls. More specifically, we contribute to an improved 
understanding of LTGs and establish the basis for the 
development of new methods that allow us to: (i) better 
account for the integration between different shortfalls 
and, (ii) estimate how these interactions may affect our 
understanding about the evolutionary components of 
richness gradients at macroecological scales.

Keywords: biodiversity bias, Darwinian shortfall, diversity gradients, knowledge shortfalls, latitudinal taxonomy gradient, 
Linnean shortfall, macroecology, uncertainty, species diversity, Wallacean shortfall.
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Introduction
Our current biodiversity knowledge includes 

multiple shortfalls (see Hortal  et  al. 2015 for a 
review; Fig.  1; Table  1) that range from a lack of 
basic information about species taxonomy (Linnean 
shortfall) and their geographic ranges (Wallacean 
shortfalls) to more complex issues related to the lack 
of knowledge on population dynamics (Prestonian 
shortfall), functional traits (Raunkiaerian shortfall), 
species interactions (Eltonian shortfall), and various 
components of ecological niches (Hutchinsonian 

shortfall). Because evolutionary dynamics impact 
biodiversity patterns at different scales, it is important 
to evaluate the origin and effect of biodiversity 
shortfalls through comparative methodological 
approaches that seek to investigate the evolutionary 
imprint on the patterns observed (Harvey and Pagel 
1991; Mouquet et al. 2012; Nur et al. 2022). However, 
our knowledge about phylogenetic relationships, 
divergence times, and trait evolution is far from 
complete, hampering a comprehensive understanding 
of the evolutionary history of lineages (i.e., the 

Figure 1. Illustration of the three biodiversity shortfalls discussed for a hypothetical group of butterflies. Within the left 
map, the known occurrence of species A, B and C is represented by solid drawings, whereas faded drawings indicate 
unknown occurrences (i.e., corresponding to the Wallacean shortfall). Notice that although there is a lack of knowledge 
on records for all species, only for species B the Wallacean shortfall implies a serious underestimate of geographic range 
position and extent, which would be expanded southward after knowledge increases. The dashed ellipses indicate different 
components of the Linnean shortfall, including the misidentification of species (the colors surrounding occurrences indicate 
incorrectly identified species) and the description of a new species (A2, in grey) that becomes recognized after a better 
evaluation of former species A based on more integrative taxonomic practices, which results in splitting its populations 
into A1 (corresponding to A) and A2 (new species). On the right, we show the different components of the Darwinian 
shortfall, starting with a first definition of the topology and branch lengths, followed by a more detailed evaluation of 
evolutionary models and, at the bottom, the addition of the newly recognized species A2 as a small branch within the 
original species A. Notice that adding this new species is related to the Darwinian shortfall, as it changes the topology and 
statistical distribution of branch lengths within clades (thus affecting the estimates of diversification rates, as shown in 
Figs. 2 and 3) and to the Wallacean shortfall, as it causes shifts in different properties of geographic ranges of species A.
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Darwinian shortfall; Diniz-Filho  et  al. 2013). These 
knowledge gaps inevitably affect our understanding 
of ecological patterns and their underlying processes, 
jeopardizing the establishment of efficient data-
driven conservation strategies (Whittaker et al. 2005; 
Bini et al. 2006; Tucker et al. 2019).

Even though the Linnean shortfall represents 
the most fundamental shortfall, impacting all 
other shortfalls in various ways (Hortal et al. 2015), 
the network of reciprocal dependencies among 
biodiversity knowledge shortfalls is still operationally 
and conceptually unclear. For example, describing 
new species within a clade (i.e., by solving the 
Linnean shortfall) increases the Phylogenetic Diversity 
(PD; Faith 1992), which is frequently estimated by 
summing all branch length paths connecting sets 
of species in a phylogeny. Nonetheless, the species 
richness-PD relationship tends to follow a power law 
function, eventually saturating PD values as more 
species are added to the pool (Fritz and Rahbek 
2012; Tucker and Cadotte 2013; Voskamp et al. 2017). 
Once the backbone of the phylogeny is established, 
adding new species tend to bind terminal branches 
exclusively, not significantly impacting the overall 
phylogenetic knowledge (Blackburn  et  al. 2019). 
This process occurs, for instance, under “taxonomic 

inflation” (Isaac et al. 2004; see also Lum et al. 2022), 
whereby new species primarily result from changes 
in taxonomic practice (e.g., changes in species 
concepts and/or species delimitation) rather than 
new discoveries.

Following the above reasoning, Diniz-Filho et al. 
(2013) proposed that solving our ignorance about 
the phylogenetic relationships among known species 
would provide the basis for consistent estimates of 
overall diversity patterns. With a robust knowledge 
of phylogenetic relationships, the resulting data 
would not be substantially impacted by the 
description of new species in the future, allowing 
for more robust and stable spatial conservation 
planning strategies. In other words, conservation 
applications are highly dependent on solving the 
first component of the Darwinian shortfall (i.e., lack 
of comprehensive available phylogenies). In fact, for 
practical applications, solving the Darwinian shortfall 
might be even more urgent than solving the Linnean 
shortfall, providing a “by-pass” for rapidly increasing 
our knowledge on overall biodiversity patterns. 
However, the presumed independence between 
the Darwinian and Linnean shortfalls at broad scales 
may not apply well to other macroecological and 
biogeographical patterns.

Table 1. A brief description of the Linnean, Wallacean and Darwinian shortfalls (see Hortal et al. 2015), the three biodiversity 
shortfalls more directly involved in the effects of systematics on our ability to describe biogeographical patterns.

Shortfall Description
Linnean Most species, both extant and extinct, have not yet been identified and described, as a 

result of a number of reasons. Many unknown species may still be undiscovered in poorly 
sampled regions around the world. Simultaneously, even well-known regions may hide 
undescribed species because of poor taxonomic practices, or changes in the criteria used to 
delimitate biological units at a given evolutionary level (i.e., species). The Linnean shortfall is 
usually considered the most fundamental one, as it affects all other shortfalls.

Wallacean There is typically a lack of knowledge of the whole extent of the geographic distribution 
ranges of most species, even for taxa with a reasonably good delimitation of most valid 
species. In many situations, the lack of knowledge on species distributions affects the 
estimates of species’ extent of occurrence and geographic position. Further, lack of 
occurrence data within the polygons delimitating distribution ranges hampers estimating 
geographic occupancy that, in turn, relates to other shortfalls, mainly the Prestonian (lack 
of data on population abundance and dynamics) and Eltonian (lack of knowledge on biotic 
interactions).

Darwinian There is a general lack of knowledge on the tempo and mode of evolution, in particular 
of the tree of life, i.e., the phylogenetic relationships among species. First, in many cases, 
basic knowledge of the topological relationships among species is lacking. Second, there 
are limited data on the distribution of branch lengths, which can be calibrated based 
on molecular distances and fossil data. Finally, we have a limited understanding on 
how functional traits and niche properties of the species evolve, and which one of the 
alternative evolutionary models they follow. This last component hampers establishing 
how the Darwinian shortfall is linked with other shortfalls such as the Raunkiaerian (lack 
of knowledge on species’ traits and functions) and Hutchinsonian (lack of knowledge on 
species’ responses to abiotic factors).
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Figure 2. A schematic hypothetical example of the effects of the latitudinal taxonomic gradient (LTG) proposed by Freeman 
and Pennel (2021) in respect to diversification rates. On the left there is a phylogeny for 10 currently known species (left 
phylogeny). The northern species (A to D) are found in well-known regions and represent well-delimited species. Conversely, 
the species known from the southern region (E to J) are not well delimited. Based on surrogates of robustness of species 
delimitation (or after some empirical integrative taxonomic studies) researchers decide to split species E, G and H into 
several taxa, consequently subdividing their original geographic ranges. The color gradient in species’ geographic range 
and in the branches in each phylogeny range refer to the Diversification Rate (DR) and vary from 0.6 (blue) to 2.6 (red), 
mapped using contMap function of the R package Phytools.

Figure 3. The statistical distribution of mean DR in the southern region obtained by 5000 replications of the splitting of 
species illustrated in Fig. 2. In each replication, 5 cycles of splitting were simulated, randomly selecting any of the southern 
species and allocating the new derived species in a random position along the branch of the ancestral species. The dashed 
vertical line shows the mean DR in the northern species.
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Linking the Linnean and Darwinian 
shortfalls

Freeman and Pennell (2021) recently called 
attention to an important issue that leads to an 
unsuspected link between the Linnean and Darwinian 
shortfalls: taxonomic delimitation of species can be 
geographically structured, resulting in a “Latitudinal 
Taxonomic Gradient” (LTG). The LTG is characterized 
by a geographic trend in the quality of the information 
used for species delimitation. This uneven distribution 
of taxonomic knowledge can hamper estimates of 
global species richness (Stropp et al. 2022), affecting 
our ability to compare biodiversity data from different 
regions of the globe, from different biomes, or even 
data from different areas within a single biome. 
The methodological approaches and conceptual 
frameworks used to delimit species are beyond 
the scope of this article. Nonetheless, integrative 
analyses involving several biological dimensions 
(e.g., morphology, shape, behavior, molecular, and 
genetic variation; see Dayrat 2005, Will et al. 2005) 
are generally employed during species delimitation, 
leading to coherent and stable taxonomic units in 
terms of their past and future evolutionary responses.

More comprehensive and integrative approaches 
have been applied to species delimitation in the 
temperate regions (Freeman and Pennell 2021), leading 
to more stable taxa that are less prone to taxonomic 
changes over time in this part of the World. Conversely, 
the tropical regions house a larger number of species 
and clades that generally require substantial research 
efforts (Cayuela  et  al. 2011, Freestone and Inouye 
2014). Tropical taxa are thus more prone to future 
taxonomic changes through splitting or lumping of 
species (Freeman and Pennell 2021; Stropp  et  al. 
2022). This LTG is partially driven by differences in 
biological complexity in different parts of the world. 
Furthermore, social and economic challenges resulting 
from a lower number of taxonomists, lower investment 
in science, scientific colonialism, and political issues 
in the tropics (Balakrishnan 2005; Rodrigues  et  al. 
2010; Costello  et  al. 2013), further aggravate the 
taxonomic disparities, contributing substantially for the 
establishment of the latitudinal taxonomic gradient.

The LTG is an interesting concept because it 
integrates biodiversity shortfalls and ignorance, with 
more effective taxonomic practices that consider 
an epistemological perspective on the social and 
economic processes guiding scientific practices 
worldwide. However, the LTG also reveals a clear 
link between the Linnean and Darwinian shortfalls, 
not previously discussed by Diniz-Filho et al. (2013). 
Although phylogenetic diversity metrics would be not 
widely affected by adding more species to the pool, 
these additions have a strong impact on estimates 
of speciation and extinction rates. Such a strong 
impact is largely due to the fact that the available 
diversification methods are sensitive to events 
occurring closer to the tips of phylogenies (see below). 
Indeed, when phylogenetic diversity metrics are 
applied in a geographical context (e.g., temperate vs. 
tropical comparisons), high uncertainty is introduced 

into the analyses, biasing our interpretations of how 
diversification processes drive diversity in these regions 
(Rabosky et al. 2017; Schluter and Pennell 2017; Cássia-
Silva et al. 2020; Tietje et al. 2022). In this context, 
the LTG (sensu Freeman and Pennell 2021) provides 
an interesting framework to explore how uneven 
knowledge about species taxonomy and geographical 
distribution may affect global diversification patterns.

Overcoming and dealing with Latitudinal 
Taxonomic Gradients

Freeman and Pennell (2021) reviewed how LTGs 
can affect estimates of diversification rates and other 
macroecological patterns, including genetic diversity 
and population structure, responses to climate change, 
and extinction risks. According to their review, biases in 
estimates of diversification and other macroecological 
patterns can be mitigated by using standardized species 
concepts and improving the number and quality of 
taxonomic studies, especially in the tropics. While 
this represents a valid solution, it may be difficult to 
implement it, given the complicated social, political, 
and economic factors leading to unequal science 
practices globally. So, alternative solutions to deal 
with LTGs are welcome.

We argue that LTGs should also be viewed as a 
missing data problem, since there are many species 
‘waiting’ to be described in the tropics (Joppa et al. 
2011a; Moura and Jetz 2021). Missing data biases can 
be overcome by study design and statistical strategies 
(Little and Rubin 2019). Therefore, species may be 
missing completely at random along the phylogeny, 
causing an increase of uncertainty on the estimated 
parameters, but unbiased estimates. Also, species may 
have a missing likelihood correlated to certain known 
variables, which, when included in the models, can 
reduce estimate biases, as assumed here (e.g., Van 
Buuren 2018).

We suggest that, firstly, the probability of missing 
species needs to be defined. This probability may be 
decomposed into two components, related first to 
the species that have not yet been discovered, and 
second to the discovered species that are likely to 
undergo taxonomic changes, leading to either splitting 
a species into two or more taxa, or lumping several 
species into a single one. The first component of the 
Linnean shortfall consists of the number of unknown 
species, a topic that has been extensively discussed, 
with multiple approaches to estimate the total number 
of undescribed species available to date (e.g., species 
accumulation curves that account for taxonomic 
efforts and variation in lumping/clumping balances 
through time; see Joppa et al. 2011b). In turn, the 
second component of the Linnean shortfall consists 
of taxonomic changes affecting known species, either 
by splitting a species into two (or more) taxa, or by 
lumping several species into a single taxon. This latter 
component of the Linnean shortfall requires us to ask 
how certain taxonomists are about the validity of a 
given species or how well-established the taxonomy 
of a given species (or clade) is. The two components 
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of the Linnean shortfall are not independent and can 
occur sequentially.

There are several surrogates to measure the 
uncertainty of a species’ validity, which can be 
divided in two main types: indicators of information 
completeness and estimates of taxonomic uncertainty. 
Indicators of information completeness can be 
estimated based on the amount of scientific (or 
taxonomic) research directed towards a given taxon, 
which can, in turn, be measured by the number of 
appearances of a given species in literature searches 
or searches conducted in scientific repositories (e.g., 
Google Scholar, Web of Science, Scopus). Estimates of 
this nature evaluate the effort devoted to studying the 
taxonomy of each taxon and are often complemented 
by measures of the rate of new species description or 
synonymizing over time (e.g., Medellín and Soberón 
1999; Baselga et al. 2010). Rates close to zero indicate 
that the current alpha taxonomy is stable, with a low 
probability of taxonomic change. Although species 
additions may still happen due to lumping or splitting 
in subsequent revisionary work, these additions are 
relatively small when compared to the whole pool of 
described species. However, variations in the rate of 
species discovery (the first component of the Linnean 
shortfall) also depend on the distribution of taxonomic 
effort in geographic space, the taxonomic effort 
through the tree of life, and the taxonomic method 
employed. To account for all these issues, the amount 
of scientific effort can be coupled with macroecological 
knowledge about the geographic range size frequency 
distributions (RSFDs), species body sizes (with more 
recently described species showing smaller body 
sizes and restricted distribution), and the distance of 
individual species from research centers (e.g., Moura 
and Jetz 2021; Parsons et al. 2022).

To adequately address the methodological issues 
associated with the second component of the Linnean 
shortfall (i.e., changes in previously described species), 
it is important to keep in mind that estimates of 
taxonomic uncertainty go beyond the description of 
species accumulation curves through time. Instead, 
these estimates also seek to quantify the probability 
of future taxonomic change for individual taxa. In 
this context, a high probability of change reflects 
high taxonomic uncertainty and is associated with 
taxa that have an uncertain taxonomic delimitation. 
Changes in species delimitation generally result 
from lumping several species into a single taxon or 
splitting a “single” species into several taxa. Taxonomic 
lumping or splitting is not a zero-sum game where the 
total number of species remains relatively constant. 
Instead, certain groups and lineages can be subject 
to frequent splitting caused by the availability of 
new data showing that their populations pertain to 
different taxonomic entities (cryptic lineages) (e.g., 
Zachos et al. 2013; Delić et al. 2017; Damasco et al. 
2021). In turn, other lineages can be reorganized by 
massive lumping based on detailed revisionary work 
that shows a continuum in morphological and genetic 
diversity (among others), indicating that taxonomically 
homogeneous entities have been independently 

described more than once (e.g., Henderson 2020). 
Because cryptic lineages and taxonomic effort (and 
expertise) are often phylogenetically and geographically 
structured (Fontaneto  et  al. 2009; Rodrigues  et  al. 
2010; Freitas et al. 2019; Blackburn et al. 2019), the 
distribution of taxonomic uncertainty throughout the 
phylogeny is uneven.

The uneven taxonomic uncertainty leads to 
unmeasured errors in diversification rates that can 
have a cascading impact on our understanding of 
how diversification rates relate to other aspects of 
biodiversity (e.g., species richness). To decrease these 
biases in diversification rates, it is important to consider 
the history of taxonomic progress for the taxa involved 
(Stropp et al. 2022) by evaluating the variation of valid 
species through time (Alroy 2002; Williams 2022). The 
probability of splitting or lumping a valid species in the 
future can be estimated by simulations (see below) 
that would allow the total number of species predicted 
under multiple simulations to match the overall 
number of species predicted by species accumulation 
curves (Diniz-Filho et al. 2005; Lobo and Martín-Piera 
2002; Lobo  et  al. 2007) or the application of SAR/
SAD (species–area relationships/species abundance 
distributions) analyses (ter Steege et al. 2020). Under 
this approach, higher mean split probabilities would 
lead to a higher number of ‘breaks’ in currently valid 
names and higher overall richness, allowing us to 
increase the mean split probabilities (i.e., a test of the 
relative effect of our ignorance of the coupled Linnean/
Darwinian shortfall) and address questions such as: 
How many new species would need to be added to the 
phylogeny in order to turn around our understanding 
of macroecological patterns at different levels, i.e., the 
geographic patterns in diversification rates?

While approaches based on accumulation curves 
explicitly assume a correlation between the two 
components of the Linnean shortfall, other strategies 
could be developed for taxa with more stable 
accumulation curves. In this context, approaches that 
standardize the uncertainty in species validity and 
define split/lump probabilities are particularly relevant, 
especially when more pessimistic views on estimating 
the overall knowledge of species richness based 
on accumulation curves (Wilkinson et al. 2021) are 
considered. A simple example of the potential impact 
of the LTG can be obtained through an evaluation of 
how the high probability of splitting a poorly known 
species could change diversification rates (Fig. 2). In a 
hypothetical scheme, with four northern, well-known, 
and well-delimited species (A to D), and six southern, 
poorly-known, and poorly-delimited species (E to J), 
one might expect that the latter would have a higher 
probability of splitting. For example, the southern 
species E, G, and H could be rearranged into several 
new species (e.g., E1 and E2; G1 and G2; H1, H2, 
H3, and H4, respectively) after taxonomic revisions, 
whereas the southern species F, I, and J could remain 
valid and maintain their phylogenetic position. In 
this example, the splits in the southern clade would 
generate new hypothetical species that are closely 
related to the original ones, leading to an increase 
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from 10 to 15 valid species in the clade. Despite the 
increase of about 30% in the number of species, this 
increase would not drastically affect phylogenetic 
diversity (PD), which would only increase by about 11% 
(from 9.05 to 10.04), supporting earlier argument of 
robustness of PD estimates by Diniz-Filho et al. (2013; 
see also Lum et al. 2022).

However, a different situation emerges when we 
compare diversification rates between the northern 
vs. southern species using estimates based on 
Evolutionary Distinctiveness (DR; Jetz  et  al. 2012; 
Title and Rabosky 2019; see also Isaac et al. 2007). 
In this case, the northern region would show a much 
higher mean diversification rate (1.60 ± 0.86) than 
the southern one (1.14 ± 0.32). After accounting for 
the taxonomic uncertainty and splitting the southern 
species, the mean DR in the southern region would 
increase to 1.73 ± 0.39, surpassing the DR found in the 
north. Conversely, in a scenario where the northern 
species do not consist of independent evolutionary 
units (i.e., with any two species being lumped), DR 
would be reduced to 0.98 ± 0.33 in the north, increasing 
the differences between the two regions. In other 
words, an inversion of the mean DR is observed after 
accounting for the LTG, with the higher species richness 
found in the south explained by higher DR.

Once the probabilities of splitting/lumping are 
defined, we can use simulation approaches to replicate 
this process, generating thousands of phylogenies, 
re-estimating the DRs for each species, and obtaining 
a distribution of the differences between the mean 
diversification rates (DR) in the two regions (Fig. 3). 
This approach could also be used to compare two 
or more biogeographic regions or to perform more 
detailed spatial analyses of DR through analyses that 
use other methods to estimate diversification rates, 
such as BAMM (Bayesian analysis of macroevolutionary 
mixtures; Rabosky 2014; Rabosky et al. 2017; Title and 
Rabosky 2019) or event-based methods such as GeoSSE 
or BioGeoBears (Goldberg et al. 2011; Matzke 2013).

It is important to highlight that the basic component 
of the Darwinian shortfall remains problematic 
for many groups of organisms, with many known 
species still lacking from the available phylogenetic 
frameworks. One way to handle this issue is by 
assigning Phylogenetically Unknown Taxa (PUTs) to 
the Most Derived Consensus Clades (MDCCs) through 
random approaches (Rangel et al. 2015). Alternatively, 
it is also possible to apply model-based approaches that 
take diversification rates into account (Thomas et al. 
2013). From an operational perspective, simulations 
start by building new phylogenies after splitting 
some of the currently known species according to 
previously defined probabilities. This approach allows a 
hierarchical evaluation of the effects of the Darwinian 
shortfall (step 1) and the Linnean shortfall (step 2) 
while evaluating the uncertainties in diversification 
rates or any other macroecological patterns. Other 
more complex methodological approaches can be 
considered. For example, the fact that some of the 
currently described species are PUTs can be included as 
part of the definition of a species-splitting probability. 

This approach can, however, generate interactions 
that can complicate hierarchical partitioning. Further 
developments and comparisons among different 
simulation approaches are necessary to define the 
best way to deal with the Linnean and Darwinian 
shortfalls simultaneously along LTGs.

Geographical components of taxonomic 
uncertainty and the Wallacean shortfall

In our simple hypothetical example, the new species 
are found, in general, within the geographic ranges 
of the currently known species, and all of them are 
assigned to the same ancestral group with respect 
to the observed geographic distribution (northern or 
southern). However, for real applications, it would be 
necessary to evaluate how to assign newly derived 
species to one of the biogeographic regions (when 
using GeoSSE and related methods, for instance). 
This evaluation, in turn, involves a discussion about 
past speciation modes linking the new species. In 
general, this would be done by assuming the cohesion 
of the geographic distributions and, thus, assuming 
allopatric or parapatric speciation, but other scenarios 
are possible.

If a new sister species is described within the 
known occurrence of the “ancestral” species, in a 
single biogeographic region, it is straightforward to 
geographically assign it to the same region under 
allopatry or parapatry. However, if the currently 
known species is found in both regions, there are more 
possibilities to choose from. For instance, in a simple 
example of two derived species, both taxa can be found 
in both regions (their ranges overlap throughout both 
regions), or they can be symmetrically assigned to 
each of the regions (one to each region), or one can 
think that one of the species occurs only in one region 
as a small parapatric distribution, so that one of the 
regions can keep both species. These possibilities can 
also be randomly defined in the simulations, but it is 
also possible to use empirical patterns of RSFD, and 
their overlap among recently derived better-known 
species to define the most likely patterns of speciation.

Moreover, the discussion about the geographic 
position of the newly described sister species leads 
to another interesting connection among the Linnean, 
Darwinian, and Wallacean shortfalls. In practice, a first 
step is always to build species geographic extents of 
occurrence, which is now usually done based on local 
occurrence data (e.g., as available from GBIF). Dealing 
with such datasets, in turn, require procedures to 
evaluate data consistency and taxonomic resolution 
(e.g., Ribeiro et al. 2022), which may be challenging 
under the potential links between the three shortfalls. 
Additionally, we can use several methods to deal with 
this issue of occurrence data uncertainty and explore 
Wallacean shortfall, and a promising approach would be 
to use the ‘maps of biogeographical ignorance’ (MOBIs) 
of each currently known species (Tessarolo et al. 2021), 
or to use MOBIs created for entire groups altogether. 
MOBIs could be used to identify new sister species 
in poorly explored regions of the species’ range and 
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sometimes outside its currently known geographic 
extent. This association between the Linnean and 
Wallacean shortfall is well established and is illustrated 
by the derived species H1 in the hypothetical example 
mentioned above and would be a direct consequence 
of the interaction between taxonomic resolution and 
speciation dynamics under allopatry/parapatry (Fig. 2). 
Still, it is necessary to better evaluate at what rate 
expanding geographic extents of known species leads 
to the description of new species and how this relates 
to speciation dynamics (e.g., Skeel and Cardillo 2019).

Temperate versus tropical diversification patterns 
estimated using GeoSSE will likely not be very impacted 
by the Wallacean shortfall, given the usually highly 
right-skewed RSFDs (i.e., most species having very 
small geographic ranges; Gaston 1996; Castiglione et al. 
2017). However, this impact would likely be more 
severe in analyses involving geographically more 
restricted areas such as ecoregions or biomes. Likewise, 
analyses evaluating diversification in a more explicit 
and continuous spatial context using methods that 
assign diversification rates to species (e.g., calculating 
DR for each species; see Fig. 2), would probably also 
be more severely impacted. In those cases, it would be 
necessary to assign a geographic centroid to the newly 
described species. Under these alternative speciation 
scenarios, it would be possible to simulate spatially 
explicit splitting and incorporate the uncertainty in 
the geographic coordinates of the centroids in the 
analyses hence, leading to a distribution of correlations 
between DR and latitude.

Concluding Remarks
In this article, we have delved into the recent 

proposal of Latitudinal Taxonomy Gradients (Freeman 
and Pennell 2021) and highlight how this idea 
provides an interesting conceptual link between the 
Linnean, Darwinian, and Wallacean shortfalls. Apart 
from improving our understanding of LTGs “per se”, 
we also provide a basis for the development of new 
methods that better integrate different shortfalls. 
We further establish a basis for the development of 
methods aiming to estimate how the interactions 
between shortfalls may impact our understanding of 
the evolutionary component of richness gradients at 
macroecological scales.
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