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Species richness varies immensely around the world. Variation in the rate of diversiﬁcation (speciation minus extinction) is often hypothesized to explain this pattern, while
alternative explanations invoke time or ecological carrying capacities as drivers. Focusing on seed plants, the world’s most important engineers of terrestrial ecosystems, we
investigated the role of diversiﬁcation rate as a link between the environment and global
species richness patterns. Applying structural equation modeling to a comprehensive
distribution dataset and phylogenetic tree covering all circa 332,000 seed plant species
and 99.9% of the world’s terrestrial surface (excluding Antarctica), we test ﬁve broad
hypotheses postulating that diversiﬁcation serves as a mechanistic link between species
richness and climate, climatic stability, seasonality, environmental heterogeneity, or the
distribution of biomes. Our results show that the global patterns of species richness and
diversiﬁcation rate are entirely independent. Diversiﬁcation rates were not highest in
warm and wet climates, running counter to the Metabolic Theory of Ecology, one of
the dominant explanations for global gradients in species richness. Instead, diversiﬁcation rates were highest in edaphically diverse, dry areas that have experienced climate
change during the Neogene. Meanwhile, we conﬁrmed climate and environmental heterogeneity as the main drivers of species richness, but these effects did not involve diversiﬁcation rates as a mechanistic link, calling for alternative explanations. We conclude
that high species richness is likely driven by the antiquity of wet tropical areas (supporting the “tropical conservatism hypothesis”) or the high ecological carrying capacity of
warm, wet, and/or environmentally heterogeneous environments.
plant diversity drivers j biodiversity j macroecology j diversiﬁcation j biogeography

Species richness varies by several orders of magnitude from species-poor deserts to
hyperdiverse tropical rainforests, but the mechanistic basis of this variation is hotly
debated. Some explanations suggest that high species richness could be the result of
more time to accumulate species (1, 2) or the ecological capacity to house many species
(3, 4). There are, however, several prominent explanations that involve geographic variation in diversiﬁcation rate, the net rate of speciation minus extinction (Table 1). To
understand what drives species richness, we thus need empirical answers to the following questions. 1) What are the most important environmental correlates of species
richness and diversiﬁcation rate? 2) Do those correlations support the idea that diversiﬁcation rate is the causal link between the environment and regional species richness?
The most biodiverse places on Earth are warm and wet (5–7). This is reﬂected in
the latitudinal diversity gradient, the observation that species richness peaks near the
equator and decreases toward the poles in many taxa (2, 8). Among dozens of hypotheses put forward to explain correlations of species richness with climate and latitude
(7, 9), the Metabolic Theory of Ecology (10, 11) is one of the most popular ones, featuring prominently in biogeography textbooks (e.g., ref. 12). This theory postulates
that climate affects species richness via two pathways involving the rates of speciation
and extinction. First, high ambient energy (temperature) is thought to cause high metabolic rates, leading to high mutation rates and thus, high speciation rates. Second, the
high net primary productivity of warm and wet environments is thought to facilitate
larger population sizes, thus reducing extinction rates. Together, these mechanisms predict that climate (temperature, precipitation) inﬂuences species richness, not directly
but via the net rate of diversiﬁcation (H1 in Table 1).
Besides climate per se, climatic stability on timescales over millions of years has long
been recognized as a potential driver of species richness in the tropics (13, 14). Correlations of climatic stability with species richness are increasingly being documented by
modern studies (15). Well-known examples are the depauperate ﬂoras and faunas of
regions that were severely affected by the ice ages of the Pleistocene (e.g., refs. 16 and
17). Pronounced climate change is usually thought to cause extinction (e.g., ref. 17),
which in the case of global extinctions, should be reﬂected in diversiﬁcation rates.
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Signiﬁcance
Dozens of hypotheses have been
proposed to explain the immense
variation in species richness
across the planet. Among those
hypotheses, mechanisms
involving variation in the rate of
speciation and/or extinction have
featured prominently. These
include the Metabolic Theory of
Ecology, a textbook theory
conceptually linking climate and
species richness. We reject these
mechanisms for seed plants, a
diverse (circa 332,000 species) and
ecologically fundamental group of
organisms. Together with an
emerging body of evidence for
animals, our results suggest that it
may be time to retire those
hypotheses that explain global
species richness patterns with
variation in diversiﬁcation rate and
focus on “time for speciation” or
ecological processes instead.
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Table 1. Hypothesized mechanisms for environmental effects on species richness via the rate of diversiﬁcation
(speciation minus extinction)
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Hypotheses

Prediction

H1: Warm, wet climate causes low extinction rates due to
high productivity and thus, larger/more abundant
populations and high speciation rates due to high
metabolic rates and thus, high mutation rates (Metabolic
Theory of Ecology)
H2: High climatic stability causes low extinction rates due to
stable niches requiring no adaptation or migration and
high speciation rates due to populations being able to
differentiate genetically without getting constantly mixed
H3: Strong climate seasonality causes low speciation rates
due to the requirement of broad climatic niches,
preventing ecological differentiation and allopatric
speciation by climatic barriers
H4: Large environmental heterogeneity causes low extinction
rates by buffering against climate change and high
speciation rates due to greater opportunity for ecological
specialization and geographic isolation
H5: Certain biomes, such as tropical rainforest, have low
extinction rates and/or high speciation rates due to their
historically large area and/or biotic habitat characteristics
Black arrows indicate positive effects, and red arrows indicate negative effects.

Climate change has also been suggested to impede speciation
by preventing newly separated populations from evolving reproductive isolation before getting reshufﬂed by climate change
(18). Together, these mechanisms predict that climatic stability,
measured as the difference in climate between some point in
the past and the present, inﬂuences species richness, not
directly but via the net rate of diversiﬁcation (H2 in Table 1).
At much shorter timescales, seasonal variation in precipitation or temperature can impact species richness via niche specialization (19). According to this hypothesis, species living in
seasonal climates require a broader climatic tolerance to survive
both summer and winter or both wet and dry seasons. Conversely, less seasonal climates allow for a greater climatic specialization. This hypothesis famously predicts that “mountain
passes are higher in the tropics” (20), where species have narrower climate niches than their temperate counterparts and
thus, are less able to cross climatic barriers to dispersal. This
should lead to higher degrees of population fragmentation,
genetic divergence, and ultimately, allopatric speciation. Narrower niches may also simply allow more ecological speciation
by means of adaptation to different climates. Together, these
mechanisms predict that seasonality in temperature or precipitation inﬂuences species richness negatively, not directly but via
the net rate of diversiﬁcation (H3 in Table 1).
Spatial heterogeneity in environmental conditions, such as
climate, soil, or land cover, is one of the most important and
widely recognized drivers of species richness (21). A sampling
unit that contains many different (micro-)climates, soils, vegetation types, etc. is expected to harbor more species than a unit
with a more homogeneous environment for various reasons. At
a large scale (i.e., sampling units of >100 km2), long climatic
gradients (e.g., caused by mountains) or large numbers of different soil types should allow high rates of ecological speciation
via adaptation to different climatic and/or edaphic niches (22, 23).
At the same time, sampling units within which the different environments are patchily distributed (e.g., in topographically rugged
areas) should experience high rates of population fragmentation,
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genetic divergence, and allopatric speciation (24, 25). We
here follow Stein and Kreft (26) in using environmental heterogeneity as an umbrella term for both the variability (range
or number of values) of environmental conditions in a region
and their spatial conﬁguration (“patchiness”). Together, these
mechanisms predict that environmental heterogeneity inﬂuences species richness, not directly but via the net rate of diversiﬁcation (H4 in Table 1).
Large parts of the literature on species richness and diversiﬁcation rate are focused on biomes, broad units of vegetation
with widely divergent histories and habitat characteristics
(27–29). Biomes are commonly viewed as distinct “evolutionary
arenas” (30, 31), and biomes that are particularly species rich
[e.g., tropical rainforest (32)] or characterized by particularly
rapid diversiﬁcation [e.g., the alpine biome (33)] have received
particular attention. Biomes may differ in diversiﬁcation rate
both due to their different area over time (31, 34) and due to
differences in their vegetation structure, allowing different
degrees of ecological speciation (2). Vegetation greatly modiﬁes
the environment by inﬂuencing local climatic and edaphic conditions and creating microhabitats, allowing for niche differentiation. For example, trees create a dynamic mosaic of light and
shade (35) and form a complex substrate for epiphytes, which
have recently been shown to contribute substantially to global
plant diversity patterns (36). Although the distribution of biomes
often mirrors the abiotic environment, such as climate and
soils, this is not always the case (37). The idea of biomes as evolutionary arenas thus predicts that the presence of certain biomes
inﬂuences species richness, not directly but via the net rate of
diversiﬁcation (H5 in Table 1).
We address these hypotheses using plants, which contribute
the bulk of terrestrial biomass (38) and are often thought to
drive species richness at higher trophic levels (7), yet their own
species richness patterns remain incompletely documented and
understood. Previous studies have been either restricted geographically or taxonomically (e.g., the studies reviewed by ref. 7) or
based on a subsample of overall plant diversity (e.g., ref. 6). The
pnas.org
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most comprehensive study on plant species richness to date conﬁrmed that species richness is highest in warm and wet places,
highlighting the importance of climatic drivers, but it also identiﬁed environmental heterogeneity as a signiﬁcant secondary driver
(6). The role of speciation and extinction on species richness was
not explicitly tested. Conversely, the most comprehensive study of
geographic variation in plant speciation rates (39), which was
based on circa 20% of all plant species, did not include any climatic or other environmental information. Thus, there is a need
for a comprehensive study investigating the global relationships
between environment, diversiﬁcation rates, and species richness in
plants.
Here, we present a global analysis of plant species richness
and diversiﬁcation rates based on a comprehensive distribution
dataset and complete all-evidence phylogeny for seed plants
(Spermatophyta). Using structural equation modeling, we
explicitly test whether or not diversiﬁcation rate serves as a link
between environment and species richness, thus evaluating ﬁve
central hypothesized drivers of species richness (Table 1).
Results
Relating seed plant species richness to diversiﬁcation rate
(quantiﬁed as mean root distance [MRD]) (Materials and Methods) across 310 botanical countries covering 99.9% of the
world’s terrestrial surface (excluding Antarctica), we found no
connection between the two variables. Species richness and
diversiﬁcation varied independently along latitude and showed
no univariate correlation (Fig. 1 and SI Appendix, Fig. S1).
While species richness increased toward equatorial regions (Fig.
1 and SI Appendix, Fig. S2), diversiﬁcation was higher toward
the poles (albeit only signiﬁcantly so in the Northern Hemisphere). The latitudinal patterns varied slightly among continents (SI Appendix, Fig. S1), but the two variables were always
unrelated. Our ﬁnal structural equation model, which
explained 65% of the global variation in species richness and
56% of the global variation in diversiﬁcation (Fig. 2), also supported that the two variables were unrelated (a weak and nonsigniﬁcant effect of diversiﬁcation on species richness). The
model had an adequate ﬁt (comparative ﬁt index [CFI] =
0.979, root mean squared error of approximation [RMSEA] =
0.067, χ2 = 31, P = 0.009, degrees of freedom = 15), with a
scaling correction factor of 1.31, and it was not substantially
affected by spatial autocorrelation, scale dependencies, or the
biogeographic particularities of remote oceanic islands (SI
Appendix). Similar analyses with an alternative measure of
diversiﬁcation (40) yielded qualitatively identical results (SI
Appendix). Taken together, these results ﬁrmly reject any
hypotheses involving diversiﬁcation as a mechanistic link
between the environment and species richness.
Despite rejecting environmental effects on species richness via
diversiﬁcation, we were still able to test environmental effects on
diversiﬁcation (i.e., the ﬁrst step in the causal chains predicted by
H1 to H5 in Table 1) and direct environmental effects on species
richness. Ten of the 32 initial environmental predictor variables
(SI Appendix, Fig. S3 and Table S1) remained in our structural
equation model after variable and model selection. Climate inﬂuenced both species richness and diversiﬁcation, with a moderate
negative effect of precipitation on diversiﬁcation (counter to H1)
and a moderate positive effect of both temperature and precipitation on species richness (Fig. 2 and SI Appendix, Table S2). Climate stability had no effect on species richness, but climate
change since the Miocene signiﬁcantly increased diversiﬁcation
(counter to H2). Seasonality had no effects on diversiﬁcation
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(counter to H3) but contrasting weak inﬂuence on species richness through temperature and precipitation seasonality. Environmental heterogeneity inﬂuenced both diversiﬁcation and species
richness in a complex way. We found a moderate positive effect
of the number of soil types on diversiﬁcation, as predicted by
H4. However, area, a “catchall” proxy for environmental heterogeneity, had a negative effect on diversiﬁcation, running counter
to H4. All measures of environmental heterogeneity that were
present in the ﬁnal model had a positive direct effect on species
richness. Of note, the direct effect of the number of soil types on
species richness was by far the strongest individual effect in the
entire model (SI Appendix, Table S2). As predicted by H5, two
biomes were represented in the ﬁnal model: (sub-)tropical moist
broadleaf forest (in the following, “tropical rainforest” for short)
and montane grass- and shrublands. The presence of tropical
rainforest had a moderate positive direct effect on species richness.
As it was itself strongly determined by precipitation and weakly
by temperature, area, and environmental heterogeneity, tropical
rainforest acts as an intermediate variable (mechanistic link) in
the model rather than an ultimate cause. Despite being included
in the model, montane grass- and shrublands only played a minor
role, mostly as a weak correlate of the number of soil types.
Discussion
Among the many hypotheses put forward to explain variation
in species richness (7), those that involve variation in diversiﬁcation rate (Table 1) are some of the most popular (9, 12, 32).
None of these hypotheses stand up to the comprehensive
empirical evidence we have gathered for seed plants. Although
species richness in other groups, such as animals, fungi, or prokaryotes, may be controlled by different mechanisms, our
results are in line with other studies on birds, mammals, and
ants (40–43). Thus, there is a growing body of evidence casting
substantial doubt on the importance of diversiﬁcation rate for
explaining species richness. Instead, other mechanisms, such as
time for speciation (1, 2) or ecological carrying capacity (3, 4),
may be more important.
The mechanisms we reject include those predicted by
the Metabolic Theory of Ecology (11, 44–46), a textbook theory
explaining variation and species richness (H1 in Table 1). Not
only was species richness unrelated to diversiﬁcation, but we also
rejected the hypothesized positive inﬂuence of temperature and
precipitation on diversiﬁcation rate. The expected effect of ambient energy (temperature) on metabolic rates and speciation either
does not exist in plants or does not translate into diversiﬁcation
rates: for example, due to high extinction rates counteracting
high speciation rates. Similarly, the expected lower extinction
rates in productive, warm, and wet environments due to larger
population sizes either do not exist in plants or are counteracted
by low speciation rates. Either way, these mechanisms do not
explain global variation in plant species richness.
Instead, we found a direct positive effect of temperature and
precipitation on species richness. This ﬁnding ﬁts the tropical
conservatism hypothesis (47) that most lineages originated in
tropical climates, which are relatively old and were widespread
during much of the Cenozoic, providing more time and opportunity to accumulate high diversity (48). Interestingly, the effect
of climate on species richness in our model is partly mediated by
the presence of tropical rainforest, the biome to which the tropical conservatism hypothesis applies most neatly. Alternatively,
the “more individuals” hypothesis (49) assumes that warmer and
wetter environments, due to their higher primary productivity,
Climate.
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A

B

Fig. 1. Species richness and diversiﬁcation rates in 310 botanical countries. (A) Species richness (SR) is the number of species in a botanical country.
(B) Diversiﬁcation rates are estimated as mean root distance (MRD), which is the average number of edges from tip to root in a phylogeny of all species
occurring in a botanical country. A, Right and B, Right show scatterplots of the map data with local polynomial regression (gray lines) and 95% CIs (light gray
areas) of SR and MRD to highlight latitudinal patterns. Botanical countries with areas smaller than 1,200 km2 (n = 12) are highlighted with thicker border
lines. Maps are in Behrmann equal-area projection.

can accommodate more individuals and thus, more species (all
else being equal) than colder/drier environments. Further studies
are required to distinguish between those two hypotheses.
Climatic Stability. Despite

ample evidence in the literature for climate change driving extinction (15, 17), neither diversiﬁcation
rate nor species richness were higher in more stable climates (H2
in Table 1). This could have several reasons. Extinctions may have
been primarily local, such as the range contractions observed in
many Northern Hemisphere plant species during the ice ages
(50), thus not affecting diversiﬁcation rate. However, a direct
effect on species richness was also absent. This may partly be
explained by the notorious difﬁculty of separating effects of past
and present climate (51); for example, our measure of precipitation change since the Last Glacial Maximum never entered into
model selection due to its strong correlation with current precipitation, which did affect species richness. Thus, effects of climate
stability may be implicated in effects of current climate (the discussion on the tropical conservatism hypothesis above).
Instead, our results support the idea that Neogene climate
change has promoted plant speciation (52). The origin and
expansion of temperate climates are thought to have triggered
adaptive diversiﬁcation in several plant groups [e.g., Hypericum
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(53) and Carex (54)]. Similarly, increasing aridiﬁcation from
the Miocene (or the Oligocene) onward together with a drop
in atmospheric CO2 levels exacerbating water stress is thought
to have driven adaptive diversiﬁcation in numerous plant
groups (e.g., refs. 55 and 56). Spatial relationships between
aridity and proxies of diversiﬁcation rate have previously been
found in lineages as different as conifers (51) and Zygophyllaceae (57). We think that these dynamics are reﬂected in the
positive effect of temperature change since the late Miocene
(5.6 Ma) and the negative effect of current precipitation on
diversiﬁcation rate recovered by our model (Fig. 2) (52). Our
results are thus consistent with a parallel late Cenozoic boost in
diversiﬁcation across various temperate and/or dryland plant
lineages against the backdrop of an ancestral, slower diversiﬁcation regime characteristic of warm mesic climates.
Seasonality. We did not ﬁnd any evidence for a negative effect
of seasonality on diversiﬁcation, which would be expected if
species in more seasonal climates have wider climatic niches
(H3 in Table 1). Perhaps the climatic niches of plants are in
fact not narrower in less seasonal climates; this interpretation is
supported by evidence on species’ range sizes (58), which tend
to be correlated with niche breadth (59). Alternatively, narrow
pnas.org

Downloaded from https://www.pnas.org by ROYAL BOTANIC GARDENS KEWLIBRARY ART AND ARCHIVES on June 30, 2022 from IP address 213.48.60.4.

Fig. 2. The structural equation model depicts direct and indirect drivers of species richness (SR) and diversiﬁcation rates (MRD). The width of arrows is proportional to relative effect size (SI Appendix, Table S2). Black arrows represent positive effects, and red arrows represent negative effects; nonsigniﬁcant
effects are shown as dashed lines. Drivers are color coded for the hypotheses they address.

niches may not translate into higher rates of ecological or allopatric speciation, or higher rates of speciation may be counteracted by higher rates of diversiﬁcation. The latter is particularly
plausible, considering that small-ranged, narrow-niched species
are thought to be particularly extinction prone (17, 59, 60).
Instead of the expected effects via diversiﬁcation, we
found seasonality to be directly (albeit weakly) related to
species richness. The weak negative effect of precipitation
seasonality on species richness may suggest that stronger specialization and ﬁner niche partitioning simply allow the
coexistence of larger numbers of species (19). Negative
effects of seasonal drought on plant diversity have been
shown previously (61). Meanwhile, temperature seasonality
had an unexpected positive effect on species richness. Closer
investigation showed that the effect direction for both seasonality variables depended on temperature, showing that
species richness decreased with seasonality in relatively warm
regions but increased with seasonality in relatively cold
regions (SI Appendix, Figs. S4 and S5). We conjecture that
in cold regions, seasonality could be beneﬁcial as it suggests
the presence of a warmer, wetter growth season, which can
promote species richness (62). In warm regions, however,
seasonality (especially in precipitation) should be detrimental to species richness for the reasons outlined above. These
relationships and their mechanistic basis require further
study.
There are strong reasons to
expect that environmental heterogeneity promotes both diversiﬁcation and species richness (21), and our model conﬁrms these
expectations. We found a moderate positive effect of soil diversity on diversiﬁcation, supporting the idea that environmental
heterogeneity increases diversiﬁcation by fostering ecological
speciation (H4 in Table 1). This effect, however, did not translate into higher species richness (counter to H4). Of note, we
did not ﬁnd signiﬁcant evidence for higher diversiﬁcation via
allopatric speciation (25) in areas with more rugged topography.
This may be due to the fact that we measured average diversiﬁcation rate throughout the history of seed plants. While some of the
Environmental Heterogeneity.
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most topographically rugged areas are renowned for spectacularly
rapid radiations [e.g., the Andes (33, 63)], these are usually recent
and may not be reﬂected in the average diversiﬁcation rate (Fig.
1B). Also, we may in fact be underestimating the effect of topography, as some ﬂoras contain a mix of mountainous and lowland
regions (e.g., Peru). To our surprise, we found a weak negative
effect of area on diversiﬁcation rates. This correlation may in fact
be artiﬁcial, potentially due to the fact that our sampling units are
partly deﬁned by political boundaries.
Species richness was strongly and directly inﬂuenced by environmental heterogeneity. The effect of soil diversity on species
richness was the strongest relationship in the entire model,
highlighting the importance of environmental heterogeneity
(21). Diversity of soil types indicates resource and nutrient
diversity (64), increasing niche space and thus, allowing more
species to coexist at a regional scale. The observed positive
effect of area on species richness is consistent with the wellknown species–area relationship (24, 65). The positive effect of
terrain ruggedness on species richness in our model may be due
to metacommunity dynamics (66), allowing larger numbers of
species to coexist in spatially fragmented landscapes. However,
it may also—at least partly—reﬂect a correlation between terrain ruggedness and elevational range (SI Appendix, Fig. S3),
which implies a wider range of environmental conditions and
hence, larger niche space.
We included biomes in our
model on the premise that they represent historical (age, area)
and biotic (vegetation complexity) drivers of species richness
that are not fully captured by our abiotic predictors (H5 in
Table 1). This suspicion was conﬁrmed by our results.
Acknowledging that the occurrence of biomes is extensively
[but not exclusively (37)] driven by the abiotic environment
(27), we allowed the abiotic variables to affect biome distribution in our model. With this setup, we found that the presence
of tropical rainforest played an important role in the effects of
precipitation on both diversiﬁcation rate and species richness.
Running counter to the popular “cradle” and “museum”
hypotheses (ref. 14; reviewed in ref. 32) but in line with
Biomes as Evolutionary Arenas.
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accumulating evidence for lower diversiﬁcation rates in the
tropics (39, 67, 68), we found that diversiﬁcation rates were
low in tropical rainforest regions. It is thus becoming increasingly clear that tropical rainforests are species rich due to their
age (13, 69) or area over time (34), not due to rapid speciation
or little extinction.
The effect of precipitation on species richness was entirely
mediated by tropical rainforest, indicating that the tropical
rainforest habitat plays a major role in the “water” part of
water–energy dynamics (7). This result agrees with the
importance of biotic interactions as prerequisites for biodiversity accumulation, which has been postulated on geological timescales (70). Speciﬁcally, it seems likely that high
precipitation (in warm areas) allows tropical rainforest to
occur, which in turn, allows a variety of growth forms to
coexist [including an astonishing diversity of epiphytes
(36)]. This is not possible where rainforest cannot occur
despite the right climate (e.g., for edaphic reasons [edaphic
savannas, wetlands]). To test this mechanism in more detail,
deconstructing biomes into their biotic habitat characteristics (71) would be worthwhile; here, we intentionally chose
the most widely used biome classiﬁcation to facilitate comparison with the existing literature.
Although all macroecological analyses are fraught with uncertainty and data limitations, there are
several reasons to believe that our ﬁndings are robust. Most
importantly, we recovered latitudinal patterns of diversiﬁcation
rate and environment–species richness correlations that had
previously been shown with independent datasets and different
methods (6, 39). Although all studies may share some biases
and limitations (discussed below), the overall congruence of
results suggests that the recovered patterns are real.
While the strengths of our distribution dataset are its geographic breadth, covering nearly all of the world’s terrestrial
surface that supports plants, and its taxonomic completeness,
representing an exhaustive search of the taxonomic and ﬂoristic
literature (72), its weakness is that the sampling units combine
both political borders and biogeographical expert knowledge
(82) and also, vary greatly in size (Fig. 1). We addressed this
weakness in three ways. First, we included sampling unit area
as a predictor of species richness [thus accounting for the wellknown species–area relationship (24, 73)], diversiﬁcation rate,
and environmental factors that may be area dependent. Second,
we conducted a supplementary analysis accounting for possible
scale dependencies of environment–species richness relationships (74). Third, we conducted a supplementary analysis separating small oceanic islands, which are subject to highly speciﬁc
biogeographic dynamics (75), from the rest of the data. The
results suggest that our ﬁndings are robust to size variation
among our sampling units. However, we cannot rule out that
we have underestimated the effects of some environmental factors (e.g., topography; discussed above) that are hard to quantify for large heterogeneous countries. Conversely, we are
unlikely to overestimate environmental effects with our data,
and the ones that we have found (Fig. 2) should be reliable.
We acknowledge that our measure of diversiﬁcation represents circa 350 My of evolution (76), while our environmental
variables (except climatic stability) are snapshots of the environment at a speciﬁc point in time: the present. However, our
ﬁndings should be robust to this mismatch. First, we repeated
our analysis with an alternative measure that represents mostly
recent diversiﬁcation, reducing temporal mismatch (SI
Appendix, Fig. S6 and Table S3). This analysis supported our
Reliability and Limitations.

6 of 9

https://doi.org/10.1073/pnas.2120662119

main results. Second, current climate is often a reasonable
proxy for past climate (e.g., ref. 51). The latitudinal position of
most regions has changed little (77) since the beginning of the
rise of angiosperms 120 Ma in the early Cretaceous (76). Even
with the absolute global cooling since circa 55 Ma (78), the
global latitudinal temperature gradient has remained mostly stable (79). Perhaps most importantly, climatic niches are highly
conserved at broad scales in plants (80). Speciﬁcally, assuming
tropical conservatism (47), most tropical lineages will have been
tropical for their entire history, whereas the early diversiﬁcation
of temperate lineages would have taken place in the tropics.
Accounting for this would only amplify our ﬁnding of higher
diversiﬁcation rates at higher latitudes. There is a somewhat
higher risk of underestimating the effects of nonclimatic variables on diversiﬁcation; these should be reevaluated once obtaining estimates of present diversiﬁcation rates (e.g., ref. 81)
becomes computationally feasible at the scale of our analysis.
A bias that may affect all studies, including our study, is the
so-called “latitudinal taxonomy gradient” [i.e., an underestimation of true species richness in the tropics (82) due to cryptic
species and falsely treating isolated populations as one species
(the “allopatry problem”)]. If there was a high proportion of
undetected plant species in the tropics, this could bias latitudinal patterns in both species richness and diversiﬁcation rate.
However, assuming that most undetected species are close relatives of described species (82), their absence only affects the
diversiﬁcation rates of one or a few species. Thus, we expect
that diversiﬁcation rate is a little more affected than species
richness, and the relationship between those variables would
remain largely unchanged. Given that undetected species are
thought to occur where current species richness estimates are
highest, we expect that addressing the latitudinal taxonomic
bias would only make our ﬁndings for species richness more
pronounced. Gauging how taxonomic bias might inﬂuence the
relationship between diversiﬁcation and environment is harder.
Information on sampling effort could shed more light on the
inﬂuence of such a taxonomic bias on observed macroecological
patterns in the future.
Mechanisms involving the rates of speciation and
extinction are no longer in contention as drivers of global patterns in species richness. Species richness and diversiﬁcation rates
are simply not correlated geographically, ruling out a mechanistic
relationship. Our study shows this decisively for seed plants, the
engineers of the world’s terrestrial habitats. Viewing our results
together with previous results on animals, we believe that our
conclusion applies broadly across taxa. While diversiﬁcation rates
may still explain species richness in some systems at narrower
spatial or phylogenetic scales, research on global patterns in biodiversity, including the latitudinal diversity gradient, may now
have to look elsewhere for explanations. Both the time for speciation hypothesis and purely ecological explanations focusing on
carrying capacities are still in the running. The way forward now
requires a two-pronged approach. First, we should test if time is
the main factor explaining species richness now that we have
demonstrated that diversiﬁcation rate is not. This will require a
more explicit reconstruction of the accumulation of diversity in
space and time. Second, more work is needed to fully unpick the
unexpected relationships between diversiﬁcation rate and environment that were revealed by our analysis. This will require a
deep time perspective on environmental conditions to better
match the timescale of diversiﬁcation. Our results suggest that
there are exciting times ahead for explaining the global diversity
and diversiﬁcation history of plants and other taxa. We may well
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see current textbook explanations, such as the Metabolic Theory
of Ecology, replaced with new mechanisms that only become visible through the integration of new very large phylogenies with
ever more powerful global distributional and environmental datasets.
Materials and Methods
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All steps are summarized as the ﬂowchart in SI Appendix, Fig. S7.
Geographical Data. Species richness was calculated on the botanical countries
level following the international standard of the World Geographical Scheme for
Recording Plant Distributions (83). These geographical units mostly follow political countries, subdividing especially large countries (e.g., the United States) into
smaller regions (83). Species presence data per botanical country were derived
from the World Checklist of Vascular Plants (WCVP) (72) on 30 June 2021. We
dismissed occurrences marked as introduced or extinct (regionally or globally)
prior to calculations. Acknowledging the different sizes of botanical countries
and the species–area relationship (24, 73), we decided to abstain from correcting
potentially affected variables and instead, used area as a predictor variable in
our analysis. Problems with standardization encompass the debated form of the
species–area relationship (84) and the discrepancy between area and actually
sampled area (85). Including area as a predictor variable avoids these pitfalls
and allows for interaction with other potentially scale-dependent variables, like
heterogeneity (86).

Phylogeny (87) tip labels were matched with WCVP species names to
allocate diversiﬁcation rates to botanical countries. Matching comprises several
steps of string matching of taxonomic information; a detailed description is in SI
Appendix. Tip labels with no matches were excluded. WCVP species missing in the
phylogeny but accepted sensu WCVP (excluding ferns and fern allies) were added
taxonomically to the most recent common ancestor node of the corresponding taxonomic group, preferring genus over family over order. Species that were not part
of a genus, family, or order represented in the tree were dropped. Polytomies were
resolved repeatedly (n = 1,000) to account for the random introduction of bifurcations. The average root distance for each species was used for MRD calculation.

Phylogeny.

Diversiﬁcation rates were calculated as MRD (88) based
on a phylogenetic tree of all seed plant species (87). Root distance of a species
is the number of nodes (speciation events with surviving descendants) separating the species from the root of the tree. This metric is expected to be high in
clades that have undergone high rates of speciation and/or low rates of extinction, on average, over the course of their history (89). MRD for a botanical country is the average root distance of all the species it contains. We chose MRD as
our main metric because it reﬂects not just recent diversiﬁcation but the entire
diversiﬁcation history of the clade. For comparison, we also computed the DR statistic (42), which does emphasize recent diversiﬁcation. We refer to the average
DR statistic of the species in a botanical country as DR. Root distance was based
on the “ALLMB” tree by Smith and Brown (87). DR was based on the average
across 50 stochastic replicates of supplementing the “GBMB” tree with missing
species using TACT (90).
Diversification Rates.

Environmental Data. We obtained data on climate, soil diversity, topography,
and the proportional coverage with different biome types for each botanical
country. Soil diversity was extracted as the number of soil types per botanical
country. Temperature, precipitation, and potential evapotranspiration were calculated as mean values for annual temperature, annual temperature range, annual
sum of potential evapotranspiration, annual sum of precipitation, and precipitation seasonality (coefﬁcient of variation of precipitation). We also calculated the
SD for all climate variables in each botanical country as a measure of spatial heterogeneity. Terrain ruggedness is estimated with the terrain ruggedness index
(91) for each botanical country. The percentage of area covered by 11 different
biome types (28) was calculated for each botanical country by overlaying the
countries’ areas with the biome map. Each of these proportions was treated as a
separate variable in the following steps. All environmental variables are listed
with sources in detail in SI Appendix, Table S1.
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Data Summary. Our ﬁnal dataset comprised species richness, diversiﬁcation
rates, and environmental variables for 310 botanical countries based on
331.939 species. From 369 initial botanical countries, 59 were excluded due to
missing climate data. All analyses were done in R version 4.1.2 (92).
Variable Selection and Scaling. Estimates of a variable’s inﬂuence on species
richness and diversiﬁcation were assessed using Pearson‘s product moment correlation coefﬁcient (SI Appendix, Fig. S3) and generalized boosted regression
models (GBMs). We ran 100 GBMs to account for stochasticity in the internal
cross-validation procedure; results were summarized as relative variable position
(i.e., most important, second important, etc.) in all GBMs (SI Appendix, Fig. S8).
Environmental variables were transformed to approximate normal distribution
when necessary. All variables were z transformed to account for different orders
of magnitude between variables and avoid ill conditioning in the modeling process. Testing for multicollinearity between variables showed increased variance
inﬂation factors for mean potential evapotranspiration and mean annual temperature as well as for Last Glacial Maximum precipitation anomaly and annual
precipitation. Hence, we excluded mean potential evapotranspiration and Last
Glacial Maximum precipitation anomaly from model selection.
Structural Equation Model. We used structural equation modeling to allow for
direct and indirect effects of variables. Structural equation models were ﬁtted using
the ML (maximum likelihood) estimator with robust SEs and the Satorra–Bentler
scaled test statistic (93) to account for remaining nonnormality (94, 95). Model ﬁt
was evaluated focusing on CFI, RMSEA, and Akaike information criterion. The structural equation model structure was informed by variable correlation and inﬂuence
estimates from GBMs and theoretical consideration. We assumed that 1) species
richness is inﬂuenced by diversiﬁcation and environmental variables, 2) diversiﬁcation is inﬂuenced by environmental variables, 3) soil diversity and other potentially
scale-dependent variables are inﬂuenced by area, and 4) tropical rainforest coverage is inﬂuenced by climate (SI Appendix, Fig. S9). While this structure and variables of interest were kept ﬁxed, the set of predictor variables that provided the
best model ﬁt was found using randomized variable selection from a pool of 10
additional most important variables as identiﬁed by the GBMs (SI Appendix,
Structural Equation Model Fitting). The number and composition of variables were
unconstrained. Models with inherently acceptable ﬁt (CFI > 0.9, RMSEA < 0.11)
were further modiﬁed manually; the ﬁnal model was chosen based on CFI and
RMSEA, preferring models with more variables. To avoid underestimating SEs due
to spatial autocorrelation (96), SE estimates were corrected using effective sample
size based on the observed global Moran’s I of model residuals (97).
Sensitivity Analysis. We performed several sensitivity analyses to address spatial
scale–related interaction effects (74) and the biogeographic particularities of remote
oceanic islands. First, we ﬁtted our best model with additional area interaction effects
for each environmental variable. Second, we separated botanical countries in mainland and oceanic islands of volcanic origin (98) and ran a multimodel structural
equation model to identify signiﬁcantly different path estimates between the groups.
Third, we performed the complete variable and model selection using the average
DR statistic (DR) as an alternative diversiﬁcation measure. Details are in SI Appendix.
Data Availability. Scripts and metrics for each botanical country have been
deposited in Zenodo (DOI: 10.5281/zenodo.6350285 (99). We are using geographic distribution data (a presence matrix for all included plant species in
botanical countries) for our work that have been collected by the authors for several years and will, therefore, be published as a separate data publication. The
release/publication of these data is currently underway in the form of a special
issue. We will publish all other data and code except for this data ﬁle. The ﬁles
to repeat the ﬁnal analysis steps (statistics, ﬁgures, etc.) are provided in the Zenodo
repository as mentioned.
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