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Abstract
Different biological groups often exhibit substantial differences in species rich-
ness, a phenomenon commonly observed in ecological and biological research.
However, the causes underlying this phenomenon remain an unresolved mys-
tery. From a macroevolutionary perspective, the evolutionary time hypothesis
and the diversification rate hypothesis are two prominent hypotheses. The evo-
lutionary time hypothesis posits that the longer the evolutionary history of a
group, the higher its accumulated species richness; whereas the diversification
rate hypothesis suggests that the faster the net diversification rate of a group,
the greater its species richness. To test these two hypotheses, this study utilized
a fossil-calibrated phylogenetic tree of Saxifragales comprising 1,539 species as
a foundation, obtained speciation and extinction rates for 15 families within
Saxifragales through macroevolutionary analysis, and calculated the average di-
versification rate for each family. The results indicate: (1) Saxifragales exhibits
an increasing trend in species diversification rates, and this increase occurs pri-
marily in temperate and alpine groups, such as Grossulariaceae, Crassulaceae,
and Paeoniaceae. (2) Results from phylogenetic generalized least squares models
and linear regression models demonstrate that species richness in the 15 fami-
lies of Saxifragales shows no significant correlation with family divergence time
or the age of the most recent common ancestor of species within each family,
but is significantly positively correlated with net diversification rate (R2 =0.38,
P<0.01). This study supports the diversification rate hypothesis, suggesting
that differences in net diversification rates among families constitute one of the
primary causes for inter-familial variation in species numbers within Saxifragales.
Global climate cooling may have provided opportunities for range expansion and
rapid species diversification in groups capable of adapting to cold environments,
such as herbaceous plants, deciduous trees, and shrubs within Saxifragales. This
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study suggests that in temperate and alpine expanding groups, species net diver-
sification rate may be the primary factor driving differences in species numbers
among different groups.
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Abstract: Differences in species richness among biological groups are a
widespread phenomenon in ecological and biological research, yet the underly-
ing mechanisms remain unresolved. From a macroevolutionary perspective, the
time-for-speciation hypothesis and the diversification rate hypothesis represent
two leading explanations. The time-for-speciation hypothesis posits that older
clades accumulate greater species richness over time, whereas the diversification
rate hypothesis suggests that clades with higher net diversification rates
produce more species. To test these hypotheses, we analyzed a fossil-calibrated
phylogenetic tree comprising 1,539 species across 15 families of Saxifragales,
estimating speciation and extinction rates for each family and calculating their
average diversification rates. Our results reveal: (1) Saxifragales exhibits an
increasing trend in diversification rates, particularly pronounced in temperate
and alpine groups such as Grossulariaceae, Crassulaceae, and Paeoniaceae. (2)
Phylogenetic generalized least squares and linear regression models show no
significant relationship between species richness and either family crown age or
stem age, but demonstrate a significant positive correlation with net diversifica-
tion rate (R2 = 0.38, P < 0.01). These findings support the diversification rate
hypothesis, indicating that variation in net diversification rates among families
is a primary driver of species richness differences within Saxifragales. Global
climate cooling likely provided opportunities for range expansion and rapid
diversification in herbaceous, deciduous, and shrub lineages adapted to cold
environments. Our study demonstrates that in temperate and alpine radiating
groups, net diversification rate may be the main factor causing differences in
species numbers among clades.
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macroevolution

Introduction
Differences in total species numbers among biological groups are ubiquitous
in nature, yet the mechanisms generating these patterns remain an unresolved
puzzle (Li & Wiens, 2019). From a macroevolutionary perspective, the time-
for-speciation hypothesis and the diversification rate hypothesis represent two
core explanations for inter-clade variation in species diversity (Scholl & Wiens,
2016; Li & Wiens, 2019). The time-for-speciation hypothesis proposes that
greater evolutionary time allows for higher species accumulation, making tem-
poral differences the primary cause of diversity disparities among groups. In
other words, ancient lineages should contain more species than recently origi-
nated groups simply by virtue of their longer evolutionary history. Conversely,
the diversification rate hypothesis argues that dynamic variation in speciation
and extinction rates across lineages, resulting in differences in net diversifica-
tion rates, drives changes in species diversity (Scholl & Wiens, 2016). Under
this scenario, clades with high speciation rates and low extinction rates—thus
exhibiting high net diversification rates—should possess greater species richness.

The relative importance of these two hypotheses in shaping species diversity
patterns remains contentious. The time-for-speciation hypothesis assumes neg-
ligible differences in net diversification rates among clades, yet accumulating
evidence reveals substantial rate variation across groups. This is particularly
evident in lineages that have experienced major extinction events, where species
numbers can plummet abruptly, causing sudden losses of diversity. For example,
Rabosky et al. (2012) found no significant relationship between clade age (stem
age) and species richness across 1,397 major eukaryotic lineages, thereby reject-
ing the time-for-speciation hypothesis. Pyron &Wiens (2013) similarly observed
that many ancient amphibian lineages harbor low species diversity while some
younger clades contain numerous species, though their study did not directly
test the relationship between diversity and diversification rates. In contrast,
McPeek & Brown (2007) identified clade age as a determinant of species diver-
sity in animal groups, and Marin & Hedges (2016) reported significant positive
correlations between crown age and species richness in amphibians, birds, and
mammals. To further evaluate these hypotheses, Scholl & Wiens (2016) ana-
lyzed species diversity patterns across different taxonomic levels using the tree
of life, finding that diversity at levels from phyla to families is primarily deter-
mined by diversification rates rather than evolutionary time, with some cases
even showing negative correlations. They suggested that ancient clades may
have low diversification rates while younger clades exhibit high rates, poten-
tially obscuring relationships between diversification rates and species richness.
Overall, the roles of evolutionary time and diversification rates in generating
species diversity patterns remain debated.
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Saxifragales comprises approximately 3,000 species across 15 families, encom-
passing diverse life forms including trees, shrubs, perennial and annual herbs,
succulents, and aquatic plants distributed globally across various ecosystems
(Soltis et al., 2013). The families within Saxifragales diverged from the Late
Cretaceous to the Early Tertiary, yet exhibit dramatic variation in species num-
bers. The largest family, Crassulaceae, contains about 1,600 species, while
Cynomoriaceae, Tetracarpaeaceae, and Aphanopetalaceae each have fewer than
10 species. The molecular phylogenetics of Saxifragales are well-established,
with a robust phylogenetic framework based on 301 nuclear genes that resolved
inter-familial relationships and divergence times (Folk et al., 2019). Folk et
al. (2019) further constructed a species-level phylogeny using multiple gene
fragments, achieving over 70% coverage of recognized species and providing
a solid foundation for accurate diversification rate estimation. Consequently,
Saxifragales represents an ideal system for investigating inter-familial variation
in species richness and testing the time-for-speciation and diversification rate
hypotheses. Using phylogenetic generalized least squares (PGLS) models, we an-
alyzed relationships between species diversity and family crown age, stem age,
and diversification rates. We found significant positive correlations between
species diversity and diversification rates, but no significant relationships with
evolutionary time. Moreover, the combined effects of evolutionary time and di-
versification rates provided stronger explanatory power for richness differences.
These results highlight the importance of diversification rates in shaping Sax-
ifragales diversity patterns, supporting the diversification rate hypothesis while
also acknowledging the combined effects of time and rate.

Materials and Methods
1.1 Phylogenetic Tree of Saxifragales

Our phylogenetic tree was primarily based on the Saxifragales phylogeny pub-
lished by Folk et al. (2019) and the Saxifraga phylogeny constructed by Xu
et al. (2021). Folk et al. (2019) first built a phylogeny of major Saxifragales
lineages using 301 nuclear gene sequences from 627 species, calibrating diver-
gence times with fossils and molecular clock methods. They then constructed a
phylogenetic tree comprising 1,455 species across 15 families using nuclear ITS
regions and 24 chloroplast gene fragments (including matK) downloaded from
GenBank. The phylogeny by Xu et al. (2021) included 353 Saxifraga species,
covering all Saxifraga taxa present in the Folk et al. (2019) tree, with consistent
divergence times. We integrated these two trees by replacing the Saxifraga clade
in the Folk et al. (2019) tree with the more comprehensive Saxifraga phylogeny
from Xu et al. (2021) using R (Bininda & Olaf, 2004; Gordon, 1986). The final
integrated phylogeny contained 1,539 species, representing all families within
Saxifragales.
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1.2 Species Diversity of Families

Species counts for each family were compiled from the Catalogue of Life
database (COL, https://www.catalogueoflife.org/, accessed May 2021), follow-
ing accepted species names. Subspecific taxa (varieties and subspecies) and
hybrids were excluded. Because species richness data did not follow a normal
distribution, we log10-transformed the counts to improve model fit, following
Rabosky et al. (2012).

1.3 Calculation of Crown and Stem Ages

Crown age and stem age represent two distinct concepts for measuring clade
age in phylogenetic trees (Fig. 1). Crown age denotes the age of the most
recent common ancestor (MRCA) of all extant members of a clade, while stem
age represents the age of the MRCA shared between the clade and its sister
group. Some researchers argue that crown age is more appropriate for statistical
analyses when sampling is adequate, as it eliminates the effects of long branches
resulting from evolutionary stasis or extinction events (Sanchez-Reyes et al.,
2017). To comprehensively assess the relationship between evolutionary time
and species richness, we analyzed both crown and stem ages for each family.

We extracted crown and stem ages using the ape package in R (R Core Team,
2021; Paradis & Schliep, 2019). The getMRCA() function identified the node
representing the MRCA of each family’s species (crown age), and its parent node
(stem age). Node ages were extracted using the branching.times() function,
and node labels were obtained with getMRCA(). This process yielded crown and
stem ages for all 15 families.

1.4 Diversification Rates of Families

We estimated diversification rates using Bayesian Analysis of Macroevolution-
ary Mixtures (BAMM) via the BAMMtools package in R (Rabosky et al., 2014).
Markov chain Monte Carlo (MCMC) analyses ran for 10 million generations,
sampling every 1,000 generations. Convergence and effective sample sizes (ESS)
were assessed using the coda package; ESS values >200 indicated adequate in-
dependent samples for reliable parameter estimation. Family-level speciation
and extinction rates were extracted as branch-length-weighted averages using
the getCladeRates() function in BAMMtools. Net diversification rate was cal-
culated as the difference between speciation and extinction rates. Due to high
uncertainty in extinction rate estimates, we analyzed both speciation and net
diversification rates in relation to species richness.

To examine rate variation between temperate and evergreen tree lineages,
we partitioned the Saxifragales phylogeny using the drop.tip() function in
ape. Evergreen tree families (Peridiscaceae, Daphniphyllaceae, Iteaceae, and
Altingiaceae) were separated from the remaining 11 temperate-adapted families.
Rate-through-time plots were generated using plot.bammdata() in BAMMtools.
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1.5 Relationships Between Species Richness, Diversification Rates,
and Evolutionary Time

We employed both linear regression (LM) and phylogenetic generalized least
squares (PGLS) models to analyze relationships between species richness and
diversification rates or evolutionary time. To test the diversification rate hy-
pothesis, we constructed univariate LM and PGLS models with speciation rate
and net diversification rate as predictors. To test the time-for-speciation hy-
pothesis, we built separate models with crown age and stem age as predictors.
Recognizing that both factors may jointly influence richness, we also examined
the interactive effects of diversification rates and evolutionary time (represented
by crown age) on species diversity. LM analyses were performed using the base
lm() function in R, while PGLS analyses used the gls() function in the nlme
package. For PGLS, we used a family-level phylogeny constructed by prun-
ing the species tree to retain a single representative species per family using
drop.tip() in ape.

Results
2.1 Relationships Between Crown Age, Stem Age, and Species Rich-
ness in Saxifragales Families

Crown and stem ages varied substantially among the 15 Saxifragales families.
The youngest family, Cercidiphyllaceae, had a crown age of only 3 million years
(Myr), while the oldest, Peridiscaceae, exceeded 80 Myr (Table 1), demonstrat-
ing considerable temporal heterogeneity within the order.

Linear regression explained 26.1% of variation in species richness using crown
age, but only 16.4% using stem age (Fig. 2). PGLS results were consistent:
the slope for crown age (𝛽 = 0.015) was slightly lower than for stem age (𝛽
= 0.019). However, neither crown nor stem age showed significant effects on
species richness (P > 0.05). These results indicate that species richness among
Saxifragales families is not significantly correlated with evolutionary time, sug-
gesting that temporal differences are not the primary driver of inter-familial
diversity variation.

2.2 Relationships Between Diversification Rates and Species Richness
in Saxifragales Families

Families with high net diversification rates were predominantly temperate and
alpine groups, concentrated within the herbaceous clade of Saxifragales. Grossu-
lariaceae, Haloragaceae, and Crassulaceae exhibited relatively high speciation
and net diversification rates (Table 1, Fig. 3), with notable increases over the
past 15 million years (Fig. 3, Fig. 4). In contrast, families composed primarily
of evergreen trees showed lower speciation and net diversification rates (Table
1, Fig. 3, Fig. 4).

Both LM and PGLS analyses revealed positive relationships between speciation
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rate and species richness, though significance varied between methods (LM: R2

= 0.280, 𝛽 = 7.319, P < 0.05; PGLS: 𝛽 = 6.425, P < 0.05). Net diversification
rate showed consistently significant positive correlations with species richness
across both methods (PGLS: 𝛽 = 9.790, P = 0.031; LM: R2 = 0.380, 𝛽 = 11.791,
P < 0.05).

2.3 Combined Effects of Evolutionary Time and Diversification Rates
on Family Species Richness

The interactive effects of evolutionary time and net diversification rate on species
richness were significant in both LM and PGLS models (LM: R2 = 0.603, 𝛽 =
0.297, P < 0.05; PGLS: 𝛽 = 0.287, P < 0.05) (Fig. 6). The LM model explained
60% of diversity variation through this interaction, with PGLS slopes exceeding
those from single-variable models. These results support the importance of com-
bined evolutionary time and diversification rate effects on inter-familial richness
differences in Saxifragales, with the interaction providing greater explanatory
power than diversification rate alone.

Discussion and Conclusion
Our PGLS analyses demonstrate a significant positive relationship between
species richness and net diversification rate across 15 Saxifragales families, while
no significant correlation exists with crown age. Linear regression models show
that net diversification rate alone explains 38% of variation in species richness.
Building on Scholl & Wiens (2016), who suggested that interactions between
diversification rates and age may drive diversity differences, we tested the inter-
action between net diversification rate and crown age, finding that it explains
60% of richness variation. We therefore conclude that differences in net diversifi-
cation rates are the primary determinant of species diversity variation, while the
combined effects of evolutionary time and diversification rates play a secondary
role.

Our findings do not support the time-for-speciation hypothesis, consistent with
Rabosky et al. (2012) and Scholl & Wiens (2016), who demonstrated that rich-
ness differences among clades are not driven by evolutionary time. Although
Pyron & Wiens (2013) found significant positive relationships between diver-
sity and crown age in tropical amphibians, they also reported strong positive
correlations between diversity and net diversification rate, linking diversifica-
tion rates to net primary productivity and area. They concluded that rapid
niche evolution, high speciation, and low extinction in tropical families, com-
bined with the persistence of ancient lineages, explain high tropical diversity.
In Saxifragales, herbaceous and shrub families adapted to temperate environ-
ments exhibit higher speciation and net diversification rates, which likely drives
the observed positive correlation between richness and net diversification rate.
Folk et al. (2019) reconstructed ancestral niches showing that common ancestors
of temperate-adapted families like Crassulaceae, Saxifragaceae, and Grossulari-
aceae could tolerate relatively dry and cold conditions as early as 80 million years
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ago. During Oligocene global cooling, these lineages already showed higher di-
versification rates than woody families such as Altingiaceae. After the Miocene,
as global climate cooled further, diversification rates in these temperate groups
increased rapidly. The strong adaptation of herbaceous and shrub lineages to
cold environments likely facilitated their rapid diversification during global cool-
ing. For example, Haloragaceae experienced substantial range expansion and
diversification rate increases during the Eocene-Oligocene cooling and aridifica-
tion (Moody & Garcia, 2021).

Geological events reshape topography and alter regional climates, thereby influ-
encing biological evolution (Tang & Fang, 2004; Antonelli et al., 2018). Moun-
tain uplift promotes population isolation and divergence while creating complex
habitats and diverse niches that drive rapid evolution in alpine plants, a pro-
cess closely linked to accelerated diversification in multiple Saxifragales families
(Zhang et al., 2014a; Liu et al., 2017; Moody & Garcia, 2021). Rapid adapta-
tion and divergence of montane herbaceous groups have made the Qinghai-Tibet
Plateau, western North American mountains, and European Alps major centers
of alpine diversity in Saxifragales (Zhang et al., 2008; Zhang et al., 2014b; Ebers-
bach et al., 2017; Xing et al., 2017; Stubbs et al., 2020). Following plateau uplift,
many plant lineages diversified rapidly, including cold-adapted Saxifragales such
as Saxifraga and Rhodiola (Zhang et al., 2014a; Ebersbach et al., 2017; Folk et
al., 2019). Consequently, rapid diversification of alpine groups in Saxifragales
has produced the observed positive correlation between species richness and net
diversification rate.

Studies of rosids have found that diversification rates in Saxifragales and other
orders increased with global cooling and show latitudinal gradients, with higher
rates at higher latitudes (Sun et al., 2020). Igea et al. (2020) reported similar
patterns across angiosperms, where temperate and boreal lineages often diver-
sify faster than tropical groups. These findings suggest that temperate lineages
have accumulated diversity during global cooling. Although high-latitude re-
gions currently harbor lower diversity due to severe glacial impacts, temperate
clades have experienced higher diversification rates than tropical clades. There-
fore, beyond Saxifragales, similar patterns may exist across angiosperm families,
where inter-familial richness differences correlate positively with net diversifica-
tion rates.

Researchers have proposed that multiple factors likely contribute to diversity dif-
ferences, with both clade age and diversification rates playing important roles
(Valente et al., 2011; Bloom et al., 2014; Yan et al., 2018). Recent discussions
have shifted from testing which hypothesis is“correct”toward examining interac-
tions among these factors and developing more sophisticated statistical models
(Pontarp et al., 2019). Although our study shows high explanatory power for
the interaction between net diversification rate and age, whether this conclusion
applies to other groups requires further validation. This question remains open
for debate, and future research should employ more complex statistical methods
and comprehensive datasets across plants and animals.
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Nuclear genes have synonymous substitution rates five times higher than chloro-
plast genes and twenty times higher than mitochondrial genes, with multiple
independent loci and biparental inheritance (Small et al., 2004). Consequently,
nuclear gene phylogenies provide more comprehensive and objective resolution
of relationships than those based on small DNA fragments. Our study utilized
the phylogeny from Folk et al. (2019), which combined 301 nuclear genes for
major lineages with chloroplast genome fragments and ITS sequences to improve
species coverage. This approach yielded familial relationships consistent with
APG IV (Chase et al., 2016). However, low taxon sampling can substantially
affect diversification analyses (Chang et al., 2020), and nuclear genomic data
remain limited by sampling difficulties and high costs. Combining genomic and
small-fragment data represents one solution, though small fragments may lack
sufficient informative sites for accurate resolution of recent relationships and
could affect branch length estimation, thereby influencing diversification rate
inference. As chloroplast genome sequencing becomes more affordable and ana-
lytical methods mature, increasing chloroplast genome coverage may provide a
more economical and efficient approach for resolving relationships among closely
related species.
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