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on regional data and tested several potential drivers of the observed spatial variation.
Regional phylogenetic knowledge was defined as the proportion of the regional seed
plant flora represented in GenBank’s nucleotide database with phylogenetically rel-
evant data. We used simultaneous autoregressive models to explain variation in phy-
logenetic knowledge based on three biodiversity variables (species richness, range size
and endemism) and six socioeconomic variables representing funding and accessibil-
ity. We compared observed patterns and relationships to established patterns of the
Wallacean shortfall (the lack of knowledge of species distributions). We found that the
Darwinian shortfall is strongly and significantly related to the macroecological distri-
bution of species’ range sizes. Small-ranged species were significantly less likely to have
phylogenetic data, leading to a concentration of the Darwinian shortfall in species-
rich, tropical countries where range sizes are small on average. Socioeconomic factors
were less important, with significant but quantitatively small effects of accessibility and
funding. In conclusion, reducing the Darwinian shortfall and smoothen its spatial bias
will require increased efforts to sequence the world’s small-ranged (endemic) species.
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Introduction

Evolutionary history is a major driver of spatial patterns in
biodiversity, but the lack of phylogenetic data in many clades
across the tree of life remains a major obstacle to large-scale
biodiversity science and conservation. This is a fundamen-
tal aspect of the so-called Darwinian shortfall, the lack of
knowledge about the evolution of species and their traits
(Diniz-Filho et al. 2013, Hortal et al. 2015). Molecular phy-
logenetics as a field continues to rapidly grow, but depend-
able phylogenetic data is still only available for the minority
of known species (Hinchliff et al. 2015). In plants, an ecolog-
ically important group that has been subject to extensive phy-
logenetic research, approximately two-thirds of all described
species have no DNA sequence data in public repositories
(RBG Kew 2016, Cornwell et al. 2019, Smith and Brown
2018). Some groups of plants are better sampled phyloge-
netically, and some spatial variation in phylogenetic knowl-
edge has also been shown (Cornwell et al. 2019). However,
the spatial variation in the Darwinian shortfall is still poorly
explored and empirical explanations for this variation have
not yet been provided.

Understanding spatial variation in the Darwinian short-
fall is essential, as it may bias the results of ecogeographic
studies that incorporate phylogenies. A map of phylogenetic
knowledge could also guide future research towards clos-
ing significant data gaps by focusing on the regions of the
greatest paucity in molecular data. As phylogenetic diver-
sity tends to be geographically structured (Holt et al. 2013,
Slik et al. 2018), spatial bias in the Darwinian shortfall may
also translate into phylogenetic bias, i.e. certain lineages
being under-represented in the tree of life, thus influencing
research beyond biogeography. Yet, our understanding of the
spatial variation in phylogenetic knowledge remains coarse.
Cornwell etal. (2019) laid an important foundation by show-
ing that the most disproportionately undersampled plant
families differ among continents. They also revealed complex
latitudinal patterns in phylogenetic data availability, high-
lighting a particular scarcity at low latitudes, albeit without
testing the potential drivers of this pattern (Cornwell et al.
2019). Finer-scale patterns in phylogenetic knowledge and
their causes remain unknown, making it difficult to account
for the bias they may cause in downstream analyses.

The Darwinian shortfall has several components, the
most fundamental of which is that most species have never
been included in a phylogenetic analysis (Diniz-Filho et al.
2013, Hortal et al. 2015). Other components, such as
lacking knowledge of internal branches of the tree of life,
genetic variation within species, evolutionary rates and trait
evolution are also important, but the proportion of a biota
that is accessible to phylogenetic research is a useful first
approximation of phylogenetic knowledge, the inverse of
the Darwinian shortfall. Thus, the spatial distribution of the
Darwinian shortfall depends on the spatial distribution of
species sampling effort for DNA sequencing and phyloge-
netic analysis. This process is likely geographically non-ran-
dom and may be governed by similar factors as the sampling

of species for other types of biodiversity data. Studies on
the barriers and biases of other information shortfalls, such
as the Wallacean shortfall (the lack of distribution data,
Hortal et al. 2015) have found a variety of socioeconomic
and biological factors to influence the sampling of species
(Amano and Sutherland 2013, Meyer et al. 2016a). Similar
factors likely influence sampling for DNA sequencing. For
instance, an economically wealthy region might provide
better funding for the sequencing of the local biota, while
many rare species may impede the probability for a broadly
sequenced community. However, phylogenetic data differ
in important aspects from distribution data, such as point
occurrences. Obtaining the sequence of a single specimen is
often much more time consuming and expensive than geore-
ferencing an observed species occurrence. At the same time,
a single relevant sequence can represent an entire species,
while a single point occurrence tells lictle about the range of
that species. We may therefore expect a different set of bar-
riers to limit our phylogenetic knowledge relative to occur-
rence data.

Here, we provide a global assessment of the distribution
of phylogenetic knowledge in seed plants (Spermatophyta,
~337 000 spp., Govaerts et al. 2021), by combining distribu-
tion data for all accepted plant species with all openly acces-
sible phylogenetically relevant available molecular data. We
define regional phylogenetic knowledge as the proportion
of species in a region that have been sequenced for at least
one of 128 widely used phylogenetic markers (Hinchliff and
Smith 2014). This quantity is expected to vary substantially
among regional floras, not least because species richness varies
among regions by orders of magnitude (Kier et al. 2009). We
assess two different null hypotheses (Table 1). The first (HO.a)
assumes that species are chosen for phylogenetic research at
random, i.e. without consideration of their geographic dis-
tribution. The second null hypothesis (H0.b) assumes that
phylogenetic research effort is equal in all regions. We further
test three alternative hypotheses (Table 1) related to species
range size, investment in research and accessibility of floras
for DNA sampling. For comparison with the Wallacean
shortfall, the geographic biases of which are relatively well
documented (Meyer 2016), we also analyze variation in dis-
tribution knowledge, the extent to which species distribu-
tions are known.

Material and methods
Taxonomy

All analyses were conducted at the species level. We standard-
ized species names to the World Checklist of Vascular Plants
(WCVP hereafter; Govaerts et al. 2021), using the extensive
synonymy included in the checklist. The standardization was
done by converting all GenBank and BIEN entries that were
listed as synonyms by the WCVP into their corresponding
accepted names. We discarded any data that could not be
assigned to an accepted species name.



Table 1. Potential mechanisms determining phylogenetic knowledge, the proportion of a regional flora that has been sequenced for at least
one widely used phylogenetic marker, including two different null models of phylogenetically and geographically random sampling,

respectively.

Hypothesis

Prediction

HO.a: Random species sampling. Species are chosen for
sequencing without any consideration of their geographical
distribution.

HO.b: Geographically uniform effort. Phylogenetic research
effort is equal in all botanical countries and independent of
species richness.

The number of sequenced species increases linearly with species richness.
Spatial variation in phylogenetic knowledge is purely stochastic.

Spatial variation in the number of sequenced species is purely stochastic.
Species-poor floras are phylogenetically more completely known than
species-rich floras, and phylogenetic knowledge thus decreases linearly

with species richness.

H1: Range size. Widely distributed species are usually easier
to obtain for sampling than narrow endemics, and thus
have a higher likelihood of being included in regional
sequencing efforts.

H2: Funding. Species occurring in wealthier areas that invest
heavily in education and research are more likely to be
sequenced.

H3: Accessibility. Species occurring in accessible, densely
populated and safe areas are more likely to be sampled for
sequencing.

Phylogenetic knowledge increases with the average range size, and
decreases with the average level of endemism, of the species occurring
in a regional flora.

Phylogenetic knowledge increases with regional gross domestic product
(GDP) as well as research and education expenditure.

Phylogenetic knowledge increases with population density, road density
and security as measured by the Global Peace Index (GPI).

Geographic data

We used level 3 of the World Geographical Scheme for
Recording Plant Distribution (formerly known as Taxonomic
Databases Working Group, TDWG) as the main unit of
analysis (Brummit 2001). These spatial units, in the follow-
ing referred to as ‘botanical countries’, mostly correspond
to political countries, but larger countries are split into
lower-level administrative units (e.g. states of the USA) and
some island units (e.g. Borneo) consist of parts of multiple
countries. Data for presence or absence of plant species in
the 369 botanical countries were obtained from the WCVP.
These data have been recorded from published sources (pri-
marily floras and regional checklists) following a workflow
described by Govaerts et al. (2021). This workflow, which
was in progress at the time of publication of Govaerts et al.
(2021), is now completed, but the dataset is being continu-
ously updated as new data sources are published. Updated
versions of the database are currently available via Plants of
the World Online (<www.plantsoftheworldonline.org>) and
will soon also be available as part of the WCVP (<https://
wevp.science.kew.org/>). Our analyses use a download of the
database from July 2021. Only presences of accepted, extant
and native species were included, thus excluding infraspe-
cific taxa, extinct or introduced species. This returned a total
of 337 023 species of spermatophytes with geographic data
(99.7% of the total number of accepted species). One botani-
cal country (Bouvet Island) contained no recorded plant spe-
cies and was thus excluded.

Response variables

We used phlawd_db_maker (<https://github.com/blackrim/
phlawd_db_maker>) to create a SQLite database from the
entire plant division of NCBI Genbank (<www.ncbi.nlm.
nih.gov/genbank/>, GB Release Number 242, accessed in
March 2021). To avoid confounding effects of sequences
that are not actually phylogenetically useful or informative,

we only considered data for 128 plastid, mitochondrial and
nuclear markers identified as widely used in plant phyloge-
netics by Hinchliff and Smith (2014). From this database we
extracted a list of species that have data for at least one marker.
We considered these species to be ‘phylogenetically known’.
Genbank entries for subspecies were used at the species level.
From this list, we calculated regional phylogenetic knowledge
for each botanical country as the number of phylogenetically
known species divided by the total number of species. We
also used the raw number of phylogenetically known species
per botanical country as an alternative response variable.

How well a biota is known phylogenetically depends on
not only how many of its species have been sampled, but also
how much sequence data has been produced for each spe-
cies. Thus, we also calculated the number of phylogenetically
relevant markers (sensu Hinchliff and Smith 2014) that had
been sequenced for each species and built it into an alter-
native measure of phylogenetic knowledge. This alternative
response variable was calculated as the number of unique spe-
cies—marker combinations available for a botanical country
divided by the total number of possible species—marker com-
binations for that country, thus representing both sampling
and sequencing effort.

For comparison to the Wallacean shortfall, we also recorded
‘distribution knowledge’ for each botanical country based on
point occurrence data from the BIEN database ver. 4.1.1
(Enquist et al. 2016), accessed in April 2020. In contrast to
phylogenetic knowledge, where we disregarded the geographic
provenance of the sequence data, we only counted species as
‘geographically known’ in a given botanical country if they had
coordinate data in that country. Regional distribution knowl-
edge was calculated as the percentage of species in each botani-
cal country that were ‘geographically known’ in that country.

Explanatory variables

We included three biological explanatory variables to
address the potential effect of variation in biodiversity on



phylogenetic knowledge. We also analyzed six socioeco-
nomic variables to examine the role of funding and acces-
sibility (Fig.1).

Biological variables included species richness, mean spe-
cies range size and endemism. Plant species richness was
determined as the total number of species for each botanical
country. Because species richness was used as an explanatory
variable, we did not area-standardize it despite the fact that
species richness is clearly affected by the size of the botani-
cal country. Mean species range was calculated as the aver-
age of the range size in km? of the species occurring in each
botanical country, where range size was defined as the sum
of the area of the countries in which each species occurs.

Endemism was calculated as the proportion of species in a
botanical country that were not found in any other botanical
country.

Socioeconomic variables included population density, per
capita gross domestic product (GDP), road density, security,
research and development expenditure (research expenditure
hereafter) and education expenditure.

We used gridded data for population density in 2010 (15
arcmin. resolution; Center for International Earth Science
Information Network (CIESIN) 2018), subnational GDP in
2010 (20 arcsec. resolution; DECRG 2019) and road density
(5 arcmin.; Meijer et al. 2018). We aggregated the data at
the botanical country level using the tool “Zonal Statistics’ in
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Figure 1. Maps of predictor variables.



ArcMap ver. 10.5.1 (ESRI 2011). We used mean values for
population and road density. Due to the coarse resolution of
this data, several very small botanical countries did not over-
lap with the centroids of any grid cells, precluding the calcu-
lation of mean values. Thus, we resampled these grids with
a 100X higher resolution, allowing partly overlapping grid
cells to enter the calculation of means. For per capita GDD,
we first calculated the sum of the gridded subnational GDP
values in each botanical country, and then divided this value
by the botanical country’s population, which was calculated
as population density (above) times area.

Data regarding security, research expenditure and educa-
tion expenditure, exist only at the national level. Security
was measured using the Global Peace Index (GPI) (Inst. for
Economics and Peace 2008—-2019). Low GPI values indicate
a high state of peace in a nation. Research expenditure and
education expenditure data were acquired from The World
Bank’s open data catalog (World Bank World Development
Indicators 2016, 2017). The values indicate the expenditure
as a percentage of GDP for each nation. We used mean values
for the years 20082019 for all three variables. National-level
data were applied to botanical countries as follows. Where
nations and botanical countries matched (n=98), data were
used directly. Where several botanical countries were nested
in one nation (n=239 botanical countries, e.g. states in the
USA), the national value was applied to all nested botanical
countries. The remaining cases (n=31) where one botani-
cal country contained several nations or parts of nations (e.g.
the island of Borneo) were resolved by calculating a weighted
mean value based on the proportion of land area belonging to
each nation, following Gallagher et al. (2020).

Analysis

All analyses were performed in R ver. 3.5.0 (<www.r-project.
org>). All variables were standardized to allow comparison
between effect sizes. We used Kendall rank correlations to
assess potential multicollinearity between explanatory vari-
ables. As all correlations were moderate (< 0.53), all vari-
ables were retained and used as predictors. We used multiple
regression to separately model the effect of the predictors on
each response variable. After detecting spatial autocorrela-
tion in the residuals of preliminary ordinary least squares
(OLS) regression models with a Moran’s I test, we switched
to simultaneous autoregressive (SAR) models (Cressie 1993).
We tested several possible neighborhood structures, includ-
ing queen’s case, rooks case, K-nearest neighbor for 1, 2 and
3 neighbors and distance-based neighbors for great circle
distances 1000, 1500, 2000 and 5000 km. Spatial correlo-
grams using Moran’s I to quantify autocorrelation showed
that a distance-based neighborhood structure using 2000
km as distance removed spatial autocorrelation most effec-
tively. A Lagrange multiplier comparing different types of
SAR models indicated that a spatial error model fitted the
data best. We performed model selection by building spa-
tial error SAR models for all possible combinations of pre-
dictor variables, and selecting the best model based on the

Akaike information criterion (AIC). We report Nagelkerke’s
pseudo R?* (in the following referred to as R* for simplic-
ity) as a measure of explained variation (Kissling and Carl
2008). We used model averaging based on AIC weights to
infer model coefficients (slopes) across all candidate mod-
els (Diniz-Filho et al. 2008). To further investigate if spe-
cies richness and mean species range represent independent
drivers of phylogenetic knowledge, we fitted additional SAR
models that included only one of those two predictors and
observed the drop in R* compared to the full model. Moran’s
I tests and SAR models were performed using the R package
‘spdep’ ver. 0.8-1 (Bivand et al. 2013). We also tested the
effect of range size on the probability of species to be ‘phy-
logenetically known’ at the species level using logistic regres-
sion. All data and code used for the analyses are available at
<https://doi.org/10.5061/dryad.2547d7wrz> and <https://
doi.org/10.5281/zenod0.6381989>, respectively.

Results

In March 2021, 119 405 seed plant species (35.7% of
accepted species with distribution data sensu WCVP) had
molecular data available in GenBank for at least one of the
phylogenetically informative markers identified by Hinchliff
and Smith (2014). Phylogenetic knowledge varied widely
across botanical countries, ranging from 22.8% in New
Guinea to 94.8% for New Brunswick in Canada and even
100% on six small sub-Antarctic islands or island groups
(Table 2, Fig. 2). Botanical countries in the tropics generally
possess the least complete inventories with regards to phylo-
genetic knowledge, while the most complete inventories are
concentrated in North America (Fig. 2). Of the 368 botanical
countries, 52 had > 90% inventory completeness, and these
include exclusively areas with either low species richness, such
as small islands or polar regions, or botanical countries of
north-western North America. The six sub-Antarctic botani-
cal countries with complete inventories all have a maximum
of 24 species (Table 2).

The best fitcting model to explain phylogenetic knowledge
included all biological predictors (species richness, mean
species range and endemism) as well as the socioeconomic
predictors population density and research expenditure
(Table 3). The combination of the five variables explained
~83% of the variance in the response variable (R?=0.831).
There were five alternative models with AAIC < 2, which
mainly differed from the best model in the inclusion of
additional non-significant predictors (Supporting informa-
tion). However, two of the five alternative models lacked
population density as a significant predictor. Across models,
mean species range had a strong positive effect on phyloge-
netic knowledge, while species richness and endemism had
a negative effect (Table 3). Population density and research
expenditure affected inventory completeness positively,
albeit with a relatively shallow standardized slope compared
to the biological variables (Table 3). Our alternative mea-
sure of phylogenetic knowledge (considering both sampling



Table 2. The 10 botanical countries with the highest/lowest phylogenetic knowledge and their significant predictors, defined as the propor-
tion of a regional flora that has been sequenced for at least one widely used phylogenetic marker.

Phylogenetic Species Endemic  Mean species range Population Resarch expenditure
Botanical country knowledge richness  proportion size (mil. km?) density (p km=) (% of GDP)
Most phylogenetically complete botanical countries
Crozet Islands 100% 15 0% 5.8 0 2.2
Heard-McDonald Is. 100% 11 0% 5.9 0 22
Kerguelen 100% 24 4.2% 3.8 0.0 2.2
Marion-Prince Edward Is. 100% 16 6.3% 9.0 0 0.8
South Georgia 100% 15 0.0% 12.5 0 0.6
South Sandwich Islands 100% 2 0.0% 14.5 0 0.6
Prince Edward I. 96.5% 625 0.0% 19.9 22.7 1.8
Azores 95.9% 466 11.8% 18.1 104.0 1.4
New Brunswick 94.8% 996 0.0% 16.9 9.9 1.8
Manitoba 94.7% 1233 0.2% 18.4 1.8 1.8
Least phylogenetically complete botanical countries
New Guinea 22.8% 12023 70.6% 2.7 9.2 0.1
Madagascar 34.4% 10720 85.3% 2.7 29.7 0.1
Borneo 34.8% 10738 55.7% 2.6 23.9 0.4
Philippines 35.2% 8124 55.9% 3.8 302.8 0.1
Colombia 37.1% 22833 31.4% 4.4 37.9 0.2
Fiji 37.5% 1383 55.2% 3.2 41.9 0
Peru 38.4% 19196 36.7% 4.7 20.2 0.1
New Caledonia 39.1% 16583 32.1% 4.0 54.6 0.4
Ecuador 39.5% 3008 81.3% 1.7 11.1 0
Sweden 40.5% 3580 34.7% 9.9 18.3 3.3

Figure 2. Map of phylogenetic knowledge, the proportion of a regional flora that has been sequenced for at least one widely used phyloge-
netic marker. The histogram shows the frequency distribution of phylogenetic knowledge across all spatial units.



Table 3. Standardized slopes (z) of predictors of phylogenetic knowl-
edge as inferred from Akaike information criterion (AIC)-weighted
model averaging across models with all possible combinations of
predictor variables, and as inferred from the best model (as selected
by AIC). NA=variable not included in model. Superscripts indicate
significance of the predictor in the best model (***: p < 0.001, **: p
< 0.01, *: p <0.05).

Predictor Model averaged z  Best model
Species richness -0.215 —0.217%**
Mean species range size 0.385 0.384***
Proportion of endemic species —-0.211 —0.2710%**
Road density 0.014 NA
Population density 0.032 0.049*
Security —-0.008 NA
Per capita GDP 0.002 NA
Research expenditure 0.119 0.117%**
Education expenditure 0.010 NA
Pseudo-R? - 0.831
AIC weight - 0.101

and sequencing effort) was highly correlated with our main
measure (Spearman’s p=0.89). Accordingly, the best model
for the alternative measure included the same significant pre-
dictor variables with qualitatively similar effects (Supporting
information). Of note, the effect of mean species range was
quantitatively even stronger than for our main measure of
phylogenetic knowledge.

The significant decline of phylogenetic knowledge with
species richness results from a non-linear increase of the
number of species sequenced with species richness (Fig. 3;
Supporting information). For relatively species-poor assem-
blages, the number of species sequenced increases rapidly
with species-richness, resulting in high values of phylogenetic
knowledge. As species richness increases, the curve levels off,
leading to much lower values of phylogenetic knowledge for
more species-rich floras. This pattern is well-described by a
quadratic effect of species richness on the number of phy-
logenetically known species, which corresponds to a linear
effect of species richness on the proportion of phylogeneti-
cally known species (Fig. 3; Supporting information).
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Alternative models that included only species richness
or mean species range, but not both predictors, only had
a marginally smaller R? than the full model (R*=0.77
and 0.81, respectively, compared to R*=0.83 for the full
model). Logistic regression of species’ sequencing sta-
tus (1 =phylogenetically known, 0=phylogenetically
unknown) on their range size was highly significant (p <
0.001; Supporting information).

For distribution knowledge, the model with the best
fit included two of three biological factors, species rich-
ness and mean species range, notably excluding endemism
(Supporting information). It also included education expen-
diture and research expenditure. This model explained less
variance (R*=0.52) compared to the equivalent model for
phylogenetic knowledge. The strongest predictors of distri-
bution knowledge were species richness (positive), research
expenditure (positive) and mean species range (negative),
while education expenditure had a weaker positive effect.

Discussion

Our results show that the significant Darwinian shortfall in
seed plants is by no means randomly distributed across the
globe. In agreement with previous studies, we found that,
globally, roughly one third of known seed plant species have
phylogenetically informative sequence data in public reposito-
ries (Folk et al. 2018, Smith and Brown 2018, Cornwell et al.
2019). This knowledge is geographically biased. For example,
many regions, especially at high latitudes, are approaching
inventory completeness, while a considerable portion of the
earth harbors floras that are still poorly known phylogeneti-
cally. Relevant sequences only exist for one in five seed plant
species of New Guinea (Table 1), and most biodiversity
hotspots do not exceed 50% completeness (Myers et al. 2000;
Fig. 2). Meanwhile, the least known botanical country of the
United States and Canada, California, has more than 76%
completeness, though most botanical countries of this region
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Figure 3. The number of species sequenced for at least one widely used phylogenetic marker as a function of species richness across regional
floras. The red line is derived from the linear fit of phylogenetic knowledge (the proportion of a regional flora that has been sequenced for
at least one widely used phylogenetic marker) as a function of species richness (Table 2).



have > 85% completeness. This geographic bias, which poses
a major challenge for biodiversity research, seems to be chiefly
driven by variation in species range size and its effect on the
likelihood of species to be included in phylogenetic studies.

We rejected both our null hypotheses for the geographic
distribution of the Darwinian shortfall. Random species sam-
pling (HO.a) assumes that researchers target species without
consideration of their geographic distribution. This scenario
would be more plausible if access to DNA material was unre-
stricted, and institutions conducting phylogenetic research
were distributed evenly over the globe and/or researchers
had no preference for studying species closer to their home
institutions. The consequence of such a scenario would be
a linear dependence of the number of species sequenced on
the species richness of any given flora, which is not what we
found (Fig. 3). Instead, the gap between the number of spe-
cies sequenced, and the total number of species in any given
flora widens as species richness increases. In other words,
the world’s most species-rich floras are also the least phy-
logenetically known. This finding is in line with the latitu-
dinal patterns of genetic sampling completeness shown by
Cornwell et al. (2019), who also found the biodiverse tropics
to be least well represented in Genbank, based on different
distributional data. Our second null hypothesis, geographi-
cally uniform effort (H0.b) assumed that comparable num-
bers of species were sequenced in all botanical countries, with
any variation among botanical countries being purely sto-
chastic. This scenario would be plausible if sequencing efforts
were mostly localised, and all botanical countries had roughly
the same means for DNA sampling and molecular sequenc-
ing. This is also not supported by our analysis as there is a
significant increase of sequenced species with species richness
(Fig. 3, Table 2; Supporting information). What, then, drives
the large observed differences in phylogenetic knowledge
across the globe?

We found mean species range to be the quantitatively
strongest driver of phylogenetic knowledge (Table 3), sup-
porting our hypothesis that the probability of a species to
be sampled for phylogenetic research should increase with its
geographic range (H1, Table 1). Species that occur in more
countries are more likely to be sampled and sequenced. Thus,
floras containing many widespread species tend to be phy-
logenetically better known. We argue that this effect also
explains the correlation between species richness and phylo-
genetic knowledge. In our dataset, average range size was only
weakly correlated with species richness (Kendall’s t=—0.36).
This is consistent with previous findings showing that plant
species’ ranges are not always small at low latitudes (Morueta-
Holme et al. 2013, Sheth et al. 2020). Thus, both variables
were included in the final model. However, reduced models
that included ecither species richness or mean species range,
but not both, explained almost the same amount of variance
as the full model, suggesting that the effects of those two vari-
ables on phylogenetic knowledge were largely shared. As there
is no good reason to expect that researchers would shy away
from species rich floras, we argue that range size is the more
likely driver of this shared effect. Thus, we conclude that the

low phylogenetic inventory completeness of the world’s most
species-rich floras is due to their high proportion of small-
ranged, endemic species (Stevens 1989). This conclusion is
supported by the effect of endemism, an alternative measure
of the proportion of small-ranged species in each flora: the
more endemic species a botanical country contains, the less
well-known is its flora phylogenetically (Table 3).

Studies on limitations and barriers driving biases in data
availability in the fields of biogeography and macroevolu-
tionary biology often find a variety of socioeconomic factors
important (Soberén and Peterson 2004, Yesson et al. 2007,
Riddle et al. 2011, Meyer 2016). For phylogenetic data avail-
ability, however, it seems that socioeconomic factors only
play a minor role. Both population density (a proxy for acces-
sibility) and research expenditure (a proxy for investment in
phylogenetic research) have a significant positive effect on
phylogenetic knowledge (Table 3), supporting our hypoth-
eses H2 and H3 (Table 1). These effects, however, are quan-
titatively minor compared to the effects of species range and
endemism. This is unlikely to be due to the quality of our
predictor variables, as we found a strong effect of research
expenditure on distribution knowledge (Supporting informa-
tion), as expected based on previous studies (Ahrends et al.
2011, Meyer et al. 2015, 2016a). It is also unlikely to be
due to the scale of analysis, as most socioeconomic variables
(GDD, security, education and research expenditure) actu-
ally are most meaningfully defined at a national level, which
closely corresponds to our spatial resolution in most parts of
the world. The relative weakness of the funding effect (H3)
is more likely related to the spatial dynamics of phyloge-
netic research. As with taxonomy (Gaston and May 1992,
Rodrigues et al. 2010), phylogenetic research efforts often
are exported, and not necessarily focused on the home range
of the researcher or institution performing the sequencing.
Hence, high per capita GDP or research expenditure in a
country may not translate to funding towards sequencing the
flora of that same country. Instead, sequencing would be more
affected by the socioeconomic circumstances of the home of
the researcher. This, however, does not apply to measures of
accessibility (H2) including road density, population density
and security. We find a weak effect of population density,
indicating that the floras of more densely populated botani-
cal countries are phylogenetically better known. This is likely
due to specimens being more easily available in those coun-
tries, either because fieldwork is easier, or because specimens
have already been collected and are available from herbaria.
Similar effects have been documented for distributional data
in the past (Parnell et al. 2003, Ficetola et al. 2014).

Sampling species for phylogenetic research is only the
first step on the route to increasing phylogenetic knowledge,
which also depends on the amount of data generated for
each species (Rokas and Carroll 2005). Thus, we explored if
and how our results would change if the number of markers
sequenced for each species is also included. We found that
the effect of sequencing effort on the geographic patterns is
small, suggesting that geographic biases operate mainly at the
level of species sampling, not sequencing effort. However,



including sequencing effort amplified the effect of range size,
suggesting that widespread species also tend to be sequenced
for more different phylogenetic markers. It appears plausible
that widely distributed species are more likely to be sampled
by many studies employing different phylogenetic markers,
emphasizing the importance of the sampling process. We
also note that the effect of research expenditure was slightly
stronger when taking sequencing effort into account, which
is also plausible as researchers in more affluent countries may
be able to include more phylogenetic markers in any given
study. It is important to note that in practice, constructing
usable phylogenies often rely on some commonality of phylo-
genetic markers in the flora. Although having multiple mark-
ers for each species increases the probability of having shared
markers, a challenge still exists. The phylogenetic distribution
of species with available markers also has the potential to dis-
turb phylogenetic inference. If missing species are non-ran-
domly dispersed in the phylogenetic tree, low phylogenetic
knowledge is an even more problematic, as entire branches
may be missing. These aspects would also have to be explored
to produce a more accurate measure of the actual proportion
of regional phylogenetic knowledge.

When exploring the map of phylogenetic knowledge
(Fig. 2), a few botanical countries or regions show aber-
rant values compared to their surrounding countries. While
these outliers are unlikely to influence our overall conclu-
sion, they illustrate the sensitivity of this kind of analysis to
taxonomy. The most prominent example of this is Sweden.
Phylogenetically relevant data is only available for 40.5% of
the Swedish flora, placing it nestled amid tropical regions as
opposed to regional counterparts like Norway (65%) and
Denmark (66%) and the Baltics (74%). Species composition
in Sweden, shows a considerably higher number of endemic
species than in neighboring countries. However, among
the 1244 endemic species 68% belong to a single genus,
Hieracium L. This is likely due to the intense effort to revise the
taxonomy of this genus with apomictic tendencies in Sweden
(Tyler 2007, 2017). The result of this local effort is a massive
spike in species richness in a single genus for which not much
genetic data is available (only 88 of 3026 species of Hieracium
have phylogenetically relevant data available in GenBank).
This case highlights the consequences of the Linnean shortfall
(Lomolino et al. 2017) and variation in taxonomic opinion
(Faurby et al. 2016) which must be taken into account for
any comprehensive study on biodiversity. Like the Darwinian
shortfall, the Linnean shortfall is thought to be highest in the
tropics (Freeman and Pennell 2021). Thus, we are probably
overestimating the proportion of sequenced species, and thus
underestimating the Darwinian shortfall, in tropical areas. If
so, our results would likely be even more pronounced if the
Linnean shortfall was propetly accounted for.

Although caveats must be considered when using the
geographic and socioeconomic data used here to analyze the
Darwinian shortfall, we argue that our results are robust to
these limitations. For instance, the coarse resolution of our
geographic units (botanical countries) inevitably leads to
a systematic overestimation of species range size, and the

variable and biologically arbitrary size of the botanical coun-
tries introduces noise. However, the benefits of consistently
recorded presences and absences outweigh these disadvan-
tages. The alternative, point occurrence records, is heavily
affected by the Wallacean shortfall which may vary with
range size, thus potentially introducing bias (Meyer et al.
2016b). Improved estimates of species range sizes would
likely strengthen the relationship with phylogenetic knowl-
edge documented here. As they mostly correspond to political
nations, botanical countries are ideal for assessing the effect
of socioeconomic factors such as GDP and political stability,
which act and are recorded at the national level. Other socio-
economic factors, such as accessibility (road and population
density), likely act at smaller scales, and we can thus not fully
rule out that we have missed an existing effect of these factors
on phylogenetic knowledge. Finally, phylogenetic progress
may be influenced by socioeconomic properties that we were
unable to record, such as conditions for obtaining permits
for collection and export, or the policies of regional herbaria
for allowing destructive sampling of their collections. Such
factors may well explain additional variation in phylogenetic
knowledge, although we note that the residual variation of
our model is moderate (20%).

Identifying gaps in biodiversity data is an essential first
step towards mending them. In this study, we showed that
the Darwinian shortfall in plants varies substantially and sys-
tematically over the surface of the earth, with most species in
temperate floras being phylogenetically known, whereas most
species in tropical floras are not. Our results suggest that this
pattern is chiefly driven by species’ range size. It appears that
wide-ranged plant species are ‘low-hanging fruit’ for phyloge-
netic research that have largely been sequenced already. Thus,
a deliberate push to sequence the world’s endemic plant spe-
cies may be needed to remove the observed strong spatial
bias in phylogenetic knowledge. Importantly, the least phy-
logenetically well-known regions are tropical and subtropical
biodiversity hotspots with high concentration of threatened
species, particularly due to habitat destruction (Myers et al.
2000, Baillie et al. 2004, Vamosi and Vamosi 2008). The pau-
city of phylogenetic data in these areas is a serious concern,
as conservation efforts may benefit significantly from phylo-
genetic data (Lu et al. 2018, Velazco et al. 2020). Conversely,
local and global extinction of species in those areas will
make completing the plant Tree of Life increasingly difficult.
Generating phylogenetic data for small-ranged, tropical plant
species is thus not just important, but also urgent.

In the meantime, researchers incorporating phylogenetic
data in their analyses must be aware of the existing biases that
may significantly distort analyses comparing areas with high
and low phylogenetic knowledge. For instance, a compari-
son of diversification rate or dispersal events between North-
and South America using a phylogeny with all our currently
sequenced species, may yield considerably misleading results.
The phylogeny would contain ~80% of all North American
plants, while only ~50% of all South American plants. This
bias could result in a severe underestimation of diversification
or dispersal in South America.



The paucity of phylogenetic knowledge in our most bio-
diverse regions seems to be a testament to the challenge
that high biodiversity presents in many fields of life sci-
ences. Both the Wallacean and Linnean shortfalls are most
acute in biodiversity hotspots (Chapman 2006, Bush and
Lovejoy 2007, Boakes et al. 2010, May 2010, Hortal et al.
2015). This study demonstrates that the Darwinian short-
fall not only follows this pattern, but very strongly aug-
ments the role of biodiversity in the understanding of our
ignorance.
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