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We re-examined the recent study by Palazzesi et al., (2012) published in the Biological Journal of the Linnean
Society (107: 67-85), that presented the historical diversification of Geraniales using BEAST analysis of the plastid
spacer trnL-F and of the non-coding nuclear ribosomal internal transcribed spacers (ITS). Their study presented
a set of new fossils within the order, generated a chronogram for Geraniales and other rosid orders using
fossil-based priors on five nodes, demonstrated an Eocene radiation of Geraniales (and other rosid orders), and
argued for more recent (Pliocene—Pleistocene) and climate-linked diversification of genera in the five recognized
families relative to previous studies. As a result of very young ages for the crown of Geraniales and other rosid
orders, unusual relationships of Geraniales to other rosids, and apparent nucleotide substitution saturation of the
two gene regions, we conducted a broad series of BEAST analyses that incorporated additional rosid fossil priors,
used more accepted rosid ordinal topologies, or altered the placement of one fossil Geraniales prior. Our results
indicate that their ages are 20-50% too young owing to a combination of (1) strong nucleotide saturation of the
DNA regions starting at 65 Mya, (2) lack of a root (rosid stem) or other rosid ordinal stem fossil-based priors, (3)
the inability of the two DNA regions (with alignment issues) to obtain a monophyletic Geraniales as well as
reasonable relationships of Geraniales to other rosid orders, and (4) apparent issues with the nodal placement of
a Pelargonium fossil. The Geraniales crown is much older (Campanian of the Cretaceous; 86 Mya), the posterior
age distribution on all but two fossil nodes are well older than the priors, the placement of a Pelargonium-like fossil
is more likely at the crown rather than the stem, but their models of diversification within several clades linked
to climatic and orogeny appear supported. We discuss a number of the inherent issues of relaxed-clock dating and
outline some ‘best practice’ approaches for such studies. © 2014 The Linnean Society of London, Biological
Journal of the Linnean Society, 2014, 113, 29-49.
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INTRODUCTION times (e.g. Wikstrom, Savolainen & Chase, 2001;
Smith & Peterson, 2002; Magallén & Castillo, 2009;
Bell, Soltis & Soltis, 2010; Magallon, Hilu & Quandt,
2013). The use of time-calibrated phylogenies has
now expanded outside the core systematic endeavour
(Daly et al., 2012) to help answer a wider range of
questions involving, for example, biogeography
(Renner, 2005; Harris, Wen & Xiang, 2013), clade
diversification (Antonelli et al., 2009; Drummond
et al., 2012b), adaptive radiation (Givnish et al., 2009,
2014), community phylogenetics (Davis et al., 2005;
Bytebier et al., 2010), and niche modelling (Evans
*Corresponding author. E-mail: kjsytsma@wisc.edu et al., 2009; Topel et al., 2012).

One of the most important and versatile additions to
the repertoire of a systematist has been the develop-
ment of tools that provide the ability to construct
dated phylogenies or chronograms in more rigorous or
objective ways (Sanderson, 1997, 2002; Drummond
etal., 2006, 2012a). The utility of phylogenetic
chronograms has not been restricted, however, to
acquiring better estimates of lineage diversification
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As an accurate timeline is necessary within the
phylogenetic framework for conducting these types of
studies, considerable attention has been focused on
developing ‘best practices’ for integrating time evi-
dence into the phylogenetic framework. Typically
this is now performed using molecular relaxed-clock
methods (Drummond et al., 2006) that separate the
time and substitution rates inherent in a phylogenetic
tree, thereby permitting different substitution rates
along different branches of the tree (Magallén et al.,
2013). Many studies have examined how issues asso-
ciated with tree topology or sequence evolution can
compromise the performance of these relaxed-clock
methods (reviewed in Magallon et al., 2013). For
example, the use of sequence data exhibiting high
levels of nucleotide substitution saturation (Hugall,
Foster & Lee, 2007), or the close proximity of both
long and short branches within subclades of a
phylogram (Phillips, 2009; Magallon, 2010), are
potential sources of error.

The fossil record is increasingly being used as the
most important independent evidence to temporally
calibrate node ages (Rutschmann, 2006; Yang &
Rannala, 2006; Forest, 2009; Parham et al., 2012),
although other lines of evidence, notably other geo-
logical information or secondary calibrations from
other studies (reviewed in Pirie & Doyle, 2012), are
still relied upon. The issues inherent in the incorpo-
ration of fossil-based information as minimum esti-
mates of nodal age, either with point or relaxed prior
dates, are still being evaluated in a broad range of
studies (e.g. Sanderson, 1998; Magallén, 2004, 2010;
Magalléon & Sanderson, 2005; Gandolfo, Nixon &
Crepet, 2008; Ho & Phillips, 2009; Inoue, Donoghue &
Yang, 2009; Hedman, 2010; Ksepka etal., 2011,
Heled & Drummond, 2012; Parham et al., 2012;
Pirie & Doyle, 2012; Sauquet et al., 2012; Warnock,
Yang & Donoghue, 2012; Magallén et al., 2013). A
general conclusion of these studies is that the use of
many fossil calibration points decreases the potential
impact of the misplacement or incorrect age of any
specific fossil (e.g. Bell et al., 2010; Pirie & Doyle,
2012; Sauquet et al., 2012).

In this regard, the recently published study by
Palazzesi et al. (2012), in the Biological Journal of the
Linnean Society, examining phylogenetics and bioge-
ography in the order Geraniales via a fossil-rich,
calibrated time frame, is noteworthy. The Geraniales,
as then considered (Angiosperm Phylogeny Group,
2009; hereafter referred to as APG III, 2009), com-
prises about 900 species in 13 genera in three families
(Geraniaceae, Melianthaceae, and Vivianiaceae), with
a clear centre of distribution in South America and
Africa but with radiations of Geranium and Erodium
into the Northern Hemisphere. Previous rosid or
angiosperm-wide dating studies had consistently

placed the crown of the Geraniales in the Late Cre-
taceous (e.g. Wang et al., 2009 at 101-88 Mya), but
options for internal fossil dating in the order were
limited and confined to the Geraniaceae. The cali-
brated phylogenies for this family indicated Late
Miocene to Pliocene for all four genera and suggested
increasing aridity and the start of winter-rainfall
climates as the causative driver of their diversifica-
tion (Fiz et al., 2008; Fiz-Palacios et al., 2010).

Importantly, Palazzesi etal. (2012) provided
detailed information of five new pollen fossils from
the Vivianiaceae, making a total of eight Geraniales
pollen fossils that they considered for fossil calibra-
tion (although they only used five). The chloroplast
DNA (cpDNA) region ¢trnL—trnF (¢rnl—F), including
both the #¢rnL intron and the trnL—¢rnF spacer,
and the nuclear ribosomal internal transcribed
spacer (ITS) region were sequenced for 57 species
from all extant genera of Geraniales, along with rep-
resentatives of rosid outgroup orders (Myrtales,
Crossosomatales, and Fagales). Two species of Ribes
(Saxifragaceae and Saxifragales, superrosid) were
used as the ultimate outgroup for rooting purposes as
they represent members of the sister group to rosids.
The Geraniales phylogeny was dated with BEAST,
version 1.6.1 (Drummond & Rambaut, 2007), using a
Yule branching process with lognormal priors on five
fossil-calibrated nodes — three in Geraniaceae and
two in Vivianiaceae. No other tree or node priors were
used. The key results from their study include the
following. First, recognition of five families (now
including Hypseocharitaceae and Francoaceae), not
three, is argued based on both morphological coher-
ence and calibrated ages of the five clades (also sup-
ported by Fiz et al., 2008). Second, the divergence
times for major clades within the order or families are
approximately 40-50% younger than those estimated
by previous studies (Wikstrom et al., 2001; Linder
et al., 2006; Fiz et al., 2008); they argue that the
discrepancy is a result of their more accurate
time frame with additional internal fossil-calibrated
nodes. Third, species diversification within lineages
(e.g. within South African Melianthus and Greyia)
occurred recently, after a period of accelerated, major
tectonic uplift and accelerated aridification in the
Late Pliocene from 3.4 Mya onwards, and not in older
Miocene times of minor tectonic uplift and only incipi-
ent aridification, as proposed by Linder et al. (2006)
for the Melianthaceae.

The study by Palazzesi et al. (2012), on the histori-
cal diversification of the Geraniales, is important as
a result of its thorough sampling across genera and
families (often resorting to herbarium specimen
DNAs) and thereby publishing the most detailed
phylogenetic study of the order, presenting a cohesive
argument for the recognition of five, rather than
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three, families [as in APG III (2009)], its careful
description of new fossil pollen evidence for the
Vivianiaceae, and its utilization of multiple, inde-
pendent calibrated nodes in the BEAST analysis.
As we have been examining, for some time, the
phylogenetic relationships and historical biogeogra-
phy of the Myrtales and its members, the sister order
to the Geraniales (APG III, 2009; Soltis et al., 2011),
the results of Palazzesi et al. (2012) could have impli-
cations for our studies (Conti, Litt & Sytsma, 1996;
Conti et al., 1997, 2002, 2004; Levin et al., 2003;
Berry et al., 2004; Sytsma et al., 2004; Graham et al.,
2005; Berger, 2012). We argue, however, that the
methodology employed by Palazzesi et al. (2012) con-
tains several significant shortcomings that may
severely affect the resulting chronogram, ages of the
important nodes discussed in the paper, and thus
correlation to external past tectonic and climatic
events. As their calibrated age results are already
being cited and used in other studies (e.g. Jones et al.,
2013), it is important that the Geraniales data set be
re-examined.

Specifically here we re-analyze the two-gene region
data set in BEAST but address three main concerns.
First, Palazzesi et al. (2012) relied on only two gene
regions — ¢trnl—F and ITS — both known to be fast
evolving (Taberlet et al., 1991, 2007; Baldwin, 1992;
Baldwin et al., 1995; Buckler, Ippolito & Holtsford,
1997; Quandt et al., 2004; Guisinger et al., 2008,
2011; Poczai & Hyvonen, 2009) to uncover relation-
ships within and among rosid orders. Therefore, there
is the potential that substitution saturation may gen-
erate bias in under-representing branch lengths,
especially in the older stem of the Geraniales and
branches among outgroup orders in BEAST analyses,
and thereby also bias divergence time estimations
(Zheng et al., 2011). Second, we note the inability of
these two gene regions to recover reasonable relation-
ships among outgroups and to the Geraniales, and
thus potentially also severely affecting estimates of
temporal diversification more basal to the Geraniales.
Third, Palazzesi etal. (2012) obtained unusually
young ages for the stem root of rosids and other rosid
ordinal stem nodes based on already characterized
fossils, probably because of the lack of a dated prior
for the root of the tree and/or the lack of calibrated
nodes in deeper portions of the tree.

MATERIAL AND METHODS
SEQUENCE ALIGNMENT
We downloaded from GenBank into Geneious 6.1.6
(http://www.geneious.com/) the ¢rnL-F and ITS

sequences listed in table A1l of Palazzesi et al. (2012)
representing the 67 accessions used in their reduced

BEAST analysis. We aligned each data partition sepa-
rately and then concatenated. Our aim was to gener-
ate alignments that produced phylogenetic trees
replicating those published in Palazzesi et al. (2012),
as we were primarily interested in the effects of
adding subsequent priors (e.g. root date and topologi-
cal constraints among outgroups) and not in the
specifics of relationships within Geraniales per se.
We explored two methods for aligning the two gene
regions and subsequent phylogenetic analyses on each
set of alignments. First, we followed the stated
methods of Palazzesi et al. (2012) and simply aligned
the sequences using MAFFT, version 6.814b (Katoh
et al., 2002). As a result of sections of both gene
regions appearing misaligned after MAFFT align-
ment, especially between species of the two main
subclades in Geraniales and among outgroup taxa,
we subsequently edited the alignment manually in
Geneious. This was performed acknowledging the
structural motifs and alignment issues known for both
ITS (Buckler et al., 1997; Alvarez & Wendel, 2003;
Poczai & Hyvonen, 2009) and the ¢rnL intron and the
trnL—F spacer (Borsch et al., 2003; Quandt et al., 2004;
Taberlet et al., 2007) and that sole reliance on align-
ment programs for fast-evolving regions can introduce
error (e.g. Graham et al., 2000). In this second align-
ment, we removed portions of ITS and ¢rnL-F because
of ambiguity in manual alignment. We initially ran
concatenated alignments in Garli version 2.0 (Zwickl,
2006) under maximum-likelihood (ML) criteria, fol-
lowing the model of sequence evolution (GTR + T + G
substitution) described in Palazzesi et al. (2012), to
evaluate the impact of alignment on topology.

EVALUATING LEVELS OF SEQUENCE AND RATE
DIVERGENCE ACROSS THE PHYLOGENY

We were interested in whether the ¢trnL—F and ITS
sequences used in Palazzesi et al. (2012) — spanning
the Geraniales and the superrosids — exhibit
nucleotide site substitution saturation at some point
in the phylogenetic analysis spanning the Geraniales,
other rosid orders, and outgroup superrosids. We
were also interested in evaluating how clock-like
the two gene regions evolved across the span of
rosid orders as well as more locally (e.g. within the
Geraniaceae). Both of these lines of evidence would
provide information in setting clock priors (e.g.
ucld.mean or ucld.stdev) for BEAST analyses and
interpreting their results. It has been difficult to
address how the amount or pattern of changes in
sequence substitution rates may affect phylogenetic
inference or estimation of dates in BEAST analyses,
as it requires adequate modelling of rate change
(Hugall et al., 2007; Heath, Holder & Huelsenbeck,
2012).
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In lieu of more formal analyses of rate change for
trnL-F and ITS across the phylogeny, we examined
pairwise sequence divergence among the taxa rela-
tive to age. We first generated a pairwise distance
matrix of uncorrected divergences in PAUP* v4.0b10
(Swofford, 2003) using the ‘Distance’ and ‘uncorrected
p’ options on the concatenated data set after removal
of three accessions missing either trnl-F or ITS.
Second, we obtained a corrected distance matrix
under ML using the GTR + I' substitution model with
four discrete gamma categories. We then plotted
pairwise sequence distance for a given pair of species
against the age of the most recent common ancestor
(MRCA) for the two species using the baseline chrono-
gram [replicating the assumptions and priors of
Palazzesi et al. (2012)] and the chronogram based on
additional rosid ordinal stem priors and APG III
topological constraint (see the following section).
Tests for a molecular clock (of all taxa or family
subsets) were performed in PAUP* using the tree
topology depicted in Palazzesi et al. (2012) or based on
APG III (2009) and the model of sequence evolution
described above. The likelihood of the trees with and
without enforcing a molecular clock were obtained
and used in a likelihood ratio test for evaluation
of significant differences [degrees of freedom
(d.f.) = number of tips minus two].

RELAXED-CLOCK ANALYSES

Following the methods in Palazzesi et al. (2012), we
simultaneously estimated phylogenies and divergence
times, on the concatenated data set, in BEAST 1.7.5
(Drummond et al., 2012a), using a Yule branching
process, the GTR + I substitution model with four
discrete gamma categories, and a relaxed molecular
clock with a lognormal distribution of rate changes. We
experimented with a range of values for the molecular
clock priors, paying particular attention to ‘ucld.stdev,
the parameter associated with rate heterogeneity
among branches. Under a gamma distribution, we
varied the ‘scale’ of this prior to regular intervals
between 0.001 and 5, evaluating the posterior distri-
bution relative to the prior in Tracer 1.5 (Rambaut &
Drummond, 2009) of the BEAST package and how
closely the resulting chronogram matched with that in
Palazzesi et al. (2012). We replicated their Markov
chain Monte Carlo sampling by combining two inde-
pendent chains of 70 000 000 generations, sampling
every 10 000 generations, and using a 20% burn-in.
The first BEAST analysis (referred to hereafter as
the baseline analysis) incorporated the five fossil log-
normal priors described by Palazzesi et al. (2012).
Because the specifics of the lognormal priors for the
fossil-calibrated nodes were not provided in the paper,
we set the priors to obtain results as similar as

possible to those depicted in their figure 5: Pelargo-
nium stem [offset =28.4 Mya, standard deviation
(SD) = 11, Balbisia crown (offset = 15.79 Mya, SD = 1),
Viviania crown (offset = 10 Mya, SD = 1), Geranium
crown (offset =7.248 Mya, SD=1), and Erodium
crown (offset = 7.246 Mya, SD =1). We also had to
add a topological constraint for the Geraniales clade
in the baseline analysis, as BEAST analyses did
not always recover a monophyletic Geraniales, and
for the relationships within Myrtales, which was
monophyletic but exhibited differing generic relation-
ships [all other relationships within and among
outgroups were recovered as depicted in Palazzesi
et al. (2012)]. As we were trying to emulate their
results in the baseline analysis, these constraints will
make all analyses err on the side of their results. We
also redid this baseline BEAST analysis, but only on
the subset of Geraniales taxa, by removing all other
rosid and outgroup taxa. Additionally, with this
reduced Geraniales data set we examined the impli-
cations of placing a normally distributed prior on the
crown of the Geraniales based on dates from previous
rosid-wide studies, dates that Palazzesi et al. (2012)
mention, but do not use. These crown dates range
from 86 to 80 Mya (Anderson, Bremer & Friis,
2005), 98 to 84 Mya (Wikstrém et al., 2001), to 101 to
88 Mya (Wang et al., 2009). We thus used a normal
distribution on the prior with a mean of 90 Mya and
an appropriate SD (of 5.1) to generate a 95% confi-
dence interval (CI) sampling of between 100 and
80 Mya.

We then performed a number of subsequent BEAST
analyses to evaluate the impact on nodal dates of
additional priors involving topological constraints
among outgroup relationships and/or fossil calibra-
tions on the stems of the rosid orders. We first exam-
ined the impact of placing three date constraints
as priors on more basal nodes to the Geraniales.
The date of the root (divergence of Saxifragales and
all rosids; this node is referred to as either the
‘superrosid crown’ or the ‘rosid stem’) has been esti-
mated in a number of angiosperm-wide studies
employing fossils: 121-111 Mya in Wikstrom et al.
(2001), 114 Mya in Magallén & Castillo (2009), 132—
111 Mya in Bell etal. (2010), and 110 Mya in
Magallén et al. (2013). We set a conservative uniform
prior on the rosid stem of between 125 and 101 Mya.
Based on the oldest known fossils attributed to the
orders Fagales and Myrtales, we also placed priors on
the stem nodes of these two orders. Normapolles
pollen grains from the middle Cenomanian have clear
affinities to Fagales (Friis, 1983; Sims et al., 1999;
Schonenberger, Pedersen & Friis, 2001; reviewed in
Magallén et al., 2013). We placed Normapolles at the
Fagales stem node (lognormal distribution, offset = 96
Mya, SD = 0.75) following Magallén et al. (2013). The
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earliest known fossils of Myrtales include Esqueiria
futabensis (Takahashi, Crane & Ando, 1999) from the
Upper Cretaceous (Lower Coniacian, 88.2 Mya) used
by Bell etal. (2010) and Myrtaceidites (= Syncol-
porites) (Herngreen, 1975; Muller, 1981) pollen from
the Upper Cretaceous (Santonian, 86 Mya) used by
Sytsma et al. (2004). Thus, we used a conservative
fossil placement at the Myrtales stem node (lognor-
mal distribution, offset =88.2 Mya, SD =1.0). As
these rosid fossils have been used previously at the
crowns of either the Fagales or Myrtales in better
sampled studies of these orders, their placement at
the stems of the two orders in these analyses is
conservative — these stem nodes must be older — and
thus the analyses err on the side of the results of
Palazzesi et al. (2012). We ran these BEAST analyses
in two sets: with priors enforced on all nodes (three
rosid ordinal nodes plus five Geraniales nodes); and
without the five Geraniales priors.

Two additional sets of BEAST analyses were per-
formed with all eight nodal priors, but with alterna-
tive topological constraints invoking relationships
among the rosid orders based on two previous mole-
cular phylogenetic analyses across angiosperms.
Palazzesi et al. (2012) recovered an unusual ordinal
topology — [((Geraniales, (Crossosomatales, Fagales)),
Myrtales), Saxifragales] — in their BEAST analysis.
We first utilized the ordinal topology of Chase
et al. (1993), which was based solely on rbcL with the
assumption that it represents a probable set of
outgroup relationships when using limited gene sam-
pling, as in Palazzesi et al. (2012) [(((Geraniales,
Crossosomatales), Myrtales), Fagales), Saxifragales].
Second, we used the more recent APG III (2009)
topology that places Myrtales sister to Geraniales
[(((Geraniales, Myrtales), Crossosomatales), Fagales),
Saxifragales], which was found with all three
genomes (Zhu et al., 2007, Wang et al., 2009; Qiu
etal., 2010; Soltis etal., 2011). Lastly, we ran
two BEAST analyses with the placement of
Tricolporopollenites pelargonioides at the crown of
Pelargonium instead of at the stem, considering that
all other fossils were used to constrain crown nodes
and the ambiguity in terms of its placement within
Pelargonium (Martin, 1973; Palazzesi et al., 2012).
The first of these two analyses mirrored the baseline
analysis with five Geraniales fossils, except that the
T. pelargonioides fossil constraint was shifted from
the stem to the crown of Pelargonium. The second
analysis used these five Geraniales fossil priors as in
the previous analysis, but included the three rosid
stem priors and the APG topology constraint. Follow-
ing accepted practices (Drummond et al., 2012a;
Heath et al., 2012; Warnock et al., 2012) we also com-
pared these results with BEAST analyses that had
only priors included and all nucleotide sequences

excluded. All chronograms used the geological time-
scale of Walker et al. (2013).

RESULTS

ALIGNMENT AND PHYLOGENETIC ANALYSES WITH
TRNL-F AND ITS

The use of MAFFT in Geneious generated an align-
ment of both ¢rnL-F and ITS that visually needed
further manual alignment and that produced an
ML tree (data not shown) in Garli incongruent with
that depicted in either figure4 (Vivianiaceae +
Francoaceae sister to Melianthaceae) or figure5
(Melianthaceae + Francoaceae sister to Vivianiaceae)
of Palazzesi etal. (2012). Manual alignment and
exclusion of 119 bp in ¢#rnL—F and of 245 bp in ITS, as
a result of ambiguities in alignment across all rosids,
generated a concatenated data set of 1875 bp (1241 bp
of trnL-F and 634 bp of ITS; total excluded = 16%)
(see Appendix S1). The resulting ML tree (data not
shown) was almost equal to that depicted in figure 5
of Palazzesi et al. (2012) with respect to relationships
within families of the Geraniales and among rosid
orders. The two exceptions included non-monophyly
of the Geraniales and specific relationships within
Lythraceae (Myrtales). Geraniales comprises two
well-supported, major subclades (Geraniaceae +
Hypseocharitaceae vs. Melianthaceae + Francoac-
eae + Vivianiaceae) but whose stem branch is very
short (e.g. figure 5 of Palazzesi et al. (2012); see the
Discussion). Owing to the weak support in the
branches differing between our ML tree and that
used in Palazzesi et al. (2012), we made topological
constraints (monophyly of Geraniales, within
Lythraceae) to match the latter tree in all subsequent
sequence and BEAST analyses.

LEVELS OF SEQUENCE AND RATE DIVERGENCE
ACROSS THE PHYLOGENY

Molecular clock tests of the concatenated data set
(with GTR + I' + G) across the entire topology, whether
using the rooted phylogram based on Palazzesi et al.
(2012) or on APG III (2009), significantly rejected the
presence of a molecular clock. Molecular clock tests on
subclades within Geraniales also all rejected a molecu-
lar clock: (1) Geraniaceae + Hypseocharitaceae; (2)
Melianthaceae + Francoaceae + Vivianiaceae; and (3)
Geraniaceae. Uncorrected sequence divergence (data
not shown) ranged from 0% (between two species of
Melianthus) to 30%. The highest uncorrected sequence
divergences of 28-30% occurred in the following:
(1) Geraniaceae (Geranium and Erodium) vs.
Vivianiaceae (Balbisia and Viviania); (2) Mpyrtales
vs. Balbisia and Viviania; and (3) rosid outgroups vs.
Geranium and Erodium. Corrected (with GTR + T + G)
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Figure 1. Pairwise sequence divergence of selected representatives from each subclade in Geraniales and outgroup rosid
orders versus all other species based on ¢trnL-F and ITS data from Palazzesi et al. (2012). Corrected sequence divergence,
obtained under maximum likelihood (ML) (GTR + I" + G substitution model), is plotted against the age of the most recent
common ancestor (MRCA) of each pair of species compared. (A) Ages obtained from the baseline BEAST analysis with five
Geraniales fossil prior constraints replicating the analysis of Palazzesi et al. (2012). (B) Ages obtained from the baseline
analysis with three additional rosid stem priors and using the APG III (2009) topology.

»
»

sequence divergence values ranged up to 0.62 substi-
tutions per site (Myrtales or Fagales vs. Geranium or
Erodium) (Fig.1). The other highest ML sequence
divergences (>0.56 substitutions per site) are
seen in the following: (1) Geranium and Monsonia
(Geraniaceae) vs. Viviania; (2) Erodium vs. Balbisia;
and (3) rosid outgroups vs. Geranium and Erodium.
Thus, in addition to the expected high sequence
divergence between the outgroup orders and members
of Geraniales, the greatest sequence divergences
occurred between Geraniaeae and Vivianiaeae, repre-
sentatives of the two main subclades within the order
Geraniales.

Figure 1 depicts corrected ML sequence distances
based on trnl-F and ITS among representative
species as a function of age, using age estimates from
(Fig. 1A) the baseline chronogram using priors of
Palazzesi et al. (2012), and (Fig. 1B) the APG III
topology with rosid stem age prior. Representative
species from eight major clades within Geraniales and
from each of the outgroup rosid or superrosid orders
are plotted against all other species. Sequence diver-
gence appears to show a general correlation with age,
especially with the APG III chronogram (Fig. 1B), in
the time frame of diversification within the two
subclades of Geraniales — 0-38 Mya in Figure 1A, or
0-62 Mya in Figure 1B. Large variation in sequence
distance relative to time is seen, however, from the
root of the tree through the diversification of the
order Geraniales into two subclades — 58-42 Mya
in Figure 1A or 104-66 Mya in Figure 1B. This
latter time frame also includes the problematic
node within one subclade representing the split of
Melianthaceae + Francoaceae from Vivianiaceae, a
relationship not always obtained with the same data
set [see fig. 4 vs. fig. 5 in Palazzesi et al. (2012)].
Thus, much of the uncertainty or discordance in rela-
tionships within Geraniales and among rosid orders
and in the time estimates of diversification (Fig. 2; see
below) appears to be correlated with both the highest
levels and the greatest variation of ¢trnL-F and ITS
sequence divergence.

RELAXED-CLOCK DATING ANALYSES

The ucld.stdev posterior means ranged from c. 0.3 to
c. 0.5 depending on the ‘ucld.stdev scale’ prior, which
we set at intervals between 0.001 and 5.0 under a

gamma distribution in our initial exploratory analy-
ses. The SD of the uncorrelated lognormal relaxed
clock (in log-space) is indicative of the amount of
variation in rates among branches (0, the data are
clock-like; > 1, the data exhibit substantial rate het-
erogeneity among lineages). Despite setting this prior
at intervals over several orders of magnitude, all
resulting posterior distributions suggest that the
rates of molecular evolution for ITS and ¢trnL-F do not
follow a strict clock in these lineages. Rather, there is
a moderate amount of heterogeneity in the rate of
molecular evolution among the various branches
of the chronogram. Ultimately, we selected a
‘ucld.stdev scale’ prior of 0.01 (resulting in a posterior
of ¢. 0.4) for all subsequent analyses, as this gener-
ated chronograms most similar to that presented in
Palazzesi et al. (2012). The BEAST chronogram
derived from the baseline analysis mirroring that
of Palazzesi et al. (2012) — five fossil priors, no root
prior — is depicted in Figure 2A with estimated ages
of specific nodes provided in Table 1A. The inferred
ages are largely congruent with those reported by
Palazzesi et al. (2012) (see Table 1A), with the main
differences involving the crown ages of Geranium and
Erodium. They found 9.8 and 8.5 Mya, respectively,
for these two nodes on which they had placed mean
priors of 7.2 Mya. Our baseline analysis pulled those
dates older, to 11.5 and 10.9 Mya, respectively,
although our 95% credibility intervals strongly
overlap theirs. Removing the outgroup taxa and
retaining the Geraniales topology had little impact on
nodal dates (Table 1A). Adjusting the topology among
outgroups to reflect the more likely Chase et al. (1993)
or APG III (2009) relationships, but retaining the
baseline analysis parameters, also had little impact
on ages within the order Geraniales (Table 1B).

The simple addition of a conservative and wide prior
on the rosid stem (uniform distribution from 125-
101 Mya) and on the Fagales and Myrtales stems
based on fossils, but maintaining all other baseline
priors, had the greatest impact on the dates of the
resulting chronogram (Fig. 2B, Table 1C). The rosid
stem (= superrosid crown) was dated at 107.0 Mya
with all other nodes approximately twofold that seen
in the baseline analysis. All rosid ordinal stem line-
ages, including both the stem and crown of Geraniales
(99.0 and 91.5 Mya, respectively), had origins in the
middle Cretaceous. Removing all five Geraniales fossil
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Figure 2. Representative chronograms generated from BEAST analyses of the Geraniales on ¢rnL—F and ITS data from
Palazzesi et al. (2012). (A) Baseline chronogram with five Geraniales fossil prior constraints replicating the results of
Palazzesi et al. (2012) (see Table 1A). (B) Baseline chronogram with three rosid stem priors added (see Table 1C). (C)
Baseline chronogram with three rosid stem priors added and enforcing the APG III topology among orders (see Table 1D).
The five recognized families are depicted for Geraniales; species are arranged as in figure 5 of Palazzesi et al. (2012).
Circled numbers refer to seven fossil-based constraints (1-7) and a rosid stem prior (8) used in different analyses:
1, Viviania crown (10 Mya); 2, Balbisia crown (15.8 Mya); 3, Geranium crown (7.2 Mya); 4, Erodium crown (7.2 Mya);
5, Pelargonium stem (28.4 Mya); 6, Fagales stem (96 Mya); 7, Myrtales stem (88.2 Mya); and 8, rosid stem (125-101 Mya).
Grey bars represent the associated credibility interval (95% highest posterior density). Alb, Albian; Cam, Campanian;
Cen, Cenomanian; Con, Coniacian; Maa, Maastrichtian; Pli, Pliocene; San, Santonian; Tur, Turonian; Qu, Quaternary.

o

<

priors, and using only the rosid stem priors, pushed the
root (110.1 Mya) and the rosid order stems only
slightly older, but greatly increased internal nodes in
Geraniales (up to 27% and 31% for Geranium and
Erodium crown nodes, respectively) (Table 1C).

The combination of a rosid stem age prior and,
more likely, outgroup relationships [based either on
Chase et al. (1993) or APG III (2009)]) provide ages
listed in Table 1D (for xml file, see Appendix S2; for
detailed tree, see Fig. S1). Based on the presently
available knowledge of rosid relationships, rosid
stem node ages, and fossil calibrations provided by
Palazzesi et al. (2012), Figure 2C depicts the best
estimate of temporal diversification within Geraniales
(see Table 1D). These results suggest that Geraniales,
like other rosid orders, diversified in the late Albian
through the Cenomanian or Turonian of the Creta-
ceous period. The rosid stem node is dated at
104.1 Mya and the Geraniales is an old order, with a
crown diversification at 83.2 Mya. The estimated ages
are considerably older than the priors used for the
Pelargonium stem (48 Mya vs. 28 Mya) and both
crown ages of Geranium (19 Mya vs. 7 Mya) and
Erodium (18 Mya vs. 7 Mya). Redoing the BEAST
analysis after removal of the five Geraniales fossil
priors, again gives substantially larger ages for inter-
nal nodes in Geraniales (up to 23% and 26% for
Geranium and Erodium crown nodes, respectively)
(Table 1D).

Finally, the baseline analysis, but with the place-
ment of the fossil T. pelargonioides shifted from the
stem of Pelargonium to its crown, generated dates
within the Geraniales (Table 1E) almost identical
to those obtained with the baseline analysis + three
rosid stem priors + APG topology constraint
(Table 1D) (for detailed tree, see Fig.S2). Adding
T. pelargonioides to the crown of Pelargonium, along
with these latter priors, produces a chronogram
with slightly older nodal dates (Table 1E) that
match those obtained by removing all Geraniales
fossil constraints and allowing the chronogram to be
based solely on the three rosid stem priors + APG
topology (Table 1D).

DISCUSSION

This detailed re-analysis of the temporal diversifica-
tion within Geraniales provides a contrasting chrono-
gram relative to Palazzesi et al. (2012) from which to
understand the evolution and radiation of its five
constituent families. Our re-analysis provides evi-
dence that the two gene regions are most effective in
terms of nucleotide substitutions within the two main
subclades of Geraniales, but appear to exhibit pro-
nounced nucleotide substitution saturation (up to
0.62 substitutions per site) and increased variation in
levels of pairwise sequence distance, with respect to
time, after 65 Myr of divergence. This older time
frame corresponds to the separation of the two main
subclades within the order and among other rosid
orders sampled. We demonstrate that simply placing
a reasonable and broad (conservative) uniform prior
on the stems of other rosid/superrosid orders, along
with the five fossil priors presented in Palazzesi et al.
(2012), despite this apparent gene saturation, pro-
vides a time frame consistent with previously pub-
lished, but older, ages. We show that this older time
frame is maintained when enforcing, in BEAST,
several topological constraints among the outgroup
orders based on rosid relationships published over
the last two decades. Lastly, we discuss how this
recalibrated phylogeny of Geraniales impacts inter-
pretations of fossil placement and geological/climatic
scenarios of diversification within Geraniales.

TRNL-F AND ITS EVOLVE TOO FAST TO USE FOR
DATING AT THIS ORDINAL LEVEL

It is readily apparent that ¢trnL—F and ITS evolve so
rapidly that their use across the entire taxonomic
span of Geraniales presents some issues when applied
to phylogenetic reconstruction and temporal dating.
The first issue involves aligning the sequences among
families within Geraniales and across rosid orders,
and the need to omit portions of both regions where
alignment became problematic. Problems inherent in
using ITS and aligning its regions are well known
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(Alvarez & Wendel, 2003; Poczai & Hyvonen, 2009):
sequence accuracy, high GC content, indel accumula-
tion, and alignment between outgroup and ingroup
members. The limitation of phylogenetic breadth
of ITS relative to other genes has been shown in a
number of publications (reviewed in Alvarez &
Wendel, 2003).

A considerable amount of effort has gone into dem-
onstrating that fast-evolving, non-coding cpDNA
regions (specifically ¢trnT-trnL—trnF) still appear to be
effective at basal nodes within angiosperms in gener-
ating resolved phylogenetic trees that are congruent
with those trees based on many, but slower-evolving,
coding cpDNA regions (e.g. Borsch etal., 2003;
Quandt et al., 2004; Miiller, Borsch & Hilu, 2006;
Worberg et al., 2007, Borsch & Quandt, 2009;
Barniske et al., 2012). The trnL-F region sampled in
the present study consists of a group I intron in trnL
(UAA) and a transcribed spacer between trnL and
trnF (GAA), both of which contain some conserved
elements but also large mutational hotspots involving
frequent microstructural changes as well as substitu-
tion events (Borsch & Quandt, 2009). Throughout
land plants, the length and GC content of the trnL
intron and the ¢trnL-F spacer are highly variable,
with the trnL—F spacer less conserved than the trnL
intron (Borsch et al., 2003; Quandt et al., 2004). Align-
ment of trnl—F is difficult; we excluded 8.8% of this
spacer because of uncertainty in alignment. Borsch
et al. (2003) outlined a seven-step method for align-
ment of the trnT-F region but that can still require
removal of up to 20% of the region (e.g. Borsch et al.,
2003; Borsch & Quandt, 2009).

The second issue resides in the apparent saturation
of trnL-F and ITS nucleotide substitutions after about
65 Myr of divergence (Fig. 1B). At this time interval
the amount of uncorrected sequence divergence
reaches a high of 30%, and this is seen between
Geraniaceae and Vivianiaceae, representatives of
the two main, and weakly supported, subclades of
Geraniales. Corrected values of substitutions per site
reach highs of 0.56-0.62 between these two subclades
and between Geraniaceae and all outgroup orders.
It may be no coincidence that Geraniaceae exhibit
some of the highest sequence divergences within
this data set, a majority of which is cpDNA (66%).
Geraniaceae chloroplast genomes are the most rear-
ranged of angiosperms, exhibit accelerated rates of
nucleotide substitutions, and show widespread loss of
genes and spacers, including the ¢rnT gene just
upstream of the sequenced ¢rnL—F region (Guisinger
et al., 2008, 2011). Simulation studies have suggested
that substitution saturation may not occur until higher
levels of sequence divergence than were previously
thought (Yang, 1998). Furthermore, it was argued that
data sets with uncorrected sequence divergences of

15-20%, or a pairwise sequence distance of 0.2—-0.3
substitutions per site, do not necessarily exhibit satu-
ration. Yang (1998) suggested that 30% uncorrected
sequence divergence, as seen in Geraniales, should be
a starting point for concerns about site saturation in
fast-evolving regions. He also noted that high evolu-
tionary rates are often associated with other serious
sequence issues, namely alignment. The concatenated
Geraniales data set thus exhibits both issues — difficult
alignment and site saturation.

Although phylogenetic reconstruction may still be
possible with ¢#rnL-F (and ITS) at deep (e.g. Creta-
ceous) levels within angiosperms, as some have
argued (Borsch et al., 2003; Borsch & Quandt, 2009),
it does not imply that these regions can be effectively
used for dating phylogenies at these deep levels
(e.g. Zheng et al., 2011). It is therefore not surprising
that ¢trnL-F and ITS could not always recover a
monophyletic Geraniales past 656 Mya, uncover rea-
sonable relationships among rosid orders, or estimate
time divergences of the most basal nodes consistent
with those from any previous rosid or angiosperm
relaxed-clock study. In comparison with similar
studies within Myrtales, the sister order to
Geraniales, only relatively slowly evolving coding
regions (e.g. rbcL, matK, ndhF, and 18S) could be
used at the ordinal level among families (Conti et al.,
1996, 1997, 2002; Sytsma et al., 2004; Berger, 2012).
In studies examining within-family relationships,
trnL—F and/or ITS were either not used (Renner et al.,
2001; Levin et al., 2003) or were used effectively but
only in concert with other, more slowly evolving,
genes (Levin etal., 2004; Graham etal., 2005;
Thornhill et al., 2012), and/or required substantial
removal of unalignable areas (Graham et al., 2005).
Within this 65-Mya window, however, the relative
ease of alignment, apparent non-saturation of
nucleotide substitutions, and considerable sequence
variability make these two gene regions presumably
effective in uncovering phylogenetic relationships
within the two main clades of Geraniales. Although
differing in some details, the results of Palazzesi et al.
(2012), within and among closely related families in
Geraniales, match those obtained in other studies
that often use different gene regions (Fiz et al., 2006,
2008; Linder et al., 2006; Fiz-Palacios et al., 2010).
Thus, despite these difficulties in using ¢rnL-F and
ITS among orders, the data of Palazzesi et al. (2012)
provide good evidence for recognizing five families in
Geraniales, even though the relationships among the
five are not all known with certainty.

The amount of sequence divergence and the rate of
nucleotide substitutions are important determinants
in generating accurate and supported phylogenetic
relationships. In the absence of clock-like evolu-
tion, the relative rate of nucleotide substitution in
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branches across a phylogram is a critical component
in estimating absolute divergence times and absolute
rates with relaxed-clock models (Drummond et al.,
2006; Magallon et al., 2013). DNA regions (such as
trnL-F and ITS in Geraniales and related rosids) that
not only accumulate mutations at different relative
rates across the phylogeny but also begin to exhibit
nucleotide site saturation, would be expected to
unduly influence estimates of temporal diversification
using either fixed-rate or relaxed-clock methods.
As reviewed by Magallén et al. (2013), incorrect diver-
gence time estimates have been attributed to unac-
counted substitutional saturation in the gene regions
used in relaxed-clock dating (Hugall etal., 2007,
Phillips, 2009; Brandley et al., 2011). This effect of
substitutional saturation upon divergence time esti-
mation becomes especially severe when few nodes
have prior constraints (Magallén et al., 2013) or, as
demonstrated in this re-analysis of Geraniales, when
temporal calibrations are restricted to nodes closer to
the tips. The overall effect of the combination of
substitutional saturated gene regions and tip-placed
fossil priors is to ‘pull’ dates of older nodes towards
the tip and make them appear younger. Of some
concern is the question of whether obtaining substi-
tution rates from a single parametric distribution, as
performed in BEAST, for example, is adequately mod-
elling the underlying molecular evolution (personal
communication, Susana Magallén). Several studies
(Zheng et al., 2011; Dornburg et al., 2012; Wertheim,
Fourment & Kosakovsky Pond, 2012; Magallén et al.,
2013) have suggested, at least with current methods,
that the ability to estimate correct rates is severely
compromised in cases where substitution rates vary
markedly across a phylogram or where rate changes
occur along a single lineage (heterotachy). To what
degree these issues are involved with the Geraniales
data set remains to be seen.

Are root or basal rosid stem node calibration
priors necessary? Simply adding rosid stem and
rosid order stem fossil priors (with or without invok-
ing the APG III (2009) topology) to the previous
constraints used by Palazzesi et al. (2012) dramati-
cally changed inferred ages both within Geraniales
and among rosids (Fig. 1B, C; Table 1D). The age of
the Geraniales stem [89 Mya, 92-88 (95% highest
posterior density)] and crown (83 Mya, 89-76) disa-
gree dramatically from that estimated (53 and 49.5
Mya, respectively) by Palazzesi et al. (2012), but
match quite closely those suggested by previous
rosid or angiosperm-wide studies cited by Palazzesi
et al. (2012), but not further discussed. Thus, in the
context of the Geraniales and the use of trnL-F and
ITS, fossil-based priors on basal nodes and a rea-
sonable prior on the root based on secondary cali-
brations were critical additions to the fossil-based

priors at the more recent crown or stem of five
genera.

We add to the growing set of evidence that adding
‘realistic’ priors to the root or basal nodes may be
important components to effectively calibrate tempo-
ral diversification of lineages in relaxed-clock analy-
ses. Similarly to our results with Geraniales, recent
studies have emphasized that BEAST performs more
reliably under the assumption of a basal constraint or
placement of fossil priors away from the tips of the
phylogeny (McCormack et al., 2010; Feldberg et al.,
2013). However, the majority of studies have demon-
strated that if a reasonable prior to limit the age of
the root is not imposed, relaxed-clock methods may
mistakenly estimate unrealistic old ages (e.g. Yang &
Rannala, 2006; Benton & Donoghue, 2007; Donoghue
& Benton, 2007; Ho, 2007; Hugall etal., 2007,
Marshall, 2008; Wilkinson et al., 2011). Our results
indicate that the lack of a reasonable root prior for
Geraniales, as in Palazzesi et al. (2012), estimates
unrealistic young ages — but this is probably a result
of the choice of: (1) gene regions that appear site
saturated over the base of the phylogeny; and (2)
fossils necessitating near tip node priors.

FOSSIL PRIORS IN GERANIALES RE-EXAMINED

What does this re-analysis of temporal diversification
in Geraniales, now best seen as a late Cretaceous
crown radiation (89-76 Mya; Fig. 2C, Table 1D),
suggest about the efficacy of the fossil priors used in
Palazzesi et al. (2012)? The baseline BEAST analysis
(Table 1A) generated date posteriors (95% highest
posterior density) that overlap strongly the prior for
three calibrated fossil nodes (Viviania and Balbisia
crowns and Pelargonium stem). The posterior mar-
ginal densities for these three fossil priors in the
baseline BEAST analysis, as seen in Tracer 1.5, are
lognormal like the original priors (Fig. 3A, C). Our
re-analysis (but not that of Palazzesi et al., 2012)
places the 95% credibility intervals for the crown nodes
of Erodium and Geranium outside (older) the prior,
although they are close. The posterior marginal den-
sities for these two fossil priors in the baseline BEAST
analysis are not lognormal and show a more normal
distribution at older ages (Fig. 3B). Use of rosid ordinal
stem priors and the APG III (2009) topology strongly
overrides all but the Viviania and Balbisia crown
priors (Table 1D; Fig. 3). The crowns of Geranium and
Erodium are estimated at 18.5 and 17.6 Mya, respec-
tively, relative to their priors of 7.2 Mya. Despite being
the oldest known fossils attributed to these clades,
their young ages, relative to the ages recovered in our
variously calibrated phylogenies (both utilizing and
omitting them as priors), suggest that their use as
crown priors may be inappropriate.
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Figure 3. Bayesian posterior density plots for lognormal
priors on fossil-calibrated nodes with five different BEAST
analyses (see Table 1). Plots were obtained in Tracer 1.5
and are viewed as relative marginal densities. The x and
y axes indicate the nodal age (in Mya) and relative density,
respectively. Dashed vertical lines indicate the offset for
each lognormal prior. (A) Posterior densities for the
Balbisia fossil (prior: offset = 15.79 Mya, SD = 1) are log-
normal under all BEAST analyses, reflecting the original
prior. The Balbisia and Viviania (density plots not shown,
but similar to that of Balbisia) fossils are interpreted as
correctly placed at their respective crowns. (B) Posterior
densities for the Erodium fossil (prior: offset = 7.246 Mya,
SD =1) are not lognormal and indicate that most of
the normally distributed sampling at the crown is outside
(older than) the prior. The Erodium and Geranium
(density plots not shown, but similar to that of Erodium)
fossils are interpreted to best calibrate nodes within
their respective crown radiations. (C) Posterior densities
for the Pelargonium fossil prior (Tricolporopollenites
pelargonioides) — placed at either the stem or crown node
— (prior: offset = 28.4 Mya, SD = 1) and providing support
for correct placement (relative to other fossil calibrations)
at the crown, not the stem. Marginal density is lognormal
(as in the prior), as expected for the baseline analysis
(black) where the prior was placed on the stem of Pelar-
gonium and no older rosid priors were used. The inclusion
of older rosid fossil calibrations (green, blue) indicates that
the initial prior on the Pelargonium stem is overridden
and normal distributions over much older mean dates are
obtained. Placing the prior on the Pelargonium crown in
either the baseline analysis (red) or with inclusion of rosid
priors (orange) provides lognormal distributions and indi-
cates that the prior on the crown is being sampled.
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More dramatically, the stem age of Pelargonium,
based on the fossil prior of 28.4 Mya (and recovered
in the baseline analysis), is strongly not supported
when additional rosid stem priors are used — the stem
age increases to 48.3 Mya (40.0-57.4). The posterior
marginal densities for the Pelargonium fossil prior
with the addition of older rosid node priors are not
lognormal and exhibit a striking shift to considerably
older ages (Fig. 3C). These results indicate that the
prior is being overridden at the Pelargonium stem. It
is not clear why the fossil T! pelargonioides was used
by Palazzesi et al. (2012) to place a prior on the stem,
rather than the crown of Pelargonium, in keeping
with the crown placements of the other four fossils
used. No justification for this placement is given,
nor is there support in the cited papers (Martin,
1973; Macphail, 1999). Indeed, when we used
T. pelargonioides as a prior instead for the crown of
Pelargonium in the baseline analysis with only the
four other Geraniales fossils (Table 1E; see Fig. S2),
the resulting dates across the Geraniales (and to
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some extent for rosid order stems) are very similar to
dates obtained with its placement at the stem of
Pelargonium but adding in the rosid stem priors
(Table 1D). Dramatically, the posterior marginal den-
sities for the Pelargonium fossil prior placed now
at the crown, with the addition of older rosid node
priors, are lognormal, like the original prior (Fig. 3C).
We argue that the weight of evidence indicates that
T. pelargonioides should be used as a crown Pelargo-
nium prior. These discrepancies in prior versus
posterior nodal dates for Geranium, Erodium, and
especially Pelargonium, support the observation of
Magallén et al. (2013: 564) ‘that if the signal in the
data indicates an age different from the constraint, it
will overcome a strong prior’. These results also dem-
onstrate that reliance on one or few fossil priors can
be misleading; it was only with the addition of more
fossil priors widely distributed on the tree that issues
with specific fossil priors were identified.

PATTERN AND TIMING OF DIVERSIFICATION IN
GERANIALES RE-EXAMINED

Finally, how does this revised time estimate of diver-
sification within Geraniales shape our understanding
of how intercontinental distribution patterns formed,
the role of progressively intensive aridification in the
diversification of South African clades, and the impact
of Andean orogeny on South American clades? Despite
the older dates in our re-analysis, the three striking
intercontinental disjunctions between Africa and
South America within Geraniales are still best
explained by long-distance dispersal, as argued by
Fiz etal. (2008) and Palazzesi etal. (2012) (see
chronograms and dates in Figures 2C and 4,
Fig. S1). The split of the South American family
Hypseocharitaceae  and  largely  African-basal
Geraniaceae (see Fiz et al., 2008) dates to 62 Mya
(72-52) in the Paleocene, versus 57 Mya by Fiz
et al. (2008) and 37 Mya by Palazzesi et al. (2012).
Likewise, the separation of the South American
Vivianiaceae from South African Melianthaceae +
Francoaceae (South Africa and South America) also
occurred in the Paleocene at 67 Mya (78-56), versus
45 Mya as reported by Palazzesi et al. (2012). The
intercontinental disjunction within Francoaceae is
dated at 27 Mya (35-15), versus 19 Mya, as proposed
by Bell etal. (2010), and 11 Mya, as proposed by
Palazzesi et al. (2012). The actual direction of disper-
sal (between South America and South Africa) for
these three disjunct pairs is uncertain (without a
larger biogeographical analysis of related rosids) as
the two large subclades within Geraniales both
exhibit the South America + Africa pattern. In any
case, these oldest possible dispersal events postdate
the separation of the two continents already by

110 Mya in southern areas and by 90 Mya in northern
areas (Pittman et al., 1993) — see discussion and dates
for other South American and African disjuncts —
Givnish et al. (2000, 2004, 2011), Renner (2004),
Sytsma et al. (2004).

Our re-analysis (Table 1F; Fig. 2C; Fig. S1) provides
considerably older ages for Geranium, Erodium, and
Pelargonium (Geraniaceae) than seen in Palazzesi
et al. (2012). Our data indicate that the Geraniaceae
arose 48 Mya (57-39) as compared with 29 Mya in
Palazzesi et al. (2012). The older phylogenetic and
biogeographical study of Geraniaceae (Fiz et al., 2008),
using rbcL and different programs and calibration
points, gives a range for the crown of Geraniaceae at
47-38 Mya, dates that overlap strongly with our 95%
credibility intervals. The temporal diversification
model of Geraniaceae proposed by Fiz et al. (2008), in
contrast to that in Palazzesi et al. (2012), is thus
largely consistent with our dates.

Despite the increased ages seen in much of the
Geraniales chronogram (Figs 2C and 4) relative to
the baseline chronogram (Fig.2A), two models of
diversification proposed by Palazzesi et al. (2012)
are supported by our analysis. These include the
diversification within Melianthaceae and Greyia
(Francoaceae) relative to periods of intensification of
aridity in South Africa, and diversification within
Vivianiaceae and Francoa/Tetilla (Francoaceae) rela-
tive to Andean orogeny. This is a result of the near
similarity of dates in the most recent branches
(<10 Mya) seen in all chronograms for the discussed
radiations of Melianthus, Greyia, Viviania, Balbisia,
Francoa, and Tetilla. Figure 4 depicts the temporal
diversification within this clade of three families rela-
tive to timing of aridification in South Africa and
uplift of the Andes based on our re-analysis (derived
from Fig. 2C, Fig. S1). Linder et al. (2006) had previ-
ously generated a chronogram of Melianthaceae
based on a single secondary calibration point using
the divergence times of Bersama and Greyia from
Wikstrom et al. (2001). Using this calibration
method they argued that the largely South African
Melianthus had diverged in the early Miocene around
20 Mya followed by separation of eastern and western
clades by 15 Mya in the middle Miocene, the latter
coincident with — and probably correlated to — the
first onset of aridification in South Africa (see Fig. 4).
This aridification in a previously (early Miocene)
warmer and more mesic landscape was largely a
result of glaciation in Antarctica, a decrease of sea
surface temperature, a strengthening of the south
Atlantic high pressure cell, and the establishment of
a winter-rainfall climate along the west coast of South
Africa (Linder et al., 2006). Our calibrated phylogeny
supports the finding of Palazzesi et al. (2012) that
these dates are too old (Table 1A, D, G). Importantly,
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Figure 4. Chronogram of the Melianthaceae, Francoaceae, and Vivianiaceae derived from the baseline chronogram with
three rosid stem priors added and enforcing the APG III topology among orders (see Fig. 2C, Fig. S1). Species are scored
for geographical location. Time periods for aridification in South Africa are obtained from Linder et al. (2006) and
Palazzesi et al. (2012). Time periods for the uplift of the central and northern regions of the Andes are based on Antonelli
et al. (2009), Graham (2009), and Chaves, Weir & Smith (2011). Blue horizontal bars represent the associated credibility
interval (95% highest posterior density). Pli, Pliocene; Qu, Quaternary.

it indicates that Melianthaceae as a family first diver-
sified during the middle Miocene at 14.4 Mya (20-10)
during this first onset of aridification in South Africa,
and that the subsequent and rapid diversification
of Melianthus and Bersama (as well as Greyia in
Francoaceae) occurred during the Pliocene and Qua-
ternary intensification of aridity across South Africa
(Fig. 4).

Lastly, our chronogram (see Fig.4) supports the
conclusions of Palazzesi efal. (2012) concerning
the temporal pattern of diversification in the two
South American clades of Vivianiaceae (Viviania,
Balbisia, and Rhynchotheca) and Francoaceae
(Francoal/Tetilla). These genera, with the exception of
Rhynchotheca, are restricted to southern South

America, mainly west of the Andes with some species
east of the Andes. Rhynchotheca is the only central to
the northern Andean genus of Geraniales, largely
confined to 3000-3500 m elevation scrub forest or
cloud forest margins. Our analysis places the crown of
Vivianiaceae at 35 Mya (44-28) near the Eocene/
Oligocene border, well before the rise of the eastern
cordilleras of the central and (later) northern Andes
(see Fig. 4). Rhynchotheca diverged from the Viviania
lineage shortly thereafter (c. 29 Mya). Our dates, and
the presence of fossil material for all three genera of
Vivianiaceae in the southernmost regions of South
America that predates the main uplift of the central
and northern Andes, support the scenario outlined
by Palazzesi et al. (2012). They proposed that the
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Vivianiaceae arose and diversified in southernmost
South America, migrated north as aridification inten-
sified to the north, but displayed niche conservatism
as they largely tracked similar climatic conditions
to the present, despite the opportunities of moving
into new climatic and ecologic niches afforded by the
orogeny of the Andes.

The exception within Vivianiaceae to this niche
conservatism is Rhynchotheca. 1t is of Oligocene origin
(29 Mya), certainly arose in lower elevations of south-
ern South America as a result of the presence
of fossil pollen in Patagonia at 16 Mya (Palazzesi et al.,
2012), but has tracked into northern Andean high-
elevation communities (Peru, Ecuador) as these
regions recently uplifted (Fig. 4). Thus, at least two
now exclusively higher Andean lineages, Hypseocharis
— sgister to Geraniaceae (Fig.2C) and restricted
to high alpine regions of Bolivia/Argentina — and
Rhynchotheca (Fig. 4), first diverged long before
Andean orogeny provided the elevations and climatic
conditions that they now inhabit. Hypseocharis and
Rhynchotheca separated from their sister clades 62
and 29 Mya, respectively, well before the central Andes
had reached a third (20 Mya) or a half (10-15 Mya) of
their current height (Graham, 2009; Hoorn et al.,
2010). Rhynchotheca at least represents another
example of the radiation of central or northern Andean
taxa from southern lineages, a pattern seen also in
genera of Mutisieae and Liabeae of Asteraceae
(Hershkovitz et al., 2006; Soejima etal., 2008),
Lepechinia of Lamiaceae (Drew & Sytsma, 2013),
Heliotropium of Heliotropiaceae (Luebert, Hilger &
Weigend, 2011), Fuchsia of Onagraceae (Berry et al.,
2004), and Puya of Bromeliaceae (Jabaily & Sytsma,
2010, 2013).

CONCLUSIONS

There is growing evidence that lack of priors, on or
near the base of a phylogenetic tree, can dramatically
influence the chronogram. This typically has been seen
in pushing the root date to what appears to be unrea-
sonably old. However, we demonstrate here the oppo-
site effect, in which the more basal nodes are pulled
to unreasonably young dates. In the case of the
Geraniales, the combination of fossil constraints
near the tip and the use of two gene regions appearing
already saturated in nucleotide substitutions, gener-
ates dates across the phylogeny 20-50% younger. As
argued by Magallén et al. (2013), the use of temporal
constraints in relaxed-clock dating and the estimation
of branch rates is a double-edged sword. If used and
interpreted correctly, these constraints are invaluable
for estimating divergence times and rates. If used and
interpreted incorrectly, these constraints can generate
errors in age and rate estimates. When only few

constraints are used, they are positioned only near the
tips, or the root or basal nodes lack constraints, these
errors can easily propagate across the phylogeny, as
demonstrated in Geraniales in the present study.

Temporal constraints are key to unlocking the his-
torical diversification of lineages. As demonstrated by
Yang & Rannala (2006), the inclusion of an almost
infinite amount of sequence data cannot override the
impact provided by fossil calibrations. We highlight
four ‘best-practice’ approaches (Benton & Donoghue,
2007; Hugall et al., 2007, Ho & Phillips, 2009; Heled
& Drummond, 2012; Parham et al., 2012; Yang &
Rannala, 2012) based on this re-analysis of the
Geraniales data set.

First, the use of multiple fossil calibrations is essen-
tial, as was carefully carried out by Palazzesi et al.
(2012).

Second, having priors on nodes spread across the
phylogeny may be crucial, as we demonstrate here
with Geraniales and rosid outgroups — this being
critical when using sequence data reaching nucleotide
substitution saturation and exhibiting rate heteroge-
neity among lineages.

Third, reliance on ‘secondary calibrations’, espe-
cially for the root or other basal nodes, should not be
necessarily viewed with scepticism. Providing a broad
prior on the rosid stem, based on congruence across
multiple, fossil-calibrated studies, was essential to
obtain realistic dates of diversification for Geraniales
and other rosid orders. Moreover, the additions of these
priors suggested alternative placements (younger
nodes) for several of the Geraniales fossils used. As
noted by Magallén et al. (2013), relaxed clocks permit
increased flexibility in implementing calibrations
using a variety of temporal information in the form of
fossils, geological events, or dates derived from inde-
pendent studies. All these approaches are, of course,
potentially fraught with danger. Fossil placement can
be questionable, as we show is probably the case with
T. pelargonioides. Even the temporal dates of presum-
ably well-characterized geological events can be ques-
tioned, for example the closure of the Isthmus of
Panama (Bacon et al., 2013). And, of course, secondary
calibrations are only as good as the study that gener-
ated them. Indeed, our interest in re-analyzing the
Geraniales data set was motivated by our desire to
obtain meaningful nodal dates for our ongoing studies
of temporal diversification across the order Myrtales,
sister to the Geraniales.

Fourth, we urge, as common practice in studies
of temporal diversification, that archiving (e.g.
GenBank, TreeBASE, Dryad; see Drew et al., 2013)
should not be restricted to just sequence data,
alignments and phylogenetic trees (although journals
differ in their requirements for even these (e.g.
only GenBank information was available for this
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Geraniales study). Owing to the often-limited cursory
discussion of nodal calibrations and other parameters
in the published methodological section, we recom-
mend that the xml files of BEAST (or alternative
programs) be made available or archived in open
source depositories. This archiving would explicitly
detail the calibrations of all prior distributions uti-
lized in the analysis, is essential to assess the appro-
priateness of these parameters, and offers the
possibility of reproducing the results.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Enlarged BEAST chronogram of Figure 2C: baseline chronogram as in Palazzesi et al. (2012), but
with three rosid stem priors added and enforcing the APG III topology among orders. Circled numbers refer to
seven fossil-based constraints (1-7) and a rosid stem prior (8) used: 1 = Viviania crown (10 Mya), 2 = Balbisia
crown (15.8 Mya), 3 = Geranium crown (7.2 Mya), 4 = Erodium crown (7.2 Mya), 5 = Pelargonium stem (28.4
Mya), 6 = Fagales stem (96 Mya), 7 = Myrtales stem (88.2 Mya), 8 =rosid stem (125-101 Mya). Grey bars
represent the associated credibility interval (95% highest posterior density). Abrreviations: Q, Quaternary; Pl,
Pliocene; Oligo, Oligocene; Paleo, Paleocene.

Figure S2. BEAST baseline chronogram following Palazzesi et al. (2012), but shifting the Pelargonium fossil
constraint from stem to crown (see Table 1E). Circled numbers refer to five fossil-based constraints (1-7) and
a rosid stem prior (8) used: 1 = Viviania crown (10 Mya), 2 = Balbisia crown (15.8 Mya), 3 = Geranium crown
(7.2 Mya), 4 = Erodium crown (7.2 Mya), 5 = Pelargonium crown (28.4 Mya). Grey bars represent the associated
credibility interval (95% highest posterior density). Abrreviations: Q, Quaternary; Pl, Pliocene; Oligo, Oligocene;
Paleo, Paleocene.

Appendix S1. Nexus file of the re-aligned ITS and ¢rnL-F data set of Palazzesi et al. (2012). Two gene regions
are interleaved and deleted base pairs are indicated by command.

Appendix S2. Representative xml file generated by BEAUti for BEAST analysis. The file was used in the
analysis with all five Geraniales fossil priors of Palazzesi et al. (2012), two additional fossil priors for the stems
of Myrtales and Fagales, and a root prior for the rosid-stem node. This analysis generated trees seen in
Figure 2C and Figure S1.
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