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Summary

¢ Angiosperm lineages in aquatic environments are characterized by high structural and func-
tional diversity, and wide distributions. A long-standing evolutionary riddle is what processes
have caused the relatively low diversity of aquatic angiosperms compared to their terrestrial
relatives.

¢ We use diversification and ancestral reconstruction models with a comprehensive > 10 000
genus angiosperm phylogeny to elucidate the macroevolutionary dynamics associated with
transitions of terrestrial plants to water.

e Our study reveals that net diversification rates are significantly lower in aquatic than in ter-
restrial angiosperms due to lower speciation and higher extinction. Shifts from land to water
started early in angiosperm evolution, but most events were concentrated during the last
¢. 25 million years. Reversals to a terrestrial habitat started only 40 million years ago, but
occurred at much higher rates. Within aquatic angiosperms, the estimated pattern is one of
gradual accumulation of lineages, and relatively low and constant diversification rates
throughout the Cenozoic.

¢ Low diversification rates, together with infrequent water transitions, account for the low
diversity of aquatic angiosperms today. The stressful conditions and small global surface of

the aquatic habitat available for angiosperms are hypothesized to explain this pattern.

Introduction

‘Land’ plants (Embryophyta) — including angiosperms, gym-
nosperms, bryophytes, lycophytes and ferns — evolved from a sin-
gle lineage that adapted to life on terrestrial habitats ¢ 450
million years ago (Ma) (Graham, 1993). This event required
major changes in anatomy, physiology and reproductive biology,
and led to the most successful radiation of all photosynthetic
organisms recorded: ¢. 329 000 species of land plants vs ¢. 44 000
algae (Guiry, 2012; Christenhusz & Byng, 2016). Conversely,
the reverse shift — the adaptation to aquatic lifestyles by terrestrial
plants — is a frequent evolutionary transition in plants, having
occurred in numerous lineages across the embryophyte tree of life
(TOL), and especially among flowering plants (angiosperms)
(Sculthorpe, 1967). The number of transitions of angiosperm
lineages from land to water has not been quantified based on a
robust phylogeny, although ¢. 89 clades were estimated to have
aquatic species (including 33 aquatic families, 407 aquatic genera
and a larger number of aquatic species within otherwise predomi-
nantly terrestrial lineages) (Cook, 1990, 1999). Within
angiosperms, the aquatic flora has a greater richness within
monocots than in other angiosperm clades (Sculthorpe, 1967;
Grace, 1993), suggesting the existence of a phylogenetic con-
straint (i.e. a phylogenetic signal) in the appearance of the aquatic
lifestyle.
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Aquatic angiosperm lineages display extraordinary levels of
morphological, reproductive, physiological, biochemical and eco-
logical disparity, having adapted to a variety of aquatic lifestyles,
including marine, freshwater and brackish water, though the
majority of aquatic angiosperms occur in freshwater habitats
(Sculthorpe, 1967; Philbrick & Les, 1996; Eckert eral., 2016).
Most aquatic angiosperms also exhibit wide geographic distribu-
tions (c. 60% occur on more than one continent), low indices of
endemicity and high levels of geographic overlap in ecologically
divergent species (Sculthorpe, 1967; Cook, 1983, 1985). Aquatic
angiosperms display elevated frequencies of clonal fragmentation
and other types of asexual reproduction, favoring rapid multipli-
cation and dispersal of propagules, which are associated with a
remarkable ability to colonize distant lands and environmentally
different settings (Sculthorpe, 1967; Hutchinson, 1975; Barrett
etal, 1993; Van Groenendael ezal, 1996; Santamaria, 2002;
Eckert etal., 2016). These characteristics, their morphological
and ecological disparity, and the geographic overlap among
species that are partitioned ecologically, have led some scientists
to associate the transition to an aquatic lifestyle in angiosperms
with adaptive radiation. For example, the remarkable variation in
morphology, reproductive strategies and life history traits in the
aquatic family Pontederiaceae has been linked to ecological spe-
cialization and adaptation to different aquatic ecosystems (Barrett
& Graham, 1997).
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In light of this, a long-standing evolutionary enigma in the
transition of angiosperms to aquatic environments is the observed
low levels of diversity of aquatic lineages compared to their terres-
trial relatives (Sculthorpe, 1967). Today, aquatic species repre-
sent a small percentage of all angiosperms (¢. 1-2%) (Cook,
1999) — although the number of cryptic species has steadily
increased with the use of molecular tools (Sokoloff ez al, 2019),
especially among marine pelagic forms (Knowlton, 2000); diver-
sity levels also decline from amphibious and emergent species to
fully aquatic, submerged hydrophilous taxa (Barrett ez al, 1993).
Moreover, aquatic angiosperm species frequently show moderate
levels of overall genetic diversity and low levels of within-
population variation (Zeidler eral, 1994; Jordan etal, 1996),
which might be linked to the predominance of clonal multiplica-
tion, limited sexual reproduction and frequent founder effects
(Eckert eral, 2016). The low species diversity in aquatic
angiosperm clades runs against the classic notion of an adaptive
radiation (Schluter, 2000). In the latter, ecological opportunity —
the colonization of a new environmental niche — leads to acceler-
ated rates of diversification, followed by a diversification slow-
down as species saturate the niche space (Czekanski-Moir &
Rundell, 2019). However, some authors consider the number of
lineages arising from an adaptive radiation as being of secondary
importance to patterns of character disparity (Givnish, 2015). In
aquatic angiosperms, the observed pattern is one of numerous
adaptations to a new environmental niche but without a con-
comitant change in the diversification dynamics, ‘a radiation in
slow motion’ (Barrett & Graham, 1997).

The low levels of diversity in aquatic angiosperms may be
explained by three nonexclusive hypotheses. First, the ‘time-to-
speciation’ hypothesis posits that the species richness of a given
clade or geographic region is correlated with the amount of time
available for speciation (Wallace, 1878; Stephens & Wiens,
2004; Mittelbach ezal, 2007). Thus, under this hypothesis,
diversification in angiosperms proceeds at a constant rate and
species accumulate gradually, or, in other words, species richness
in a clade is expected to correlate with its age, that is the time
elapsed since the ancestor of the clade arose by speciation.
Second, aquatic clades may accumulate species at lower rates (di-
versification rate hypothesis), either through the effect of low spe-
ciation rates, high extinction rates or both. Third, aquatic
lineages may have fewer species because of lower rates of transi-
tion from land to water than in the opposite direction (transition
hypothesis). The last two hypotheses assume that diversification
rates are not constant but vary across clades, and that a significant
part of the heterogeneity in species richness between aquatic and
terrestrial flowering plants is due to trait-dependence, that is the
evolution of the lifestyle along the angiosperm phylogeny. So far,
these three different evolutionary scenarios have been difficult to
tease apart because of the lack of a solid, comprehensive phyloge-
study  them.

Here, we take advantage of the publication of a large
angiosperm phylogeny, representing 79% of generic diversity
(78 934 species) (Smith & Brown, 2018), and the development
of trait- and time-dependent macroevolutionary models in a
Bayesian framework (Maddison ezal, 2007; FitzJohn, 2012;

netic and  statistical  framework  to
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Beaulieu & O’Meara, 2016; Freyman & Hohna, 2018) to
explore the following questions: (Q1) Was the invasion of aquatic
environments concentrated in certain clades vs being randomly
dispersed across the angiosperm TOL? (Q2) How many aquatic
transitions took place in flowering plants? (Q3) Did the origin of
extant aquatic lineages tend to be synchronized in geological
time? (Q4) Was the colonization of aquatic habitats associated
with decelerated diversification rates?

Materials and Methods

Data compilation

We use a fossil-calibrated molecular phylogeny of seed plants
(Smith & Brown, 2018) that includes genetic data for 79 881
seed-plant species (their GBOTB tree) and 78 934 angiosperm
species. This tree has considerably higher species sampling than
other more recently published angiosperm timetrees; for exam-
ple, Janssens ezal. (2020) includes ¢. 31 000 species. Smith &
Brown’s phylogeny was pruned at the genus level, keeping only
the angiosperm lineages. The resulting tree contained as tips
10 360 angiosperm genera of the 13 164 described (Christenhusz
& Byng, 2016). The decision to use a pruned phylogeny was
based on the near completeness of the generic sampling (i.e.
¢. 79% genus diversity in angiosperms), and because species-level
analyses, especially for state-dependent speciation extinction
(SSE) models, are unfeasible to complete for a 78 934 species
phylogeny, using current software implementing Bayesian phylo-
genetic inference (Hohna ezal., 2016). Also, by cutting the tree
at the genus level, rather than random removal of a percentage of
species, we ensured that representatives of all aquatic angiosperm
lineages were included in the phylogeny. In other words, given
the low proportion of aquatic species (< 1.5%; see the Results
section), random species selection would probably lead to many
aquatic genera being excluded from the analyses. Certainly, with
our approach, we are disregarding those land—water transitions
that occurred within genera, which might lead to underestimat-
ing the rate of transitions, or overestimating the age of some of
those events. Conversely, using the species in Smith & Brown’s
phylogeny as the evolutionary units of analysis could lead to the
opposite result: overestimating transition rates within genera if
species with the same character state as their sister-clades are not
sampled, which is often the case in overdispersed, taxonomically
guided taxon sampling (Reyes ezral, 2018). Nonetheless, most
genera in our dataset are fully aquatic (178) or terrestrial
(10 089), whereas the proportion of polymorphic genera (i.e.
including both terrestrial and aquatic species) is relatively small
(93, ¢. 0.8% of angiosperm generic diversity). Thus, we are confi-
dent that, even if absolute values for the diversification and transi-
tion rate parameters could not be estimated from our SSE
analyses, we will be able to infer general patterns for the evolution
of the aquatic lifestyle, reflecting evolutionary trends in the
angiosperm TOL at high taxonomic levels (we further expand on
this topic in the Discussion section).

Following previous studies (Sculthorpe, 1967; Cook, 1990,
1999; Barrett eral., 1993), we consider aquatic plants in the
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broadest sense, including all plants that occur in permanently
orseasonally wet environments, such as plants defined as
hydrophytes, limnophytes, macrophytes, amphiphytes, helo-
phytes, amphibious, wetland or simple water plants. These life
forms represent an evolutionary continuum, and it would thus be
arbitrary to exclude species commonly found in aquatic habitats
that do not complete their entire life cycle in water. Genera are
coded as either terrestrial or aquatic following Cook (1990,
1999). The total number of species within each angiosperm
genus is based on the Plant List (www.theplantlist.org), and the
proportion of aquatic species in each genus is based on Cook
(1990, 1999). For the analyses, we consider two alternative cod-
ings for the relatively few polymorphic genera in our dataset.
First, we coded a genus as ‘aquatic’ if it comprises one or more
submerged, emerged or seasonally submerged species, along with
(or not) any additional terrestrial species. We consider this to be
a conservative approach, as we wanted to test the hypothesis that
the transition to aquatic habitats is associated with reduced diver-
sification rates. In other words, by artificially increasing the num-
ber of aquatic genera, our analyses should be prone to higher
Type II error rates (e.g. erroneously rejecting the hypothesis of
low diversification rates). By contrast, in our alternative coding,
we consider polymorphic genera, including both terrestrial and
aquatic species, as ‘terrestrial’. These analyses would be subject to
a higher rate of Type I error or ‘false positives’, in comparison
with the coding above.

Phylogenetic signal analyses

To test for the existence of phylogenetic signal in the aquatic
lifestyle (i.e. the tendency for related species to resemble each
other, more than they resemble species drawn at random from a
phylogenetic tree), we used the 9 statistics (Borges ez al., 2019) as
implemented in the R package DIVERSITREE (FitzJohn, 2012). The
higher the d-value, the stronger is the phylogenetic signal. Since
the value of 0 could be arbitrarily large, significance was evaluated
by comparing the inferred d-value to a distribution of values
obtained from 100 phylogenies where habitat trait is randomly
assigned across tips.

Diversification analyses: constant-rate and trait-dependent
models

To test whether the observed differences in diversity levels among
aquatic and terrestrial angiosperm clades are explained solely by
age, that is the time elapsed since the ancestor of the clade arose
by speciation, we compared a constant-rate birth—death (BD)
model assuming gradual accumulation of taxa in the phylogeny
with SSE models (Beaulieu & O’Meara, 2016), in which transi-
tions between the aquatic and terrestrial habitats were tied to the
diversification dynamics in angiosperms. Additionally, we tested
whether clade age (stem age of genera) could explain the observed
species richness among aquatic angiosperms by performing phy-
logenetic generalized least squares (PGLS) analysis (Martins &
Hansen, 1997) on the genus-level phylogeny in the R package
caPER (Orme eral., 2013), with species numbers compiled as
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above; a significant correlation between clade age and richness is
interpreted as support for the time-to-speciation hypothesis.

We implemented the constant-rate BD and SSE models within
a hierarchical Bayesian framework in the open software REVBAYES
(Hohna ez al., 2016). The advantage of this approach is the use of
Markov chain Monte Carlo (MCMC) simulations and directed-
acyclical-graph models to account for uncertainty in parameter
estimates, and the possibility to statistically compare different
models in terms of their strength of support by the data using
Bayes Factor comparisons (Freyman & Hohna, 2018). We
implemented the simpler binary state speciation—extinction
(BiSSE) model, in which heterogeneity in diversity levels among
angiosperms is tied to different diversification dynamics and/or
asymmetry in transition rates between the two character states:
aquatic vs terrestrial habitat. SSE models have been criticized
because of the simple null hypothesis used for model comparison,
which assumes no heterogeneity in clade diversification rates, and
so can lead to elevated Type I error rates (Rabosky & Goldberg,
2015; Laenen ez al., 2016). To address this bias, we implemented
the more realistic hidden state speciation and extinction (HiSSE)
model (Beaulieu & O’Meara, 2016). HiSSE accounts for the
existence of an unobservable character with ‘hidden’ states (state
A, state B) that could impact diversification rates in addition to
the observed trait of interest (state O, terrestrial habit; state 1,
aquatic habit). We used the complete Bayesian MCMC imple-
mentation of this model in REVBAYES, with lognormal priors cen-
tered in the extant diversity for speciation and extinction rates,
and exponential priors for transition rates in the focal character,
habitat. We accounted for incomplete taxon sampling by provid-
ing a global sampling fraction, the 7o parameter, as the ratio of
the number of genera in our reconstructed phylogeny to the total
genus-level diversity (0.79). We ran a 10 000 generation chain
length, sampling every 1000 generations. Parameter mixing and
stationarity were assessed using TRACER v.1.6 (Rambaut &
Drummond, 2009) and the effective sampling size (ESS) crite-
rion (ensuring values were >200 for all parameters). After dis-
carding 25% chain length as burn-in, we summarized ancestral
character states as marginal posterior probabilities at the nodes in
the phylogeny. We also employed a heuristic approximation to
stochastic character mapping in REVBAYES (Freyman & Hohna,
2018) to estimate the direction and timing of transition events
between states along branches in the phylogeny, using 500 time
slices.

To explore if our monomorphic coding of multistate genera
could bias diversification and transition rate estimates, we ran the
HiSSE models above using two coding strategies: polymorphic
genera coded as terrestrial or as aquatic, and also quantified their
respective level of support by the data using Bayes Factors. We
decided not to use the geographic state-dependent speciation
extinction model ‘GeoSSE’ (Goldberg eral, 2011), which
includes a speciation parameter (SAB) for polymorphic
(widespread) states. This model is appropriate for modeling geo-
graphic distribution — a taxon can occupy two areas or geographic
states simultaneously and speciate in allopatry — but this parame-
ter is less realistic for a character trait such as lifestyle. A species is
either aquatic or terrestrial (note that amphibious species were
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coded as aquatic here), and therefore the polymorphic state in
our analysis does not reflect a biological pattern but is a direct
consequence of using genera as the tips in the phylogeny rather
than species (i.e. if we had performed the analyses at the species
level, no species would have been coded as polymorphic).

Both BiSSE and HiSSE implement trait-dependent diversifica-
tion models. To allow for trait independence, we compared these
models with a null model in which the diversification process is
independent of the evolution of the observed character, but
where there is still heterogeneity in diversification rates over the
tree; that is, the rate of diversification is allowed to vary across
branches but is not impacted by species habitats (Caetano ezal.,
2018). Specifically, we ran a character-independent model with
two hidden states (CID2 model), allowing diversification and
transition rates to differ among hidden states but not within the
focal character. We compared the level of support by the empiri-
cal data of the BD, BiSSE, HiSSE and CID2 models using Bayes
Factor comparisons of their model marginal likelihood values;
these were estimated via path sampling and stepping-stone sam-
pling using parallel power posterior analyses. We ran 50 power
posteriors, with a 500 generation chain length for each power
posterior run. We compared marginal likelihood values using the
likelihood ratio test, 2log. (HO — H1), with values > 2 indicating
positive support for one model over the other, and > 6 indicating
strong positive support (Kass & Raftery, 1995).

Finally, to explore the susceptibility of our diversification
inferences to the taxonomic level used to account for incomplete
taxon sampling in the phylogeny, we repeated all the analyses
above using a global sampling fraction reflecting the number of
species in our phylogeny over the total species diversity in
angiosperms (p=0.03), that is assuming that tips represent
species as evolutionary units instead of genera. All state-
dependent analyses were performed on a cluster service provided
by the CESGA supercomputing center.

Diversification analyses: episodic BD models

All diversification models above test for a signal of diversification
rates varying across clades (i.e. clade-dependent heterogeneity),
which may be trait-dependent (i.e. aquatic vs terrestrial as in
BiSSE and HiSSE) or independent (CID2), but which assume
diversification rates are constant within clades. To test for the
possibility of diversification rates varying through time but affect-
ing all clades simultaneously within a given lifestyle, we generated
lineage-through-time (LTT) plots depicting the accumulation of
extant lineages over time for aquatic and terrestrial angiosperms,
separately. We used the function drop.zip from the R package ApE
(Paradis ez al., 2004) to prune the original phylogeny and gener-
ate subtrees comprising only current lineages with the same habi-
tat type, terrestrial or aquatic. In addition, we generated
ancestral-state-reconstructed ‘ASR-LTT” plots depicting the accu-
mulation of aquatic or terrestrial ancestral nodes over evolution-
ary time, as obtained from the marginal character-state
reconstruction of the HiSSE model. This procedure ensures that
our ASR-LTT plots include only lineages that were ancestrally
reconstructed as exhibiting a given habitat type, aquatic or
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terrestrial. Both extant and ancestral (ASR) LTT plots were ana-
lyzed using episodic BD (EBD) models (Stadler, 2011; Hohna,
2015) in order to estimate the time, magnitude and significance
of discrete rate shifts in diversification (speciation minus extinc-
tion) and relative extinction or ‘turnover’ (speciation/extinction).
To analyze the ASR-LTT plots, we used EBD models imple-
mented in a maximum-likelihood framework in the R package
TREEPAR (Stadler, 2011); we compared models with one or several
discrete rate shifts against the constant BD model via likelihood-
ratio tests. For the extant LTT plots, we used the Bayesian EBD
model implemented in REVBAYES: unlike TREEPAR, which imple-
ments a piece-wise constant process, rates in the REvBAYES EBD
model are autocorrelated between time intervals according to a
locally adaptive process, namely a Horseshoe Markov random
field allowing for nearly constant rates between time intervals
interspersed with large jumps (Magee ez al., 2020). We ran analy-
ses with 10 intervals (nine shifts) and compared them with a con-
stant BD model via Bayes Factors.

Results

According to our estimates, aquatic genera have, on average,
fewer species than terrestrial genera, 11 vs 22.7 species per genus,
respectively (4467 aquatic species/407 genera; 292 015 terrestrial
species/12 840 genera). We did not find phylogenetic signal of
the aquatic lifestyle in the angiosperm phylogeny, with the
observed ¢ value falling within the distribution of ¢ values gener-
ated from randomizing the focal trait in the phylogeny (6 =27.9;
P>0.05; Supporting Information Fig. S1). Similarly, we found
no relationship between clade age and the log-transformed
species richness across the full set of aquatic angiosperm genera
(Fig. S2; Festatistic: 0.90; P=0.34; df =267; f=1.99, where the
regression coefficient P is the change in log-transformed diversity
per million years).

For the genus-level phylogeny, Bayes Factor comparisons
strongly rejected a constant-rate BD model in favor of the HiSSE
model (Table 1). HiSSE was also favored over BiSSE with very
strong support. Results from the HiSSE model supported higher
speciation rates and lower extinction rates in terrestrial lineages

Table 1 Bayes Factor comparison of the marginal likelihood estimates for
the constant BD, BiSSE, HiSSE and CID2 models.

Marginal likelihood

Model ss ps

Constant BD —119008.1 —119008.2
BiSSE —-119681.0 —-119679.7
HiSSE (polymorphic as terrestrial) —117970.2 —117 968.1
HiSSE (polymorphic as aquatic) —118289.1 —118287.5
CID2 —-118291.2 —118290.0

Marginal likelihood estimates are analyzed here using the global
phylogeny of angiosperms with the genus fraction, and parallel power
posterior analyses with path (ps) and stepping-stone sampling (ss). The
model most strongly supported by the data among all five tested models is
indicated in bold.
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(state 1) compared to aquatic lineages (state 2), and these differ-
ences were maintained across the hidden states A and B (Fig. 1).
Net diversification rates were thus estimated to be higher for ter-
restrial angiosperms than for aquatic genera. Estimated transition
rates from land to water were lower than in the opposite direc-
tion, from water to land.

There was some overlap between the marginal posterior distri-
butions of the extinction rate per habitat within hidden state B
(Fig. 1). Nevertheless, pairwise comparisons of rate values
between character states 1 and 2 within either hidden state A or
B, and across the MCMC posterior set, generated a distribution
of differences (e.g. A1A—A2A, u1B—u2B, g1A—42A), in which the
95% credibility interval was each time greater or smaller than
zero, vs overlapping zero (Fig. S3); this is interpreted as showing
the existence of significant differences between speciation (4),
extinction (p) and transition rates (g) for the focal states (aquatic
vs terrestrial) in our angiosperm tree. The reconstruction of
ancestral states over the maximum a posteriori (MAP) tree (Figs
S4, S5), and the stochastic mapping analyses (Fig. 2) inferred the
most recent common ancestor (MRCA) of all extant angiosperms
as terrestrial, with the first transitions to water occurring early
during angiosperm evolution.

New
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We obtained similar results from the HiSSE analysis with the
two alternative codings for polymorphic genera, either aquatic or
terrestrial (Table 2), but rate posterior estimates were wider, and
thus more uncertain, for the former (Fig. S6). In addition, the
model with polymorphic genera coded as terrestrial (Fig. 1)
received stronger Bayes Factor support (Kass & Raftery, 1995)
than the model with them coded as aquatic (Table 1). Bayes
Factor comparisons also indicated very strong support for the
trait-dependent HiSSE terrestrial model over the character-
independent CID2 model.

The analyses in which the sampling parameter reflected the
species fraction of diversity in angiosperms showed similar results
to the genus-level analyses in terms of net diversification and
transition rates for the states of the focal character (Tables S1, S2;
Fig. S7); the only exception was the extinction rate, which was
estimated to be higher for terrestrial angiosperms than for aquatic
lineages, unlike in the genus-level analysis. However, the main
difference was found in the marginal character state reconstruc-
tion. The analysis assuming a species-level sampling recon-
structed the MRCA of all extant angiosperms as an aquatic plant,
as well as the MRCAs of all subsequent angiosperm orders (e.g.
the ancestors of campanulids, lamiids, Cornales, Caryophyllales,
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400 1500 I:l Terrestrial + hiddenA
. Terrestrial + hiddenB
1000 [[] Aquatic + hiddenA
200 [ Aquatic + hiddenB
500
2
-g) ‘
8 0 A 0 —
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e
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[ Transition to land
200 2000

0.

New Phytologist (2022) 235: 344-355
www.newphytologist.com

Rate

0.001 0.002 0.003

Fig. 1 Habitat-dependent diversification
rates estimated with HiSSE under the genus-
level sampling. Posterior densities of
speciation (), extinction (u), net-
diversification (4 — p) and dispersal rates.
Colors correspond to the posterior
probabilities for a given state. Terrestrial
species have higher speciation and lower
extinction rates regardless of the hidden state
considered.
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B Aquatic
[ Terrestrial

Fig.2 Ancestral habitat reconstruction in angiosperms simulated under Bayesian stochastic character mapping in HiSSE using the genus-level sampling.
Branch colors denote two different states: aquatic and terrestrial. Transitions between states are indicated by changes in color along the branches. Inset
figures represent aquatic lineages of different angiosperm genera: 1. Nymphaea (Nymphaeaceae), 2. Potamogeton (Potamogetonaceae), 3. Crinum
(Amaryllidaceae), 4. Schoenoplectus (Cyperaceae), 5. Ranunculus (Ranunculaceae), 6. Myriophyllum (Haloragaceae), 7. Cardamine (Brassicaceae),

8. Macarenia (Podostemaceae), 9. Neptunia (Fabaceae), 10. Hydrostachys (Hydrostachyaceae), 11. Hottonia (Primulaceae), 12. Hydrotriche
(Scrophulariaceae), 13. Hydrolea (Hydroleaceae), 14. Lilaeopsis (Apiaceae), 15. Menyanthes (Menyanthaceae), 16. Cotula (Asteraceae). Images from
Wikimedia Commons, except number 14, from Flora of the World. Visualization of aquatic lineages on the angiosperm tree is limited by their low
proportion. Dots were added on the edge of the tree to help with the visualization of aquatic lineages. KPg = Cretaceous—Paleogene boundary.

Table 2 Results from the HiSSE models using the global genus-level phylogeny of angiosperms when polymorphic genera (93 cases) are coded as either
terrestrial or aquatic

HiSSE Character A u r a q

Polymorphic as terrestrial 1A=Terrestrial + A 0.0407 0.00110 0.03959 0.027076 0.00172 (21)
2A=Aquatic + A 0.0234 0.00933 0.01407 0.398589
1B=Terrestrial + B 0.1400 0.00035 0.13965 0.002527 0.00055 (12)
2B =Aquatic + B 0.0806 0.00310 0.07749 0.038486

Polymorphic as aquatic 1A=Terrestrial + A 0.0404 0.00013 0.04026 0.003317 0.00133 (21)
2A=Aquatic + A 0.0125 0.00171 0.01079 0.136800
1B=Terrestrial + B 0.1400 0.00009 0.13991 0.000633 0.00100 (12)
2B=Aquatic+ B 0.0436 0.00108 0.04252 0.024771

Parameters in the model are speciation (1) and extinction (u) of terrestrial (1) and aquatic (2) lineages for the hidden characters A and B, as well as
transitions (g) from water to land (21), and from land to water (12). Indirectly estimated net diversification (r= 1 — ) and relative extinction rates (a = u/1)
are also provided.
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Fabales, Malpighiales, etc., in addition to all magnoliids and
monocots); the first transition to a terrestrial habitat was esti-
mated to be as late as 50 Ma (Figs S8, S9). Inspection of MCMC
traces revealed poor mixing of the diversification rate parameters,
speciation and extinction, with very low ESS values (<50 for
some of the states), while transition parameters showed a better
behavior. Parameter mixing did not improve after doubling the
chain length (and analysis time, ¢. 2 months in a computer clus-
ter), or running multiple chains starting from different random
values. By contrast, the genus-level analysis showed good mixing
behavior for all parameters, with ESS values >200 for all states.
Hence, we discarded the species-level analyses as unreliable, and
discuss results below based on the genus-level analysis (see Dis-
cussion section).

The LTT plots based on the HiSSE marginal ancestral recon-
struction (ASR-LTT plot with polymorphic genera coded as ter-
restrial) showed a steady accumulation of aquatic lineages over
time, whereas the terrestrial ASR-LTT plot exhibited a pattern
with an initial increase in diversity, followed by a slowdown in
the rate of accumulation of terrestrial lineages, and a final upturn
c.10Ma (Fig. 3a). This pattern is corroborated by TREEPAR,
which infers a shift towards higher relative extinction rates at
70 Ma for ancestral terrestrial lineages, followed by a decrease in
turnover at 10Ma (all of them are significant, P<0.01;
Table S3); diversification rates were estimated to be low and rela-
tively constant through time (Fig. $10), suggesting that rate shifts
are mainly driven by extinction. For the aquatic ASR-LTT plot,
TREEPAR supported a pattern of nearly constant diversification and
turnover rates through time with only a small buct significant shift
in the rates of diversification and relative extinction at 10 Ma.

The extant LTT plot for the aquatic lineages (Fig. 3b) showed
a very different pattern to the one obtained from the ancestral
reconstruction (ASR-LTT plot): an initial rapid accumulation of
lineages followed by asymptotic growth from 120 to 100 Ma
onwards (Fig. 3a). This is corroborated by the autocorrelated
EBD model in RevBaves (Fig. S11; TableS4), showing a
decrease in the net diversification rate after 120 Ma, coupled with
an increase in the relative extinction rate. By contrast, the extant
LTT plot for the terrestrial lineages showed a pattern very similar

(a) ASR-LTT plot

Log number of lineages
1

(b) LTT plot
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to the one observed in the terrestrial ASR-LTT plot (Fig. 3a): an
initial increase in terrestrial diversity, followed by a slowdown,
and a final upturn at ¢. 10 Ma; the EBD model inferred higher
relative extinction rates between 70 and 10 Ma, in line with
TREEPAR inference based on the ancestral lineages.

Bayesian stochastic character mapping inferred 97 independent
transition events from land to water, and 39 events from water to
land (Fig. 4). Additionally, there were 44 reversal events involving
more than one transition: 43 transitions from land to water fol-
lowed by the reverse transition, from water to land, and one multi-
change transition from water to land and back to water (Fig. S12).
The timing and tempo of these events varied among transition
types. Transitions to aquatic from a terrestrial habitat started earlier,
nearly coincident with the origin of angiosperms in our phylogeny,
and increased markedly between 40 and 10 Ma. Transitions from
aquatic to terrestrial habitats are recorded later, with the first event
of transition at ¢. 40 Ma and a peak at 20 Ma (Fig. 4). However, if
we separate single-event transitions (from water to land) from
multple-event transitions (from land to water to land), the peaks
are found at ¢. 10 and 25 Ma, respectively (Fig. S12).

Discussion

Why are there so few species among aquatic angiosperms?

Aquatic angiosperm lineages have been regarded as species-poor
in comparison with their terrestrial relatives (Cook, 1990). Here,
we update species numbers according to current diversity esti-
mates (Christenhusz & Byng, 2016) and confirm the generality
of this pattern. There are about ¢. 4500 aquatic species among
angiosperms, in comparison to ¢ 291000 terrestrial species
described to date. This represents around 1.5% of the described
angiosperm diversity, in line with previous estimates (1-2%)
(Cook, 1999). Aquatic genera, including those polymorphic gen-
era with terrestrial and aquatic species, also contain a lower num-
ber of species than their fully terrestrial counterparts on average
(i.e. 11 vs 22.7 spp. per genus, respectively). This shows that
there is a prevailing trend for aquatic lineages to be species-poor
across angiosperms.

Fig. 3 Ancestral reconstruction lineage-
through-time (ASR-LTT) plots for aquatic
and terrestrial angiosperm lineages. (a) ASR-
LTT plots are based on the reconstruction of
ancestral habitat for phylogenetic nodes on
HiSSE using the genus-level sampling.

(b) Lineage-through-time (extant LTT) plots
depicting the accumulation of extant lineages
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Fig. 4 Cumulative number of transition events from land to water and the
reverse along the angiosperm phylogeny. Estimates derive from stochastic
character mapping analyses in HiSSE under the genus-level sampling.
Below, the raincloud plots show density distributions and raw counts
(points) of each transition type. In this figure, single transitions from ‘water
to land’ and multiple change transitions from ‘land to water to land’ were
pooled, and similarly for transitions from ‘land to water’ and from ‘water to
land to water'. Dashed lines highlight 40 Ma (million years ago) intervals.

o

Our analyses reject the hypothesis of time as the sole explana-
tion for differences in species richness between aquatic and terres-
trial clades. First, a model of constant-rate diversification in
angiosperms was rejected in favor of the trait-dependent HiSSE
model (Table1), indicating that gradual accumulation of
species/genera over time is not sufficient to explain differences in
diversity across clades. Second, given that a time-homogeneous
model of constant-rate diversification is unrealistic for almost any
empirical phylogeny (Caetano eral, 2018), we examined how
well supported the HiSSE model was in comparison with a dif-
ferent time-heterogeneous model which does not assume that rate
heterogeneity is structured as an evolving trait. Again, the trait-
independent CID2 model was rejected in favor of the trait-
dependent HiSSE model by Bayes Factor comparisons (Table 1).
Additionally, PGLS analysis found no significant correlation
between age and species richness for the aquatic genera in our
phylogeny, against the expectations of the time-to-speciation
hypothesis (Fig. 2). Together, these results suggest that, even if
time, or other unmeasured factors, could be influencing the
diversification dynamics of angiosperms, a significant part of the
observed heterogeneity in diversity levels among genera can be
attributed to trait dependence, that is the evolution of the life-

© 2022 The Authors
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history trait aquatic vs terrestrial along the phylogeny. Specifi-
cally, we argue that the observed heterogeneity can be explained
by a strong asymmetry in the rate of transition events, and by dif-
ferent speciation and extinction rates in aquatic and terrestrial
lineages, which also vary over time.

Despite the aquatic lifestyle being better represented among
monocots than in other angiosperm lineages (Sculthorpe, 1967;
Grace, 1993), the lack of phylogenetic signal found for this trait
suggests that the transition to water is not concentrated in certain
lineages (Fig. S1). Instead, the acquisition of the aquatic lifestyle
occurred in multiple independent clades and at different times
during angiosperm evolution (Figs 2, 4), supporting the idea that
the aquatic environment was potentially accessible to many
angiosperm lineages (and consistent with aquatic species being
found in most angiosperm orders). Yet, despite the observed phy-
logenetic overdispersion of this trait, our results reveal that the
transition to aquatic environments was relatively infrequent and
often accompanied by reverse transitions to land. We estimate 97
independent transition events to the aquatic lifestyle (land to
water) in a phylogeny of > 10 000 tips across nearly 140 million
years (Myr) (0.70 events Myr™ '), compared to 82 independent
transitions back to land over ¢. 40 Ma (2 events Myr ™ '; Figs 1,
4). However, our results also suggest that some early diverging
lineages that made the transition ‘from land to water’ were proba-
bly lost to extinction along the long branches of the angiosperm
TOL. This is indicated by the multiple-event transitions ‘from
land to water and back to land’ detected in our analysis (43
events), which peak earlier than the single-event transitions
(Fig. S12) but did not leave recorded diversification events in the
reconstructed phylogeny (some of these events might be
accounted for by incomplete taxon sampling as well).

The reverse transition, from water to land, has been regarded
as an unusual event in angiosperm evolution, which has been
explained by the difficulty of reversing the major anatomical and
physiological changes needed to adapt to water environments
(Doyle, 2012), or by competition with other clades within nearly
saturated terrestrial niches, a pattern observed in many other
plant and animal clades (Vermeij & Dudley, 2000). Neverthe-
less, we inferred a rate of transition that is significantly higher
from water to land than in the opposite direction (land to water),
suggesting that the recolonization of land has been relatively fre-
quent in angiosperms, at least in the past 40 Myr (Fig. 4). How-
ever, we cannot explain why no transitions from water to land
occurred before this period. Although we inferred only a single
multiple-event transition from water-to-land-to-water in our
phylogeny (Fig. S12), we cannot discard the possibility that
extinction has erased the signal, and, indeed, elevated extinction
rates were inferred for the aquatic lifestyle in our SSE analyses
(Fig. 1).

All of the above indicate that transitions to water started earlier
but were apparently less frequent than the reverse transition over
time (Fig. 4). In addition, angiosperm diversification rates were
also lower in aquatic habitats (Fig. 1), with aquatic lineages pre-
senting lower speciation and higher extinction rates than their
terrestrial counterparts. Strong selective pressures exerted by
aquatic environments are one explanaton for the low
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diversification rates detected here. Aquatic habitats represent
stressful environments for plants. Despite not exhibiting the envi-
ronmental extremes of terrestrial habitats, aquatic habitats are
characterized by limited nutrient supply, low carbon availability
and sometimes osmotic stress, all of which can limit photosynthe-
sis and growth (Wetzel, 1988; Duarte ezal, 1994; Santamaria,
2002). Aquatic habitats also impose significant restrictions on
sexual reproduction, by providing poorer conditions for seed pro-
duction, germination and seedling establishment (Barrett ezal.,
1993). This may induce selection for stress-tolerant taxa, which
typically show broad tolerance ranges and high dispersal capabili-
ties. Clonal growth and fragmentation may also be favored in
these habitats (Barrett ez al., 1993; Van Groenendael ez al., 1996;
Eckert eral., 2016), with previous studies suggesting greater vul-
nerability of asexual lineages to extinction (Silvertown, 2008;
Bromham ez al., 2016).

Area size could also explain the low diversification rates in
aquatic habitats. The surface of aquatic habitats available to
angiosperms is much reduced compared to that of terrestrial envi-
ronments. Saltwater covers almost 68% of the planet, but fresh-
water habitats, where most aquatic angiosperm occur, cover only
0.02% (Gleick, 1993). Aquatic habitats are also quite uniform at
regional scales (Sculthorpe, 1967; Cook, 1985; Les, 1988; Barrett
etal., 1993). Although there is considerable spatiotemporal varia-
tion in water availability, and aquatic habitats are heterogeneous
at relatively small scales, this fine-scale environmental mosaicism
tends to be repeated regionally (Santamaria, 2002), which might
lead to loss of variation through selection, resulting in adaptation
to a uniform environment. Together, these conditions probably
limit the frequency of allopatric speciation between geographi-
cally isolated populations, and of 7 situ diversification, and may
contribute to the maintenance of few species with broad ranges
(Santamaria, 2002). Although these factors refer to water bodies
today, they probably characterized ancient environments as well,
which might explain the low diversification rates of aquatic
angiosperm lineages characterizing their ¢. 100 Myr of evolution
(Fig. 1).

Our ASR-LTT results provide further evidence for the differ-
ences in diversity levels between aquatic and terrestrial lineages.
Whereas rates of diversification within the aquatic habitat were
relatively low and constant throughout the Cretaceous and Ceno-
zoic, the terrestrial ASR-LTT plot shows a pattern of rapid
growth, followed by a slowdown at 70 Ma, and a final accelera-
tion at 10 Ma (Figs 3a, S10; Table S3). Interestingly, analysis of
the extant LTT plots provides a different picture: extant terres-
trial and aquatic lineages exhibit a similar pattern of initial
growth, resembling an adaptive radiation, followed by a slow-
down in diversification; in fact, for some million years, in the
Early Cretaceous, the number of aquatic and terrestrial lineages is
shown to be equal (Figs3b, S11). The observed differences in
shape (and diversification dynamics) between the aquatic ASR
and the extant LTT plot send out a note of caution about using
LTTs based on pruned subtrees that include only extant lineages
with a given character state. Our reconstructions (Figs 2, 4) sug-
gest that many extant aquatic genera are the result of transitions
from terrestrial ancestors occurring in recent times. However, in
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connecting these sometimes distantly related genera, the aquatic
phylogenetic subtree assumes that their MRCA was also aquatic,
overestimating the age of the aquatic transitions, which will
explain the extant pattern of initial rapid radiation (Fig. 3b). This
artifact is not present in the ASR-LTT plot (Fig. 3a) because only
the age of ancestral nodes that are reconstructed as aquatic is con-
sidered in the plotting of lineage accumulation over time.

Reconstruction of the ancestral angiosperm habit

Our analysis using genera as evolutionary units reconstructs the
MRCA of all angiosperms as inhabiting terrestrial habitats in the
Early Cretaceous, ¢. 140 Ma (Doyle, 2012). Transitions to an
aquatic lifestyle occurred early during angiosperm evolution,
starting with the branch leading to the common ancestor of
Nymphaeales > 125 Ma (Figs 2, 4), and then followed by transi-
tions within monocots (Alismatales, Acorales), Nymphaeales,
Ceratophyllales, and some eudicot lineages with old crown ages,
such as Cornales and Ranunculales — all these groups include
families whose Cretaceous ancestors were adapted to aquatic
environments in our analysis (Fig. 2). This reconstruction, with a
terrestrial ancestor of flowering plants and an early transition to
aquatic habitats, is in accordance with current angiosperm molec-
ular phylogenetic evidence, indicating that several ANA-grade
lineages (those that do not belong to mesangiosperms such as
monocots, eudicots and magnoliids) include, or are solely, highly
modified aquatic plants (Doyle, 2012; Iles ez al., 2014; Albert &
Renner, 2020; Yang eral., 2020; Zhang ezal., 2020). It is also
consistent with the early appearance and abundance of freshwater
angiosperms in the fossil record (Martin-Closas, 2003). For
example, Archefructus represents one of the oldest, most complete
angiosperm fossils (¢. 125 Ma), and exhibits traits considered as
special adaptations for the hydrophytic habitat (Sun ez 4/, 2002).
Some authors have used this to suggest that the first angiosperms
were indeed aquatic plants (Sun ez al.,, 2002; Gomez ez al., 2008;
Gambaryan & Kuznetsov, 2021). Other authors argue that an
aquatic ancestry is an anatomical impossibility (Doyle, 2012)
because it would entail the loss of cambial activity (as observed in
aquatic lineages such as Nymphaeales, Ceratophyllum or mono-
cots), whereas lineages that are terrestrial and that arose very early
in angiosperm evolution, such as Amborella and Austrobaileyales,
have a relatively normal secondary xylem cylinder (Feild &
Arens, 2007).

We infer the common ancestor of monocots, ¢. 130 Ma, to be
a terrestrial plant. This result contradicts a recent study (Givnish
etal., 2018), which suggests that monocots descended from an
aquatic ancestor based on the abundance of aquatic angiosperms
among orders that branch off from the earliest divisions in mono-
cot phylogeny (e.g. Acorales and Alismatales), and the aquatic
habit of other ancient lineages such as Ceratophyllum (Cerato-
phyllaceae) or the order Ranunculales, the latter of which is sister
to the rest of the eudicots (e.g. Chase, 2004). While our results
do not support the monocots as being ancestrally aquatic, further
research would be useful to clarify this, as we cannot discard the
possibility that elevated rates of extinction in aquatic angiosperms
(as evidenced by frequent multiple-event transitions and high

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation



New
Phytologist

relative extinction rates; Figs 1, S12) have obscured the signal of
an aquatic ancestor for this and other clades.

The conclusions above are based on analyses implementing the
genus-level sampling strategy. Results from the analyses with tips
representing species, that is using the considerably lower species-
level sampling fraction, were very different: the MRCA of all
angiosperms and of all subsequent nodes until 50 Ma were recon-
structed as being aquatic (Figs S8, S9). While it could be possible
to entertain the idea that the MRCA of angiosperms as a whole
was aquatic (see above), the notion that the MRCA of a number
of major ‘derived’ angiosperm clades was aquatic is difficult to
sustain, based on muldple lines of evidence. We argue that this
unexpected result is explained by the poor mixing and low EES
values for the speciation and extinction parameters in the species-
level analysis. This can be attributed to the highly incomplete
phylogenetic sampling at the species level (p =0.03), and the low
representation of aquatic species in Smith & Brown’s original
phylogeny (which reflects the fact that they are not abundant
among angiosperms; < 1.5% of species diversity). These compos-
ite sources of uncertainty were important factors precluding ade-
quate mixing in the species-level analysis.

Analyzing macroevolutionary dynamics using genera rather
than species is contentious, but has been attempted before under
different statistical frameworks (Silvestro etal, 2015;
Hernindez-Hernandez & Wiens, 2020). Likelihood derivations
used in the SSE and EBD models were designed for species-level
phylogenies, with diversification interpreted as speciation minus
species extinction (Nee eral., 1994; Maddison ezal., 2007). In
our genus-level analyses, diversification is equivalent to the rate
of genus origination, and extinction to the rate of genus global
extinction, so we are losing the part of diversification referring to
the most recent time periods; that is, we are cutting the phy-
logeny and the diversification process at the origin time for all
genera. However, we argue that this approach allows us to cap-
ture long-term dynamics in the evolution of the aquatic lifestyle
in angiosperms with better accuracy than using the species-level
fraction. This is because large-scale angiosperm phylogenies, such
as that of Smith & Brown (2018) used here, typically try to maxi-
mize phylogenetic representation, using ‘diversified’, overdis-
persed taxon sampling; in contrast, the SSE and EBD models
implemented in REVBAYES assume random taxon sampling (Frey-
man & Hohna, 2018). Since the fraction of missing diversity is
very small (c. 0.2) at the genus level, it is more likely that random
sampling is more biased at the species level. Implementing clade-
specific sampling fractions to better reflect the uneven representa-
tion of species in the original phylogeny (e.g. Rabosky eral.,
2014) would be a possible solution, but recent studies have
shown that such a procedure may lead to incorrect likelihood
estimates (Moore et al., 2016; Beaulieu, 2020). Instead, we chose
to use genera to approximate origination and extinction rates of
evolutionary units, as well as to measure transition rates from/to
the aquatic lifestyle. Future developments into algorithm effi-
ciency for SSE and other birth—death models (e.g. Ronquist ez al.,
2021) will hopefully allow us to analyze diversification dynamics
on trees with hundred to thousands of species, such as the
angiosperm TOL at the species level.
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