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Abstract: The timing of angiosperm origin and diversifi cation is crucial to understand the evolution of terrestrial ecosystems as 
we know them today. The fossil record and relaxed molecular clocks provide substantially different estimates of the time in which 
angiosperms started to diversify into lineages that originated living species. The roles of different methodological and systematic 
factors on ages estimated with relaxed clocks across land plants, with a focus on angiosperms, are here reviewed. Different re-
laxed clocks and molecular data provided similar age estimates for nodes across land plants. Breaking the long branch subtending 
angiosperms typically did not result in substantially younger age estimates for angiosperms. Including or excluding fossil-derived 
calibrations on internal nodes had a pronounced effect on ages across the tree, and among examined factors, calibrations were the 
most infl uential in resulting ages. However, interactions between calibrations and genes were detected as different genes converged 
on similar ages when the same set of calibrations was applied. Estimated angiosperm ages were much older than angiosperm ear-
liest fossils. Although a missing fossil history cannot be ruled out, this explanation alone is insuffi cient, considering the gradually 
increasing abundance, diversity and geographical distribution of angiosperms in the fossil record; the ordered progression of their 
morphological and functional diversifi cation; and the agreement in the sequence of appearance of lineages in the stratigraphic 
record and in molecular phylogenies. It is hypothesized that model misspecifi cation may play a role in the observed molecular 
clock/fossil discrepancy.
Key words: calibrations, fossil record, land plants, lineage effects, model misspecifi cation.

Resumen: La edad del origen y diversifi cación de las angiospermas son cruciales para entender la evolución de los ecosistemas 
terrestres modernos. El registro fósil y los relojes moleculares relajados calculan edades substancialmente diferentes para el inicio 
de la diversifi cación de las angiospermas. Se revisa el efecto de diferentes factores metodológicos y sistemáticos en los estima-
dos de relojes relajados para las plantas terrestres, con énfasis en las angiospermas. Diferentes métodos de reloj relajado y datos 
moleculares estimaron edades similares en todo el árbol fi logenético. Romper la rama larga que subyace a las angiospermas no 
resultó en edades substancialmente más jóvenes. La inclusión o exclusión de calibraciones derivadas del registro fósil tuvo un 
efecto pronunciado en las edades estimadas, además de ser el factor más relevante entre los que se evaluaron. Sin embargo, existen 
interacciones entre las calibraciones y los genes, pues diferentes genes convergieron en edades similares cuando las mismas cali-
braciones fueron aplicadas. Las edades estimadas para las angiospermas son mucho más viejas que sus primeros fósiles. Aunque 
la posibilidad de un registro fósil incompleto no puede excluirse, ésta sola explicación es insufi ciente, dado el aumento gradual 
en la abundancia y distribución geográfi ca de las angiospermas en el registro fósil; la progresión ordenada de su diversifi cación 
morfológica y funcional; y la concordancia en la secuencia de aparición de linajes en la secuencia estratigráfi ca y en las fi logenias 
moleculares. Se sugiere que la especifi cación errónea del modelo evolutivo posiblemente juega un papel en la discrepancia entre 
los relojes relajados y el registro fósil.
Palabras clave: calibración, efecto del linaje, modelos mal especifi cados, plantas terrestres, registro fósil.

F lowering plants are an extraordinary evolutionary pheno-
menon. With over 280,000 described species (Stevens, 

2012) and an estimated total of approximately 400,000 (Go-
vaerts, 2001), fl owering plants (angiosperms,  Angiospermae, 
Cantino et al., 2007) are by far the most species-rich group 
of plants. Their richness is even more impressive compared 

to that of other seed plants, and considering the time of their 
origin. Whereas extant gymnosperm lineages originated 
from the Late Carboniferous to the Early Triassic, between 
320 and 245 million years (Ma) ago, and collectively inclu-
de fewer than 1,000 species in the present-day, angiosperms 
are known in the fossil record only since approximately 135 
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Figure 1. Estimates of age provided by molecular clocks and the fossil record. Molecular clocks estimate the time of divergence of two 
lineages in a phylogenetic tree. The oldest fossil of a lineage indicates the time by which that lineage had acquired morphological distinc-
tiveness, and was suffi ciently abundant to enter the fossil record. The temporal difference between lineage divergence and fossil preser-
vation is unknown, it varies from lineage to lineage, and depends on physical attributes and environmental preferences of the members of 

each lineage.
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to 140 Ma ago, and their species richness surpasses that of 
gymnosperms, and of any other group of plants, by orders 
of magnitude. For example, several angiosperm genera in-
clude more species than all living gymnosperms together. It 
is clear that, whatever the combination of speciation and ex-
tinction rates that led to their present-day species richness, 
angiosperms, or more likely, particular lineages within the 
group (Magallón and Sanderson, 2001) are characterized by 
high rates of phylogenetic diversifi cation.
 In addition to their extraordinary species richness, angios-
perms have evolved an astounding diversity of vegetative 
and reproductive innovations. For example, angiosperms 
encompass completely new forms of herbaceous vegetative 
constructions, as well as trees with complex branching sys-
tems and dense canopies. Reproductively, angiosperms un-
derwent complex morphological and functional innovations, 
resulting in fl owers, which are highly integrated complex 
structures that function effectively towards selective repro-
duction, including a highly modifi ed and reduced life cycle.
 Angiosperms are the dominant group of plants in mo-
dern terrestrial ecosystems. They are the primary producers 
in food webs, and provide the main structural support in 
most terrestrial biomes, involving direct physical interactio-
ns with all other forms of terrestrial life. The evolution of 
angiosperms, and specifi cally the biomes that they formed, 
were very likely important triggers to the evolution and di-
versifi cation of numerous biological lineages, including for 
example, groups of ferns, fungi, insects and arthropods.
   Accurate information about the timing of angiosperm 
origin and diversifi cation is critical to document when an-
giosperm unique morphological innovations evolved; how 
long it took for extant lineages to arise, and for modern 
terrestrial biomes to assemble. To address these questions, 
it is important to distinguish between the time when the 
angiosperm lineage diverged from its sister group (i.e., the 
stem group age), and the time in which extant lineages ori-
ginated (i.e., the crown group age). In the rest of this re-
view, “angiosperm age” will refer to the angiosperm crown 

age, unless otherwise indicated. Two sources of informa-
tion about angiosperm age are available: the fossil record, 
and molecular clocks.
 The fossil record indicates the time by which a lineage 
had achieved morphological distinctiveness and suffi cient 
abundance to enter a preservation process that would lead 
to fossilization and subsequent recognition by biologists. 
Therefore, inherently, the fossil record does not indicate the 
time of phylogenetic divergence, but a younger age (Figure 
1). The amount of time between phylogenetic divergence 
and fossil preservation is unknown and varies depending 
on many factors, including a lineage’s rate of morphologi-
cal evolution, life history and ecological preferences. For 
example, for organisms with high rates of morphological 
evolution, hard body parts, and that inhabit environments 
that facilitate preservation, the difference between phyloge-
netic divergence and fossil preservation is expected to be 
short. The fossil record of angiosperms as a whole provides 
an overview of the evolutionary diversifi cation of the group 
in terms of increasing geographical distribution, local abun-
dance, morphological and functional vegetative and repro-
ductive diversity, taxonomic diversity, and ecological occu-
pation and eventually, dominance (see below). However, the 
fossil record of particular angiosperm lineages (e.g., fami-
lies) is incomplete and is mostly characterized by a single 
or very few occurrences. The oldest unequivocal ocurrence 
of angiosperms in the fossil record is documented by pollen 
grains from latest Valanginian and Hauterivian (Early Creta-
ceous) sediments (see below), corresponding approximately 
to 140 to 136 Ma, from localities in Israel (Brenner, 1996), 
Italy (Trevisan, 1988), and southern England (Hughes and 
McDougall, 1987; Hughes et al., 1991). Whereas these fossil 
pollen grains strictly provide a minimum age for the angios-
perms, the dense representation of readily recognizable an-
giosperm fossils in sediments from the Barremian onwards 
suggests that the angiosperm crown group is unlikely to be 
much older than the oldest Early Cretaceous angiosperms 
fossils (Pirie and Doyle, 2012; see Discussion).
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 Molecular clocks are methods that estimate the time of 
phylogenetic splitting on the basis of genetic distances in 
phylogenetic trees, and either rely on the assumption that 
the rate of molecular substitution is approximately constant, 
and hence, that the genetic distance between two organisms 
linearly refl ects the time elapsed since their divergence from 
their most recent common ancestor (e.g., strict molecular 
clocks); or recognize that different lineages usually exhibit 
different molecular rates, and attempt to accommodate the-
se different rates through different assumptions of how rates 
vary among lineages (i.e., relaxed molecular clocks).
 Several molecular estimates of angiosperm age are avai-
lable, derived both from strict and relaxed clocks, and most 
provide ages that are substantially older than the oldest an-
giosperm fossils (Table 1). Some of the earliest strict clock 
studies (e.g., Ramshaw, 1972 Martin et al., 1989, 1993; 
Brandl et al., 1992) estimated ages of 300 Ma or older for 
angiosperms, or within angiosperms. Relaxed clock studies 
have also provided older-than-fossil estimates, for example, 
the most recent studies (Bell et al., 2010; Magallón, 2010; 
Smith et al., 2010; Clarke et al., 2011) estimate the crown 
age of angiosperms between 147 Ma (Bell et al., 2010) and 
275 Ma (Magallón, 2010). These studies include differen-
tial taxonomic sampling and density, are based on different 
types of data and implement different calibrations and cons-
traints, hence, it not possible to jointly examine the effect of 
individual parameters on angiosperm age estimates. Howe-
ver, some studies have evaluated the effect of calibration and 
constraints (Soltis et al., 2002; Moore et al., 2007; Bell et 
al., 2010; Smith et al., 2010; Clarke et al., 2011; Magallón 
et al., 2013) the use of different codon positions (Sanderson 
and Doyle, 2001; Magallón and Sanderson, 2005; Magallón 
et al., 2013); of different methods to estimate branch lengths 
(Soltis et al., 2002; Magallón, 2010), and of different relaxed 
clock method (Magallón, 2010; Magallón et al., 2013).
 A possible explanation for the substantially older ages 
indicated by molecular clocks with respect to the fossil 
record of angiosperms, and of other biological groups in 
which an equivalent confl ict has been detected, is that the 
fossil record is incomplete. In the case of angiosperms, an 
examination of the similarities and differences between the 
molecular and phylogenetic estimates, and the pattern of 
the angiosperm fossil record, suggest that an incomplete 
fossil record alone is an insuffi cient explanation for the de-
gree of this discrepancy.
 Actually, the angiosperm fossil record and molecular-
based estimates of angiosperm evolution are congruent in 
two very important points: both indicate that the onset of 
angiosperm diversifi cation was characterized by a rapid 
phylogenetic radiation; and both recognize the same gene-
ral sequence of appearance of major angiosperm lineages. 
However, they differ in the absolute time when the angios-
perms started to diversify to give rise to living lineages.
 Three observations strongly suggest that the angiosperm 

early fossil record is not severely incomplete. First, the mode 
of appearance of angiosperms in the fossil record is con-
gruent with the diversifi cation of a biological lineage: The 
oldest angiosperm pollen grains are approximately spheri-
cal, with a single aperture which may be weak or absent, 
and a perforate to reticulate tectum. These pollen grains are 
recognized as angiosperms because they have a collumelar 
infratectal structure. Not all angiosperms have a collumelar 
infratectum (some lineages have a granular infratectum or 
different special conditions), but among the living plants, 
a columellar infratectum is present only in angiosperms 
(Doyle, 2005, 2009, 2012). The oldest pollen grains with a 
columellar infratectum are known from a latest Valanginian 
locality in Israel (Brenner, 1996) and in northern Italy (Tre-
visan, 1988); and from Hauterivian sediments in southern 
England (Hughes and McDougall, 1987; Hughes et al., 
1991). Angiosperm pollen grains are extremely scarce in 
each of these localities, being known from a single or very 
few grains in samples with an otherwise rich palynomorph 
composition. Palynofl oras from slightly younger sediments, 
specifi cally of Barremian age, from several places around 
the world (e.g., Portugal, China, eastern North America) 
contain angiosperm pollen grains in greater abundance and 
morphological diversity than the Valanginian and Hauteri-
vian localities. A pattern of increasing global geographical 
distribution, local abundance, and morphological diversity 
of angiosperm pollen grains continues through the Early and 
Late Cretaceous, until angiosperm pollen becomes a domi-
nant component of global palynofl oras. The increasing geo-
graphical distribution and local abundance of angiosperm 
pollen has a clear latitudinal component, with an initial ex-
pansion in paleoequatorial regions, trailed by occupation of 
higher paleolatitudes (e.g., Lidgard and Crane, 1988; Crane 
and Lidgard, 1989; Lupia et al., 1999).
 Second, the sequence of morphological evolution obser-
ved in fossil pollen grains, leaves, and fl owers during the 
Early and early Late Cretaceous (ca. 135-90 Ma) documents 
an increasing morphological and functional diversity that is 
congruent with the expansion of a biological lineage: The 
morphological succession of pollen grains begins with mo-
nosulcate (and inaperturate) grains in the Valanginian and 
Hauterivian; followed by monosulcates and tricolpates in 
the Aptian and early Albian; followed by tricolporates in the 
middle Albian; triangular tricolporates in the late Albian; 
and complex triporates in the Cenomanian (Doyle, 2012). 
The leaf morphological succession begins with simple for-
ms with a pinnate but irregular venation pattern, a few pal-
mately-veined, and ternately dissected leaves in the Aptian 
to earliest Albian; followed by more complex types such as 
palmately-veined cordate and peltate leaves, pinnately-vei-
ned with toothed margin, palmately-lobed, and pinnately-
dissected and compound leaves in the middle to late Aptian 
(Doyle, 2012). Floral evolution also shows an unequivocal 
morphological and functional progression in reproductive, 
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protective and attractive functions, from very simple types 
apparently consisting only of stamens and carpels (repro-
ductive function) in the Early Cretaceous; followed by fl o-
wers with tepals (protective function) at the end of the Early 
Cretaceous; followed by fl owers with a perianth differentia-
ted into sepals and petals (protective and attractive functio-
ns), as well as stamens that have become modifi ed into nec-
taries (attractive function) by the earliest Late Cretaceous. 
Younger sediments contain an astounding diversity of fl oral 
morphological and functional types (e.g., Friis et al., 2006). 
The morphological progression of pollen, leaf and fl ower 
types observed in the stratigraphic sequence would be hard 
to explain if angiosperms had evolved a long time before 
their fi rst fossil appearance.
 Third, there is a strong agreement in the general sequence 
of appearance of major angiosperm lineages in the strati-
graphic record and the sequence of branching in molecu-
lar phylogenies: The oldest fossil fl oras that contain repro-
ductive remains with suffi ciently detailed preservation to 
allow comparisons with living lineages occur in localities 
from Portugal (e.g., Friis et al., 2004), Gabon (Doyle et al., 
1990a, b), eastern North America (e.g., Crane et al., 1993; 
von Balthazar et al., 2007) and Brazil (e.g., Mohr and Ber-
nardes-de-Oliveira, 2004), dated from the late Barremian 
to the middle Albian (between ca. 125 and 106 Ma). These 
localities contain exquisitely three-dimensionally preserved 
fl owers, fruits, and seeds, or well-preserved reproductive 
and vegetative organs in more conventional types of fos-
silization. These Early Cretaceous paleofl oras contain nu-
merous plants that cannot be assigned to extant lineages, 
and that most likely belong to extinct phylogenetic bran-
ches. However, these early fl oras also contain a few fossils 
can be reliably assigned, both on the basis of morphological 
and structural detailed similarity and explicit phylogenetic 
results (e.g., Friis et al., 2009; Doyle and Endress, 2010), 
to particular extant lineages. It is extraordinarily signifi cant 
that the oldest identifi able angiosperm fossils correspond 
to the earliest diverging branches in molecular phylogenies 
(Doyle, 2012), specifi cally, Nymphaeales (Monetianthus 
mirus; Friis et al., 2001, 2009); Austrobaileyales (Anacos-
tia spp.; Friis et al., 1997a); Chloranthales (the Asteropollis 
plant; Friis et al., 1994a, 1997b, 1999); the earliest diver-
ging branches within Magnoliidae, namely Calycanthaceae 
and Lauraceae within Laurales (Virginianthus calycanthoi-
des; Friis et al., 1994b and Potomacanthus lobatus, Crane et 
al., 1994; von Balthazar et al., 2007, respectively), Magno-
liaceae within Magnoliales (Endressinia brasiliana; Mohr 
and Bernardes-de-Oliveira, 2004), and Winteraceae within 
Canellales (Walkeripollis; Doyle et al., 1990a, b); Mono-
cotyledoneae, namely Araceae within Alismatales (Mayoa 
portugallica; Friis et al., 2004); and Eudicotlyledoneae, 
namely Ranunculales (Teixeiraea lusitanica; von Balthazar, 
2005) and Nelumbonaceae and Platanaceae within Proteales 
(the Nelumbites plant; Upchurch et al., 1994, and the Sapin-

dopsis plant; Crane et al., 1993, respectively). Each of these 
three lines of evidence is substantial in itself, and together, 
they constitute a formidable objection to the possibility of 
an extensive missing history in the early fossil record of an-
giosperms.
 In this review, some factors that might affect relaxed mo-
lecular clock estimation of angiosperm age are examined. I 
summarize previous work evaluating the effect of relaxed 
molecular clock methods; of long phylogenetic branches; of 
molecular data with different substitution rates; and of fos-
sil-derived temporal calibrations. I conclude by hypothesi-
zing possible causes that might explain the age discrepancy 
between fossils and molecular clocks.

Material and methods

The materials and methods implemented in each study di-
ffer in particular details, but the following generalized des-
cription applies to all cases.

Taxonomic sample. Phylogenetic and dating analyses were 
based on a sample of all the living lineages of vascular plants 
(Tracheophyta) or land plants (Embryophyta). Angiosperms 
are represented by placeholders of all their evolutionary li-
neages, namely Amborellales, Nyphaeales, Austrobaileyales 
and Mesangiospermae, including representatives of its fi ve 
lineages: Chloranthales, Magnoliidae, Monocotyledoneae, 
Ceratophyllales and Eudicotyledoneae. An attempt was 
made to include species with different growth forms and 
life cycles, to account for potential biases associated with 
differential molecular rates. Outside angiosperms, cycads 
(Cycadophyta), Ginkgo, conifers (Coniferae) and gnetales 
(Gnetophyta) were included, for a full representation of li-
ving seed plants (Spermatophyta). Outside seed plants, the 
fi ve living lineages of ferns (Monilophyta) were included, 
to represent euphyllophytes (Euphyllophyta). To include a 
full sample of vascular plants (Tracheophyta), Lycopodio-
phyta were also included. In the fi nal analyses (Magallón 
et al., 2013), the three living non-vascular lineages, namely 
liverworts (Marchatiophyta), mosses (Bryophyta), and hor-
nworts (Anthocerotophyta) were added. The deepest split 
within each major land plant clades is represented, allowing 
the estimation of their stem group and crown group age. 
When only vascular plants were included, a non-vascular 
plant was selected as outgroup, and when all land plants 
were included, the outgroup was a member of streptophyte 
algae, which have been identifi ed as most closely related to 
the embryophyte lineage.

Data and model selection. The molecular data are four hig-
hly-conserved plastid protein-coding genes selected because 
they offer the possibility to accurately capture relationships 
at deep phylogenetic levels among land plants. These four 
genes are atpB (Hoot et al., 1995), psaA, psbB (Graham and 
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Olmstead, 2000; Sanderson et al., 2000), and rbcL (Chase et 
al., 1993). Sequences were obtained following conventional 
PCR and sequencing protocols described in Magallón and 
Sanderson (2002, 2005), or downloaded from GenBank. 
Subsequently, to evaluate the effect of data with different ra-
tes of molecular substitution in dating analyses, matK, with 
a higher rate of substitution, was included (Magallón et al., 
2013). The sequences of matK were obtained with protocols 
described by Wicke and Quandt (2009) and Worberg et al. 
(2007), or obtained from GenBank. Each of the four hig-
hly-conserved genes was manually aligned, as they almost 
entirely lack indels. Alignment of matK involved translating 
nucleotide into amino acid sequences, due to the prevalence 
of indels.
 The best fi tting nucleotide substitution model for the 
three codon positions of each of the highly-conserved ge-
nes, and for matK as a whole, was identifi ed with ModelTest 
(Posada and Buckley, 2004). Following an examination of 
ModelTest-estimated parameter values according to best-fi t-
ting models, the data was partitioned into fi rst plus second 
codon positions of the highly-conserved genes, third codon 
positions for the highly-conserved genes, and matK (Maga-
llón et al., 2013).

Phylogenetic analyses. To evaluate phylogenetic congruen-
ce among genes, parsimony analyses for each of the hig-
hly-conserved genes (Magallón and Sanderson, 2005), and 
matK (Magallón et al., 2013), were conducted with PAUP* 
4.0b10 (Swofford, 2002). Previous studies (e.g., Chaw et 
al., 2000; Sanderson et al., 2000; Sanderson and Doyle, 
2001; Magallón and Sanderson, 2002; Rydin et al., 2002) 
have detected systematic biases when all codon positions 
are included in parsimony phylogenetic estimation among 
seed plants, in a likely case of long branch attraction. This 
problem is avoided by excluding third codon positions or 
using amino acid sequences in parsimony analyses. Phylo-
genetic relationships derived from fi rst plus second posi-
tions of different genes were mostly congruent with each 
other and with independent estimates of phylogenetic 
relationships across land plants (e.g., Soltis et al., 2011). 
Because incongruent relationships derived from different 
genes are weakly supported by bootstrap values, the four 
highly-conserved genes and the fi ve genes were concate-
nated, forming a highly-conserved and an all-gene data set, 
respectively, both of which were used in parametric phylo-
genetic estimation.
 Phylogenetic relationships were estimated with Bayesian 
inference using MrBayes (Huelsenbeck and Ronquist, 2001) 
and with maximum likelihood (ML) using RAxML (Stama-
takis, 2006). Analyses were conducted with the best-fi tting 
model to the data partitions described above (as much as each 
software permits), allowing unlinked substitution parameter 
estimation. Details of each analysis are described in Maga-
llón and Sanderson (2005), Magallón (2010) and Magallón 

et al. (2013). Phylogenetic relationships estimated with Ba-
yesian inference for the highly-conserved data set, and with 
ML for the highly-conserved, matK, and the all-gene data 
sets were also highly congruent with each other, and with 
independent estimates of relationships across vascular plants 
and land plants. Most clades are supported by high posterior 
probabilities and bootstrap values, respectively.

Relaxed molecular clocks. Relaxed clocks allow estimation 
of divergence times and absolute molecular substitution ra-
tes using molecular sequence data and phylogenetic infor-
mation, accounting for different molecular substitution rates 
among branches in the tree. These methods can incorporate 
independent information, either of absolute time or substitu-
tion rate, to calibrate phylogenetic trees. Currently available 
methods differ in their statistical basis, in how they account 
for different molecular substitution rates among different 
branches in the phylogenetic tree, and in how they imple-
ment independent calibrations.
 Except for the very fi rst proposed relaxed clock (non-
parametric rate smoothing; Sanderson, 1997), all available 
relaxed clocks estimate substitution rates among branches 
statistically, either with ML (penalized likelihood: PL; San-
derson, 2002), or with Bayesian inference (e.g., Multidivti-
me, MCMCTREE, TimeTree, BEAST).
 Relaxed clocks require a model of how rates chan-
ge among branches. Among-lineage rate heterogeneity is 
commonly applied on the basis of temporal autocorrelation 
(Gillespie, 1991), which assumes that substitution rates (or 
the factors that determine substitution rates) are transmitted 
from ancestors to descendants, and therefore are expected 
to be similar among closely related lineages. Autocorrela-
tion is based on population genetics, and is a reasonable 
assumption for rate change among closely related species. 
However, it may be insuffi cient to explain rate change 
among branches that are distantly related, that diverged in 
the distant past, or that are separated by numerous extinct 
branches. Drummond et al. (2006) implemented uncorrela-
ted among-lineage rate heterogeneity, in which substitution 
rates are obtained from a single statistical distribution (e.g., 
exponential, lognormal).
 Independent calibrations, either an absolute time or an 
absolute substitution rate, are necessary if molecular clocks 
are expected to provide estimates of divergence times and 
substitution rates in terms of absolute time units (e.g., mi-
llion years). Temporal calibrations are more common, and 
among these, the fossil record is the most usual source. 
Depending on the method used, temporal calibrations can 
be implemented as fi xed ages or as minimum or maximum 
age constraints with hard or soft bounds (Yang and Rannala, 
2006; Rannala and Yang, 2007).
 Ages of clades were estimated with three different relaxed 
clocks (Magallón and Sanderson, 2005; Magallón, 2010; 
Magallón et al., 2013). Penalized likelihood (Sanderson, 
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Figure 2. Time tree of land plants. Dated tree obtained with the 
uncorrelated lognormal method in BEAST, using a 5-gene data set 
(atpB, psaA, psbB, rbcL, and matK), including 27 fossil-derived 
calibrations on internal nodes, plus a calibration on the root node. 
The crown group age of major land plant clades is indicated, inclu-
ding the 95% highest posterior density (HPD) credibility interval.
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2002) is a semiparametric method that estimates absolute 
rates with ML, and implements an autocorrelation-based 
numerical penalty to avoid rates among close branches to 
vary drastically. It estimates the optimal degree of among-
lineage rate heterogeneity through data-driven cross valida-
tions that, either predict length of removed terminal bran-
ches (i.e., branch-pruning cross validation) or on avoiding 
violations to temporal constraints (i.e., fossil-based cross 
validation; Sanderson, 2004). Temporal calibrations can be 
implemented as fi xed ages or as hard-bound minimum or 
maximum age constraints.
 Multidivtime (MD; Thorne et al., 1998; Kishino et al., 
2001; Thorne and Kishino, 2002) is a Bayesian method 
that estimates divergence times, substitution rates and the 
value of an autocorrelation hyperparameter that models the 
amount of rate heterogeneity among branches. These (and 
other) parameters are estimated as posterior probabilities 
on the basis of priors, a likelihood function, and a Markov 
chain Monte Carlo (MCMC). This method takes advantage 
of multigene data sets by considering that, whereas different 
genes may have uncorrelated patterns of rate change, they 
are expected to share divergence times (Thorne and Kishi-
no, 2002). Temporal calibrations can be implemented on 
selected nodes as hard-bound minimum or maximum age 
constraints, and additionally, a maximum age needs to be 
assigned to the root of the phylogenetic tree.
 The program BEAST (Drummond et al., 2006) offers 
a variety of methods in a Bayesian framework to estimate 

divergence times and substitution rates, including imple-
mentations with uncorrelated rate change among branches 
(see above). Phylogenetic relationships, divergence times 
and absolute substitution rates are estimated simultaneously 
as posterior probabilities via MCMCs. The method allows 
great fl exibility to implement temporal calibrations, which 
are introduced as priors drawn from statistical distributions, 
with hard or soft bounds at either end. We implemented the 
uncorrelated lognormal method (UCLN) to estimate diver-
gence times and absolute rates.

Calibrations and constraints. Fossil-derived calibrations 
were implemented in almost all cases. The relationship of 
fossils with respect to living taxa was derived, either from 
direct morphology-based phylogenetic analyses (e.g., Ken-
rick and Crane, 1997; Hilton and Bateman, 2006; Doyle and 
Endress, 2010) or on the presence of characters in the fossil 
that constitute unequivocal synapomorphies of a particular 
clade. The root node was calibrated either with the age of 
the oldest fossil remains of vascular plants or with a time 
range derived from an independent dating analysis (Hackett 
et al., 2007). Table 2 lists the calibrated nodes and the fossils 
used for calibration.

A timeline of land plant evolution. The relaxed clock analy-
ses provided a framework of the time of lineage origin and 
diversifi cation across land plants. Figure 2 shows the da-
ted tree for land plants estimated with the UCLN method in 
BEAST, using the all-gene data set (Magallón et al., 2013). 
The divergence between streptophyte algae and land plants 
is dated at 912 (962.5-870 95% Highest Posterior Densi-
ty [HPD]) Ma, corresponding to the Neoproterozoic, and 
the onset of land plant diversifi cation is estimated at 475.3 
(480.3-471.3 95% HPD) Ma, in the Lower Ordovician. 
Thus, according to these estimates, land plants persisted as 
an aquatic stem lineage for about 450 Ma before diversi-
fying on land. Vascular plants began their crown diversifi -
cation at 424 (434.3-416.3 95% HPD) Ma, corresponding 
to the Middle Silurian. The crown age of euphyllophytes is 
estimated as 411 (422.2-401 95% HPD) Ma, corresponding 
to the Lower Devonian, followed relatively soon by fern 
crown diversifi cation at 392.3 (400.6-384.8 95% HPD) Ma, 
in the Middle Devonian. Seed plant crown diversifi cation 
began later, at 330.3 (351-313.7 95% HPD) Ma, in the Lo-
wer Carboniferous (Mississippian). Angiosperm crown di-
versifi cation is estimated at 193.8 (209.7-162.2 95% HPD) 
Ma, in the Lower Jurassic (Figure 3). Ages estimated for all 
major land plant clades are consistent with the implemented 
fossil-based calibrations, except for angiosperms, which are 
estimated as being ca. 57 Ma older than their earliest fossils 
(Magallón et al., 2013).

Effect of relaxed clock method. Among the available stu-
dies of angiosperm age, few have been designed to examine 
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Table 1. Summary of estimates of angiosperm age in molecular clock studies. BLs: branch lengths. MD: Multidivtime (Thorne et al., 1998; Kis-
hino et al., 2001; Thorne and Kishino, 2002). ML: maxiumum likelihood. MP: parsimony. NPRS: non-parametric rate smoothing (Sanderson, 
1997). PL: penalized likelihood (Sanderson, 2002). UCLN: uncorrelated lognormal method available in BEAST (Drummond et al., 2006). NA: 
not applied.

Reference Data Phylogenetic  Molecular Number of Taxa Number of Calibration Age of Angiosperm
  Estimation Clock Method Inside/Outside  Constraints/ Node/Age (Ma) Crown Group (Ma)
    Angiosperms Applied as
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Ramshaw  cytochrome c no explicit strict clock NA NA extrapolation from 300-400
et al., 1972 (amino acid  phylogenetic tree;    bird-mammal
 sequences) extrapolation based     divergence
  on the bird-mammal 
  divergence

Martin et  gapC no explicit strict clock 9/0 NA rate of ca. 320
al., 1989  phylogenetic tree    nonsynonymous 
      substitution calibrated 
      from fossil-dated 
      divergences 
      between animal-
      plants-yeast (1000 
      Ma); Drosophila-
      vertebrates (600 
      Ma), mammal-chicken 
      (270 Ma), and human-
      rat (85 Ma)

Wolfe et al., 12 cp protein-  Neighbor Joining strict clock 2/1 NA rate of 150-250
1989 coding genes     nonsynonymous 
      substitutions 
      calibrated from fossil-
      based divergence 
      between angiosperms 
      and bryophytes (350-
      450 Ma)

Brandl et al., cp tRNA and UPGMA strict clock 7/2 NA (i) maize-wheat (i) maize-wheat
1992 tRNA genes     divergence obtained  divergence
      from Wolfe et al. 1989 calibration:   
      (50-70 Ma) monocot-(eu)dicot
      (ii) bryophyte- divergence:
      tracheophyte  260-360
      divergence  (ii) bryophyte-
      (embryophyte crown tracheophyte 
      group; 350-450 Ma) divergence
      (iii) plant-animal  calibration: 
      divergence (1000 Ma) monocot-(eu)dicot 
       divergence: 230-300
       (iii) plant-animal 
       divergence 
       calibration: 
       monocot-(eu)dicot 
       divergence: 260

Martin et al.,  gapC, Neighbor Joining strict clock 7/2 NA rate of substitutions (i) method of Li
1993 compared      calibrated from fossil- and Graur, 1991
 with rbcL     based divergence  (in Martin et al.,
      between angiosperms  1993): 304 +- 34
      and conifers (330 Ma) (ii) method of Li and 
       Tanimura, 1991; (in 
       Martin et al., 1993): 
       301 +- 34
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Table 1. Continuation

Reference Data Phylogenetic  Molecular Number of Taxa Number of Calibration Age of Angiosperm
  Estimation Clock Method Inside/Outside  Constraints/ Node/Age (Ma) Crown Group (Ma)
    Angiosperms Applied as
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Laroche et 12 mt protein-  Derived from strict clock 21/2 NA (i) maize-wheat (i) maize-wheat
al., 1995 coding genes:  implicit under-    divergence obtained divergence 
 coxI, coxII,  standing of    from Wolfe et al. calibration: 
 coxIII, atp1,  relationships in    1989 (50-70 Ma) monocot-(eu)dicot
 atp6, atp9,  independent    (ii) Vicieae-Phaseolinae divergence: 170-238
 cob, nad3,   studies    divergence based (ii) Vicieae-
 nad4, rps12,       on Raven and Polhill, Phaseolinae 
 rps13, orf25     1981 (in Laroche et al., divergence
      1995) (45-65 Ma) calibration: 
       monocot-(eu)
       dicot divergence: 
       157-226

Goremykin 58 cp protein  Neighbor Joining strict clock 3/3 NA Embryophyta crown Monocot-(eu)dicot
et al., 1997 sequences     node (450 Ma) divergence: 160 
       +- 16

Sanderson,  rbcL Synthesis of land NPRS 22/15 2/minage Embryophyta/450 215.0 (+-15.2)
1997   plant phylogenetic
(including   hypotheses, MP-
constraints)  derived BLs

Sanderson  rbcL and 18S parsimony, plus a strict clock 22/15 not applied Land plant CG/450 (i) 18S: 188
and Doyle,  nrDNA set of fi xed obtained with    (ii) rbcL (1st-2nd
2001  topologies maximum     cp): 221
   likelihood    (iii) rbcL (3rd  
       cp): 86
       (iv) rbcL (all cp): 143

Soltis et al.,  (i) rbcL, atpB, ML topology NPRS and 2/33 alternative none in addition (i) Calibration (12)
2002 rps4, and 18S  obtained by Pryer et strict clock  calibration to calibrations Dicksonia/
 nrDNA and  al., 2001, with   points across  Plagiogyria/
 136 morpho- branch lengths   land plants/  Cyathea: 330.7
 logical  estimated with   fi xed  (ii) Calibration (19)
 characters  MP and ML.     Angiopteris/
 (ii) rbcL, atpB,      Marattia: 332.6
 rps4 and 18S      (iii) Calibration (25)
 nrDNA singly       gymnosperms: 132.1
 and combined      (iv) Calibration (29) 
       lycopsids (377.4): 
       126.9
       (v) Calibration (19) 
       lycopsids (400): 
       134.5

Schneider et  rbcL, atpB, Bayesian inference PL 84/11 3/minage Euphyllophytes/380 251.8 (246.4
al., 2004  18S nrDNA      +- 14.9)
(relaxed 
analysis)

Bell et al.,  rbcL, atpB,  ML and Bayesian MD and PL 67/4 variable;  eudicots/125 (i) MD enforcing
2005 matR, 18S  inference   4/minage  three minimum age
 nrDNA      constraints: 192.8 
       (+- 17.3); 
       simultaneous data 
       (i.e., with BLs 
       estimated separately  
       for each data 
       partition) 179.6 
       (+- 11.0)
       (ii) PL: PL enforcing 
       three minimum age 
       constraints. 157.8 
       (+- 16.5)
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Table 1. Continuation

Reference Data Phylogenetic  Molecular Number of Taxa Number of Calibration Age of Angiosperm
  Estimation Clock Method Inside/Outside  Constraints/ Node/Age (Ma) Crown Group (Ma)
    Angiosperms Applied as
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Magallón and atpB, psaA,  Bayesian inference, PL 32/32 19/minage; Tracheophyta/419 range: 176.39-
Sanderson,  psbB, rbcL; with ML-estimated   1/maxage  317.65
2005 1st-2nd cp,  BLs     (i) four genes 1st-2nd
 3rd cp, all cp.      cps: 185.0
       (ii) four genes 3rd  
       cps: 185.3
       (iii) four genes all  
       cps: 189.0

Moore et al.,  61 plastid ML PL 43/2 5/minage Spermatophyta/ (i) unconstrained:
2007 protein-coding      290-310 169.6 (+-3.8)
 genes      (ii) 125 minage to  
       stem eudicots: 169.7  
       (+-3.5)
       (iii) 125 minage to 
       crown eudicots: 
       169.8 (+-3.5)

Magallón  rbcL, atpB, Bayesian inference PL 265/2 49/minage; Spermatophyta/350 241.7 (241.
and Castillo,  matK, 18S    1/maxage  46-241.95)
2009 (relaxed nrDNA, 26S     (eudicots)
dating) nrDNA

Bell et al.,  rbcL, atpB,  Bayesian inference, UCLN 560/7 35/minage Angiospermae/ (i) constraints as
2010 18S nrDNA simultaneous with     132-350 exponential
  dating     distributions: 147 
       (141-154)
       (ii) constraints as 
       lognormal 
       distributions: 183 
       (167-199)

Magallón,  atpB, psaA,  Bayesian inference PL with branch 39/29 19/minage; Tracheophyta/421 (i) PLBP: 215.6
2010 psbB, rbcL  pruning-  1/maxage  (202.3-226.8)
   derived λ, PL     (ii) PLFB: 260.3
   with fossil     (232.4-284.3)
   based-derived     (iii) MD: 253.2
   λ, MD, UCLN    (231.4-275.8)
       (iv) 275.0 
       (200.0-332.4)

Smith et al.,  atpB, rbcL, ML and Bayesian UCLN 113/41 32/minage none in addition to (i) with eudicot
2010 18S nrDNA inference    calibrations calibration: 217 
       (182-257)
       (ii) without eudicot 
       calibration: 228 
       (193-270)

Clarke et al.,  atpB, psaA, not specifi ed MCMCTREE 8/10 17/uniform Embryophyta/(i) 509; (i) Embryophyta at
2011 psbB, psbA,     disribution (ii) 1042 509 Ma: 198
 psbB, rbcL,     between a  (170-231)
 rps4    hard-bounded (ii) Embryophyta at
     minage and  1042 Ma: 205
     a soft-   (175-240)
     bounded 
     maxage
 
Magallón et  atpB, psaA, ML UCLN and PL 44/37 26/minage; Embryophyta-  (i) UCLN atpB, psaA,
al., 2013  psbB, rbcL,    1/maxage streptophyte psbB, rbcL: 208.7
(including  matK     divergence/912 (171.5-257.9)
fossil        (ii) UCLN matK:
calibrations)       194.1 (157.7-239.1)
       (iii) UCLN all genes: 
       193.8 (162.2-209.7)
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Figure 3. Effect of relaxed clock method on estimated ages. Dated 
trees obtained with penalized likelihood using a branch-pruning 
derived smoothing value (PLBP), penalized likelihood using a 
fossil-based derived smoothing value (PLFB), and the uncorrela-
ted log normal method in BEAST (UCLN). The ages of vascular 
plants, seed plants, gymnosperms and angiosperms are compared. 
The angiosperm node exhibits one of the largest differences in ages 

obtained with different methods.
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the effect of different molecular clock methods (Magallón, 
2010; Magallón et al., 2013; Table 1). In the study of Ma-
gallón (2010), the effect of relaxed clocks that differ in their 
statistical foundation, in how they implement among-line-
age rate heterogeneity, and in the fl exibility to implement 
fossil-derived calibrations was evaluated on the ages of no-
des across vascular plants. Penalized likelihood (Sanderson, 
2002) and Multidivtime (e.g., Thorne and Kishino, 2002) 
implement autocorrelated rate change among branches, and 
hard-bounded minimum or maximum age calibrations. The 
uncorrelated lognormal (UCLN) method in BEAST (Drum-
mond et al., 2006) implements uncorrelated among-lineage 
rate change and temporal calibrations as statistically-distri-
buted priors (lognormal in the reviewed analyses). Penali-
zed likelihood uses ML and a numerical penalty to estimate 
dates and absolute rates, whereas Multidivtime and UCLN 
estimate ages and rates (and other parameters) as posterior 
probabilities, given priors and a likelihood function, via 
MCMCs.

 Ages across the tree estimated with the PL, MD and 
UCLN relaxed clocks, including different degrees of among-
lineage rate heterogeneity derived from branch-pruning and 
fossil-based cross validations in PL (PLBP and PLFB, res-
pectively), were in general similar to each other (Figure 3). 
However, there were relatively pronounced differences in 
the age of angiosperms estimated by different clocks, name-
ly, 215.6 (202.29-226.77 95% HPD) Ma with PLBP; 260.33 
(232.37-284.33 95% HPD) Ma with PLFB; 253.22 (231.45-
275.86 95% HPD) Ma with MD; and 275 (200-332.37 95% 
HPD) Ma with UCLN (Magallón, 2010). All estimated an-
giosperm ages are much older than the earliest fossils of 
the group. Ages estimated with different relaxed clocks for 
other nodes across the tree are highly correlated, with the 
most similar ages estimated with PLFB and MD (correla-
tion r = 0.99 and slope m = 1.0).
 The fi nding that examined relaxed clocks estimated 
very similar ages across vascular plants was encouraging 
because the methods are based on different assumptions 
about among-lineage molecular rate heterogeneity, and on 
how temporal constraints are implemented. The observation 
that the most pronounced age differences between different 
methods occur in nodes that are distant from calibrations, 
and vice versa, lead to the suspicion that calibrations might 
be forcing different relaxed clocks into estimating similar 
ages. To evaluate this possibility, ages estimated with PLBP 
and UNCL, excluding temporal constraints, were compared 
(Magallón et al., 2013). Excluding fossil constraints had a 
substantial effect on the age of angiosperms estimated by 
PLBP and UNCL, being similar when calibrations were in-
cluded (i.e., 201.16 and 193.76 Ma respectively), but much 
different when calibrations were excluded (i.e., 161.64 and 
201.02 Ma respectively; Magallón et al., 2013). However, 
for most other nodes across the tree, the difference between 
ages estimated with different clocks was small. Ages esti-
mated with the two methods are highly correlated (r = 0.99), 
but UCLN ages are somewhat older (m = 0.71; Magallón et 
al., 2013). Thus, in the studies described above the method 
of relaxed clock had an insubstantial effect on age estima-
tes, regardless of whether constraints were included or not. 
However, in other studies (e.g., Pérez-Lozada et al., 2004) 
relaxed clock methods had a substantial infl uence on esti-
mated ages.

Effect of long branches. The effect of  long branches in mo-
lecular dating has been scantly considered. The effect of 
long branches in land plant dating was discussed by San-
derson and Doyle (2001), and experimentally evaluated in 
angiosperm dating by Magallón (2010). A long phyloge-
netic branch separates the crown node of seed plants from 
the crown node of angiosperms. This long-branch has been 
considered a possible cause for the old age estimated by 
relaxed clocks. Long branches are a well-known source of 
phylogenetic error (e.g., Felsenstein, 1978; Hendy and Pen-
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Table 2. Fossils used in calibration and constraints. List of fossils used to calibrate clades, indicating their fi rst stratigraphic occurrence and the 
absolute age used for calibration, according to Gradstein and Ogg (2004). CG = crown group; SG = stem group.

Clade Fossil (Reference) Stratigraphic position Age (Ma)

Botanical Sciences 92 (1): 1-22, 2014
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Land plant-Streptophyte  oldest and youngest independent estimates of the split between not applicable 870-970
algae split Embryophyta and Chlorophyta (Hackett et al., 2007)

CG Embryophyta Cryptospores with attributes indicating membership to land plant  Middle Ordovician 472
 lineage (Rubinstein et al., 2010) (Dapingian)

CG Tracheophyta Baragwanathia longifolia (Tims and Chambers, 1984; Garrat and  Late Silurian (Ludlow) 421
 Rickards, 1987; Hueber, 1992; Kenrick and Crane, 1997)

CG Lycopodiophyta Leclercquia complexa (Fairon-Demaret, 1974, Kenrick and  Middle Devonian 385
 Crane, 1997)

CG Eupyllophyta  Pertica quadrifaria and P. varia (Gensel and Andrews, 1984;  Early Devonian (Emsian) 398
 Kenrick and Crane 1997)

SG Equisetum Ibyka amphikoma (Skog and Banks, 1973; Banks 1980; Stein,  Middle Devonian (Givetian) 385
 1982; Kenrick and Crane, 1997)

SG Osmundaceae Thamnopteris (Miller, 1971, Taylor et al., 2009) Late Permian 251

CG Spermatophyta Cordaitales (Phillips, 1980; Taylor et al., 2009) Early Carboniferous  318
  (Namurian)

CG Cycadophyta Beania, Nilssonia (Harris, 1961) Middle Jurassic 172

SG conifers (including  Swillingtonia denticulata (Scott, 1974; Scott and Chaloner, 1983) Westphalian B (Middle 306
Gnetophyta)  Pennsilvanian, Late 
  Carboniferous)

SG Pinaceae; SG  Compsostrobus (Delevoryas and Hope, 1973, 1987; Taylor et al., Late Triassic 200
Gnetophyta 2009); Dechellyia gormanii and Maculostrobus (Ash, 1972; 
 Crane, 1996)

CG Gnetophyta Eoantha zherikhinii (Krassilov and Bugdaeva, 1982; Krassilov, 1986) Early Cretaceous (Neocomian) 125

CG Pinaceae Pseudolarix (Krassilov, 1982; Lefeld, 1978, LePage and Bansinger, 1995) Early Late Jurassic 155

CG Cupressophyta Rissikia media (Townrow, 1967; Taylor et al., 2009) Early Triassic 245

SG Taxaceae Palaeotaxus (Florin, 1951; Taylor et al., 2009) Early Jurassic 176

CG Angiospermae Pollen grains with infratectal columellae (Hughes and McDougall,  Valanginian-Hauterivian 136
 1987; Hughes et al., 1991; Brenner, 1996)

Nymphaceae- Monetianthus mirus (Friis et al., 2001, 2009) Barremian-Aptian 125
Cabombaceae split

SG Lauraceae Potomacanthus lobatus (Crane et al., 1994; von Balthazar et al., 2007) Early Albian 106

SG Winteraceae Pollen tetrads (Doyle et al., 1990a, b; Doyle, 2000; Doyle and  Barremian 125
 Endress, 2010)

CG Alismatales Mayoa portugallica (Friis et al., 2004) Barremian-Aptian 125

SG Arecaceae Leaves, stems and pollen grains of Arecaceae (Daghlian, 1981; Santonian-Campanian  84
 Christopher, 1979)

*SG Eudicotyledoneae Tricolpate pollen (Doyle and Hotton, 1991; Hughes and  Barremian-Aptian 130* assigned
 McDougall, 1990)  lowermost 
   boundary of 
   Barremian

*CG Eudicotyledoneae Tricolpate pollen (Doyle and Hotton, 1991; Hughes and  Barremian-Aptian 125
 McDougall, 1990)

*CG Eudicotyledoneae Hyrcantha decussata (Sinocarpus decusatus) (Leng and Friis, Barremian-Aptian  125
 2003, 2006; Dilcher et al., 2007)

SG Menispermaceae Prototinomiscium testudinarum and P. vangerowii (Knobloch Maastrichtian 65.5 
 and Mai, 1986)



12

Clade Fossil (Reference) Stratigraphic position Age (Ma)

Table 2. Continuation
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SG Platanaceae Sapindopsis variabilis, Aquia brookensis and Platanocarpus  Early Albian 106
 brookensis (Crane et al., 1993)

SG Buxaceae Spanomera marylandensis (Drinnan et al., 1991) Late Albian 100

CG Ericales Paleoenkianthus sayrevillensis (Nixon and Crepet, 1993) Turonian 89

CG Fagales Normapolles pollen (Pacltová, 1966, 1981) Middle Cenomanian 96

ny, 1989); specifi cally, with parsimony, homoplasy is mis-
takenly interpreted as homology; and in parametric phylo-
geny estimation they may be problematic when models 
are misspecifi ed. However, very little is known about the 
effect of long branches in relaxed clock analyses. At least 
in theory, accurately modeling the rate of substitution on 
a long branch is challenging due to the greater number of 
plausible combinations of elapsed time and absolute rate. 
Nevertheless, there are no reasons to expect that long bran-
ches will systematically result in older age estimates for the 
node they subtend.
 If the long branch is responsible for the old relaxed clock 
angiosperm age, we would expect that ages estimated after 
the long branch was subdivided into shorter segments (i.e., 
broken) would be younger. A long branch can be broken by 
expanding the taxonomic sample to include taxa that diver-
ge from the long-branch, effectively transforming a single 
long branch into several small ones. While this approach is 
simple, it cannot be straightforwardly applied to angiosper-
ms, because all the taxa that diverge from their stem branch 
are extinct, and molecular sequence data for these linea-
ges is unavailable. To confront this situation, a simulations 
approach was implemented.
 First, it became necessary to identify the extinct seed 
plant lineages that diverged from the angiosperm stem bran-
ch (i.e., the angiosperm stem relatives; Figure 4A). This 
was accomplished through a parsimony phylogenetic analy-
sis including representatives of the major living and extinct 
seed plant lineages, and combining morphological data (Do-
yle, 2006) for all taxa, with the highly-conserved molecular 
data for living taxa. The strict consensus of 30 most parsi-
monious trees is almost entirely resolved, and it identifi es 
three angiosperm stem relatives (Figure 4A). The earliest 
diverging lineage leads to Glossopteris (Glossopteridales; 
Permian Gondwanan “seed ferns”) plus Pentoxylon (Pen-
toxylales; Jurassic-Cretaceous gymnosperms). The second 
lineage is Bennettitales (Triassic-Cretaceous gymnosperms 
vegetatively similar to cycads, but with different reproduc-
tive organs). The third lineage, corresponding to the sister 
group of angiosperms, is Caytonia (Caytoniales; Upper 
Triassic-Cretaceous “seed ferns”). These fossil seed plant 
lineages represent a working hypothesis of angiosperm stem 
relatives (Figure 4A).

 The second step involves simulating molecular sequen-
ces for angiosperm stem relatives. To achieve this, the mean 
branch length between the seed plant crown node and all ex-
tant terminals, considering the highly-conserved data set on 
the maximum a posteriori (MAP) Bayesian phylogram, was 
calculated. The identifi ed angiosperm stem relatives were 
inserted on the angiosperm stem branch in the MAP phylo-
gram, and each was assigned the calculated mean branch 
length, but reduced considering the age of their extinction in 
the fossil record (Magallón, 2010). This approach implicitly 
assumes that the relative substitution rate of the fossil linea-
ges was average among seed plants, and that this rate did not 
change through time. Both assumptions are very strong. As 
a result, a tree including the fossil lineages that are most clo-
sely related to angiosperms, with branches in terms of ex-
pected relative substitution rates, is obtained (Figure 4B). In 
this tree, the long branch subtending angiosperms is broken 
into three smaller branches. Using this phylogram, mole-
cular sequences were simulated with the program SeqGen 
(Rambaut and Grassly, 1997), implementing the best-fi tting 
substitution model estimated with ModelTest (see General 
Materials and Methods), and ML-estimated model parame-
ters obtained with PAUP* for the living taxa. This resulted 
in a data set of simulated sequences for all the terminals in 
the phylogenetic tree, including the angiosperm fossil rela-
tives (Figure 4B).
 The third step was to use the simulated sequences to es-
timate divergence times across vascular plants with relaxed 
clocks (Figure 4C; see Relaxed molecular clocks). Ages 
were estimated using PLBP, PLFB, MD and UCLN, and 
each was compared with estimates obtained with the same 
method using the original highly-conserved data and taxo-
nomic sample excluding the fossil lineages.
 With three out of four relaxed clock methods, breaking 
the angiosperm long-branch resulted in a younger angios-
perm age. The greatest reduction was obtained with PLFB, 
in which the mean angiosperm age was 260.33 Ma with the 
original data set, and at 230.97 Ma when angiosperm stem 
relatives were included (Figure 5). The smallest difference 
was obtained with UCLN, where the mean angiosperm age 
with and without the long-branch was 275 and 274.43 Ma, 
respectively (Fig. 5). Only PLBP estimated an older angios-
perm age when stem relatives were included (221.47 Ma in-
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Figure 4. Simulation protocol for breaking the long branch subten-
ding angiosperms. A. Identifying angiosperm stem lineage represen-
tatives. Angiosperm stem representatives were identifi ed through a 
parsimony phylogenetic analysis based on morphological data for 
living and fossil taxa, and molecular data for living taxa. Extinct 
lineages are indicated in grey, extinct lineages that are angiosperm 
stem relatives are indicated in red, and extant lineages are indicated 
in uppercase black. B. Estimating molecular branch lengths for an-
giosperm stem relatives. Angiosperm stem relatives were inserted 
along the angiosperm stem lineage in the phylogram obtained with 
Bayesian inference for living taxa. Branch lengths were assigned by 
considering the average branch length between the seed plant crown 
node (green dot) and all the living terminals, and pruning it consi-
dering the time of extinction of each of the fossil lineages. C. Si-
mulating molecular sequences for fossil branches. Sequences across 
the tree were simulated with Seq-Gen (Rambaut and Grassly, 1997) 
based on the tree topology and branch lengths, including the branch 
lengths assigned to angiosperm stem relatives. The outcome was a 
database of simulated sequences across the tree, including sequen-
ces for angiosperm relatives. The sequences simulated for the fossils 
were inserted in the original dataset for living taxa, and used to es-
timate ages and absolute rates with different relaxed clock methods.

Figure 5. Effect of breaking the long branch subtending angiosper-
ms. Dated trees resulting from different relaxed clocks including 
only living taxa and a long branch subtending angiosperms (in blue), 
and including angiosperm stem relatives that break the long bran-
ch subtending angiosperms (in red). The angiosperm crown node is 
indicated with yellow dots. A. Dated tree obtained with penalized 
likelihood using a branch-pruning derived smoothing value (PLBP). 
B. Dated tree obtained with penalized likelihood using a fossil-ba-
sed derived smoothing value (PLFB). C. Dated tree obtained with 
Multidivtime (MD). D. Dated tree obtained with the uncorrelated 
lognormal method in BEAST. Estimated angiosperm ages were in 

all cases substantially older that angiosperm’s oldest fossils.
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cluding fossils, and 215.6 Ma with the intact branch). Brea-
king the long-branch subtending angiosperms did not result 
in substantially different ages for other nodes in the tree.
 These results indicate that, whereas breaking a long bran-
ch can lead to a younger age for the node it subtends, the 
resulting ages usually do not differ substantially from tho-
se obtained with the intact branch. In the particular case of 
angiosperms, none of the ages obtained after breaking the 
long-branch was even remotely close to the fossil age. For 



14 Botanical Sciences 92 (1): 1-22, 2014

SUSANA MAGALLÓN

example, the PLFB method produced the greatest difference 
in angiosperm age when the long-branch was broken, but 
nevertheless, this younger age is approximately 90 Ma ol-
der than the earliest angiosperm fossils. Although these re-
sults did not illuminate a possible cause of the incongruence 
between angiosperm fossil and relaxed clock age, they are 
methodologically encouraging, as they suggest that long 
branches do not have a decisive effect on age estimation. 
This is good news for dating studies with incomplete taxo-
nomic sampling, or in cases where substantial extinction 
has taken place.

Gene effects. The relative rate of molecular substitution of 
nucleotides or amino acids is one of the fundamental sources 
of information from which divergence times and absolute 
molecular rates are estimated. Different molecular markers 
have different relative substitution rates due to differentially 
conserved functions (e.g., protein-coding, spacers, structural 
proteins, introns and exons), the genomic compartment they 
occupy (e.g., in plants, molecular markers from the nuclear 
genome have higher rates than those from the plastid or mi-
tochondrial genomes), and particular substitution regimes. 
Although the relative substitution rate of particular genes is 
likely to be an important factor in reconstructing divergence 
dates, it would nevertheless be expected that orthologous 
molecular markers with different relative rates and substi-
tution regimes would provide congruent estimates of ages 
of clades, because their divergence history derives from the 
same history of phylogenetic splitting.
 Although some previous studies show that different mar-
kers estimate different ages (e.g., Sanderson and Doyle, 
2001; Soltis et al., 2002), gene effects on relaxed clocks 
has not been widely evaluated (Table 1), in particular by 
holding other parameters constant, or involving deep phylo-
genetic levels. To examine the effect of molecular markers 
with different substitution regimes and molecular rates on 
relaxed clock dating, we compared ages derived from two 
substantially different sets of molecular markers. One is the 
highly-conserved data set, consisting of atpB, psaA, psbB, 
and rbcL (see Data and model selection). Each of these ge-
nes has a distinct codon structure (Magallón and Sanderson, 
2001, 2005), and have been used separately or in different 
combinations to estimate phylogenetic relationships among 
land plant lineages that diverged in the distant past. The se-
cond data set consists of matK, another protein-coding, plas-
tid gene, but with an overall high rate of molecular substitu-
tion, and lacks a marked substitutional differentiation among 
codon positions (Hilu and Alice, 1999; Hilu et al., 2003). 
The gene matK has been mostly used to estimate phyloge-
netic relationships among closely related angiosperm taxa, 
e.g., within families or genera, but it has also been used to 
estimate an angiosperm-wide phylogeny (Hilu et al., 2003).
 Phylogenetic relationships estimated with the two data 
sets were equal, except for a few weakly supported nodes, 

indicating that matK provides phylogenetic signal at deep 
levels among land plants that is congruent with that provi-
ded by highly-conserved plastid genes. The relative subs-
titution rates of matK are ca. 2.5 times higher than those 
of the highly-conserved genes, but the pattern of branch 
lengths is preserved in the two phylograms: taxa with long 
branches in the highly-conserved phylogram also have long 
branches in the matK phylogram, and vice versa (Magallón 
et al., 2013). In other words, the pattern of relative substitu-
tion rates among lineages is preserved in the two data sets, 
although the magnitude of the rates is very different.
 The two examined data sets provided very similar ages 
for nodes across the phylogenetic tree, which are highly co-
rrelated and proportional (r = 0.99; m = 0.99; Figure 6A). 
For example, ages estimated with the highly-conserved data 
set and with matK, respectively for land plants are 474.79 
and 474.61 Ma; for vascular plants: 421.78 and 421.65 Ma; 
for seed plants: 324.35 and 324.69 Ma; and for angiosperms: 
208.74 and 194.15 Ma. Credibility intervals associated with 
these estimates overlapped almost completely (Magallón et 
al., 2013). Given the high congruence between ages estima-
ted with the two data sets that fi t distinct substituion models, 
we considered the possibility that fossil calibrations were 
forcing the different data sets to converge on similar ages 
(as suspected in the case of different relaxed clock methods). 
To evaluate this possibility, dating analyses excluding the 27 
calibrations on internal nodes (but retaining the calibration 
at the root node), were conducted. It was expected that, by 
removing calibrations, each data set would estimate substan-
tially different ages across the tree. However, the results did 
not support this expectation, as unconstrained age estimates 
across the tree obtained with the highly-conserved and matK 
data sets were also highly correlated and proportional, al-
though slightly less than when constraints were included (r = 
0.98; m = 0.96; Fig. 6B; Magallón et al., 2013).
 These results indicate that, in spite of their very different 
molecular rates and substitution regimes, the two data sets 
share the same temporal signal. Because the examined sets 
of genes all belong to the plastid genome, a plausible ex-
planation for the observed proportional branch lengths and 
very similar divergence times is that different lineages have 
undergone substitution rate accelerations or decelerations 
that concertedly affect all the markers in the plastid genome 
(i.e., lineage effects) in such a way that, within a particular 
lineage, different markers have low or high rates with res-
pect to other markers in the same lineage, but each marker 
may consistently exhibit high (or low) rates with respect to 
the same marker in different lineages.
 Note that the similar branch length pattern and age esti-
mates derived from two examined data sets cannot be ex-
trapolated to other molecular data sets, especially if they 
involve markers from different genomic compartments 
(i.e., nuclear or mitochondrial). However, if the assumption 
about the presence of lineage effects is correct, these results 
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Figure 6. Gene effects. Correlation of ages across the land plant tree estimated with the highly-conserved and the matK data sets, using the 
uncorrelated lognormal method in BEAST. A. Correlation between ages estimated with the highly-conserved and matK data sets including 
27 calibrations on internal nodes, plus a calibration at the root node. B. Correlation between ages estimated with the highly-conserved and 

matK data sets using only a calibration at the root node. Pearson’s correlation coeffi cient (r) and slope (m) are indicated.

Figure 7. Calibration effects. Ages of nodes across the land plant 
tree derived from uncorrelated lognormal dating (UCLN) in 
BEAST using the highly-conserved data set (in blue) and matK 
(in orange), including (full fi gures) or excluding (empty fi gures) 
27 fossil-derived calibrations on internal nodes (full fi gures), using 
the same calibration at the root node. Ages derived from the di-
fferent data sets are usually more similar to each other than ages 
derived from the same data set but including and excluding cali-

brations.
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would suggest that branch length patterns and age estimates 
derived from different plastid genes will be similar among 
land plants.
      
Calibration effects

Temporal calibrations are critical to estimate ages and ab-
solute substitution rates with relaxed clocks. If correctly 
interpreted and applied, they provide an absolute temporal 
framework with which ages and rates in the tree are cali-
brated. But if incorrectly applied, for example, because of 
incorrect assignment of a fossil to a clade, or by mistaken 
stratigraphic placement of a fossil, an erroneous time fra-
mework may be propagated across the tree. Previous studies 
have shown that no amount of molecular data can surmount 
the temporal framework imposed by calibrations (Yang and 
Rannala, 2006; Rannala and Yang, 2007). Several dating 
analyses have examined the effect of calibrations on age es-
timates across land plants (Table 1; e.g., Soltis et al., 2002; 
Bell et al., 2010; Smith et al., 2010; Clarke et al., 2011). The 
analyses described above, in which the effects of relaxed 
clock method and molecular data were examined, resulted 
in very similar age estimates for most nodes across the tree 
when fossil constraints were excluded (Magallón, 2010; 
Magallón et al., 2013). To explicitly examine the effect of 
temporal constraints on relaxed clocks, we compared ages 
across land plants estimated when the set of 27 fossil-derived 
calibrations was included or excluded, and all other analysis 
conditions remained equal (Magallón et al., 2013). Calibra-
tion effects were evaluated independently using the highly-
conserved, matK, and the all-gene data sets. All the major 

lineages of land plants were included, as well as a strepto-
phyte algal outgroup. Divergence dates were estimated with 
UNCL and PLBP, however because the estimated ages were 
similar, only the UCLN results will be discussed.
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 For the three data sets, ages of nodes across the tree ob-
tained including and excluding calibrations were very diffe-
rent (Figure 7). These differences are much larger than those 
obtained when different relaxed clocks or different genes 
were used, and more pronounced in nodes subtended by 
or that subtend long branches. Nevertheless, for any given 
data set, ages estimated including and excluding calibratio-
ns are highly correlated, although unconstrained ages are 
somewhat older. For example, using the all-gene data set, 
the correlation and proportionality between constrained and 
unconstrained ages are r = 0.95 and m = 1.17. Ages inclu-
ding and excluding calibrations for land plants are 475.34 
and 701.95 Ma; for vascular plants, 423.95 and 521.54 Ma; 
for seed plants, 330.33 and 355.52 Ma; and for angiosperms, 
193.76 and 201.02 Ma, respectively. The absolute per-node 
mean difference between unconstrained and constrained ages 
across the tree is approximately 38 Ma. Furthermore, exclu-
ding calibrations substantially increases the size of the credi-
bility interval of estimated ages, with the mean magnitude of 
unconstrained 95% HPDs being approximately threefold the 
constrained 95% HPD (Magallón et al., 2013).
 These results clearly support previous theoretical and 
empirical studies indicating the crucial relevance of calibra-
tions in relaxed clock analyses. Additionally, a comparison 
among ages estimated with different data sets and including 
or excluding calibrations revealed unexpected interactions 
among data sets, which probably result from proportional 
accelerations or decelerations of the genes in particular line-
ages: whereas calibrations have the most determinant effect 
on age estimates, different data sets converged on similar 
ages if the same set of calibrations was applied, possibly as 
a consequence of lineage effects.

Discussion

The reviewed studies indicate that different relaxed clocks 
and different genes did not result in substantially different 
ages across the tree, and that breaking the long branch sub-
tending angiosperms did not result in substantially different 
ages for the angiosperm crown node. Including or excluding 
calibrations to internal nodes, however, had a pronounced 
effect on ages estimated across the tree. Among the factors 
examined in this study, calibrations are by far the most in-
fl uential, an outcome that confi rms independent studies do-
cumenting the importance of calibrations in relaxed clock 
age and rate estimation. However, interactions between 
calibrations and genes were detected: underlying the subs-
tantially different ages derived from applying calibrations, 
different genes converge on similar ages, probably as a con-
sequence of lineage effects.
 The studies reviewed above provide an integrative tem-
poral framework of land plant evolution. The ages estimated 
for major clades across land plants are congruent with their 
stratigraphic occurrence, except for angiosperms, which are 

estimated to be much older than their Early Cretaceous fos-
sil appearance. Do these results indicate that the angiosperm 
crown group is substantially older than the oldest reliable 
angiosperm fossils? If so, it would imply that the fi rst 50 to 
60 Ma of crown angiosperm history did not leave a fossil re-
cord. Other studies have also estimated a crown angiosperm 
age substantially older than its fossil record: such as 147 
(141-154) or 183 (167-199) Ma by Bell et al. (2010); 215.6 
(202.3-226.8) to 275 (200-332.4) Ma by Magallón (2010); 
217 (182-257) Ma, 228 (193-270) Ma by Smith et al. (2010), 
and 198 (170-231) and 205 (175-240) Ma by Clarke et al. 
(2011), to cite some recent examples (Table 1).
 Another observation that might support a substantially 
older angiosperm age is that in the UCLN analyses des-
cribed here (Magallón et al., 2013), the calibration on the 
angiosperm crown node was implemented as a lognormal 
prior narrowly distributed around 136 Ma. Nevertheless, 
the signal in the data overcame this strong prior, to estimate 
an age that is substantially older and has an extremely low 
probability given the prior distribution. This result is me-
thodologically interesting, because it unequivocally shows 
that, if the signal in the data is suffi ciently strong, the UNCL 
method in BEAST it will overcome a strong prior.
 These combined observations clearly indicate that the mo-
lecular data contain a signal congruent with an angiosperm 
age much older than the earliest angiosperm fossils. But I 
would like to argue that a very old angiosperm age is not the 
only possible interpretation of such molecular signal.
 Model misspecifi cation is a well-known source of error in 
relaxed clock analyses (e.g., Hugall et al., 2007; Lepage et 
al., 2007; Phillips, 2009; Brandley et al., 2011; Dornburg et 
al., 2012; Wertheim et al., 2012). Recall that the length of a 
branch in a phylogenetic tree represents the combination of 
the absolute rate of molecular substitution and elapsed time. 
A long branch can result from a high absolute substitution 
rate, or a long time (or both; Figure 8A), but the absolute 
rate and time components of a phylogram cannot be separa-
ted in a simple way. With relaxed clocks, the absolute rate 
and time components of a branch are estimated by modeling 
temporal autocorrelation on branches (e.g., Multidivtime, 
PL), or by simultaneously modeling both parameters in an 
uncorrelated context (in BEAST).
 I speculate that relaxed clocks systematically miscalcu-
late the absolute rate and absolute time components of the 
branch subtending the angiosperm crown node, possibly as 
a consequence of model misspecifi cation. Specifi cally, I su-
ggest that the length of the branch subtending angiosperms 
is incorrectly interpreted by relaxed clocks as consisting of a 
high absolute rate and a moderate elapsed time (Figure 8B), 
but that in reality, it is derived from a moderate absolute rate 
and a long elapsed time (Figure 8C). A possible reason for 
this erroneous optimization may stem from the fact that the 
long subtending branch is followed by very short branches 
on the angiosperm backbone.
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Figure 8. Alternative relaxed clock decomposition of a phylogram into absolute time and absolute rate. A. Phylogram in which branch 
lengths represent substitutions per site per unit time, obtained with maximum likelihood or Bayesian phylogenetic inference. This phylo-
gram will be decomposed into a time tree (left, in blue), in which branch lengths represent absolute time (e.g., million years) and a rates tree 
(right, in red), in which branch lengths represent absolute substitution rate (e.g. substitutions per site per million years). B. Current relaxed 
clock decomposition of the long branch subtending the angiosperm crown node. A substantial amount of the phylogram branch is assigned 
to substitution rate, implying an elevated substitution rate along the angiosperm stem lineage, but a relatively short time between the seed 
plant crown node (pink dot) and the angiosperm crown node (yellow dot). C. Alternative decomposition of the long branch subtending the 
angiosperm crown node. If a slower substitution rate were estimated, a longer portion of the phylogram branch would be assigned to the time 

tree, implying a longer time between the seed plant crown node (pink dot) and the angiosperm crown node (yellow dot).
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 Two circumstantial observations become relevant. First, 
although independent relaxed clock estimates of angios-
perm age are typically much older that its fossil record (see 
above), these estimates do not converge on a narrow range, 
but rather, span between 147 Ma (Bell et al., 2010) and 275 
Ma (Magallón, 2010). Therefore, it cannot be considered 
that relaxed clock estimates have reached a congruent esti-
mation of angiosperm age.
 Second, when the age of angiosperms is fi xed between 
130 and 140 Ma, relaxed clock age estimates within angios-
perms are substantially congruent with the fossil record. 
One case that is particular signifi cant is the eudicot clade 
(Eudicotyledoneae). Eudicots are morphologically cha-
racterized by tricolpate pollen grains (or derived from this 
condition), and reconstructions of morphological evolution 
unequivocally indicate that tricolpate pollen evolved on the 
branch subtending this clade. The oldest fossil tricolpate po-
llen grains offer an unusually high potential to accurately 
refl ect the time of origin of eudicots, because they represent 
an unequivocal synapomorphy of the clade, with improved 
chances of rapidly entering the fossil record, given that po-
llen (in general) is abundantly produced and is physically 
and chemically resistant. It is thus, particularly suggestive 
that when angiosperms as a whole are calibrated to be no 
older than 140 Ma, relaxed clock ages of stem group and 
crown group eudicots narrowly bracket the age of the ear-
liest fossil tricolpate pollen grains.

 Relaxed clocks are increasingly powerful methods to es-
timate divergence times and absolute rates. Nevertheless, 
as any other estimation method, they can provide errone-
ous results under complex conditions of analysis, or when 
their assumptions (i.e., models) differ substantially from the 
evolutionary process underlying the data. Relaxed clocks 
have been shown to incorrectly estimate divergence dates, 
for example, as a consequence of overparameterization due 
to the use of uncorrected gene sequences (Hugall and Lee, 
2004); of substitution saturation which leads to rate underes-
timation and age overestimation (Jansa et al., 2006; Hugall 
et al., 2007); of the model used to relax the molecular clock 
(Lepage et al., 2007; and of failure to adequately model 
DNA substitution, leading to incorrect branch lengths and 
divergence time estimates (Brandley et al., 2011), which is 
aggravated with increasing distance from calibration points 
(Phillips, 2009). Specifi cally, pronounced substitutional di-
fferences among closely related lineages, or between a clade 
and the rest of the tree, have been shown to systematically 
provide erroneous estimates of divergence dates (Dornburg 
et al., 2012; Wertheim et al., 2012). Wertheim et al. (2012) 
detected the inability of relaxed clocks to capture extensive 
substitution rate variation (i.e., heterotachy) among closely 
related lineages. Whereas relaxed clocks were able to detect 
rate changes in a single clade, the magnitude of the chan-
ge was substantially underestimated. Through simulations 
they showed that in cases of extreme rate variation, a single 
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relaxed clock applied to the whole tree cannot adequately 
capture the magnitude of rate heterogeneity, and leads to 
age overestimation. Dornburg et al. (2012) found that in the 
framework of an uncorrelated relaxed clock where diffe-
rent substitution rates are obtained from a single continuous 
parametric distribution, the presence disparate substitution 
rates in the tree severely mislead molecular rate estimation. 
In some cases, especially depending on the number and im-
plementation of calibrations, a rate that is intermediate (but 
incorrect) between the disparate (but true) rates is estimated, 
as a consequence of violation of the assumption that the dis-
tribution of rates in the tree can be obtained from a single 
unimodal parametric distribution. The incorrect rates led 
to poor age estimates. Under these conditions, a Bayesian 
random local clock model (Drummond and Suchard, 2010), 
which can incorporate disparate rates in different parts of 
the tree, led to more precise estimates of molecular rate and 
divergence time (Dornburg et al., 2012). The results from 
these studies immediately suggest that explicit evaluation 
of the role of extreme molecular rate variation among an-
giosperm lineages, and/or of disparate rates between an-
giosperms and living gymnosperms, should be conducted. 
Modeling of pronounced rate heterogeneity could be guided 
by phenotypic attributes correlated with molecular substitu-
tion, for example, growth form or life cycle in plants (e.g., 
Smith and Donoghue, 2008; Baker et al., in press).
 Another potentially helpful suggestion is to pay greater 
attention to the fossil record, specifi cally, to the different 
preservation potential of organs and biological lineages; and 
on the reliability that can be placed on fossilized structu-
res to identify particular clades. This could lead to a more 
nuanced implementation of fossil-derived calibrations de-
pending qualitative or quantitative assessments of their re-
liability. For example, Foote et al. (1999) implemented a 
method based on frequency ratios of fossils, to estimate the 
probability of a missing fossil history of a given magnitude. 
More recently, Marshall (2008) proposed a method to de-
termine (with an associated probability) the maximal age of 
a lineage, based on the overal fossil record of the branches 
in a phylogenetic tree. We have applied this method to the 
angiosperms, and found that the maximal age of the angios-
perms as a whole is only a few million years older than their 
oldest fossil record.
 Finally, it is important to stress that the extent to which 
the results found in the studies summarized here regarding 
the effect of relaxed clocks, branch lengths and genes apply 
to other data and organisms is unknown. A more extensive 
examination, with many different conditions of analysis, 
would be necessary. Some independent studies show di-
fferent outcomes, specifi cally, with substantially different 
estimates resulting from different relaxed clocks or diffe-
rent molecular data. However, all studies have recognized 
the crucial impact of calibrations on age estimation. All 
available results indicate that temporal calibrations very 

possibly represent the single most important factor that 
determines age estimates in relaxed clock methods. The-
refore, greater attention on how best to implement them, 
and in particular, the differential reliability of fossil-based 
calibrations, would be useful.
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Note added in Proof: As discussed in the manuscript, pollen grains 
from Valanginian-Hauterivian sediments (ca. 140-130 Ma, 
Early Cretaceous; Hughes and McDougall, 1987; Hughes et al., 
1991; Brenner, 1996) are here interpreted as being very close 
to the onset of angiosperm crown diversifi cation. Recently re-
ported angiosperm-like pollen grains from Middle Triassic se-
diments of northern Switzerland (Hotchuli and Feist-Burkhardt. 
2013. Frontiers in Plant Science 4:344) are very similar to those 
from the Early Cretaceous, but are ca. 100 mys older. Consi-
dering the absence of a continuous fossil record between these 
Middle Triassic pollen grains and those from the Early Cre-
taceous, and in agreement with Hotchuli and Feist-Burkhardt 
(2013), the former are here interpreted as angiosperm stem li-
neage members.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




