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The rise of biodiversity is shaped by variation in speciation rates. Across
many taxonomic groups, both trait values and the rates at which traits
evolve have been proposed to influence diversification, but these factors
can act independently. Here, we test two competing hypotheses in the
cactus family, that speciation depends on flower length variation or on the
rate of evolutionary change in flower length. Across >750 species in 107
genera, we find that flower length is only weakly related to speciation,
whereas the rate of flower-length evolution is a strongly positive predictor.
Moreover, flower length and rate of evolutionary change in flower length
are only weakly correlated, indicating that rapid change, rather than
any particular floral morphology, underlies cactus diversification. These
results challenge expectations that specialized morphologies accelerate
diversification, suggesting instead that in cacti, it is the tempo of
floral change, rather than any particular floral form, that explains their
extraordinary diversity.

1. Introduction

The cactus family, an iconic component of diverse ecosystems in the Americas,
has undergone one of the fastest radiations in the plant Tree of Life, produc-
ing approximately 1850 species in the past 20-35 million years [1,2]. Popular
explanations attribute this diversity to aridification, which gave succulent or
pre-adapted lineages a competitive advantage [3]. Yet recent work suggests a
more complex picture, involving climate, plant height and geographical range
size, and points to additional drivers of speciation [4,5].

Cacti are best known for their succulent adaptations and unusual
morphological variation, ranging from tiny globose species to giant colum-
nars and sprawling epiphytes [6,7]. Their flowers, which are celebrated by
collectors, are equally diverse, varying widely in length, shape and colour [8].
Owing to the fact that flowers mediate reproduction through interactions with
pollinators, floral traits are central to plant speciation [9]. This is especially
true for cacti, many of which produce short-lived and precisely timed flowers
(e.g. night blooming [8]) that are subject to strong natural selection to secure
pollination.

Differences in flower length, shape and colour can influence the specif-
icity and efficiency of pollination, influence mating systems and promote
reproductive isolation [9]. Since Darwin’s studies of orchids, such shifts in
floral traits have been recognized as potential drivers of speciation [10].
In many angiosperm groups, transitions between pollinators coincide with
bursts of speciation [11]. In cacti, flowers vary from small and open flowers
accessible to generalist insects to elongated, tubular or funnelform flowers
specialized for hummingbirds, bats or hawkmoths [8]. The latter floral form
is considered derived and was thought to have faster speciation rates, with
bees the likely ancestral pollinators, and bee-pollinated cacti speciating at
slower rates [12], although recent work found that pollinator variation is
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less important than other forces [4]. Nevertheless, this predicts a positive association between overall flower length and n
speciation rate.

To explicitly test these ideas, we evaluated two complementary hypotheses linking floral morphology and diversification.
First, that flower length promotes speciation, if longer and more specialized flowers enhance pollinator specificity and
reproductive isolation. To assess this, we first tested whether flower length predicts pollination mode across the cactus
phylogeny, confirming that it can serve as a proxy for pollinator specialization, and then examined whether longer flowers are
associated with faster speciation. Second, we tested whether the rate of flower-length evolution, rather than flower size itself,
predicts speciation by generating rapid morphological change and new opportunities for isolation. We capture this relationship
both with tip-rate dynamics in recent geological time and across the full evolutionary history of cacti, allowing us to evaluate
the association across multiple evolutionary timescales.
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2. Results and discussion

We assembled flower lengths for 774 species, representing 107 of 150 genera and all subfamilies except the paraphyletic
Pereskioideae (for which only width data were available). Floral length spans approximately 185-fold variation across the
family. More of this floral length variation occurs in the subfamily Cactoideae than in the less species-rich Opuntioideae (figure
1), echoing similar patterns in growth forms and plant height [4]. Floral length variation has strong phylogenetic signal (§3),
revealing that closely related species have similar morphologies and highlighting the necessity for phylogenetic comparative
methods [15].

Despite sparse pollinator data [6], a phylogenetic generalized least squares (PGLS) [16] analysis confirms that longer flowers
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strongly associated with derived pollination by bats, birds and moths, while shorter flowers correspond to ancestral bee
pollination (8 = 0.55 + 0.09, t = 6.01, p = 5.62 x 10, R? = 0.11, §3, figure 1). By analysing flower length, we can overcome the
scarcity of pollinator data for cacti [6,12] and incorporate more variation than simple discrete statistical treatments previously
used [4,12].

We then tested whether flower length is associated with speciation rates (§3), widely used in comparable studies [17]. In
these tests, we investigated both the commonly used tip speciation rates [18], as well as pathwise rates that capture the full
evolutionary history of diversification [17]. Using PGLS, we detected no significant effect of floral length on pathwise speciation
rates (8 = 0.017 + 0.014, p = 0.20, R? = 0.0008) or tip rates (§ = 0.002 = 0.005, p = 0.71, R? = 0.0002). Similarly, structured rate
permutations on phylogenies (STRAPP) tests [19] found no correlation with tip rates (Pearson r = —0.027, p = 0.86) (figure 1).
Contrary to long-standing expectations that specialized, long-flowered lineages diversify more rapidly [12], flower length has
little impact on cactus macroevolution.

However, this approximately 185-fold variation in flower length did not arise evenly across the family (figure 1). Bayesian
phylogenetic model comparisons show strong support for variable rates of floral evolution (Bayes factor > 695, §3), with
repeated accelerations in the Cacteae, Cereeae and Phyllocacteae of subfamily Cactoideae, while most Opuntioideae evolves at
slower background rates (figure 1).

These species-specific rate estimates, derived from variable-rates models [13,20,21], quantify the tempo of floral evolution for
each branch and thus can be directly compared with speciation rates [17,22]. Because evolutionary rates and trait magnitudes
can covary, we first tested whether flower length and its rate of evolution are correlated. This relationship was weak, explaining
only a minute proportion of variation (PGLS:  =-0.26 + 0.12, p = 0.038, R? = 0.004; electronic supplementary material), indicating
that these predictors capture distinct orthogonal evolutionary processes. In contrast, the rate of floral evolution was strongly
and positively associated with pathwise speciation (PGLS: = 0.72 + 0.06, p < 2.2 x 106, R? = 0.17) and tip speciation (STRAPP:
r=0.41, p=0.022; PGLS: § = 0.18 + 0.04, p < 105, R?> = 0.034). Multiple regression confirmed that this effect remains robust after
accounting for flower length in pathwise speciation rates (8 = 0.73 + 0.06, p < 2.2 x 1071¢), while the independent contribution of
length itself was minor (f = 0.03 + 0.01, p = 0.01; AR? = 0.006; electronic supplementary material, figure S1). Using tip speciation
rates, the rate of floral evolution remained a significant predictor (8 = 0.18 + 0.04, p = 2.63 x 107), but flower length had no
independent effect (8 = 0.003 + 0.005, p = 0.60). Thus, the evolutionary tempo of floral change, not flower size itself, is the key
predictor of speciation in cacti.

Despite striking floral diversity across the cacti tree, shaped in part by adaptation to pollinators, flower size itself is not
linked to speciation. Instead, it is the rate of floral evolution that drives evolution of new species and predicts speciation. This
challenges a long-standing expectation that the evolution of specialized flowers shapes the rise of plant biodiversity. Our results
depart from previous work [12] but reinforce findings from recent studies using more nuanced approaches [4,5]. They also point
to new hypotheses for cactus origins and diversity beyond aridification [3] and pollinator divergence [12].

Bursts of floral change, concentrated in several Cactoideae tribes, are associated with higher speciation. Novel floral forms
may repeatedly generate reproductive isolation by engaging different pollinators, altering mating systems or opening ecological
opportunities, even if no single morphology consistently confers an advantage. In the arid regions where cactus richness peaks,
fluctuating ecological conditions and specialized pollinator communities may have further amplified the consequences of rapid
floral evolution.

These findings provide new insights into the evolutionary origins of plant biodiversity and reframe long-standing hypoth-
eses. Across angiosperms, growing evidence shows that while floral variation is great and pollinator shifts common, their
macroevolutionary consequences are inconsistent or context-dependent [23-26]. By showing that evolutionary tempo rather
than trait endpoints (in this case, flower length) explains speciation in cacti, we highlight the importance of rapid trait change
in shaping plant radiations. Testing whether this pattern holds across other groups with extreme floral and pollinator diversity,
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Figure 1. Evolutionary rates, not endpoints, predict cactus speciation. Top left: a phylogeny with branches coloured by phenotypic rate of floral-length evolution
(log &% BayesTraits [13]). The timescale is in units of million years. Numbers on branches indicate tribes and subfamilies highlighted in the results with elevated or
depressed rates (1 = Cereeae; 2 = Phyllocacteae; 3 = Cactoideae; 4 = (acteae; 5 = Opuntioideae). Top right: the mirrored phylogeny with branches coloured by
speciation rate (log A; BAMM [14]). Warmer colours indicate faster rates. Top centre: flower length (log for visualization ease), coloured by pollination state (ancestral =
blue, derived = red, no data = grey). Flower length ranges from 0.2 to 37 cm. Bottom: phylogenetically controlled fits (black lines) show no association between flower
size and speciation (left), but a positive association between phenotypic rate and speciation (right). Species are coloured by pollination state. In the bottom figures,
rates are modelled as path-wise (root-to-tip transformed phylogenetic distances). Examples from genera with short and long flowers are displayed (Mammillaria
and Hylocereus, mean 2.1 cm and 26.5 cm, respectively). Photographs are used under Creative Commons licences with modifications. Images of Mammillaria and
Hylocereus are adapted from photographs by FAI 45 /£ 5% KHQ Flower Guide (licensed under Creative Commons Attribution—ShareAlike 2.0) and Forest & Kim Starr
(licensed under Creative Commons Attribution 3.0), respectively.

such as orchids, will be crucial for reassessing the mechanisms behind Darwin’s floral speciation hypothesis [10,26]. With this in
mind, Darwin’s floral speciation hypothesis gains a new interpretation: it is not necessarily the new form flowers take, but the
speed at which they evolve that drives the rise of biodiversity.

3. Material and methods

(a) Trait data and phylogenetic framework

Flower length variation was gathered largely from a comprehensive encyclopaedia of cactus diversity [8], with additional
data from literature and online databases. We used maximum length to avoid issues associated with incomplete or diseased
specimens. These data are to be made available for further analysis in the new Cactus Ecological Database (CactEcoDB) [6]. We
retrieved pollinator data from CactEcoDB [6], which was originally compiled by Thompson et al. [4]. The v. 2 phylogeny from
CactEcoDB was used, which is built from a supermatrix of 18 loci for 1063 species [4]. This has been remade since the original
analyses of [4] and is now informed by a recently published phylogenomic backbone [27] (see [6,27] for a detailed description of
the backbone).

(b) Estimation of speciation and phenotypic rates

Speciation rates estimated using BAMM [14] were also retrieved from CactEcoDB [6], where they were run for 50 million
generations, sampling every 5000 and discarding the first 10% as burn-in. We used the R package BAMMtools [28] to calculate
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tip speciation rates to capture contemporary evolutionary dynamics, as is common in evolutionary research [18]. We also n
calculated root-to-tip patristic phylogenetic distance (described as path-wise [20]), on a phylogeny with branch lengths scaled
by the median speciation rate of the posterior sample [17]. Contrasting models of floral trait evolution, either with or without
rate variation [13], were estimated with the package BayesTraits v. 4 (https://www.evolution.reading.ac.uk/), and Bayes Factor
support assessed with log marginal likelihoods calculated by stepping stone sampling. These analyses were run for 50 million
Markov chain Monte Carlo (MCMC) generations each, sampling every 5000, with the first 10% discarded as burn-in. The output
from the variable rates model was processed using scripts from BayesTraitR (https://github.com/joannabaker/BayesTraitR), and
the median pathwise distance was calculated as a measure of species-specific phenotypic evolution [13,20,21].

(c) Comparative analyses of floral evolution and speciation

A PGLS assessed whether pollinator mode (ancestral versus derived pollinator, as in [12]) shapes log-transformed floral lengths
[16,29]. The phylogenetic signal of log-transformed floral lengths was calculated using Pagel’s lambda [15] with the R package
phytools [30]. Relationships between floral length, rates of floral length evolution and speciation (both pathwise and tip) were

Jgsy/euinol/BioBuysygndigaposiefos

assessed using PGLS [29]. Pearson correlations involving tip speciation rates were additionally performed using STRAPP [19]
in BAMMTtools [28], which accounts for uncertainty in speciation-rate estimates across the posterior sample estimated with
BAMM. All underlying data and results are available at Figshare [31].

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. Underlying data, code and results are available from GitHub (https://github.com/jamie-thompson/cactus_flowers) and Figshare
[31]. Flower length data are also made available in CactEcoDB [6].
Supplementary material is available online [32].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
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