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Abstract

Background: The taxonomy of the genus Pinus is widely accepted and a well-resolved
phylogeny based on entire plastome sequences exists. However, there is a large discrepancy
in estimated divergence times of major pine clades among existing studies mainly due to
differences in fossil placement and dating methods used. We currently lack a dated molecular
pine phylogeny that makes full usage of the rich fossil record in pines. This study is the first
to estimate the divergence dates of pines based on a large number of fossils (21) evenly
distributed across all major clades in combination with applying the most novel dating

method.

Results: We present a range of molecular phylogenetic trees of Pinus generated within a
Bayesian framework using both the novel fossilized birth-death and the traditional node
dating method with different fossil sets. We find the origin of pines likely to be up to 30 Myr
older (Early Cretaceous) than inferred in most previous studies (Late Cretaceous) and propose
generally older divergence times for major clades within Pinus than previously thought. Our
age estimates vary significantly between the different dating approaches but the results
generally agree on older divergence times. We present a revised list of 21 fossils that are

suitable to use in dating or comparative analyses of pines.

Conclusions: An accurate timescale for the divergence times in pines is essential if we
are to link diversification processes and functional adaptation of this genus to geological
events or to changing climates. Next to older divergence times in Pinus, our results indicate
that node age estimates in pines depend on dating approaches and fossil sets used due to
different inherent characteristics of dating approaches. Our set of dated phylogenetic trees of

pines presented herein provide the basis to account for uncertainties in age estimations when
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applying comparative phylogenetic methods, which will improve our understanding of the

evolutionary and ecological history in pines.
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Background

The genus Pinus, with approximately 115 extant species, is the largest genus of conifers
and one of the most widely distributed tree genera in the Northern Hemisphere [1]. Pines are
an integral component of many Northern Hemisphere ecosystems, and they have a well-
documented, rich fossil record [2] stretching back as much as 130 - 140 million years [3, 4].
Many studies have focused on this genus, particularly with regard to its phylogenetic
relationships [1, 5-10], ecology [11, 12], biogeography [13, 14], and the timing of
diversification events [15]. There exists a wealth of molecular, morphological and fossil data
on the genus. However, no study has yet made full use of all existing data to generate both a
fully resolved phylogenetic tree including all extant species and a time calibration of such a
tree based on the rich fossil record. Such extensively dated and comprehensive phylogenetic
trees will allow us to fill significant gaps in our understanding of the evolutionary and

ecological history in pines [16].

The genus Pinus has traditionally been divided into two major clades based on the
number of vascular leaf bundles (either one or two bundles, corresponding to sections
Haploxylon and Diploxylon respectively, also referred to as subgenera Strobus and Pinus) [1].

Previous studies have not been able to consistently resolve relationships within these major
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clades, resulting in a number of different sectional and subsectional classifications. In 2005,
Gernandt et al. [5] proposed a new classification based on phylogenetic trees inferred from
two chloroplast genes, dividing the pines into two subgenera (Pinus and Strobus), four
sections (sections Pinus and Trifoliae in subgenus Pinus and sections Parrya and
Quinquefoliae in subgenus Strobus) and 11 subsections (Australes, Ponderosae, Contortae,
Pinus, Pinaster, Strobus, Krempfianae, Cembroides, Balfourianae and Nelsoniae). Although
taxonomically comprehensive and widely accepted, their study relied exclusively on
sequences from the matrK and rbcL genes, and was thus unable to resolve relationships within
several of the subsections. Subsequent studies have improved phylogenetic resolution, but
have mostly focused on specific subclades [e.g. 9, 13, 17, 18]. More recently, Parks et al. [6]
analyzed the entire chloroplast genome for 107 pine species, which largely confirmed the
structure proposed by Gernandt et al. [6] and provided better resolution for much of the tree.
However, despite the detailed chloroplast data and the availability of potential fossil

calibration points, comprehensive time-calibrated molecular phylogenetic trees are lacking.

Sound estimations of divergence times within phylogenetic trees benefit from using many
fossils that are evenly distributed across the tree, a strategy that better accounts for rate
variation when using relaxed molecular clock models [19-21]. In addition, multiple
calibrations can overcome negative effects from errors in dating and placement of single
fossils [22]. In the genus Pinus, a rich fossil record exists, with the first fossil appearing in the
Early Cretaceous [3, 4]. Beside Mesozoic pine fossils [3, 4, 23-26], numerous fossils were
described from the Cenozoic era and placed within various pine clades [27-32]. However,
most of the recent time calibrations of pine divergences have typically used very few (usually
1-3) fossils [11, 13, 15, 16, 18] (but see [14]). Some of these fossils are controversial
regarding their phylogenetic assignment and age (e.g. the use of P. belgica as discussed in

[15]), leading to inconsistent age estimates of the origin of pines and divergence times of


https://doi.org/10.1101/073312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/073312; this version posted September 4, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

subsections therein. There remains a great need to include a larger number of carefully
evaluated fossil constraints, preferably evenly distributed across all major clades, to improve

our understanding of pine evolution.

Although Bayesian methods using a relaxed molecular clock are widely accepted for time
calibration of molecular trees, there is ongoing debate regarding the best strategy to convert
fossil information into calibration information [33-36] and methods are still under
development [34]. In the widely and traditionally used node dating method [termed by 36]
(ND, hereafter), the geological age of the oldest fossil of a specific clade is transformed into a
calibration density (also referred to as prior for divergence times [37] or probabilistic
calibration priors [38]) to assign a known age range to the stem node (also referred to as
calibrating nodes [39]) of the respective clade in the phylogenetic tree [34]. The probabilistic
calibration prior accounts for uncertainties underlying the age of the fossil and the likelihood
that the true divergence occurred before its first appearance in the fossil record [19, 37].
However, there is no objective way to define the calibration densities and researchers have
used different approaches to define them [19, 37, 38, 40]. Recently, the fossilized birth-death
(FBD, hereafter) method has been introduced as a new approach for time calibration of
molecular phylogenetic trees [41, 42]. This method assumes that extant species and fossils are
both part of the same evolutionary process and it does not constrain fossils to nodes only.
Rather fossils represent extinct tips and are placed along specific branches of the phylogenetic
tree anywhere within the lineage a fossil is assigned to following the specific birth-death
process estimated. This allows including all fossils as tips within a clade instead of
summarizing them into calibration densities assigned to nodes as in ND. The FBD method
therefore overcomes some of the known shortcomings of the ND method (well discussed in
the literature [36, 42]) and is considered promising [16]. While FBD has the potential to be

widely used in the future [43], only few studies have directly compared these two time dating
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methods so far [44, 45]. No conclusion has been reached to date as to whether estimated

divergence times are in agreement between the two methods [44-46].

Here, we build for the first time a comprehensive phylogenetic tree for all described
species of Pinus that is dated with a large number of fossils evenly distributed across all major
clades using the novel FBD method. More specifically, our objectives are: (1) to provide a
revised and well-supported time-scale for the evolution of major subsections of pines; (2) to
test the sensitivity of age estimates to different dating methods and fossil sets; and (3) to
provide a revised list of fossils and their phylogenetic placement within the genus for use in

further studies on pine evolution.

To achieve these goals we infer phylogenetic trees based on eight chloroplast sequences
within a Bayesian relaxed molecular clock framework using both the novel FBD and, for
comparison, the traditional ND method (Figure 1). In ND we apply two different prior
approaches for assigning calibration densities on nodes. The first approach follows what was
applied in previous pine studies [11, 13, 15] and is based on calibration densities that reflect
the geological timescale of the layers in which the fossils were excavated. As we believe that
this approach may define too tight calibration densities on nodes that do not reflect the
uncertainty in our prior knowledge (especially toward older nodes), we also defined an
alternative approach. In this second approach, we constructed calibration densities of
increasingly higher uncertainty with increasing age, which better accounts for uncertainty in
the a priori information of calibration constraints. In both methods (FBD and ND) we
estimated the absolute age scale of the phylogenetic trees from two sets of fossils for each
setting (14 or 21 fossils, resp. 12 and 15 in ND due to using only the oldest fossil per node).
The two fossil sets differ in our confidence regarding fossil ages and phylogenetic

assignments. Our study therefore provides improved estimates of divergence times in pines.
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Results

Divergence times in Pinus

Our analyses suggest a Pinus crown lineage diversification likely in the Early Cretaceous
based on the FBD method (node a in Figure 2), irrespective of using the small fossil set
(FBDs: median: 125 Ma, 95% confidence interval, CI: 144 - 106 Ma; Figure 3) or the large
fossil set (FBDI: median: 124 Ma, 95% CI: 145 - 105 Ma). The estimates from the ND
method defined with broader calibration densities on nodes (NDb) support an Early
Cretaceous age using both the small and large fossil sets, although slightly younger than FBD
(NDbs: median: 112 Ma, 95% CI: 156 Ma - 96 Ma; NDbl: median: 110 Ma, 95% CI: 150 Ma
- 96 Ma). In contrast, the ND approach based on the geological time scale defined with
narrower calibration densities (NDn) estimates significantly younger, Late Cretaceous
divergence ages using both fossil sets (NDns and NDnl: median: 90 Ma, 95% CI: 96 - 90
Ma). In FBD, crown splits within the two subgenera (node b and ¢ in Figure 2 and 3) are
estimated to have diverged at roughly the same time during the Late Cretaceous to early in the
Paleocene (FBDs: median subgenus Pinus: 64 Ma, 95% CI: 87 - 52 Ma; median subgenus
Strobus: 68 Ma, 95% CI: 89 - 53 Ma; FBDI: median subgenus Pinus 69 Ma, 95% CI: 92 - 56
Ma; subgenus Strobus median: 71 Ma, 95% CI; 92 - 56 Ma). In the ND method, these two
splits are estimated to have diverged in the late Paleocene and early Eocene. Figure 3B
illustrates the crown age estimates of sectional and subsectional nodes for the methods and
approaches used. Maximum clade credibility trees (MCT trees) of all dating methods,
approaches and fossil sets are provided in the Additional file 1. Most node age estimates in
previous studies revealed younger ages than our FBD and NDb and partly also than our NDn

methods (Figure 3B).
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Comparison of dating methods

In general, the different methods produce several consistent patterns among the 19 nodes
representing crown nodes of subsection and higher-level clades (Figure 3, nodes a-s). First,
the FBD method estimates significantly older ages for the 19 nodes than the ND method,
irrespective of the specific calibration employed or fossil set used (Figure 3A). Second, NDn
(narrower distribution of calibration densities) estimates significantly younger ages for the 19
nodes in the phylogenetic trees than does NDb (broader distribution, Figure 3A), particularly
for the crown age (Figure 3B). Third, FBDI analysis (21 fossils) provide significantly older
estimates for the 19 nodes than do FBDs analysis (14 fossils, Figure 3A). In contrast, in both
ND methods, applying the large set of 15 fossils lead to slightly but significantly younger age
estimates than do those based on the small set of 12 fossils (Figure 3A). Control runs of FBD
using the same 12 and 15 fossils as in ND reveal very similar node ages as in FBDs (14

fossils) and FBDI (21 fossils) except at the crown node of Pinus (Additional file 2).

Sensitivity of dating methods to prior settings

We examine the relative influence of the probabilistic calibration priors and the sequence
data on the Bayesian age estimates in each method (Figure 4) by comparing the effective prior
distributions to the posterior distributions of the calibration nodes. We find significant
differences across dating methods: the calibration priors in the NDn method are highly similar
to the posterior age estimates, revealing the strong influence of the defined calibration priors
on estimated node ages. In contrast, the NDb and FBD approaches reveal increasingly lower
influences of the calibration priors, indicating a lower sensitivity of posterior age estimates to
calibration priors. This pattern emerges irrespective of the fossil set used (Figures 4A and

4B).
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Sensitivity of node age estimates to single fossil exclusions

The exclusion of a single fossil can have a strong influence on the calibration of single
node ages. Figure 5 illustrates how much the 19 nodes (a-s) differ in calibrated ages when
leaving out the individual fossils in FBDs (Figure 5SA) and FBDI (Figure 5B). See Additional
file 3 for this same sensitivity analysis with the ND-based phylogenetic trees. The two fossils
P. fujii and P. crossii lead to generally younger node ages on almost all 19 nodes when left
out, both in FBDs and FBDI (Figure 5) and in NDb approaches (Additional file 3). In NDn
approaches, node ages are not sensitive to the exclusion of P. fujii but they are sensitive to
inclusion of P. halepensis and P. crossii. In contrast, excluding the oldest fossil (P.
yorkshirensis in FBD and P. triphylla in ND) leads to generally older ages, especially in older
nodes. In FBD the same is observed for P. haboroensis, while in NDb the fossil P. baileyi
also leads to older ages when excluded (Additional file 3). The exclusion of all other fossils

does not have a strong effect on the ages of the19 nodes.

Discussion

Divergence times in Pinus

The Late Cretaceous crown age of Pinus inferred in our study (FBD and NDb) is
approximately 30 Myr older than the age estimated in most previous studies [13, 15, 16,47,
48] (Figure 3B). To our knowledge, only one other study estimated a similarly old crown age
in Pinus [14] using the fossil P. belgica [23] whose exact phylogenetic assignment and age
are uncertain [15, 47]. For this reason we did not use it in our study. Our estimated crown age
is consistent with the very recent discovery of the now oldest fossil attributed to the genus
Pinus (P. mundayi sp.), which has been dated to the Early Cretaceous (Valanginian, ca. 133-

140 Ma) [4] but was not included in our study due to its disputed placement [49]. Although
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our genus crown-age estimates are similar to the one found in the study using P. belgica, the
crown ages of subgenera and sections inferred in our study are clearly younger than their

estimate [14] (Figure 3B).

In line with the early crown age of the genus Pinus, we also found strong evidence for a
Late Cretaceous to Paleocene origin of the crown of the two Pinus subgenera (supported by
most dating methods), which clearly differs from the Eocene origin suggested in most
previous studies [13, 15, 16, 47]. Further, most subsections were thought to have emerged
during the Miocene [15], but our results support this conclusion only in half of the subsections
(Ponderosae, Gerardianae, Australes, Balfourianae, Cembroides), while the other
subsections date back to the Oligocene and the Eocene. Still, irrespective of the estimated
subsectional crown ages, the major diversification of extant species occurred during the

Miocene.

Uncertainties in divergence time estimations

Divergence time estimates were found to be dependent on the number of fossils used
[39], dating methods [44-46], phylogenetic assignment of fossils [14] and uncertainty of fossil
ages [15]. Several reasons are likely responsible for the large discrepancies in estimated node
ages among the different studies previously published on pines, including our own results. In

the following, we discuss the likely reasons for these differences.

Effect of fossil numbers

Our study used more fossils than previous ones, and this is likely one reason for the
difference in divergence estimates. Dating methods based on only few fossils are very
sensitive to the fossil assignment and defined calibration priors and can lead to biased
substitution rate estimates [39]. If the prior on divergence time derived from a single fossil is

inaccurate, then the estimated ages of all nodes are affected, because there are no other
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calibration points that can ameliorate the effects from this error [22, 50]. Even if the single
used fossil is accurately placed in the phylogeny, age estimates of nodes distant from the
calibration point may still be prone to inaccuracies [35]. Using multiple calibrations evenly
distributed across all major clades is crucial to inform the relaxed molecular clock and model
rate variation among lineages [20, 22]. Multiple calibration constraints therefore lead to more
precise and robust dating analyses [39]. The greater number and more even distribution of
fossils across the phylogeny used in this study is an important step towards an accurate

calibration of the molecular clock within Pinus.

Effect of dating method

Node age estimates not only depend on the number of fossils used for calibration of the
molecular clock, but clearly also on their placement, and the method used for calibration
(Figure 3). Our study is the first in pines to have used FBD. The reason for observing
significantly older age estimates in FBD than in ND is primarily due to differences in the
placement of fossils between FBD and ND and not due to the larger fossil numbers used in
FBD compared to ND. Indeed, FBD runs with exactly the same 12 or 15 fossils as in ND
(FBD_ctrl) revealed node ages very similar to those inferred by using the 14 or 21 fossils
(Additional file 2). In ND, we placed fossils at nodes, while in FBD we let the same fossil be
placed anywhere along the (stem) branch or even anywhere within the clade. This pushes the
divergence time of the crown node of the respective clade deeper in time in FBD than in ND.
Another major difference between FBD and ND is that calibration points are directly used in
the stochastic process underlying the FBD approach, which leads to a better distribution of
branching times from the birth-death process. In contrast, ND discards the branching times
that do not correspond to the calibrations by simply multiplying the tree prior density with the

calibration densities [51]. Taking the product of the two densities does not produce a proper
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conditional birth-death sampling prior, in contrast to the FBD method, and this approach can

also lead to bias.

We assigned fossils to clades based on our paleontological knowledge of traits. FBD
randomly places fossils along a specified branch or within this clade. This random assignment
could be further improved (and better constrained) by using morphological data matrices for
extant and dated fossil taxa. The novel dating methods (including FBD or total-evidence
dating, TED [36]), which were developed to jointly analyze morphological matrices of extant
and extinct species and molecular data under models of morphological character evolution,
are attractive and promising [52, 53]. However, these methods are still contentious as they are
actively being developed and debated [33, 53, 54]. Previous analyses based on the TED
method in combination with morphological data have consistently led to older divergence age
estimates [reviewed in 54] and have consequently been criticized as not yet being fully
developed. For Pinaceae, Gernandt et al. [16] were the first to demonstrate that the
combination of morphological and molecular data can improve the accuracy of divergence
time estimates and phylogenetic relationships. Additional morphological matrices for fossil
and extant Pinaceae, including some pines, are available [55, 56], although not yet for
sufficiently many pine species and could therefore not be used in this study. This is a
demanding task as it requires a reevaluation of many described pine fossils in relation to a list
of diagnostic features of modern clades, but also more detailed anatomical descriptions of
most living species. Such anatomical descriptions would benefit from making full use of the

21st century technology (e.g. high resolution computed tomography scanning [57]).

The few existing analyses based on FBD did not reveal a general trend towards over or
underestimation of node ages. One study on tetraodontiform fishes had inferred similar ages
using ND and FBD methods [44], while another study on penguins inferred much younger

age estimates with FBD combined with morphological characters than found in previous
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studies using node dating [41]. However, despite identified drawbacks in FBD (as discussed
in [33, 53]), this method clearly overcomes major shortcomings of ND, most importantly the

arbitrariness underlying the assignment of probabilistic calibration priors.

Age estimates of ND are sensitive to the defined probabilistic calibration priors [19, 58,
59]. No objective approach has yet been suggested to define the priors for divergence times
and it has been shown that incorrect calibration constraints negatively affect divergence
estimates [19, 60]. This sensitivity to calibration priors is also visible in our study. First, we
found significant differences in the age estimates between NDn and NDb where different
density shapes were used (Figure 3A), indicating that the derived posterior node ages are
strongly influenced by the assumed prior calibration densities. Second, the prior sensitivity
analyses (Figure 4) revealed that posterior age estimates in NDn are significantly more
sensitive to the effective priors of calibration constraints than in NDb, whereas FDB is least
sensitive. This likely affected the Bayesian analyses and may have led to biased age estimates.
The broader calibration densities in NDb have led to age estimates that were less strongly
influenced by prior settings on calibration densities. Unless one is certain about narrow prior
densities, it seems more conservative to define them broadly and allow for a more balanced
influence of both the molecular data and the priors of calibration densities. However, there
remains the trade-off between defining too narrow prior densities (that can bias the
estimation) and too broad prior densities (that will lead to overly large uncertainties). The
molecular data itself has very little information to estimate the relaxed clock. The information
is coming from the calibration constraints, and these will not be useful if defined too broadly.
In our study, we have more confidence in the age estimates of NDb than NDn, which are
consistent with the older divergence times for pines compared to previous studies. Another
known shortcoming in ND is the difficulty to specify multiple node calibrations, especially

when one node is ancestral to the other [53], which often occurs when many fossils are used
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within a clade. As the priors of these multiple constraints interact, the effective prior
distributions may be quite different from the initially set prior distributions that were defined
based on biological and paleontological knowledge [51]. This is also the case in our study
(Additional file 4), where some effective prior distributions of ages were slightly changed,
mainly truncated and sometimes slightly shifted compared to the initially set priors (examples
of such fossils: P. premassoniana, P. densiflora, P. storeyana in Additional file 4). One of the
biggest differences can be found for the prior on the calibration node of the fossil P.
premassoniana. This could be due to the long branch of extant P. massoniana that had most
probably already emerged during the Oligocene, while the assigned fossil age is comparably
younger. The older posterior distribution indicates that most probably an older age should be
assigned to this calibration node, because the fossil likely does not represent the oldest
possible age for this node. Another example where the specified and effective priors differ is
in the case of the calibration constraint based on P. storeyana. Here, it is possible that this
fossil should be placed in the crown group of the "attenuatae-group" within subsection

Australes (see discussion Additional file 7A).

In summary, our age estimates vary between the different methods and fossil sets used,
due to the discussed inherent characteristics of each, but the pattern of FBD and NDb, in
which we have confidence, is overall very consistent, also compared to the large range of age

estimates available from previous pine studies.

Which fossil set?

Large sensitivities in age estimation to the exclusion of single fossils (Figure 5) may
occur (i) if a fossil has a strong influence on node age estimates, (ii) if its phylogenetic
placement is wrong, or (iii) if its assigned age is incorrect. A strong influence (point i) may

arise if no other phylogenetically nearby fossil contributes to support the age estimate around
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the one that has been removed. The oldest fossil of the set has a strong influence, but such
effects can also occur among younger fossils (Figure 5). Certainly, some calibration points are
more reliable (points ii and iii) than others [19], and adding too many unreliable fossils may
also bias estimates of rates and dates. The larger fossil set in our study includes (in addition to
the fossils of the smaller set) fossils in which we have somewhat less confidence regarding
phylogenetic assignment and age. If the addition of the seven “riskier” fossils to the larger
fossil set had added considerable bias to age estimates, one could expect that the estimated
ages would change noticeably when removing these fossils from the dating analyses. We
would also expect that the effect would be more severe than when leaving out one of the 14
“conservative” fossils. Including those additional seven fossils led to significantly older (in
FBD) or significantly younger (in ND) ages, but the differences were consistent across the
methods and fairly small. More importantly, the fossils to which the node age estimates were
most sensitive to when single fossils were left out (Figure 5) did not include any of those
seven “riskier” ones. We conclude that our age estimates are robust towards changes in the
fossil set, and that the distribution of fossils across the phylogenetic tree seems to be
defensible, as we find similar results regardless of the fossil set used. We therefore suggest
using the tree calibrated from the larger fossil set, which allows for the inclusion of all
available information to calibrate the relaxed clock models for improved divergence time

estimation in pines.

Implications and conclusions of revised diversification times in Pinus

Pines are exceptionally interesting for studying the link between the evolution of
physiological adaptations, functional traits and ecological niches (as e.g. [11, 61-65]). They
have adapted to almost every forest habitat on the Northern Hemisphere while exhibiting a
large range of observed morphological and physiological traits. The generally older

divergence times found in our study compared to previous studies have consequences for our
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understanding of the evolution and biogeographic history of Pinus, because splits among
important clades have to be interpreted within a climatic and tectonic context (Figure 2). For
example, corridors for high latitude migration became increasingly reduced as the Atlantic
Ocean widened and the climate started to fluctuate over the Cenozoic [2], which may have
affected the origin and diversification of major clades. A sound understanding of the
biogeographic history of pines, and its relation to climatic drivers and geographic constraints,
requires accurately dated divergence times. This is particularly true for the major crown
clades that diversified over the Cenozoic, and whose current diversity most likely relates to
major climatic shifts over the Late Paleogene and Neogene. It is worth noting that, although
our divergence ages are generally older than those of most studies, the majority of extant pine
diversity is still estimated to have diverged in the Miocene or later. This could point to
different drivers being important for the major sectional splits than those that were important

for the more recent burst of diversification.

Our study shows that the divergence time estimations depend on the dating method used,
as well as the number of fossils and their phylogenetic placement. We cannot judge what
method best approximates the pines’ true evolutionary history. Divergence time estimations
are dependent on different assumptions inherent in the dating analyses, for example, on the
placement of fossils. We urge that future studies relying on dated phylogenetic hypotheses of
pines embrace the uncertainty stemming from the different calibration approaches, and that
the implicit assumptions between dating approaches are considered. This will increase the
robustness and confidence in tested hypotheses and improve our understanding of trait

evolutionary processes and its ecological and evolutionary implications.
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Methods

Taxonomy

We used 115 pine species for phylogenetic inference and followed the taxonomy of Parks
et al. [6]. We included six additional taxa that were not used in the so far most complete study
by Parks et al. [6] (P. balfouriana, P. luchuensis, P. tabuliformis, P. maximinoi, P.

tecunumanii, P. jaliscana).

DNA sequence matrices

We downloaded eight plastid gene sequences (matK, rbcL, trnV, ycfl, accD, rpl20, rpoB,
rpoC1l) available in GenBank (Additional file 5). We used the sequences provided in Parks et
al. [6] where possible, supplemented with other sequences from Genbank in a few cases. We
ran an automated alignment for all sequences of each gene using MAFFTV7.1 [66], manually
checked it and removed ambiguously aligned nucleotides using Gblocks with default settings
[67]. The concatenated sequences resulted in a matrix consisting of 115 species and a length
of 5866 nucleotides. For 85 species all eight gene sequences were available and for 30 species
some sequences were missing (see Additional file 6 for the full sequence matrix also

including missing nucleotides).

Fossil sets

We used two different fossil sets (Additional file 7A). The first set consists of 14 fossils
in which we have strong confidence regarding their age and their phylogenetic placement
within the genus Pinus. The second set of 21 fossils, was more comprehensive and included
seven additional fossils that may increase our understanding of divergence times in the genus,

although we had somewhat less confidence regarding their exact placement.
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We generally selected the fossils according to the following three criteria: (a) the fossil
locality could be assigned a precise age, (b) the fossil could be placed to a particular node
with high confidence due to specific morphological characters, and (c) the selected fossils are
distributed evenly across all major pine clades. In this study, we generally focused on fossils
of ovulate cones (except for P. triphylla, see Additional file 7A) because other fossil remains
(leaves, pollen cones, pollen) are either not commonly preserved or lack the characters
relevant to distinguish clades at the subgenus level. The Additional file provides more details
on these characters (Additional file 7A), and on the age and placement of each fossil

(Additional file 7B-D).

Phylogenetic reconstruction

We conducted all analyses with BEAST v2.3.1 [68] and constructed the required input-
file using BEAUti 2.3.1 [68] with settings described in detail below. We provide all BEAST

input files on the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.74f2r.

Partitions, substitution and clock models

We defined the partitions and site models in BEAUti based on the partition scheme and
models proposed by PartitionFinder 1.1 [69] (Additional file 8). We applied PartitionFinder
using linked branch lengths and the greedy algorithm to search, based on Bayesian
Information Criterion (BIC), for the statistically best-fit partitioning schemes and models of
nucleotide substitution available in BEAST [68]. Since all gene sequences are from the
chloroplast genome and can therefore be expected to be linked, we used the same time-tree
for all gene sequences. We further partitioned the clock model and used a separate clock
model for the gene sequence ycf1, as this gene sequence differed considerably from the others
regarding the rate of evolution between lineages. We checked this by comparing the branch

lengths of lineages between the single gene trees estimated for each gene sequence separately.
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For all remaining gene sequences we linked the clock models, as they did not differ much
among each other regarding their rate of evolution between lineages. For both clock

partitions, we used an uncorrelated relaxed molecular clock model with a log-normal prior.

Calibration priors to date the phylogenetic trees

To get estimates for the divergence times in Pinus, we used different priors on divergence
time to calibrate the molecular clock to an absolute timescale (Additional file 7E). Basically,
we applied the traditional node dating method with a birth-death tree prior (ND) and varying
node calibration constraints (see details below) and the novel tip dating method with a

fossilized birth-death tree prior (FBD) [41, 42], both implemented in BEAST?2 [68].

The ND method uses the age of the oldest fossil within a specific clade as a minimum age
constraint for the node at which it diverged (calibrating node). We defined these calibrating
nodes by determining a monophyletic subset of all the taxa belonging to this clade, so called
taxon sets (see Additional file 7C/D). For the ND method, a prior calibration density is
defined at each calibration node to account for uncertainty underlying the age of the fossil and
the likelihood that the true divergence occurred earlier than defined by this fossil record [34].
To compare our analyses with previous studies on pines and to evaluate the sensitivity of ND
analyses to prior calibration densities, we used two different approaches to assign prior
calibration densities in the ND analyses. In both ND approaches, we used a log-normal
distribution for the calibration density at each calibration node, but we varied the shape and

breadth of the log-normal distributions.

In the first approach (NDn), we defined a prior calibration density on the calibrating
nodes according to the age range of the geological Epoch in which the respective fossil was
found. This procedure is commonly used in pines [13, 15]. The offset of the log-normal

distribution was set to the minimum age of the corresponding Epoch, whereas the 95"
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percentile represented the maximum age of the Epoch (Additional file 7E). In the second
approach (NDb), we employed a novel procedure for designing the prior calibration density
by systematically varying the parameters for the log-normal distribution by fossil age.
Specifically, we assumed that the confidence interval (CI) of the priors is narrow for young
nodes (5 Ma for the youngest) and higher for the oldest fossils. We increased the CI every 5
Ma by 10% of the previous 5 Ma age class, resulting in a CI of 28 Ma for the oldest (90 Ma)
fossil. Hence, we fixed the CI for the youngest fossil to 5 Ma and for the oldest fossil to 28
Ma, then linearly scaled the s.d. of the log-normal priors between 1.0 (youngest fossil) and 0.6
(oldest fossil). This procedure leads to higher densities of young ages close to the minimum
fossil age in the calibration priors of the youngest fossils (strong skew), while the prior
densities for the oldest fossils are less skewed and their CI spans a broader range of ages
(Additional file 7E). We ran each of the prior settings for both sets of fossils, although we
could not include all of the listed fossils (Additional file 7) in ND because our technique can
only use the oldest fossil of a given clade. We also did not include P.truckeensis, P.riogrande
and P.weasmaii in ND analyses, as it is difficult to justify their node placement without
credible synapomorphies. The analyses using the small set (NDns and NDbs) included
therefore 12 fossils while analyses using the larger set (NDnl and NDbl) included 15 fossils

(Additional file 7B).

In contrast to the traditional ND method, the novel FBD method does not require
specification of calibration densities on calibrating nodes to infer absolute ages. It rather
includes absolute dates (so called tip dates) for extant and extinct taxa or a defined range of
dates for a fossil in which the MCMC will sample the fossil uniformly. Here, we fixed the
ages to absolute dates. We defined the tip dates as the number of years before the present the
specific taxon was living (fossil dates were based on minimum ages listed in Additional file 7

d). As FBD does not require placing fossil constraints to nodes, we could use all of the 14
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(FBDs) or 21 (FBDI) fossils from the two fossil sets in the FBD approaches (Additional file 7
e). We additionally ran control analyses (FBDs_ctrl and FBDI_ctrl) with exactly the same
fossils (12 and 15) as in ND, to allow for a direct comparison between the two methods. By
defining monophyletic taxon sets we either forced the placement of the fossils to the base of a
clade and therefore to the specific stem branch (as illustrated for the 16 fossils in Additional
file 7 c, black circles), or we set it such that the fossil could likely appear everywhere within a
certain clade (as illustrated for the 6 fossils, red circles in Additional file 7 ¢). Further, FBD
analyses were based on rho sampling and not conditioned on the root sampling since the fossil
P. yorkshirensis is placed along the stem of Pinus and the root node represents a sampled

node.

Posterior analysis and summarizing trees

For each setting, we ran two independent analyses in BEAST for either 30x107 or 20x10’
generations (it turned out that 20x10” generations is by far sufficient to reach convergence and
therefore we adjusted some follow up runs to save computational time). We then evaluated
the convergence and mixing of the MCMC chains in Tracer v1.6 [68], ensured that the
multiple runs converged on the same distribution and ascertained that all ESS (effective
sample size) values exceeded 200. We further compared the effective prior and posterior
distributions of all the parameters to test whether our analyses are prior-sensitive and the data
is informative for the MCMC analyses. We then resampled the resulting files of the inferred
phylogenetic trees with a frequency of 10° in logCombiner v2.3.1 [68] and a burn-in of 30%
(resp. 46% for the 30x10” generation runs), finally leading to 1401 (resp. 1411) subsampled
trees. In ND, we summarized the subsampled trees with a maximum clade credibility tree
with common ancestor heights as node heights using TreeAnnotator v2.3.1 [68]. Since we did
not provide morphological character data for the fossils and are not interested in the

placement of single fossils in the FBD analyses, we pruned off all fossil lineages in all
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subsampled trees using the Full2ExtantConvertor jar, written by Alexandra Gavryushkina

[70]. We summarized these pruned, subsampled FBD trees the same way as in ND.

The posterior age estimates of the subsampled phylogenetic trees of all methods are
summarized for 19 selected nodes (node a-s) that represent the crown nodes of all major
sections in Pinus. To test if estimated ages across nodes significantly differ between the
methods, we standardized the log-transformed age estimates of every node by first subtracting
the mean age across all subsampled trees and methods of that node and second by dividing all
ages by the standard deviation of node ages across all subsampled trees and methods of the
same node. This yields overall estimated node-ages across trees and methods with a mean of 0
and a standard deviation of 1 for each node. The resulting age differences are now directly
comparable across all nodes and allow for estimating the general node-age differences from
the overall mean depending on the choice of method and setting (represented as standardized
effect size). For this analysis, we used a linear mixed effect model (MCMCglmm [71]) with
tree identity as a random effect to account for the inter-dependence of nodes within each of

the subsampled posterior trees.

Prior sensitivity

Priors of multiple calibration constraints can interact and may lead to joint effects,
especially when one constraint is ancestral to the other [53], a major shortcoming of ND. We
therefore tested if our initially set priors are similar to the effective priors. For this we ran all
MCMC analyses without any sequence data to sample only from the prior distribution as
recommended by [38], and results illustrated in Additional file 4. In addition, we compared
the effective prior calibration densities with the posterior calibration densities to examine the
relative influence of the prior and the sequence data on the age estimates [38]. We illustrated

this comparison in a figure by plotting the prior against the posterior distribution for both the
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two ND approaches and the FBD approaches for the small and the large fossil set. For FBD,
we illustrated the most recent common ancestral node of the clade the respective fossil was
assigned to. We tested whether the methods are significantly more or less sensitive to the

priors on time by applying a paired Wilcox test.

Sensitivity of calibration approaches to single fossil exclusion

To test whether the results are sensitive to the removal of individual fossils we analyzed
to what degree the age estimates of the 19 major nodes change in response to removing one
single calibration constraint at a time. To do so, we first sampled the 19 node ages from each
of the subsampled trees within each analysis when all fossils were used. Next, we ran specific
analyses for each method and fossil set, by iteratively leaving out fossils as a calibration
constraint, one at a time. Finally, we illustrated the differences in node ages in response to
keeping versus removing one single calibration constraint at a time (see Additional file 3 for
ND). Note, for the FBD method the most recent common ancestor of the clade a fossil

belongs to is represented. These analyses were carried out for both fossil sets.

Statistical analyses

All statistical analyses and illustrations were generated in the statistical computing
environment R [72] using the packages phyloch [73], ape [74], geiger [75], raster [76], and

MCMCglmm [71].

Availability of supporting data

The data sets supporting the results of this article are available from the Dryad Digital

Repository: http://dx.doi.org/10.5061/dryad.74f2r.
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Additional files

Additional file 1: Additional maximum clade credibility (MCC) trees. The trees originate
from the node dating (ND) method with narrow prior calibration densities (NDn), with broad
prior calibration densities (NDb), and from the fossilized birth-death (FBD) method. Each of
these three methods was used in combination of either a small (s) or a large (1) fossil set. The
following MCC trees are shown: (A) NDns, (B) NDnl, (C) NDbs, (D) NDbl, (E) FBDs. Note
that the MCC tree for FBDI is given in Figure 2. Nodes with red dots indicate Bayesian
posterior probabilities lower than 0.95, while all other nodes have posterior probabilities
higher than 0.95. Light blue lines on nodes represent the 95% highest posterior density (HPD)
of the inferred phylogenetic trees. The node labels (a-s) indicate those nodes represented in

Figure 3. The geological timescale is in million years. (PDF 210 kb).
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Additional file 2: Comparison of estimated node ages of the 19 major clades of Pinus across
all applied dating approaches. A: The density of effect sizes originate from a mixed-effect
model and illustrate to what degree the estimated node ages differ among dating approaches
(different colors; see legend) and among fossil sets (1. darker colors for the large, 2. brighter
colors for the small fossil set; see legend). The 95% confidence intervals of effect sizes are
illustrated with a line below the density curves. Non-overlap of these intervals indicates
significant difference on node ages among all 19 nodes. B: Boxplots illustrate the estimated
node ages across dating approaches and fossil sets for the major clades (a-s illustrated in
Figure 2). Whiskers span the 95% highest probability density (HPD), while boxes span the
50% HPD, with the median node age indicated by a vertical bar. The x-axis indicates the
geological time in million years. The following abbreviations are used. FBD: fossilized birth-
death method; ND: node dating method; 1: analyses based on the large fossil set; s: analyses
based on the small fossil set; n: narrow calibration priors in ND based on the geological age

of the respective fossil; b: broad calibration priors in ND. (PDF 118 kb).

Additional file 3: Sensitivity of the time calibration to single fossil exclusion for the node
dating approaches (ND). This test measures the difference in age estimates of the 19 major
nodes (a-s, see also Figure 2) when keeping versus removing single calibration constraints
(fossil, labeled on x-axis) at a time. NDns and NDnl are based on narrow prior calibration

densities using the small (A) and the large (B) fossil set, respectively. NDbs and NDbl are

based on broad prior calibration densities using the small (C) and the large (D) fossil set,

respectively. Letters (see figure 2 for assignment) indicate nodes with highest deviations.

(PDF 126 kb).

Additional file 4: Comparison of the specified calibration prior in BEAUTti (log-transformed)
against the effective calibration prior (log-transformed), as estimated without sequence data,

and illustrated for all node dating approaches (ND). NDns and NDnl are based on narrow
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prior calibration densities using the small (A) and the large (B) fossil set, respectively. NDbs
and NDbl are based on broad prior calibration densities using the small (C) and the large (D)
fossil set, respectively. Labels are only given for fossil constraints with high deviance from

the 1:1 line. (PDF 76 kb).

Additional file 5: Accession numbers of used gene sequences downloaded from GenBank.

(PDF 68 kb).

Additional file 6: Sequence matrix used for phylogenetic inference. The number of
nucleotide base pairs per gene sequence used for each pine species. N in parentheses gives the
number of positions in this gene sequence for which the nucleotide pair is undetermined.

(PDF 66 kb).

Additional file 7: Summary of fossil information. A: the single fossils used for calibration
constraints are first listed and then discussed, ordered by taxonomic group. In the section
where fossils are discussed, bold-italic font represent those fossils used in the smaller fossil
set, while italic font represents those used in the larger fossil set only. The listed age indicates
the minimum age of the corresponding fossil. B: Summary information of fossils used. The
character “x” indicates in which dating approach the single fossil was used. The geological
layer (and the time scale thereof in Ma) lists, were the fossil was excavated. The reference
indicates the publication from which the description of the fossil was taken. Asterisks on
fossil numbers represent those used in the large fossil set only. Abbreviations used are FBD:
fossilized birth-death method; ND: node dating method; I: denotes analyses based on the large
fossil set; s: denotes analyses based on the small fossil set; n: narrow calibration priors in ND
based on the geological age of the respective fossil; b: broad calibration priors in ND. C:
Fossil placement for the ND approaches; asterisks on fossil numbers represent those used in

the large fossil set only. D: Fossil placement for the FBD approaches; asterisks on fossil
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numbers represent those used in the large fossil set only. Red dots indicate fossils that were

allowed to be placed anywhere within the corresponding clade. Black dots illustrate fossils

that were allowed to be placed anywhere along the indicated branch. E. Specified prior

calibration densities used for ND approaches (NDn with narrow, NDb with broad densities)

and absolute tip dates of fossils used in the fossilized birth-death approach (FBD) are listed.

Asterisks on fossil number represent those used in the large fossil set only. (PDF 282 kb).

Additional file 8: Settings and output summary of PartitionFinder showing the best partition

scheme for the used sequence data in this study. (PDF 31 kb).

References

10.

11.

12.

13.

Price RA, Liston A, Strauss SH: Phylogeny and systematics of Pinus. In: Richardson D. Ecology
and biogeography of Pinus. Cambridge (UK): Cambridge University Press; 2000. p. 49-68.

Millar CI: Early evolution of pines. In: Richardson D. Ecology and biogeography of Pinus.
Cambridge (UK): Cambridge University Press; 2000. p. 69 - 91.

Ryberg PE, Rothwell GW, Stockey RA, Hilton J, Mapes G, Riding JB. Reconsidering
Relationships among Stem and Crown Group Pinaceae: Oldest Record of the Genus Pinus from
the Early Cretaceous of Yorkshire, United Kingdom. Int J Plant Sci. 2012;173(8):917-932.

Falcon-Lang HJ, Mages V, Collinson M. The oldest Pinus and its preservation by fire. Geology.
2016; 10.1130/G37526.1.

Gernandt DS, Lopez GG, Garcia SO, Liston A. Phylogeny and classification of Pinus. Taxon.
2005;54(1):29-42.

Parks M, Cronn R, Liston A. Separating the wheat from the chaff: mitigating the effects of noise in
a plastome phylogenomic data set from Pinus L. (Pinaceae). BMC Evol Biol 2012;12:100.

Little ELJ, Critchfield WB. Subdivisions of the genus Pinus. USDA Forest Service Miscellaneous
Publication. 1969;1144.

Liston A, Robinson WA, Pinero D, Alvarez-Buylla ER. Phylogenetics of Pinus (Pinaceae) based
on nuclear ribosomal DNA internal transcribed spacer region sequences. Mol Phylogenet Evol.
1999;11(1):95-109.

Syring J, Willyard A, Cronn R, Liston A. Evolutionary relationships among Pinus (Pinaceae)
subsections inferred from multiple low-copy nuclear loci. Am J Bot. 2005;92(12):2086-2100.

Krupkin AB, Liston A, Strauss SH. Phylogenetic analysis of the hard pines (Pinus subgenus
Pinus, Pinaceae) from chloroplast DNA restriction site analysis. Am J Bot. 1996;83(4):489-498.

He TH, Pausas JG, Belcher CM, Schwilk DW, Lamont BB: Fire-adapted traits of Pinus arose in
the fiery Cretaceous. New Phytol. 2012, 194(3):751-759.

Stevens GC, Enquist BJ: Macroecological limits to the abundance and distribution of Pinus. In:
Richardson D. Ecology and biogeography of Pinus. Cambridge (UK): Cambridge University
Press; 2000. p. 183 - 190.

Hao ZZ, Liu YY, Nazaire M, Wei XX, Wang XQ. Molecular phylogenetics and evolutionary history
of sect. Quinquefoliae (Pinus): Implications for Northern Hemisphere biogeography. Mol
Phylogenet Evol. 2015;87:65-79.

27


https://doi.org/10.1101/073312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/073312; this version posted September 4, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

available under aCC-BY-NC-ND 4.0 International license.

Eckert AJ, Hall BD. Phylogeny, historical biogeography, and patterns of diversification for Pinus
(Pinaceae): Phylogenetic tests of fossil-based hypotheses. Mol Phylogenet Evol. 2006;40(1):166-
182.

Willyard A, Syring J, Gernandt DS, Liston A, Cronn R. Fossil calibration of molecular divergence
infers a moderate mutation rate and recent radiations for pinus. Mol Biol Evol. 2007;24(2):620-
620.

Gernandt DS, Magallon S, Lopez GG, Flores OZ, Willyard A, Liston A. Use of Simultaneous
Analyses to Guide Fossil-Based Calibrations of Pinaceae Phylogeny. Int J Plant Sci.
2008;169(8):1086-1099.

Gernandt DS, Hernandez-Leon S, Salgado-Hernandez E, de la Rosa JAP. Phylogenetic
Relationships of Pinus Subsection Ponderosae Inferred from Rapidly Evolving cpDNA Regions.
Syst Bot. 2009;34(3):481-491.

Hernandez-Leon S, Gernandt DS, de la Rosa JAP, Jardon-Barbolla L. Phylogenetic
Relationships and Species Delimitation in Pinus Section Trifoliae Inferrred from Plastid DNA. Plos
One. 2013;8(7).

Ho SYW, Phillips MJ. Accounting for Calibration Uncertainty in Phylogenetic Estimation of
Evolutionary Divergence Times. Systematic Biol. 2009;58(3):367-380.

Benton MJ, Donoghue PCJ. Paleontological evidence to date the tree of life. Mol Biol Evol.
2007;24(1):26-53.

Roquet C, Thuiller W, Lavergne S. Building megaphylogenies for macroecology: taking up the
challenge. Ecography. 2013;36(1):13-26.

Lukoschek V, Keogh JS, Avise JC. Evaluating Fossil Calibrations for Dating Phylogenies in Light
of Rates of Molecular Evolution: A Comparison of Three Approaches. Systematic Biol.
2012;61(1):22-43.

Alvin KL. Further conifers of the Pinaceae from the Wealden Formation of Belgium. Mem Inst R
Sci Nat Belg. 1960;146:16-21.

Stockey RA, Nishida M. Pinus haboroensis sp.nov. and the affinities of permineralized leaves
from the Upper Cretaceous of Japan. Can J Botany. 1986;64(9):1856-1866.

Robison CR. Pinus triphylla and Pinus quinquefolia from the Upper Cretaceous of
Massachusetts. Am J Bot. 1977;64(6):726-732.

Meijer JJF. Fossil woods from the Late Cretaceous Aachen Formation. Rev Palaeobot Palyno.
2000;112(4):297-336.

Axelrod DI, Cota J. A Further Contribution to Closed-Cone Pine (Oocarpae) History. Am J Bot.
1993;80(7):743-751.

Axelrod DI. Cenozoic History of Some Western American Pines. Ann Mo Bot Gard.
1986;73(3):565-641.

Miller CN. Structurally Preserved Cones of Pinus from the Neogene of Idaho and Oregon. Int J
Plant Sci. 1992;153(1):147-154.

Xing YW, Liu YS, Su T, Jacques FMB, Zhou ZK. Pinus prekesiya sp nov from the upper Miocene
of Yunnan, southwestern China and its biogeographical implications. Rev Palaeobot Palyno.
2010;160(1-2):1-9.

Yamada T, Yamada M, Tsukagoshi M. Fossil records of subsection Pinus (genus Pinus,
Pinaceae) from the Cenozoic in Japan. J Plant Res. 2014;127(2):193-208.

Klaus W. Ein Pinus canariensis Smith-Zapfenfund aus dem Ober-Miozan (Pannon) des Wiener
Beckens: A fossil cone of Pinus canariensis Smith from the Upper Miocene (Pannon) of the
Vienna Basin (Austria). Annalen des Naturhistorischen Museums in Wien Serie A fur Mineralogie
und Petrographie, Geologie und Paldontologie, Anthropologie und Prahistorie. 1980;84:79-84.

dos Reis M, Donoghue PCJ, Yang Z. Bayesian molecular clock dating of species divergences in
the genomics era. Nat Rev Genet. 2015;17:71-80.

Drummond AJ, Bouckaert RR. Bayesian evolutionary analysis with BEAST. 1st ed. Cambridge:
Cambridge University Press; 2015.

Rutschmann F, Eriksson T, Abu Salim K, Conti E. Assessing calibration uncertainty in molecular
dating: The assignment of fossils to alternative calibration points. Systematic Biol.
2007;56(4):591-608.

28


https://doi.org/10.1101/073312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/073312; this version posted September 4, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

36. Ronquist F, Klopfstein S, Vilhelmsen L, Schulmeister S, Murray DL, Rasnitsyn AP. A Total-
Evidence Approach to Dating with Fossils, Applied to the Early Radiation of the Hymenoptera.
Systematic Biol. 2012;61(6):973-999.

37. Yang ZH, Rannala B. Bayesian estimation of species divergence times under a molecular clock
using multiple fossil calibrations with soft bounds. Mol Biol Evol. 2006;23(1):212-226.

38. Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phylogenetics and dating with
confidence. Plos Biol. 2006;4(5):699-710.

39. Duchene S, Lanfear R, Ho SYW. The impact of calibration and clock-model choice on molecular
estimates of divergence times. Mol Phylogenet Evol. 2014;78:277-289.

40. Thorne JL, Kishino H, Painter IS. Estimating the rate of evolution of the rate of molecular
evolution. Mol Biol Evol. 1998;15(12):1647-1657.

41. Heath TA, Huelsenbeck JP, Stadler T. The fossilized birth-death process for coherent calibration
of divergence-time estimates. P Natl Acad Sci USA. 2014;111(29):E2957-E2966.

42. Gavryushkina A, Welch D, Stadler T, Drummond AJ. Bayesian Inference of Sampled Ancestor
Trees for Epidemiology and Fossil Calibration. Plos Comput Biol. 2014;10(12).

43. Condamine FL, Nagalingum NS, Marshall CR, Morlon H. Origin and diversification of living
cycads: a cautionary tale on the impact of the branching process prior in Bayesian molecular
dating. BMC Evol Biol. 2015;15:65.

44. Arcila D, Pyron RA, Tyler JC, Orti G, Betancur-R R. An evaluation of fossil tip-dating versus node-
age calibrations in tetraodontiform fishes (Teleostei: Percomorphaceae). Mol Phylogenet Evol.
2015;82:131-145.

45. Grimm GW, Kapli P, Bomfleur B, McLoughlin S, Renner SS. Using More Than the Oldest Fossils:
Dating Osmundaceae with Three Bayesian Clock Approaches. Systematic Biol. 2015;64(3):396-
405.

46. Gavryushkina A, Heath TA, Ksepka DT, Stadler T, Welch D, Drummond AJ. Bayesian Total-
Evidence Dating Reveals the Recent Crown Radiation of Penguins. Systematic Biol. 2016;in
press. doi: 10.1093/sysbio/syw060.

47. Leslie AB, Beaulieu JM, Rai HS, Crane PR, Donoghue MJ, Mathews S. Hemisphere-scale
differences in conifer evolutionary dynamics. P Natl Acad Sci USA. 2012;109(40):16217-16221.

48. Geada Lopez G, Kamiya K, Harada K. Phylogenetic relationships of Diploxylon pines (subgenus
Pinus) based on plastid sequence data. Int J Plant Sci .2002;163(5):737-747.

49. Hilton J, Riding JB, Rothwell GW. Age and identity of the oldest pine fossils: COMMENT.
Geology. 2016;44(8): e400-e401.

50. Ho SYW, Duchene S. Molecular-clock methods for estimating evolutionary rates and timescales.
Mol Ecol. 2014;23(24):5947-5965.

51. Heled J, Drummond AJ. Calibrated Tree Priors for Relaxed Phylogenetics and Divergence Time
Estimation. Systematic Biol. 2012;61(1):138-149.

52. Drummond AJ, Stadler T. Bayesian phylogenetic estimation of fossil ages. Philos T R Soc B.
2016;371(1699).

53. Donoghue PCJ, Yang ZH. The evolution of methods for establishing evolutionary timescales.
Philos T R Soc B. 2016;371(1699).

54. O'Reilly JE, dos Reis M, Donoghue PCJ. Dating Tips for Divergence-Time Estimation. Trends
Genet. 2015;31(11):637-650.

55. Gernandt DS, Leon-Gomez C, Hernandez-Leon S, Olson ME. Pinus nelsonii and a Cladistic
Analysis of Pinaceae Ovulate Cone Characters. Syst Bot. 2011;36(3):583-594.

56. Smith SY, Stockey RA. A new species of Pityostrobus from the lower Cretaceous of California
and its bearing on the evolution of Pinaceae. Int J Plant Sci. 2001;162(3):669-681.

57. Wiens JJ: The role of morphological data in phylogeny reconstruction. Systematic Biol.
2004;53(4):653-661.

58. Warnock RCM, Parham JF, Joyce WG, Lyson TR, Donoghue PCJ. Calibration uncertainty in
molecular dating analyses: there is no substitute for the prior evaluation of time priors. P Roy Soc
B-Biol Sci. 2015;282(1798).

59. Warnock RC, Joyce WG, Parham JF, Lyson TR, Donoghue PC. Exploring Uncertainty in the
Calibration of the Molecular Clock. J Vertebr Paleontol. 2012;32:190-191.

29


https://doi.org/10.1101/073312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/073312; this version posted September 4, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

60. Parham JF, Donoghue PCJ, Bell CJ, Calway TD, Head JJ, Holroyd PA, Inoue JG, Irmis RB,
Joyce WG, Ksepka DT et al. Best Practices for Justifying Fossil Calibrations. Systematic Biol.
2012;61(2):346-359.

61. Gallien L, Saladin B, Boucher FC, Richardson DM, Zimmermann NE. Does the legacy of
historical biogeography shape current invasiveness in pines? New Phytol. 2016;209(3):1096-
1105.

62. Nobis MP, Traiser C, Roth-Nebelsick A. Latitudinal variation in morphological traits of the genus
Pinus and its relation to environmental and phylogenetic signals. Plant Ecol Divers. 2012;5(1):1-
11.

63. Grotkopp E, Rejmanek M, Sanderson MJ, Rost TL. Evolution of genome size in pines (Pinus) and
its life-history correlates: Supertree analyses. Evolution. 2004;58(8):1705-1729.

64. Pausas JG. Evolutionary fire ecology: lessons learned from pines. Trends Plant Sci.
2015;20(5):318-324.

65. Keeley JE. Ecology and evolution of pine life histories. Ann Forest Sci. 2012;69(4):445-453.

66. Katoh K, Standley DM. MAFFT Multiple Sequence Alignment Software Version 7: Improvements
in Performance and Usability. Mol Biol Evol. 2013;30(4):772-780.

67. Talavera G, Castresana J. Improvement of phylogenies after removing divergent and
ambiguously aligned blocks from protein sequence alignments. Systematic Biol. 2007;56(4):564-
577.

68. Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, Suchard MA, Rambaut A,
Drummond AJ. BEAST 2: A Software Platform for Bayesian Evolutionary Analysis. Plos Comput
Biol. 2014;10(4).

69. Lanfear R, Calcott B, Ho SYW, Guindon S. PartitionFinder: Combined Selection of Partitioning
Schemes and Substitution Models for Phylogenetic Analyses. Mol Biol Evol. 2012;29(6):1695-
1701.

70. Heath TA. Divergence Time Estimation using BEAST v2.2.0. Bodega Bay California. 2015.
http://treethinkers.org/tutorials/divergence-time-estimation-using-beast/. Accessed March 2015.

71. Hadfield JD. MCMC Methods for Multi-Response Generalized Linear Mixed Models: The
MCMCglmm R Package. J Stat Softw. 2010;33(2):1-22.

72. R Core Team. R: A language and environment for statistical computing. In. Vienna, Austria: R
Foundation for Statistical Computing. Retrieved from http://www.R-project.org; 2014.

73. Heibl C: PHYLOCH. R language tree plotting tools and interfaces to diverse phylogenetic
software packages. 2013. http://www.christophheibl.de/Rpackages.html. Accessed Sept 2016.

74. Paradis E, Claude J, Strimmer K. APE: Analyses of Phylogenetics and Evolution in R language.
Bioinformatics. 2004;20(2):289-290.

75. Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W. GEIGER: investigating evolutionary
radiations. Bioinformatics. 2008;24(1):129-131.

76. Hijmans RJ. raster: Geographic Data Analysis and Modeling. R package version 2.5-2. 2015.
https://CRAN.R-project.org/package=raster. Accessed Sept 2016.

77. Blakey RC. Global Paleogeography. 2016. https://www2.nau.edu/rcb7/. Accessed Apr 2016.

lllustrations and figures

Fig. 1 Flow chart illustrating the different dating methods applied. We used both the node
dating (ND) and the fossilized birth-death (FBD) method. In ND, we defined the calibration
densities on calibration nodes either with narrower (NDn) or broader (NDb) density
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distributions of priors on age. Each dating was carried out with a smaller (s) or larger (1) fossil
set (fossil number for each approach indicated in square brackets). Since node dating only
uses the oldest fossil per node, this resulted in fewer fossils used in the small and the large
fossil set in ND compared to FBD. A control run (FBDs/1_ctrl) was additionally executed for

FBD in which exactly the same fossils as in NDs/l were used.

Fig. 2 Inferred maximum clade credibility (MCC) tree from results of the FBDI method
(fossilized birth-death method, based on the larger set of 21 fossils). Nodes with red dots
indicate Bayesian posterior probabilities lower than 0.95, while all other nodes have posterior
probabilities higher than 0.95. Light blue lines on nodes represent the 95% highest posterior
density (HPD) of the inferred phylogenetic trees. The node labels (a-s) indicate those nodes
represented in Figure 3. The geological timescale is in million years and the paleogeographic

maps on top were redrawn from [77].

Fig. 3 Comparison of estimated node ages of the 19 major clades of Pinus across all applied
dating approaches. A: The density of effect sizes originate from a mixed-effect model and
illustrate to what degree the estimated node ages differ among dating approaches (different
colors; see legend) and among fossil sets (1. darker colors for the large, 2. brighter colors for
the small fossil set; see legend). The 95% confidence intervals of effect sizes are illustrated
with a line below the density curves. Non-overlap of these intervals indicates significant
difference on node ages among all 19 nodes. B: Boxplots illustrate the estimated node ages
across dating approaches and fossil sets for the major clades (a-s illustrated in Figure 2).
Whiskers span the 95% highest probability density (HPD), while boxes span the 50% HPD,
with the median node age indicated by a vertical bar. The x-axis indicates the geological time
in million years. Symbols represent average node ages as estimated in the following studies:
Gernandt et al. [16] (filled circle), illustrating estimates resulting from two different

calibration scenarios; Hao et al. [13] (filled upward triangles); Willyard et al. [15] (filled
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squares), illustrating the estimates based on both the chloroplast and the nuclear sequence
data, but only presenting results of their 85 Ma calibration scenario as this was indicated to be
more realistic; Hernandez-Leon et al. [18] (open upward triangle); He et al. [11] (open
circles); Leslie ef al. [47] (open squares); Geada Lopez [48] (crosses); Eckert et al. [14] (open
downward triangle). The following abbreviations are used. FBD: fossilized birth-death
method; ND: node dating method; 1: analyses based on the large fossil set; s: analyses based
on the small fossil set; n: narrow calibration priors in ND based on the geological age of the

respective fossil; b: broad calibration priors in ND.

Fig. 4 Comparison of the effective age prior density against the posterior calibration
densities (Bayesian phylogenetic age estimate) for the three dating approaches used (FBD:
fossilized birth-death (blue); NDn/b: node dating with narrow (red) and broad (orange) prior
distributions; s/l: small (A) and large (B) fossil sets. Boxplots represent the absolute deviation
from the 1:1 line, while letters indicate significant differences in absolute deviations at the

level of p =0.05 (based on a paired Wilcox test).

Fig. 5 Sensitivity of the time calibration to single fossil exclusion for the fossilized birth-
death approaches (FBD). This test measures the difference in age estimates of the 19 major
nodes (a-s, see also Figure 3) when keeping versus removing single calibration constraints
(fossil, labeled on x-axis) at a time. [llustrated are the results from using the small (A) and the
large (B) fossil set. Letters (see figure 2 for assignment) indicate nodes with highest

deviations.
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