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Abstract —Phylogenies are usually dated by calibrating interior nodes against the fossil record. This relies on indirect methods
that, in the worst case, misrepresent the fossil information. Here, we contrast such node dating with an approach that includes
fossils along with the extant taxa in a Bayesian total-evidence analysis. As a test case, we focus on the early radiation of
the Hymenoptera, mostly documented by poorly preserved impression fossils that are difficult to place phylogenetically.
Specifically, we compare node dating using nine calibration points derived from the fossil record with total-evidence dating
based on 343 morphological characters scored for 45 fossil (4-20% complete) and 68 extant taxa. In both cases we use
molecular data from seven markers (~5 kb) for the extant taxa. Because it is difficult to model speciation, extinction,
sampling, and fossil preservation realistically, we develop a simple uniform prior for clock trees with fossils, and we use
relaxed clock models to accommodate rate variation across the tree. Despite considerable uncertainty in the placement of
most fossils, we find that they contribute significantly to the estimation of divergence times in the total-evidence analysis.
In particular, the posterior distributions on divergence times are less sensitive to prior assumptions and tend to be more
precise than in node dating. The total-evidence analysis also shows that four of the seven Hymenoptera calibration points
used in node dating are likely to be based on erroneous or doubtful assumptions about the fossil placement. With respect
to the early radiation of Hymenoptera, our results suggest that the crown group dates back to the Carboniferous, ~309 Ma
(95% interval: 291-347 Ma), and diversified into major extant lineages much earlier than previously thought, well before the

Triassic. [Bayesian inference; fossil dating; morphological evolution; relaxed clock; statistical phylogenetics.]

In recent years, divergence time estimation has
become increasingly prominent in evolutionary biology.
Methodological and empirical advances now allow
time trees to be estimated more accurately than ever
before. At the same time, biologists have discovered
that the relative timing of different events provides
crucial information in the study of many evolutionary
phenomena.

Originally, phylogenies were dated by assuming
a constant molecular clock, the rate of which
could be estimated by reference to the fossil record

ingl[1962). Since then, divergence
time estimation has become much more sophisticated.
Numerous studies have shown that the rate of
molecular evolution varies significantly over time and
among lineages, and it is now standard practice

to accommodate such rate variation using relaxed-
clock models P00d; [ Eﬁggﬁ et all
Doo7; 4 Po11: Mhorne et all [1998; Thorne

and Kishino ). The calibration of the trees has
also improved considerably. Instead of relying on a
single-point estimate of the clock rate, it is now
common to use multiple calibration points derived from
the fossil record, each of which is associated with
a probability distribution summarizing the available

information (Yang and Rannaldl006). Increasingly, such

complex data sets are being analyzed with Bayesian
methods, which provide a unifying framework for
accommodating multiple sources of uncertainty.

Despite these advances, the current method of
extracting dating information from the fossil record by
postulating a number of calibration points, an approach
we refer to as “node dating,” is far from ideal. First,
the calibration data must be associated with fixed nodes
in the tree, despite the fact that we do not know any
of the nodes with absolute certainty. This may result
in artifacts in the dating analysis, such as exaggerated
confidence in the tree topology and the resulting age
estimates. To avoid constraining the tree, one can attach
the calibration information to the most recent common
ancestor of some named terminal taxa instead. If there
is topological uncertainty, however, this results in the
calibration information floating around in the tree in a
manner that is unlikely to reflect the uncertainty in the
placement of the calibration fossil.

Second, node dating only extracts calibration
information from the oldest fossil assigned to a
particular group, as younger fossils from the same
group do not provide any additional information on the
minimum age of the calibrated node. Moreover, many
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of the more poorly preserved fossils are excluded from

the analysis from the outset because their placement

cannot be inferred with sufficient certainty. For node

dating, one thus often ends up discarding most of

the information preserved in the fossil record (but see
2008).

Third, the raw data from the fossil record—the ages
of the fossils and their morphology—must be translated
into appropriate probability distributions for the ages of
the calibrated nodes, a process that is not straightforward

2012). Even if the phylogenetic position
of a fossil can be determined beyond any reasonable
doubt, it is likely to sit on a side branch of some unknown
length rather than directly on the calibration node itself.
Thus, the fossil only provides a minimum age, and it
remains unclear how the information available in the
morphological characters about the period between the
calibration point and the formation of the fossil can be
translated into a probability distribution for the age of
the calibrated node. Thus, it is difficult to design these
probability distributions properly, even though it has
been shown that they often have a huge influence on
the analysis, resulting in divergence time estimates that
can vary by hundreds of million years
Ro1.

Some of the problems with node dating can be
alleviated by using multiple calibration points with “soft
boundaries,” that is, probability distributions without

the fossil sits. Thus, total-evidence dating explicitly
incorporates and exposes the data used to indirectly
derive calibration points in the node dating approach,
while integrating over the associated uncertainties.

True total-evidence dating was apparently first
attempted by ). However, his study
considered a relatively small data set (only one
gene) with poor overlap between morphological and
molecular data (only eight taxa coded for both).
Moreover, the fossils sampled for his analysis mostly
clustered outside of the extant taxa of the ingroup,
reducing the power of the approach in inferring ingroup
divergence times. Pyron ) did not discuss the tree
prior used in his analysis, but it appears that he relied on
a model assuming complete sampling and no extinction
(the Yule process), which is a less than perfect fit for
this type of study. Last but not least, he did not directly
compare total-evidence dating to node dating, and it
thus remains unclear how the two approaches perform
on the same data set.

In this article, we illustrate total-evidence dating
and its potential using the early radiation of the
Hymenoptera (wasps, ants, bees, and relatives) as a test
case. The Hymenoptera are probably the sister ro of

et al. ) and are represented in the fossil record
since the Triassic 2005;

hard upper or lower limits (Yang and Rannald 2006).

Another possibility is to use cross- validation techniques
to identify and remove inconsistent calibration nodes

%mwmmmmw&mm
etal. ). Nevertheless, node dating still relies heavily

on indirect ad hoc translation of the fossil record into
appropriate calibration points.

A more satisfactory way of addressing fossil affinities
is to treat the actual character evidence in a phylogenetic
context. Several studies have analyzed fossil and recent
taxa together, using combined morphological and
molecular data, to study the placement of the fossils and
theirimpact on the topology est1mates for the recent taxa
(]I_‘e_e_% 5 : Wiens
etal. ). However, these studles were not intended to
result in calibrated trees, or if they were, they only used
the inferred placements of the fossils to inform a classical
node-dating approach. Although the fossil placement
and minimum calibration constraints on the tree were
thus improved, these approaches could not avoid the
largely arbitrary assignment of a probability distribution
to the calibration points.

Here, we advocate a different approach to dating
phylogenies, which includes fossils alongside extant taxa
ina “total-evidence” analysis. It uses morphological data
to infer fossil placement, like some previous studies, but
it also calibrates the tree at the same time. Unlike node
dating, total-evidence dating can easily be applied to rich
sets of fossils without fixing any nodes in the tree. It relies
on the morphological similarity between a fossil and the
reconstructed ancestors in the extant tree in assessing
the likely length of any extinct side branch on which

(Grimaldi and Engel
2010). Their early history is largely documented by
poorly preserved impression fossils, most of which are
difficult to place phylogenetically (Rasnitsyn and Quickd
2002).

Our study includes ~5 kb of data from seven
molecular markers and more than 340 morphological
characters scored for almost all extant taxa (61 of
68 taxa) and for all fossils, to the extent allowed
by their preservation. The fossil sample consists of
45 taxa spanning the entire Hymenoptera tree and
includes the oldest known representatives of all
major lineages. Importantly, we provide a rigorous
mathematical foundation for total-evidence analysis by
explicitly formulating a prior model for clock trees
with fossils. We also contrast the results obtained from
total-evidence dating with estimates derived under
traditional node dating, allowing detailed comparison
of the two approaches. Finally, we make all Bayesian
analytical techniques developed for this study available
in the recently released software package MrBayes 3.2

(Ronguist et all2012).

MATERIALS AND METHODS

Taxon and Character Sampling

We sampled a total of 113 terminals, comprising
60 extant and 45 fossil hymenopteran taxa, and 8
outgroups (Tables 1 and 2). The sampling was focused
on the “Symphyta,” which are well known to be a
paraphyletic assemblage of basal hymenopteran lineages
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R011; Bharkey et al] ROTH). We also

included 12 representative extant taxa from the Apocrita,
which comprises most of the extant hymenopteran
diversity but is a monophyletic clade deeply nested
within the “Symphyta.” Although we had to use
composite suprageneric taxa for the outgroups and for
some Apocrita to include data on both molecular and
morphological characters, we used individual genera or
species in “Symphyta.”

Two objectives were pursued while choosing fossils
for the analysis: (1) to include the earliest reasonably
certain record of basal taxa; and (2) to provide maximum
morphological information about early hymenopteran
representatives. Thus, our sample included many of
the oldest hymenopteran fossils but also younger, more
completely preserved specimens. As a result, we hope to
display both the chronological range and the ancestral
morphology of the earliest hymenopteran lineages. It
should be pointed out that the selected fossils (Table 2]
reflect neither the complete fossil record nor the full
extinct morphological diversity of the respective taxa.

Discrete morphological characters were taken from
earlier studies (Schulmeister 2003; [Vilhelmsen| [2001)),
and the merged matrix was complemented by adding
data for the fossils and for taxa and characters that
were present in one study but not in the other. The
final matrix contained morphological characters for all
taxa except for two extant outgroup terminals and four
extant Apocrita. Some of the characters were excluded
because they did not provide any information in our
data set, and some characters were refined, resulting
in 343 variable morphological characters, 330 of which
are parsimony-informative (see Supplementary Material
available at http://datadryad.org, doi:10.5061/dryad.
j2r64, for character descriptions). For the extant taxa,
an average of 77% (range 47-96%) of the morphological
characters were scored per terminal. This number
dropped to 12% for the fossils (range 4-20%), none
of which could be scored for the genitalic and larval
characters in the matrix. Even the external adult
characters were often difficult to score for the fossils
because of their poor preservation.

Molecular data were collected for 66 of the
extant taxa (Table [). The remaining two taxa
(Megalodontes skorniakowii and Runaria flavipes) are
representatives of two species-poor, phylogenetically
isolated hymenopteran families (Megalodontesidae and
Blasticotomidae, respectively). We did not have material
for sequencing of these taxa but nevertheless coded
them for the morphological data to better capture the
morphological variation found in the lineages to which
they belong. We included seven gene fragments in
our analyses: 125, 165, 18S and 28S rRNA, cytochrome
oxidase subunit 1 (CO1), and two copies of elongation
factor la (EFla F1 and F2), resulting in a total of
5096 aligned base pairs. For the F1 copy of elongation
factor 1o, we did not add any outgroup sequences, as
it is still uncertain whether this copy has an ortholog

outside Hymen_l%%ra_@mm_mm;memaes
and Damgaard ). Part of the data was taken from

Schulmeisted @003), and 121 sequences were newly

generated for this study. Extraction, amplification, and
sequencing protocols followed m ) or

(2011).

Alignment and Substitution Model

Multiple sequence alignment was conducted as
outlined in [Schulmeisted (2003), with protein-coding
genes aligned after translation into amino acids, and
rRNA sequences aligned in a mixed automated /manual
procedure following [Dowton and Austin (2001)). All
alignments were uploaded to TreeBASE (accession
link for reviewers: http://purl.org/phylo/treebase/
phylows/study/TB2:511475?x-access-code=38dccbab
577a4a7b4dcf358ee4ce6bb6d&format=html/Study
accession: http://purl.org/phylo/treebase/phylows/
study/TB2:511475).

The data were partitioned into eight parts as follows:
(1) morphology, (2) combined 125 and 16S, (3) 18S,
(4) 28S, (5) combined first and second codon positions
of COl1, (6) third codon positions of CO1 (but see
next paragraph), (7) combined first and second codon
positions of both copies of EFla, and finally (8) third
codon positions of both copies of EFla. Morphology
was_analyzed under the Mk model for morphology

IﬁTll) as implemented in MrBayes 3.2, with
the ascertainment bias set to variable (only variable
characters scored), equal state frequencies and assuming
gamma-distributed rate variation across characters. For
the molecular partitions, we identified the best-fitting
substitution models using MrModeltest version 2.2

004), with a neighbor-joining tree as the test
tree and applying the Akaike information criterion. The
general time-reversible (GTR) model with a proportion
of invariant sites and gamma-distributed rate variation
across sites (GTR + I + TI') was preferred for all
partitions except 285, for which equal base frequencies
and symmetric exchange rates (SYM) provided a better
fit (SYM + I 4 I'). Parameters of the substitution models
and among-site rate variation were unlinked across
partitions, and partition-specific rate-multipliers were
used to account for variation in evolutionary rates across
partitions.

Initial analyses demonstrated several problems with
the inclusion of the CO1-3rd partition. This partition
evolved more than an order of magnitude faster than the
other partitions and contained little information about
branch lengths or tree height. This resulted in a vague
posterior that included a large range of tree height and
branch length values, including some extreme values. It
was quite difficult to get convergence on this posterior,
and the necessity to multiply the very low rates of the
informative partitions with the extremely long branch
lengths resulted in loss of precision in vital parameter
estimates. For these reasons, we excluded the CO1-3rd
partition from the analysis. The topologies resulting
from the analyses with and without CO1-3rd partition
did not differ, and clade support values were virtually
identical.




SYSTEMATIC BIOLOGY VOL. 61

976

(panurjuoD)
9Fs0Sd( - 6£77€0dd T/ezeodd CEIITIAY $9690N 1022€044 [19TNAl * gpez[0€SNS] 1708804f v8vydoasovifiy g eSeydoajoedyg
- - 8€7C04d 122044 TETITIAV €66900N 002204d [6zsns] 1apuioo v31ag vd1ag
G890TFOD €IFS06A[ ceeee0dd 6Gcee0dd TETTC9AV $8/90CAV $612€0dd 10[0-SS]* cpezi€1SNS] Bavounf vioydiporiars exoydnoLsig
SFPS0Sa([ TIPs06A( 687ze04d 6599711V 0z€e0dd 6/12€044 6022€049 1[2STNQA] gz 1 [LTTD(] sod1aS1u a8sy 381y
¥8901¥0D 11%606A( 0zeee0dd €5¢ee0dd 6C1TC9AV T8L90TAV ¢6lze0dd lPSTNA] ’ gpe [TTSNS] stuiodisspad stuhiio) STuA10D
FrPS0sa( - 0822044 £622£044 $1€C€04d 0412044 £0Tee0dd [leosNal vwiosyf v * gz [9€SNG] wa0LIDS 3o VIGY eIqy
CPPS0Sa( - 81cze0dd 16¢2€0dd LTITC9AV 08£90TAV T612€04d JAANINA] Y grezil6SNS] vuvoriau xaquir) deuDIqUI)
THre0Gd( 0T¥S08d( 6£27€044 9627€04d €1€2€049 6917€044 902ze0dd [ANINA] “ds uodiq * g7, [GESNS] 1141d o uoLidiq uondiq
- - £122€044 052ee0dd 9TITC9AV 6LL90CAV 1£¥506A( recl8SNS] “ds vrudpo * [G/sng] winiogapnf viudpo erurdro
/8901705 60%506( 8772044 S6¢Ce0dd clezendd 8912049 G0Zce0dd l68TNA] * gz [FESNS] 1adiun snuappouopy SNU}O0UOIN
TPPG0SA( - £/72€044 ¥6cce0dd 11ece0dd £912€04d y0ceeodd [DONINA] “ gz [£E5NS] stuioonungoad snipjDd snipe[D
0FFs0Sd( 80¥S0G[ 912ze0dd 6¥¢ce0dd GCIIC9AV 8L/90TAV 0612€0dd l16TNA] * gpezi[£8NS] “ds snpuiaN snjewaN
67508 ([ - 66£506( 09¥5064( F6¥50Sd( 987606 [ 0£¥S0SA( JANINA] * gyepi[FTSNS] snagny snungvuiaN snunewaN
8€¥S06A[ - 86£506A( T9PS0Sd[ £6¥506d( G8¥506( 69%506( JANINQ] ds vduiwoojdoR] * g [1T1SNS] Stus00101nf vdwwoojdoy eduresordoy
- - £6€5064( 657506 [ 6¥5064( $8¥G06( 89%G0G[ [s9sng] win.io18p snuoxyy, snuoxeq,
£€8901¥0D £0%S06( Srezeodd 8tcce0dd FCITC9AV LLL9OTAY 6812€0d9 10l6TT] * gpez1[9518] “ds vrviyry eIeyy
- - 96£506( 8GFG06( 16¥S064( €8%G0G( £9%5064( [ggsng] riamyjos snjjvia N sn[e
- - - £57S0SA( 06¥50SA( 78¥7506A( 99%506A( [¥8sng] adnvd saproupvydouopy soproupeydouojy
£EP50Sd[ - 66£9064( 96606( 6876054 [ 187506([ 69%606d( [egsng] vpwrospfiyniu 12350801/iSu0HS 1se30[43U0Mg
- - 9/72e0dd £6222044 01£22044 99122044 £02204d [cesng] vaias viipuvjag eLIpUeag
9¢¥606( 90¥508( ¥lczeodd £¥cee0dd €CIIC9AV 9LL90CAY 881¢€0dd 20l772] “ gpezi[S0S] “ds snaajoq snv[oqg
- - G/2ze0dd 26722044 60£2£044 6912044 2022044 [Tesns] upavmysor viSysov|Sy ew3nsoedy
8890170 - €Tczeodd 9¥cee0dd TCITC9AV GLL90TAV £812€0dd [6STNal “ds opanpual,* oo [FSNS] oo opangua], OpaI1yjua],
- - $6£506d( GSPS0SA([ G6¥S0SA[ 08¥%506A( $9¥5064( [6£sng] 1011/ 52 puiojoonsvg ewojoonse[g
- - - - - - - sadiavyf smyfiydwaivg smAydurareg
9890TFOD - Treze0dd SFeze0dd TCIIZ9RY ¥LL90CAY 9812044 serezr €SNS] v3onpas vLwUY erreumy
18901¥0D F0¥S06A( 11eze0dd ¥rcee0dd 0CITZ9AY €L/90CAV G81Ce0dd 0lE6TNA] * gyez1[2sNS] vaur8n.iiaf viahxorvy e[aAX0IBN
78901¥0D €07S0G( 0Tczeodd €cee0da 6ITIC9AV CLLIOTAV $81¢€0dd 106l6T1D1] #nl vjafix * o [Ts0S] -ds vjahix e[oAY
QISETFAV - “uqns jou 69691 ND €6768X “wqns jou - satads as1aarp ‘e193dodaIA era3dodsy
6/99€TNH - T20PH0dV 66159N 66298CIV 1S7S604V - sowads as1aarp ‘orideg sepruorideg 1do]
£9988549 - 895709V 641990 L0STI0AV STH6ICAV - soads as1aarp ‘edeydopy edeydopy0910D
- - ‘wqns jou ‘wqns jou ‘wqns jou ‘wqns jou - samads aszaarp ‘e3eydLjog edeyd4Ajog0a10D)
“wqns jou - 9696911D S6LITSAY 0696911D “wqns jou - so1ads as1earp ‘ereydorprydey eroydorprydey
“wqns jou - qo0FeEd VvV “wqgns jou 8768X “wqns jou - samads asiaarp ‘oeprdosAny) aeprdosAng)
€I6ESSAV - $6S10€dV L1990 €6LECHIV 89FSEOAV - so10ads as1aarp ‘ersjdosuere] eizydoauere]
7€7€85dV - TS9E8SINH €41590N GI1S9N £SSSHTAV - sowads sszearp ‘ereydoyiQ exaydoyiQ
A etdd 14 eTdd 10D s8¢ S81 S91 St QUuoXe], [oqe] 9917,

n_mhwﬂazﬂ UOISSad0Y Jueguoh)

oua8 1ad sraquunu uoISSEdOE JurgUED) pue ‘SusawAds “exer,

T a1V,



977

RONQUIST ET AL.—TOTAL-EVIDENCE APPROACH TO FOSSIL DATING

2012

“AyTiqereadar aamsse 03 I9pIO UT GYGodI], 0} PIPTWIGNS SYUSWUIIE S} UI PIPNIOUL ISAIMOY
axe saouanbas ay [, ‘[9as] ayenbape ue 0) paynNUSPI J0U JI9M JeY) SUSWINAdS WOIJ PAIWWL)S A3} aSNedaq NUeguar) 0} PARTWNS JOU dIoMm Jey]} saduanbas 0} s1oja1 , wgns JouU,, UOTeIAdIqe Y Lq
“ZdeTdd=/ Yim Surpus pue GZT=T Y3m Surpres ‘pasn sem uowpads sy yorym
10§ sIdqUINU 3udg a3 ajousdp sraquinu jdriosiadns i) ‘souad JUSISJIIP a3 I0J PISN SI9M SUSWIAAS JUSISJITP USYAA TOUIIUSPI uswidads oY) sjussardas umun[od uoxe], ay3 Ul s)axoeIq Ul U0 RIOU Y],

wqnsjou wqnsjou  88¢ge0dd  4CSCHIAV SISTRIAV  $0890CTAYV - 19°ds avprdsap * ([1S1D[] 4aftimv sa3s110d “4¢7[8D[] suosfinovu vyndsap aeprdsap
$SrS0Sa( - 987ze0dd €9%G0Gd[  TTereodd  84Tc€0dd - ADONINA] “ gpez[SETOI] “ds vpruion Deaprody
€6¥606Al  Geps0sAl  C0PS0SAl  €0€Te0dd  TCECe0dd  ZZ1T€0dd - [ VNINA] * ¢z [FE1D] “ds ppydomiuy geaprody
Tshe0sd[  FeRsosd(  Tezeeodd  80€Te0dd  /ceTe0dd  €8Tce0dd - HNINA] “ds uouydijass * .o [66TD[] ntivguouiavo uoydioog yeoprody
T€L01FOD €e¥606A[  THCTE0dd  ¥4CCe0dd  OSIICOAY  CTO890CTAV - 1o[20TNAl “ds B1194] * 41,62 [100-100-NAD] sdaouw viyvqy eaprodiuky
00Z0TFOD  TEPS0SA[  £8CT€0Jd  FOCTEOAH  €C€CE0dd 641204 64¥S0SA[ ol0zeNal “ds snydhi8vz * o, [TPID[] /| [£STSNS] 40gu)pa8 vuaqr]  Sepruowmauyd]
82/01F¥0OD 1€P60SA[  TZI008AV — wiqnsiou  €e90TFOD  96SLISAV - ploceNal amnuSuvis snovnwsiid * g opoavwias vijatuvad ' [SyOANAA] “ds vjjaruvey eaprorueay
wqns jou - ‘wqns jou ‘wgns jou ‘wqns jou 9/12c0d4 - um«m#@ﬁﬁw eapropmnreyD \NHwHﬁUD .Qm u.ﬁm:\“\m:uﬁm eapropreyD
€T0TF0D  0ePS0Sd[  FPSTHIAV  CCSTHIAV  ISIIC9AV  €0890TAV - 1olS00NA] pr1ayond shjpuoSoysiQ * e [81D] -ds soppuoSopiquy aepieuodiy,
$2L0170D - Obceeodd  €/cTe0dd  6FIIC9AV  00890TAV - [S8TNA] * gpez[6£1D1] ds vifippSay v1h[eSaN
STL0TF0D 6C¥S0SA[  687T€0dd 90€C€0dd  STeTe0dd  1812€0dd - 10[88TNA] “ds snSIEIN * pe [ T£TD(] “ds snuvydasoan goeprueydeig
9z0FOD  8TFS0SA[  Lgczeodd  04ce0dd - 66/90CAY  8.FS0SA[ LlFCLAINT] * gy [8TSNS] Sadizouto sniiaiagiafog yoepueydag
80£0TFOD £T7S0GA[  9€TCE0dd 69TTE0dA  LFIICOAV  86/90CAV  L/FS0Sd[ 1lSLZINA] ’ greprl LTSNS snurgargu snssniQ snssniQ
G690IFOD  9ThS0Sd[  SETTe0dd  897TE0JH  9FIICOAV  L6/90TAV - 1ol16T] “ epee[9TSNS] v108U0]04d DLPAYdLX eLpAydry
9690TFOD  STbS0SA[  €€22€0dd  992C€0dd  FHIICOAV  S6/90CAV - ol6VENQA] “ds xamal] * g [Fesns] vquingoo xauai], XoWdI],
ISPS0Sd[  ¥epSoSdl  CETee0dd  S9TTE0AH  CHIICOAY  ¥6L90TAV - ol0SENA] * gy [€Tsng] sv818 snaaooun SnIad0IN
- - €87Ce0dd  T0€C€0dd  SIETE0dH  €412E0dd - [opsng] win.ioads stiax SLIBY
L690TFOD  €CPS0SA[  1€CTE0IH  $9CCE0Id  THIICOAV  €6/90CAV - l9VaNQ] snousan{ - * o, [zzsns] onpgoou xaug XoI15
8690TFOD - $ETCe0dd £9TC€0dd  SPITCOAV  96/90TAV  9/FS0SH([ [£6€NA] * gz [STsNS] 11pasoqy sixaqufig sIxojufg
690170 TCPs0SAl  0€cTe0dd  €9¢C€0dHd  TFIICOAV  C6L90CAY  S/ZPS0SA[ 10l[-8S]” cyez1 [ 1ZSNS] iwpmovLy 181740 erdnaer]
0S¥S06A[  TcFS0SA[  6¢cTe0dd  T9CTe0dd  OFIICOAV  16/90TAV  6612€0dH 10lSO0ENA] * gpez1[0T8NS] stuiofiyf vynaww) enauree)
€6901F0D  0TFS0SA[  82TTe0dd  197¢€0dH  6€IIT9AY  06/90TAV  861C€04d l1LaNa] snuadiu D’ o7 [615N0G] snovushd sniydo) snyda)
- - - - - - - .N.RBSNE:kc«m mﬁ&bﬁ&t%mg MmmquOﬁoﬁmwmz
6vFS06A( 6IPS0SA[  £TCT€0dd  09¢T€0dH  SEIITOAV  68/90CAV  /61Z€0dd 10l08TINA] * grez1 [8TSNS] sar0]w14da0 sapopoipSan os3ajuoporeSay
- QIPS0SA[  97CTe0dH  6GCCE0dH  LEIICOAV  88/90CTAV - ol£TTNQA]”’ gpez[L150S] stywosod vphioyguvoy epAjoyiuedy
6901¥0D LTPS0GA[  GTee0dd 8STCE0dd  9ETICIAV  /8/90CAV  961¢£0dd 1o[S6TNA] 15U *D) “ gp.07,[918NS] “ds vioppyda) epeyde)
8Pp0Sdl  9IFS0SA[  T8CTe0dd  00£T€0dd  LT€CE0dd TATee0dd RZFS0SAl 10l0STNA] “ gyez [6SNS] 1unsogoy smipyduing snyrydureg
T6901F0D  STPSOSA[  €2Te0dd  9SCCe0dd  PEITCORY  S8/Z90TAV  S617€0dH 10l8TNA] * gy [F1SNS] v10a)diuy vphjoyohug epAjoydLuQ
- - ¥Cree0dd /STee0dd SEIICOAY  98/90CAV - [1snS] vawrosuf vuojoinaN BUIOJOINAN
- - 107506A( 9%606A[  96%S0Sd[  88%S0SA[  €4FS0SA[ [STTsns] syuus vriawwoaq eLIDUIEdd(]
£vFe06d( PIPG0GA[  00%S0SA[  66CC€0dd  91€€0dd  /8%S0Sd[  ¢sFS0Sdl zeisns] sywsiop 'y * . [8e5nS] * 4o [7¥1] “ds muavapnpaooy ©I303[NPIOdY
- - I8CCE0dd  86CC€0dd  SIETEOJdH  T4ICE0dd  80TCE0dd [£esng] stywup vuiojosiydoy ewojorfydor]
¢ etdd 14 erdd 10D S8¢ S81 S9L Stl pUOXe], [oqe] 9917,
¢S1oqUInU UOISSaddy Juequon)
panunuo) ‘T A14dv],



SYSTEMATIC BIOLOGY VOL. 61

978

"0/, S91DAS JUSDDI Y} I0] pUR 9, T SI S[ISSOJ Y} 10§ 23LISAL S [ "UIOXE]} YDEd I0J PIIOdS (SIajoeIeyd ¢¢) sopoereypd reordooydiou [fe jo adejusorad :ssausjeduio)),

91
cl
71
cl
11
a1
¥

or
01
cl
()8
01
6L
1T
cl
it

4!
4!
01
AN
or
01
it
91
61
01
0¢
cl
0¢
0¢
cl
9

¥1

Aueurian) ‘dIsseIn( oMo “URDIRO], JTOMO]
Aueuron) ‘dIsseIn( I9Mo “ULIDIROT, JOMO]
Aueurron) ‘dIsseIn( oMo “URIDIRO], JOMO]
ue)szAYSIAY ‘oxe MYASS] ‘UonewIo] [TYz((
eury) “er[oSUoA Jouu] ‘uonewio ueysduomif
euny)) ‘er[oSUoJA IoUU] ‘UOT)ewIO ueysSuorni(
euedia] 'g ‘vonewriog M30g

eury) ‘uruoery ‘uneuriog Suere |
Smoquuexn “OIssem| I9oMOT “URIDILO], TOMO]

eury) “er[oSUoA Jouu] ‘uonewio] ueysduonif
eI[eyIeqsSUeI], “Uonjeurio] Anjayd]
eI[eYIRqSURL], ‘UOT}RULIO ] ANJayd]

uejsyeZeY ‘g “UOPULIO] Nejseqny]
uejsypezey 'S “‘UOHeULIO] nejseqny
uejsyeZeY ‘G “UOHPULIO] Nejseqny
uor3a1 uepeSey ‘UorewIo] B[O
BI[OSUOIA “Ue8es] uog JO J1un 3201 JLmyy
eI[eyIRqSURI] “UOBULIO] BZR7

1hwre] ‘ededy edeuyziN jo uoneurioj uedjoq
uejsypezey ‘S “‘UOHeULIO nejsequny
uejsyeZeY ‘g “UOHRULIO] Nejseqny
erjo3uoA ‘uedes], uog o Jun D01 J LYY
er[eyreqsuel] “UOGeWIO] LIePIyD)
uejsyeZeY ‘g ‘UORULIO] Nejseqny]
eI[eTRqSURIL] “UOT}eWIO] AN3ayD]
uejsyeZEY ‘G “UOHEULIO] Nejseqny
uejsyyeZeY ‘g “UOIRULIO] Nejseqny]
uejsypezey ‘S “‘UOHeuLIo] nejsequny

uejsyp{ezey 'S “UOHRULIO] Nejsequmy]
uejsyp{ezey ‘S “‘UOeULIO nejsequny|
uejsyeZeY ‘g “UOHPULIO] Nejseqny
uejsyp{ezey 'S “UOHRULIO] nejsequmy]
uejsyp{ezey ‘S “‘UOHeULIO nejsequny
eI{eyIeqsuRI] ‘UoljeuLIo] ey,
uejsypezey 'S “‘UOHeULIO nejseqmy]
er[eyIeqsuel], ‘UoewIo ey,
eI[eyIRqSURI], “UOIRULIO] OAONYSN[D)
uejsypezey 'S “‘UOHeULIO] nejsequny
eI[eyIRqSURI] ‘UOJBULIO] BZR7
eI{eyIRqSURI] ‘UOLRULIO] BZRY
er[eyIeqsuel], ‘UOHRWIO] eZey
eI[eyIRqSURI] “UOLJBULIO] BZR7
uejsyp{ezey 'S “UOHeULIO] nejsequmy]
eueyd1a] ‘g ‘uoneurio] uaSApen
eueyS1o] ‘g ‘uoneurIo,] UaSApen

UQWIWILIO)
un1qqoq
unIeqqo(] ‘USWIWILID)
AmS3og

nognyoe(
nognyoeq

mSeg

SueAdre

aereyosegq

nognyoe(]
Anjoys)y
dhoxssedsoroN

nejerey
nejerey

nejerey
AmypoysnheyoyssqO
ueZes] uog

essreg

ededy

nejerey

nejerey

ueZes] uog
Aoygoup

nejerey
dhoxssedsoroN
nejerey

nejerey

nejerey

nejerey
nejerey
nejerey
nejerey
nejerey
eding,
nejerey
ediny,

epun
nejerey
essreg

essteq

essteq

essreg
nejerey
oypnofheyz(
oyonofheyzg

081
081
081
061
91
91
91
ovl
081

91
91
9LT

91
191
191
071
1cl
0¥t
76

91
91
1<l
0¢ct
91
9L1
191
91
191

191
91
91
91
91
(018
191
0ct
971
191
()48
071
()48
0¥l
91
14
gee

900C
“ueyy 29 9810SUy ‘UASITUSEY] SIjIqUAIIL SIPIAVIVIVUIULIO)
€00 “Te 39 UAsyrusey] ruuvyonviq sniajdaidiig
€00T “Te 32 usyrusey riapuaq vjnjahyx
1261 “uksyrusey voissvi] vignog
0T0Z “Te 32 0BD) SIPOUISSPAD SNIDLISIPITY
(#00z ‘Bueyz % ufsjusey]) paquosepun sepuydwe]
€861 “uksyrusey| syvipvi vphlouvSia]
G861 “Sueyy sisuauviv] vivywaviv
$00Z “Te 19 [N SISUaSuivYIsuq Sn4a20]aAx0pnasq
6002 “Te 39 0eD pyvij1oK U
vjahixoj04qy 33 6007 “Te 30 0eD) vpidaj vjahAixojoiqy
€861 “uksyrusey] vo1vLiNg vjoAXOpUIT
€861 “uksyrusey] vormudng vjohxoq
(961 ‘ufsyusey)
suui001jjvd *§ ‘(€961 “uksytusey) snignp sniojdoifiyduhs
6961 “UAsyrusey] vaou sixajufishyovig
€961 “UASITUSEY BUNLOVUL DIOVISUQIIY]
(g661 “uksytusey]) sisuazoiyo s1xojufisosq
Q86T “UASITUSEY WUNFV]NI0 VUIIIJOIDION
Q86T “UASIIUSRY] SISUISSIVG XVLOYJOJUUIL],
1261 "uksyrusey[ sisuaiAuiivy SHSSni0Sap
8961 “Uhsyrusey] s1j1ov.48 snssfioavid
GT6T “NOUKVIRIA SNSUIXI SNSSAL0AT]
Q86T “UASITUSEY] S1ULINIIIUL V]]2AD]IYD)
€661 “UASIIUSEY SNIVIJNIV SHIOYYOUD
8961 “uAsytusey sijiquii vndag
G/61 “uksyusey] voning 4jsu8o3sia|y)
G/61 “uhksyrusey] snjppnvd sayvydojda
G/61 “uhksyrusey] vuSviu 43sp8ouvydalsg
€961 “Uhsyrusey] snisnduv sajlavpivy
8961 ‘UAsyusey s11100110048 °S ‘961
‘uksyrusey] vsiaul °§ (96T “Uksyusey)) vipaus vjahxojuhs
GZ6T ‘2oufjvpN siova8 viahixvuy
Q96T “UASITUSEY] BANFUOPO VISNY
6961 “UAsytusey sn.iadojohx xai1s030id
€861 “UASIIUSRY SHIvNQIpUvLLL SHUOPINY
0661 “UAsyrusey] snuSvui sauopLEIng
€961 “uhsyrusey] vssaidap vphjosaN
0661 “UASITUSEY DJSNGOL PULOJLANYD(]
161 “Uhsyrusey vorLnyvp viopun
Q96T “UASITUSEY] SIUL0014L1U VUL0J0IIAY
9961 “uksyrusey voruugia vjahipLivdvuy
GOGT “Uhsyrusey v210z0sauL vjaAX0SIN
7861 “uksytusey] vjooruid vjahxoypds
L161/%90¢ “ou N1d “dsvjafixozovy)
9961 “UASIIUSEY SIULO0ILSUO] D]OIJUOLUILSIN
(961 “uhsytusey]) vnbiuv vjohxora]
$96T “ULsyrusey[ vjvj0anof vjohixossvii]

SIFLOVIVIVUIIILLD)
sniajdajn g
vnjahfix

1ndog
STILSIPIY]

paqusapun aeprrnydureg

vphiouvdia]
vIYYIvIVIL
Sn.4a00[afixopnas g

vjafixojolqy
vjahixopvr]
vjahixoq

sn.ajdojfiyduhs
sixaqufishyovig
vlavisqmy
SIXJUASOAJ
DI2J00D10Y ],
XULOYJOJUILDL],
SNSSTLI0SIN
snsshi0avi g
SnssAL0AU]
vjppAvIYD
SnI0YI0UQ)
vojndas
123518035191
sagyquiydazdag
1235v80UvYdo]S
soj1a0pAvY]

vjohxaquhs
vjahixvuy

vosiny
X24150304
saquopiny
sapuopLEANg
vphjosaN
pogpAnYyv(J
vojpun
vuiojo1ahx
vjahprivduy
210Z0SaUt V]IAX0SIN
vjahxoypds
seur[aAxojuedn
D]OOUOULLEIN
vjafixoisy
vjafixossvii]

(%) eSsouajarduro)

QOUBUSAOL ]

wnjeng  (e) 98y

somadg

ouwreu uoxej} 9917,

Gurpoo resr3ojoydiow ay jo ssaudardwod pue “wmnjyens ‘93 pajewnsa YIm ‘SisA[eue ay} Ul papnoul S[Issoj

g A1avy,



2012

RONQUIST ET AL.—TOTAL-EVIDENCE APPROACH TO FOSSIL DATING

979

Tree Model

Three different priors are commonly used today for
clock trees: the uniform, birth—death, and coalescent
priors. Only the coalescent model leads to a probability
density that is easy to calculate for trees with terminals
of different ages. However, the coalescent is based
on an approximation of population genetics models,
and is more appropriate for gene trees evolving inside
populations than for total-evidence dating of higher-
level phylogenies.

The birth-death model is widely used to model
speciation and extinction. It was recently extended to
accommodate sampling through time mm)/ but
a number of complications arise when attempting to
apply Stadler’s model to total-evidence dating. First, it
assumes a constant fossilization probability, which is
not realistic in most cases. The hymenopteran fossils we
consider here, for instance, come from a small number of
sites and time horizons. A model of random sampling of
the existing lineages at each of these time points would
be a better fit than assuming a constant probability of
fossilization and subsequent discovery throughout the
history of the group.

Second, the birth-death model is quite sensitive to
assumptions about the sampling of lineages. In the
Hymenoptera, the true number of species is not known
to the nearest order of magnitude, making it near
impossible to estimate the sampling fraction of extant
taxa. To make things worse, our taxon sampling is
strongly biased in favor of maximizing diversity. Such
sampling biases can strongly influence the birth—-death
model ), and it is not clear how to
accommodate this in the context of sampling through
time.

Third, Stadler’'s sampling-through-time model
assumes a non-standard tree structure, in which fossils
can sit both on side branches and directly on branches
leading to extant taxa. Depending on implementation
details, it may not be trivial to handle this tree structure
in existing Bayesian software packages; this is the case
for MrBayes at least. Finally, most empirical trees are
more unbalanced than predicted by the birth—death
model id 2006), casting some doubt
on how well it actually models the macroevolutionary
processes of speciation and extinction.

Instead of a complete but unrealistic model of
sampling, speciation, extinction, and fossilization, we
use a presumably vague or uninformative prior for
total-evidence dating, relying on the molecular and
morphological data to provide the branch length
information. Specifically, we extend the uniform prior on
clock trees to trees with terminals of different ages. We
first describe how to draw a random realization from this
model, and then give the probability density of a tree.

Consider a clock tree t with 7 tip nodes, n—2 interior
nodes, and a root node. We order the ages of the tips
in a vector a={ay,ay,...,an,}, such that a;<a;; ;. We
order the ages of the interior nodes in a similar vector
t={t1,f2,....t,—2}. The age of the root node is r.

To draw a random realization from the model, we first
draw the age of each terminal i independently from the
prior probability distribution on age associated with that
terminal, described by the density function f;(-). If the
terminal is extant, f;(-) is a point mass on 0, while for a
fossil terminal, f;(-) expresses the uncertainty concerning
the age of the fossil. The obtained values are ordered to
give a realization of a.

We now draw the age of the root of the tree, 7, from
a distribution with density h(). We subject the draw
to the condition r>a,, that is, that the root is older
than the oldest terminal in the tree. In the next step,
the ages of the interior nodes are drawn from a set of
uniform distributions on appropriate intervals, such that
a tree with these node ages can always be constructed.
Specifically, we draw the first value x1 uniformly from
the interval (ap,7), the second value x;, from the interval
(a3,7), and so on until we get the last value x,,_, from the
interval (a,_1,7). Call the density functions associated
with each of these distributions g;(-), 1 <i <n—2. Wenow
order the values in vector x to get the values in the vector
t. Finally, we construct the tree by taking each of the
interior nodes in turn, from the youngest to the oldest,
choosing a random pair of lineages existing at that time
to coalesce in the node.

We now turn our attention to calculating the
probability density of an observed tree. It is convenient
to first divide the time interval (0, r) into n — 2 coalescence
intervals. The firstinterval is (ap,a3), because there can be
no coalescence eventin (a1,a2) as thereis only onelineage
in that interval. The second interval is (a3,a4), etc. until
we get to the last interval, (a,,_1,7). There is no interval
(an,7), because there need notbe a single coalescent event
in that interval except for the coalescence at the root.

Assume that one such interval j has m; coalescent
events, k; lineages entering it, and kj—m; lineages
exiting it. There are several ways of drawing the
same m; coalescence times from our set of uniform

distributions, which increases the probability of any
particular outcome. Specifically, there will be

(ki —1)!
(k] - m] — 1) !
ways in which we can get the observed coalescence times.
Note that we need to subtract 1in both the numerator and
denominator because there can only be k—1 coalescent
events for k lineages.
For k lineages, there are
k(k—1)
2

possible coalescent events, the probability of randomly
picking one of these being the inverse of this number.
For the entire interval j, the probability of the observed
coalescent events is then

Zm/(k]' —m]')!(k]' —T}’lj — 1)!
kil(k;j—1)!
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Finally, the probability density of a given tree, p(1), is
obtained by multiplying these probabilities together:

n n—2
p()=hrlr>an)[ [fita) [ [ i)

i=1 j=1
H( (kj—1)! me'(k]-—m]-)!(k]-—mj—l)!>
i1 (k]-—m]-—l)! kj!(k]‘—l)!
n n—2 m;
1 2 ](kj—m]‘)!
=h(r|r>an)‘]_[ﬁ(ai)‘]_[(r_aﬁ1 o :
i=1 ]:1

Outline of Analyses

We performed a number of different analyses to set
prior parameters and to allow comparison of node
dating and total-evidence dating. For the benefit of the
reader, we provide an overview of the entire analytical
procedure in Figure [l We started by conducting a
standard analysis that does not assume a molecular clock
(“nonclock”), and a non-calibrated strict-clock analysis.
This was done in order to assess the power of our data
set to reconstruct the hymenopteran tree, to evaluate the
impact of the strict clock model on the topology, and
to obtain initial estimates of the tree height and of the
among-branch rate variation. The latter estimates were
used to inform priors on the clock rate for the calibrated
analyses and on the rate variation expected in the
relaxed-clock models, respectively. We then employed
Bayes factor comparisons to examine the performance
of the relaxed-clock models across uncalibrated, node-
calibrated, and total-evidence-calibrated data sets.
Standard node dating relied on seven calibration points
extracted from the 45 fossils, and total-evidence dating
was based on a total-evidence analysis of combined
morphological and molecular data for the 45 fossils
and 68 extant taxa. The obtained divergence time
estimates were compared between the two approaches
and contrasted with the fossil record and with earlier
dating attempts in Hymenoptera. Details on all analyses
are given below, and a file containing all commands for
performing these analyses with MrBayes 3.2 is provided
as Supplementary Material.

Specifying Priors for Relaxed-Clock Parameters

Because we could demonstrate significant rate
variation across the extant tree, we explored relaxed-
clock models in addition to standard nonclock and
strict-clock models. In particular, we implemented
Bayesian Markov chain Monte Carlo (MCMC) sampling
in MrBayes 3.2 under three relaxed-clock models:
the Thorne-Kishino 2002 (TK02) model (Thorne
and Kishino ); the compound Poisson process
(CPP) model (Huelsenbeck et all R000); and the

independent gamma rates (IGR) model, originally

described as the “white noise” model (Lepage et all

The TK02 model is a continuous autocorrelated model,
in which the evolutionary rate changes continuously
along the branches of the tree in a manner similar to
Brownian motion on the log scale. In particular, the
evolutionary rate at a node is modeled by a lognormal
distribution. The mean (not the log of the mean) of this
distribution is the rate at the ancestral node, while the
variance is proportional to the time separating the nodes,
measured in expected substitutions per site at the base
rate of the molecular clock. The overall evolutionary rate
of a branch is taken to be the arithmetic average of the
ancestral and descendant rates multiplied by the base
rate of the clock. The rate at the root of the tree is assumed
to be the same as the base rate of the molecular clock, as
is true also for the other relaxed-clock models. Note that
our implementation, which is virtually identical to that
in [Thorne and Kishind (2002), differs slightly from an
earlier version of the model (Thorne et al][1999).

The CPP model is a discrete autocorrelated model,
in which the rate is successively modified by rate
multipliers thrown onto the tree according to a Poisson
process. Specifically, the rate multipliers are drawn
from a lognormal distribution with a log mean of
0.0, ensuring that the rate does not tend to increase
or decrease over time. We preferred the lognormal
distribution over the modified gamma distribution used
originally in the CPP model (Huelsenbeck et all[2000)
for mathematical convenience. The rate of the Poisson
process and the variance of the lognormal distribution
of the rate multipliers are not identifiable parameters

). We address this by fixing the variance
of the lognormal, such that each event is expected to
result in some substantial change in the evolutionary
rate, and by applying a suitable hyperprior to the rate
of the Poisson process.

The CPP model was originally used only for fixed trees
(Huelsenbeck et all ) ; our implementation appears
to be the first that also samples across tree space. The
strategy we use was developed independently but is
similar to the approach used by i
(2004, 2008) to sample across tree space for a CPP model
where the stationary state frequencies vary across the
tree. For details of the MCMC implementation, we refer
to the source code of MrBayes 3.2 (http:/ /sourceforge.
net/projects/mrbayes/develop/).

The IGR model is a continuous uncorrelated model, in
which the branch rates are drawn independently from
the same gamma distribution (@Eﬁ) The
mean of the gamma is the same as, and the variance
is proportional to, the length of the branch measured
in expected substitutions per site at the base rate of
the clock. The IGR model is similar to the uncorrelated
gamma model and related independent-branch rate
models (Drummond et all2006), but it is mathematically
more elegant in that it truly lacks time structure: the
expected variance in effective branch lengths (branch
lengths measured in terms of the number of expected
substitutions per site) for a given time interval is the
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Data acquisition

Molecular matrix
66 extant taxa
7 genes

~5kb

Combined matrix

68 extant taxa
Prior setting /

Nonclock analysis 1

Best topology<

Minimum and maximum age

of tree from fossil record \

Calibrated analyses

Informative prior on
calibrated clock rate

Seven calibration points
based on the 45 fossils

\

Phylogeny and
divergence time
estimates

FIGURE 1.
justifications for the different steps.

same regardless of how that interval is broken into
branches.

Relaxed-Clock Prior Parameters

Relaxed-clock models are sensitive to the choice of
priors, and we therefore exercised particular care in
modeling rate variation appropriately (Fig. @). To do
this, we first found the nonclock topology with the
highest posterior probability, which agreed well with
previous studies of basal hymenopteran relationships

2011; EPm, and the papers
cited therein). We then sampled the branch length
posteriors on this topology both under a nonclock and
a strict-clock model. The ratio between the nonclock
and strict-clock branch lengths gives a raw estimate of
the branch rate that does not include a rate-smoothing

Morphological matrix
61 extant taxa
343 characters

77% complete)

Nonclock analysis 2
fixed topology

trict-clock analysis
fixed topology

Node-dating analysis

Morphological matrix
45 fossil taxa
343 characters
(12% complete)

Combined matrix
113 extant and
fossil taxa

= Substitution

branch lengths Estimate of

among-branch
Time / rate variation
branch lengths

Tree height in
substiutions

Informative hyper-priors
on rate variation in
relaxed-clock models

~

Total-evidence analysis

Flow-chart showing the main analyses conducted in this study. See Materials and Methods section for details, explanations, and

component. Therefore, the variation of raw branch rates
should provide a good guide for setting the hyperpriors
in the rate-smoothing relaxed-clock models.

The ratio between mnonclock and strict-clock
branch lengths was evenly distributed around the
1:1 expectation (Fig. Bh), and the variance (squared
deviation from the 1:1 expectation) in nonclock branch
lengths increased over time as expected (Fig. Bb). The
IGR model assumes that the variance in effective branch
lengths increases linearly over time. Therefore, we used
the slope of the linear regression as the median for
an exponential hyperprior on the variance increase
parameter of this model.

For both the TK02 and the CPP model, we performed
simulations in R 200d) in
order to obtain suitable priors for the rate variation
(R scripts provided as Supplementary Material). In the
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TKO02 model, a single parameter controls the variation
of the rate across the tree. Simulating the changes in
evolutionary rates across our tree for different values of
this parameter, we obtained an estimate of the optimal
value. We used this estimate as the median of an
exponential hyperprior on the variance parameter of the
TK02 model.

In the CPP model, the variation in evolutionary rate
depends on two parameters: the rate of the Poisson
process generating rate multipliers, and the variance
of the rate multipliers. To find parameter combinations
resulting in the right amount of rate variation, we

compared the variance of simulated effective branch
lengths from the CPP model on our strict-clock tree to
that of the nonclock branch lengths. The results show
the expected inverse relationship between the rate and
variance parameters of the CPP model (Fig. Bk). Any
parameter combination along the optimal line would
be appropriate for our analysis. We arbitrarily fixed
the variance of the rate multipliers to a relatively high
value (0.8), resulting in an expectation of a smaller
number of more substantial rate-changing events. This is
advantageous both from a parsimony perspective (fewer
events needed to explain the rate variation) and in terms
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of MCMC convergence (CPP space with fewer events to
sample across). To match this variance value, we then
used an exponential hyperprior with mean 1.0 for the
rate of the Poisson process (Fig. k).

In order to examine autocorrelation in rates across
the tree, we compared the ratio of branch rates of
parent—offspring pairs to the ratio of random pairs of
branches (Fig. Bd). There was a small but significant
tendency for parent-offspring pairs to have more similar
rates (D=0.1625, P=0.0055; Kolmogorov-Smirnov test
of equality of distributions). However, this observation
does not mean that an autocorrelated relaxed-clock
model necessarily has a better fit to our data, as
this will depend on the actual distribution of rates
across branches, and not only on the presence of some
significant autocorrelation. Actually, the fact that the
correlation was rather weak implies that parts of the
tree could show no rate autocorrelation at all, a situation
which could be difficult to model with one of our
autocorrelated relaxed-clock models. We thus proceeded
with all three relaxed-clock models and used Bayesian
model choice to distinguish between them (see below).

Node Dating and Total-Evidence Dating

To obtain calibration points for the node-dating
method, we assigned fossils to particular well-supported
nodes of the tree of the extant taxa, relying on
prior knowledge of their morphology and phylogenetic
relationships. This resulted in seven calibration points
within Hymenoptera (Table 3 and Fig. B cahbratlon

a 3 ; ; Zhang and
Rasnitsyn ) Ttv was not possible to extract more than
seven calibration points out of the 45 fossil taxa included
in our data set because many fossils were assigned to
the same branches in the tree, or could not be assigned
with certainty to any branch at all. In addition, we used
two calibration points outside the Hymenoptera: one for
Neoptera (calibration point A; same as the root of the
tree; ) and one for Holometabola
(calibration point B). All calibration nodes were fixed
to be monophyletic, which appears justified given that
they obtained 1.0 posterior probability in the nonclock
analysis (Fig.[B). As a probability distribution on the age
of each calibration node, we used an offset-exponential
distribution with the minimum set to the age of the oldest
fossil assigned to one of the subclades subtended by the
node, and the mean set to the minimum age of a relevant
calibration node pertaining to a more inclusive taxon (see
Table 2 for details).

In the total-evidence analysis, we removed all
node calibrations except the root calibration (A) and
the Holometabola calibration (B). A root calibration
is required by the uniform tree prior, and the
Holometabola calibration was retained because we
included no outgroup fossils that could help date
this part of the tree. All other calibration points were
removed, and the corresponding nodes were no longer
fixed to be monophyletic. The fossils were treated as

terminals, with the age of each fossil fixed to the
estimated age of the bed from which it was retrieved
(Table 3). We did not attempt to accommodate the
uncertainty in the dating of the fossil beds, since this
is likely to be negligible compared to the other sources
of error in the analysis.

To find an appropriate prior for the substitution rate
(the base rate of the clock) in the calibrated analyses,
we first ran uncalibrated strict-clock analyses with three
different priors on tree height, namely exponential
distributions with means of 0.1, 1.0, and 10. The posterior
distribution on tree height was almost invariant across
these prior settings, with the median ranging from 0.3326
to 0.3341. In deriving the base rate of the clock, we used
the posterior distribution from the Exp(1.0) prior.

The outgroups in our analysis included a broad
sample across Holometabola and some hemimetabolous
Neoptera; therefore, reasonable estimates of the
minimum and mean age of the tree might be the ages
of Katerinka, the oldest fossil neopteran (Prokop and
Nel D0OZ), and thniognathal the oldest insect (Engel
and Grimaldi | ). Dividing the median tree height
with the mean age results in an estimated clock rate of
~8.412x 10~* substitutions per site per million years,
which was used as the mean of a lognormal prior
on the clock rate. The standard deviation (SD) of the
lognormal was chosen such that a rate estimate obtained
by dividing the upper 95% estimate of the tree height
by the age of Neoptera was removed by 1SD from the
mean of the lognormal.

To assess the sensitivity of node age estimates to
calibration settings, we also used a more restrictive
and a less restrictive prior on the root calibration
(A) and the Holometabola calibration (B). To obtain
these priors, we doubled and halved the respective
intervals between the minimum and mean of the offset-
exponential distributions (Table 3).

Bayesian MCMC Analyses

To validate the implementation of the relaxed-clock
models, the tree prior for total-evidence dating, and
other aspects of the Bayesian MCMC machinery, we
ran a number of tests that are available in the
public SVN repository of MrBayes (https://mrbayes.
svn.sourceforge.net/projects/mrbayes/develop) in the
“test” directory. The tests included runs on simulated
data to verify that we could retrieve parameter values
correctly, and runs without data to check that we
obtained reasonable samples from the prior distribution.
We show an example from one of the latter tests here
(Fig. @). In this test, we used a data set consisting of
either four extant terminals (Fig. Bh,c) or two extant
terminals and two fossil terminals (Fig. db,d). In both
cases, we could retrieve the tree probabilities (Fig.dh,b)
and the branch length distributions (Fig.Bk,d) with good
precision.

To generate samples from the posteriors, we used four
independent runs of four parallel chains each (MrBayes
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TABLE3.  Fossils used in the node-dating analyses and calibration point prior settings
Calibration point Prior on age (Ma) Fossil(s) Reference PP correct® (%)
A. Neoptera min: 315 Katerinka (oldest Neoptera) Prokop & Nel 2007
mean: 396 Rhyniognatha (oldest insect) Engel & Grimaldi 2004
B. Holometabola min: 302 insect gall (oldest Holometabola) Labandeira & Philips 1996
mean: 396 Rhyniognatha Engel & Grimaldi 2004
C. Hymenoptera min: 235 Triassoxyela, Asioxyela Rasnitsyn & Quicke 2002 96
mean: 302 insect gall Labandeira & Philips 1996
D. XyelidaeP min: 180 Eoxyela Rasnitsyn 1983 0
E. Pamphilioidea® min: 161 Aulidontes, Pamphilidae Rasnitsyn & Zhang 2004 48
undescribed
F. Siricoidea® min: 161 Aulisca, Anaxyela, Syntexyela, Zhang & Rasnitsyn 2006 0
Kulbastavia, Brachysyntexis
G. Vespina® min: 180 Brigittepteris Rasnitsyn et al. 2003 7
H. Apocrita® min: 176 Cleistogaster Rasnitsyn 1975 34
L. Tenthredinoidea s.str.>- min: 140 Palaeathalia Zhang 1985 100

The minimal and mean age for the offset-exponential prior are given, along with the corresponding fossils and references.
#Notes: PP as obtained from the total-evidence analysis that the fossil attaches at the position assumed for the node-dating analysis. Note that
these PPs take both the morphological data and the ages of the fossils into account.

PThe mean age for all intra-hymenopteran calibration points was assumed to be the minimal age of Hymenoptera, i.e., 235 Ma (Triassoxyela,

Asioxyela).
“Tenthredinoidea excluding Blasticotomidae.

command blocks for all analyses are provided as
Supplementary Material). The initial heating coefficient
was set to 0.1, but lowered to 0.05 when the analyses
included fossils to obtain chain swap probabilities
between 10% and 40%. We used random starting
trees, and sampled parameters and trees every 1000
generations. Analyses were run between 5 and 20 M
generations, depending on the difficulty of getting
convergence, at the High Performance Computing
Center North in Umed (http://www.hpc2n.umu.se).
Convergence was assessed by the built-in diagnostics
of MrBayes 3.2: the average SD of split frequencies
(ASDSEF; target value 0.05), the potential scale reduction
factor (PSRF; target value 1.02), and the estimated
sample size (ESS; target value 100). We also examined
trace plots of likelihoods, chain swap frequencies, and
parameter samples for evidence of non-stationarity or
poor mixing. Burn-in was usually set to 25% of samples,
but occasionally up to 50% of samples were discarded
in difficult analyses. The diagnostic criteria were met for
all parameters in all analyses except as noted below for
the CPP model.

Bayes factors were used to choose among relaxed-
clock models. They were calculated from estimates of
the marginal likelihoods obtained using the stepping
stone sampling approach ), which we
implemented in MrBayes 3.2. Our implementation
estimates model likelihood by going from posterior to
prior or in the reverse direction. It supports multiple-
run convergence diagnostics, implements both initial
and stepwise burn-in, and uses Metropolis coupling
to enhance mixing during the entire procedure. The
estimates presented here were based on an initial run of
20 M generations on the posterior, followed by 30 steps
with 1000 samples obtained within each step (a=0.4).
In total we ran 50 M generations, sampling every 1000
generations, and discarding 25% of the initial posterior

samples, and the first 25% samples of each step, as
burn-in.

REsuULTS

Tree Topology under Different Clock Models

The consensus tree obtained in an initial nonclock
analysis of the combined extant data set (Fig.[) is largely
in agreement with previous hypotheses about inter-
familial and intl%fenerlc relationships in Hymeno%

; Bchulmeisted 003, Sh% B
RO1T; Vilhelmsen et all POIG;
R00T). Most of the basal nodes received maximal support
from the combined data set, posterior probability
(PP) of 1.0, and were also recovered in analyses of
morphology or molecules alone. Regions of uncertain
resolution mainly include Tenthredinidae and Apocrita;
the latter was very sparsely sampled. Additionally,
the relationships at the base of Unicalcarida remain
uncertain, especially whether Xiphydria is the sister to
Vespina or to Siricidae.

The nonclock tree also shows that the rate of molecular
evolution varies considerably between hymenopteran
lineages, most conspicuously exemplified by the very
short branches leading to extant Xyeloidea (Fig. B).
The Xyeloidea form the sister group of all other
extant Hymenoptera in our analysis; previous studies
have always placed the two constituent lineages, the
Xyelinae and Macroxyelinae, at the very base of the
hymenopteran tree, but variously as: a monophyletic

group (Schulmeister 2003; [Vilhelmsen [2001); as two
separate lineages, each being the sister Erou of a large

clade of other hymenopterans ); as a
basal grade with other hymenopterans monoghglehc

(Ronguist et all [1999); or as unresolved
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Phylogeny of extant Hymenoptera and outgroups retrieved under a nonclock model. Branch colors indicate the families of

symphytans (the basal grade of Hymenoptera) included in the analysis. Capital letters followed by a star show the nine calibration points used
in the calibrated analyses (Tablem%.l Values above nodes indicate Bayesian posterior probabilities.

[2002; [Vilhelmsenl [1997). The Xyeloidea have apparently
retained many primitive characters found in the oldest
known hymenopteran fossils 200d). Our
results show that the Xyeloidea are characterized by low
evolutionary rates both in morphological and molecular
characters.

The choice of clock model and rooting method
had a large impact on tree topology (Fig. [B).
The nonclock topology (Fig. Bb) agrees well with
previous studies, including intuitively constructed
morphology-based trees, and is identical to that
obtained from only morphological characters (Fig. Bh),
except for the placement of Syntexis within versus

outside Siricoidea. Imposing a strict clock drastically
changed the topology, most importantly by shuffling
the outgroups and rerooting the hymenopteran
tree on the branch separating the Vespina from
other hymenopterans (Fig. Bk). Constraining the
Holometabola to be monophyletic, to help structure
outgroups according to the received wisdom, did not
reverse the unorthodox rooting of the hymenopteran
tree (Fig. Bd). Unconstrained relaxed-clock models
similarly resulted in an unorthodox topology
(Fig. ), but when the Holometabola constraint
was added to help guide the rooting of the tree, the
topological artifacts disappeared completely (Fig. BF).



986 SYSTEMATIC BIOLOGY VOL. 61
3 b)g
o <)
$ m Estimated o @ Estimated
> o Predicted s o Predicted
£ 8 | -
S o -
= [S)
5 . =
© < - ]
§ 3 ©
g © 8
] S
< S
o <)
12 3 45 6 7 8 9 10111213 14 15 12 3 45 6 7 8 9 10111213 14 15
o 1 calibrated, 2 noncalibrated taxa clade
C) o d) 4 2 calibrated, 1 noncalibrated taxa clade
N o 2 taxa clade 5°° < 7 4 1 calibrated, 1 noncalibrated taxa clade e
> o 3 taxa clade 00°° s 2 noncalibrated taxa clade at
% 6 4o°° o 2 calibrated taxa clade st
< . A ™ - a ast
o T~ (LI o°® ABANANp Aa
g ......'°Oo o°°°°° oo AAAAAAAA st ooooﬂﬂ°....
£ o ®%c0e, o® ©000950,00000005244 as eeee®®®
9 ~ 7 .; 92.. AN °3.8““8§§§. %00
© o® ®oee, ces®e®®2x 824920%00004400
o o LTS eo®e Ak LN O®ooo00
S £0°° ®o0ee, .“o.o"' Ak Adaaa,
o 90| 00°° *cen,, - ot “880an,
e oo°° st
o
o °°°O°°° i A\'.\AAl:\AA\'-\A‘ul:\r.\l'.\r.\|:\|:\|-.\|:\|:\|:\|-.\\'.\r.\|-_|‘-_|‘-_,‘._“._“._‘l__“__‘
e T T T T 1 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.5 0.6 0.7 0.8 0.9 1.0
FIGURE 4.  Extensive simulations were used to validate the MCMC algorithms. Here we show a simple example: retrieval of the uniform
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was fixed to 1.0 in both cases, and the age of the fossils to 0.5. Both tree probabilities a and c) and branch length distributions b and d; only part
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relaxed-clock models.

All subsequent analyses used relaxed-clock models
with the Holometabola constrained to be monophyletic.

Choosing a Relaxed-Clock Model

To select the best relaxed-clock model, we performed
Bayes factor comparisons. Because the dating approach
could influence the results, we performed the
comparisons separately on the uncalibrated, node-
calibrated, and total-evidence-calibrated data sets.
Model likelihoods were computed using the stepping-
stone algorithm (Xie et al. 2011), augmented by
discarding a burn-in for each step to remove any
temperature lag. Four independent analyses were
performed on each data set.

The results differed across data sets. For the
uncalibrated and node-calibrated data sets, the
comparison favored the autocorrelated models (CPP
and TKO02) over the IGR model (CPP vs. IGR log Bayes
factor InF=21 and InF=26 for the uncalibrated and
calibrated analyses, respectively). The CPP model was
slightly ahead of the TK02 model (InF=5 and InF=6,

respectively).
For the total-evidence data set, we had some
difficulties with convergence among the four

independent stepping-stone analyses. The scatter
among estimates was about 10 to 15 log likelihood units

(except for TKO02, see below), whereas it was around
5 log likelihood units for the other data sets. However,
the results do suggest that inclusion of the fossils
changed the performance of the models. In particular,
the IGR model performed much better, on par with
the CPP model. In four independent analyses, the
model likelihood estimates for these models completely
overlapped; the ranges were (—66853 to —66839) and
(—66853 to —66842) for the CPP and IGR models,
respectively. The TK02 model trailed behind with a
range of (—67121 to —66853) (including an obvious
outlier at —67121).

Examining the uncalibrated trees estimated by the
different relaxed-clock models (Fig. ) revealed that
there is a major difference in the basal part of the
tree, where evolutionary rates vary considerably even
between neighboring branches (cf. Fig. B). The IGR
model allows the changes in substitution rates on
adjacent basal branches to be quite extreme, accounting
for most of the rate variation in the whole tree (Fig.[6h).
In some cases, rates are strongly decelerated on one
branch and accelerated on its sister branch, for example,
in the most basal xyelid branch and in the ancestor of
all other Hymenoptera. The autocorrelated CPP and
TK02 models have a smoothing effect, such that the
rate changes occur more slowly and over a larger part
of the basal tree (Fig. [Bb). The result is that the time
duration of many basal branches is extended. For the
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uncalibrated analyses in general, the choice of relaxed-
clock model had only a small effect on the estimates of
effective branch lengths but often a profound effect on
the estimated time lengths of the branches (Fig. [Bk—f),
which are crucial in dating.

In the dated analyses, the extension of the basal
branches resulted in the autocorrelated models implying
the existence of considerably longer, unsampled ghost
lineages than the IGR model, suggesting that the IGR
model fits the fossil record better. Despite the fact that
our tree model did not account for fossil sampling and
thus did not penalize long ghost lineages, inclusion of
the fossils in the analysis nevertheless tipped the model
comparison in favor of the IGR model, as mentioned
above, giving additional support for the idea that the
IGR model agrees better with the fossil data. For these
reasons, and because it also appears to us that it is more
important to capture the apparently drastic rate changes
among basal hymenopteran branches than it is to exactly
model the rate autocorrelation in the rest of the tree, we
focus on the IGR results in the following. Presumably, the
rate variation in our data set would have been described
more accurately by a relaxed-clock model allowing the
degree of rate autocorrelation to change across the tree,
unlike the models we explored.

Uncertainty in Fossil Placement

When fossils were included as terminals in the
total-evidence analysis, the consensus tree was highly
unresolved (Fig. [). This is not surprising given the
small number of morphological characters that could
be scored for the fossils (4-20% depending on fossil
preservation). The fossils that jump around in the tree
mask any potential resolution among extant taxa in the
consensus tree. When the consensus tree was calculated
from the same tree sample after the fossil taxa were
removed, the relationships among extant taxa were
highly resolved and corresponded to the relationships
obtained when analyzing extant taxa alone.

The uncertainty concerning the phylogenetic
placement varied considerably among the fossils.
While some of the better preserved fossils could be
assigned with high PP to a specific branch of the tree
of extant taxa (e.g., Mesoxyela mesozoica, Fig. Bh), other
fossils floated around over large parts of the tree. In some
cases, this was apparently due to poor preservation
(e.g., Sogutia liassica, only represented by a forewing
impression, Fig.Bb), whereas in other cases, it seemed
more likely due to the absence of apomorphic characters
tying the fossils to any specific group (Fig.Bk,d).

Node Dating versus Total-Evidence Dating

Figure Bl shows the dated phylogeny obtained in
the total-evidence analysis, with error bars on node
ages from both total-evidence and traditional node
dating. When comparing the age estimates, it is striking
that all nodes outside Hymenoptera and in Xyelidae

are estimated to be younger under the total-evidence
approach, whereas the opposite is true for nodes within
Hymenoptera excluding Xyelidae (arrows in Fig. D).
Furthermore, the variance of each estimate can differ
considerably between the two approaches, usually being
smaller in total-evidence dating (e.g., for the basal nodes
in Hymenoptera) (Figs. O and [I0). A striking exception
is the age of the Xyelidae, where node dating leads to a
much narrower (but probably erroneous; see below) age
estimate.

To study the precision and robustness of the age
estimates, we varied the offset exponential prior
distribution on the root age of the tree by doubling or
halving its mean. This comparison shows that the total-
evidence approach is less sensitive to prior choice than
the node-calibration approach (Fig. [[0). The posterior
also tends to be more precise. The exceptions (Fig.[d0k,e,f)
involve cases where the total-evidence analysis suggests
that the relevant node calibration is based on erroneous
or doubtful assumptions about the position of the crucial
fossil, causing artificially narrow posteriors in the node-
dating approach. Specifically, the total-evidence analysis
showed that the PP of the critical fossil being correctly
placed was <50% for four of the seven hymenopteran
calibration points (Table 3). A prominent example is
the Xyelidae calibration, mentioned above, which was
based on the fossil Eoxyela tugnuica. This fossil shows
some characteristics suggesting that it is closely related
to extant species of Xyela m ), a placement
that reached 0% PP in our analysis. Instead, Eoxyela is
probably a stem-line xyelid (96% PP). This conflict in the
placement of the calibration-point fossil is reflected in the
node-dating analysis by an artificially narrow posterior
distribution on the Xyelidae age, pushed towards the
minimum age constraint (Fig. [0k).

Discussion

Relaxed-Clock Models
In many ways, relaxed-clock models are intermediate

between strict-clock and nonclock models (Drummond
etal. ). For instance, relaxed-clock models use much
fewer parameters (roughly half as many) as nonclock
models, but slightly more parameters than strict-clock
models. They account for rate variation across lineages,
unlike strict-clock models, but not as well as nonclock
models. They provide weaker signal on the position
of the root than strict-clock models, but stronger than
nonclock models, which convey no rooting information
at all.

In theory, relaxed-clock models could provide more
precise and accurate phylogenetic results than either
the strict-clock or nonclock models if they strike a
better balance between model complexity (number of
parameters) and model adequacy (accommodating rate
variation across lineages) (Drummond et all ).
However, a recent simulation study has shown that this
might not always be the case in practice (Wertheim
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FIGURE8. The uncertainty in phylogenetic placement varied considerably across fossils. We show the PPs of four example fossils attaching to
specific branches on the majority rule consensus tree of the extant taxa (IGR model). (a) Mesoxyela mesozoica Rasnitsyn, 1965 (140 Ma). (b) Sogutia
liassica Rasnitsyn, 1977 (190 Ma). (c) Aulisca odontura Rasnitsyn, 1968 (161 Ma). (d) Leptephialtities caudatus Rasnitsyn, 1975 (161 Ma). Results were
similar under the CPP and TK02 models.
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FIGURE 10.  Posteriors obtained under node dating and total-evidence dating are compared across three different priors on tree age for eight

nodes (a-h; cf. Table 2). The nodes correspond to the most recent common ancestor of the extant forms of the specified taxa. For the intermediate
prior on tree age, we used an offset-exponential distribution with a minimum of 315 Ma (oldest neopteran fossil) and a mean of 396 Ma (oldest
insect fossil). For the more and less restrictive prior, we shifted the mean to half and twice the distance to the minimum (355 Ma and 477 Ma),
respectively. Note that the total-evidence posteriors are less sensitive to prior assumptions than node-dating posteriors. They also tend to be
more precise; if not, the total-evidence analysis indicated that the calibration points were based on erroneous or doubtful assumptions about
fossil placement, causing posteriors to be artificially truncated (c; probably also e and f).
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et al. R010), and our results support this conclusion. As
expected, we observed topological artifacts under the
strict-clock model, but most of these artifacts remained
under the relaxed-clock models (Fig.B), even when their
priors were calibrated to accommodate the expected rate
variation across the tree (Fig.[).

These topological artifacts would presumably have
disappeared if the rate smoothing effect of the relaxed-
clock priors had been decreased. However, this would
have removed much of the information about the
position of the root and the time length of the branches,
making it very challenging to date the tree. Because most
of the rate variation in our data set was due to a few major
rate changes, such an approach would probably also
have resulted in exaggerated uncertainty in the dating
of the bulk of the tree.

Rather than over-relaxing the clock, we chose to
introduce a topological constraint close to the root
of the tree to provide additional rooting information.
Our results show that such a rooting constraint, on its
own, can help relaxed-clock models pinpoint relevant
rate changes close to the root and correct topological
artifacts. The fact that the Holometabola constraint
alone is sufficient to make all relaxed-clock models
retrieve the expected topology (Fig.[B) also strengthens
our supposition that this topology is indeed close, if
not identical, to the true phylogenetic relationships. Of
course, rooting constraints introduced in relaxed-clock
analyses should be well justified. Few entomologists are
likely to doubt the monophyly of Holometabola, which
is supported by a large body of ontogenetic, ecologica
and molecular evidence |2Ql] %I
[Kjed 2004; Kristenser

It has been pointed out in the literature that both strict
and relaxed-clock models could, in principle, be used to
root phylogenetic trees without introducing outgroup
constraints (Huelsenbeck et all2002;[Renner et aliR00§).
However, such rooting can be misled by model misfit,
especially for strict-clock models (Huelsenbeck et all
ﬁ); by unbalanced sampling of in- and outgroups,
which can be problematic for both strict- and relaxed-
clock models; and by rate variation in general, which
can be difficult to model correctly if it is concentrated
around the root of the tree. Our results demonstrate
several of these problems and exemplify the strength
of the outgroup rooting method, even in the context of
relaxed-clock models.

It is interesting to note that, despite their superficial
similarity, there are clear differences among the three
relaxed-clock models we explored in the estimated time
tree. Even more interesting is the fact that their adequacy,
as evidenced by Bayes factor comparisons, is influenced
by the inclusion of fossils. Apparently, it is the presence
of a few major rate changes close to the root of the
hymenopteran tree that causes the major differences
between the estimated time trees. As far as we can judge,
this part of the tree is modeled best by the uncorrelated
IGR model, which allows drastic rate variation among
adjacent branches, whereas the autocorrelated CPP and
TK02 models do better in the rest of the tree, where

there is significant rate autocorrelation. Without fossils,
the overall rate autocorrelation seems to determine the
outcome of the model comparison, whereas inclusion
of the fossils puts more emphasis on model adequacy
in the basal part of the tree. An observation that seems
to support these conclusions is that the CPP model
performs better than the TK02 model across all data
sets. In the CPP model, rate multipliers are thrown onto
the tree according to a Poisson process. Although this
is an autocorrelated model, it takes only one extreme
multiplier, or a combination of a few multipliers, to
generate more abrupt changes in evolutionary rate than
would be expected in the gradual, continuous TK02
model of rate variation.

Morphological Clock

In total-evidence dating, the phylogenetic position of a
fossil and the time duration of the branch connecting it to
the extant tree are determined based on morphological
evidence. The more similar a fossil is to the inferred
morphology of an ancestor in the extant tree, and the
more complete it is, the more it will influence the
dating of the extant tree. The quantification of these
ideas relies on the existence of a “morphological clock”
(Lewid 2001; Pollyl 200T); [Ronquist [1999), which at first
seems like a controversial proposition. In fact, however,
all dating using fossils is based to some extent on
the assumption that morphological similarity indicates
temporal proximity. Even the most ardent opponents
of the idea would have to agree that the fundamental
assumption of morphological phylogenetic inference,
descent with modification, implies that there is some
correlation between morphological change and time.
Of course, the rate of the morphological clock is likely
to vary considerably over time and over characters (cf.
Supplementary Figure [[), and there are likely to be
complex dependencies between the evolutionary rates
of different morphological characters. Nevertheless,
we argue that it is better to attempt to explicitly
quantify the morphological clock evidence, even if
based on incomplete and over-simplified models of
morphological evolution, than it is to use the evidence
implicitly in constructing probability distributions for
the age of calibration nodes.

An interesting question is whether the variation in
evolutionary rates across the tree should be modeled
jointly or separately for morphological and molecular
data ). We chose to model the rate
variation jointly for several reasons. First, nonclock
analyses showed that rate variation across the tree was
clearly correlated across morphological and molecular
partitions (see Supplementary Material). This was
particularly obvious in the Xyeloidea, a clade that
was characterized by extremely slow rates of both
morphological and molecular evolution, but it appeared
in many other parts of the tree as well. Second, our
MCMC sampling was over effective branch lengths, and
there would have been twice as many effective branch
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lengths (about 100 additional parameters) to sample
over if rate variation had been modeled separately for
morphology and molecules. We suspected it would
be difficult to obtain convergence over such a large
parameter space (see alsommy Finally, modeling
the rate variation separately could possibly also have
resulted in problems related to over-parameterization.
Nonetheless, we consider it worthwhile to further
explore the separate modeling approach, especially for
problems with fairly complete fossils and extensive
morphological data.

Missing Data

Another concern under total-evidence dating is the
impact of missing data. Ambiguous data entries are
inevitably numerous for fossil taxa, which usually
cannot be scored for any of the molecular characters.
Especially when non-randomly distributed among taxa,
such missing entries in the data matrix can interact with
priors on topology and branch lengths in a way that
could mislead tree reconstruction and divergence time
estimation (Lemmon et all2009). On the other hand, such
detrimental effects of missing data are probably weaker
in the presence of a strong phylogenetic signal, and thus

might have little impact when there is enough decisive
data avail melens
etal. m‘)

In our analyses, the addition of fossils had little impact
on the topology recovered for extant taxa, suggesting
that inferred relationships are not affected by missing
data. But missing data could still affect branch length
estimates, which are crucial for dating analyses. If so,
then the least complete fossils should cause the most
severe bias in estimated divergence times. However,
when we excluded the most poorly preserved fossils
(14 of the 45 fossils, those coded for <10% of the
morphological data) from the total-evidence analysis,
the recovered topology did not change and the median
node ages were very similar to those obtained with the
full set of fossils (Supplementary Figure[)). As expected,
the confidence intervals of the divergence time estimates
obtained with the reduced fossil set were usually wider,
especially for those clades from which many fossils had
been removed. This indicates that possible spurious
effects caused by additional missing-data entries in
the matrix are outweighed in our total-evidence dating
analysis by the positive effects resulting from additional
temporal information added by each fossil, however
incompletely preserved.

Node Dating and Total-Evidence Dating

From a theoretical standpoint, total-evidence dating
is preferable over standard node dating simply because
it explicitly incorporates the fossil information instead
of relying on secondary interpretation. We might also
expect total-evidence dating to make more efficient
use of the available data. The ideal case would be

the dating of trees with poorly preserved fossils of
uncertain affinity, which are difficult to use in node
dating. However, such fossils might contain so little
dating information that there is nevertheless little to gain
from a total-evidence analysis.

Our results confirm that it is difficult to use
the node-dating approach for hymenopteran dating
because of the uncertainty in the placement of most
fossils (Fig. B). This is not surprising given the
incompleteness of many of the fossil specimens, such as
the single forewing remaining of Sogutia liassica (Fig.8b).
Despite these difficulties, however, the fossils contribute
significantly to the dating of the tree in the total-evidence
analysis. Compared to the node-calibration approach,
the posterior distributions on divergence times are less
sensitive to prior assumptions and also tend to be more
precise in the total-evidence analysis (Fig.[d0). Arguably,
they also agree better with other dating studies, as
discussed in detail below.

Perhaps more importantly, the total-evidence analysis
highlighted several problems in the node-dating
analysis. It showed that the PP of the critical fossil
actually attaching in the predicted place on the extant
tree was very low for no less than four of the
seven Hymenoptera calibration points (Table 3). Such
erroneous or biased node calibrations can lead to various
problems in the inferred dates. For instance, the Xyelidae
are estimated to be much older in the node-dating
analysis than in the total-evidence analysis because
the former assumes that the fossil Eoxyela tugnuica
is positioned inside the Xyelidae. The total-evidence
analysis, however, only assigns 2% PP to this placement,
and instead suggests that Eoxyela is a stem-line xyelid
(96% PP). The conflict between the hard lower bound on
the age calibration of the Xyelidae and the branch length
information from the phylogenetic model causes the
posterior distribution on the xyelid age to be exceedingly
narrow in the node-calibration analysis, pushed hard
against the minimum age constraint.

Some of these artifacts can be avoided by using soft
instead of hard bounds on the calibration ages (Yang
and Rannala ). However, this assumes that it is
possible to appropriately accommodate phylogenetic
uncertainty in the calibration distributions, which
appears more difficult to us than to actually incorporate
the fossils in a total-evidence analysis. Alternative
approaches to reconcile conflicting calibration points
include compatibility and cross-validation analyses

Mwmmmmmm“hmm
et al. ). However, these approaches tend to discard

incompatible calibration points without considering the
evidence supporting each one of them. In this and many
other respects, they represent less powerful approaches
than a true total-evidence analysis.

An interesting phenomenon is that our total-evidence
analysis dated most nodes outside the Hymenoptera
as younger, and most nodes inside the Hymenoptera
as older, than the node-calibration analysis (Fig. [9). It
is not entirely clear why, but it could partly be due to
our tendency to place fossils inside extant groups, such
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as families, instead of fully considering the possibility
that they belong to stem lineages further down in the
tree. If so, this would help pull deep nodes towards the
recent in the total-evidence analysis, where fossils find
their position based on the available character evidence
instead of on our ability to classify them correctly.
However, it cannot explain why most Hymenoptera
nodes are assigned older dates in the total-evidence
analysis. This could possible be related to differences
in the priors used for node dating and total-evidence
dating.

Origin and Early Radiation of the Hymenoptera

The total-evidence analysis estimates the age of
the order Hymenoptera to 309 Ma (95% credibility
interval 291-347 Ma), and node dating leads to a
very similar result (311 Ma, 95% credibility interval
257-369 Ma). This is considerably older than most
previous estimates, which placed the origin in the
Triassic (e.g., K}nma]_dj_an_d_Engej 2009). In fact, our
age estimate might seem unrealistically high given
the known fossil record. For instance, it leaves a 74
myr gap to the first occurrence of Hymenoptera in

the fossil record (Triassoxyela foveolata and Leioxyela
antiqua _at_235 Ma; ;_Rasnitsyn and
Quicke ). Furthermore, while our dating analysis

places the major radiation of basal Hymenoptera in the
Permian, most higher hymenopteran groups, including
the Apocrita, are recorded for the first time only from the
Lower Jurassic ). The rather numerous
hymenopteran fossils from the Triassic are currently all
attributed to the Xyelidae 2002).

Several factors could result in a bias toward too deep
divergence times in our analyses. Over-estimation of
node ages could be due to the relaxed-clock models
being unable to accommodate the rate variation properly
R007), or to the stochastic bias
resulting from the fact that the evolutionary rate is likely
to be a random variable with a strongly asymmetric
distribution i 5 2007). In the node-
dating analysis, incompatible calibration points could
lead to too deep splits (Benton and Ayald 2003), and
the same holds true for inappropriate modeling of
morphological characters and possibly for the uniform
tree prior in the total-evidence approach. Whether any
of these mechanisms biased our results remains to be
shown.

However, other lines of evidence suggest that our
estimate might not be that unrealistic after all. First, the
scarcity of hymenopteran fossils, especially in the early
Jurassic, indicates that the order may be considerably
older than the oldest fossils. Considering that the second
oldest fossil at 190 Ma (Sogutia liassica; Rasnitsyn 1977)
is separated by 45 myr from the oldest fossils, a gap
of 74 myr between the oldest fossils and the origin of
the order seems at least possible. Such major gaps in
the fossil record are rather the rule than the exception
in arthropods due to factors such as poor preservation,

small size, limited distributional ranges, and a lack of
attention from paleontologists ). In fact, even
the best current fit of a Hymenoptera phylogeny to the
fossil record contains a number of gaps in the range
85-140 myr ). Furthermore, it is possible
that the preponderance of xyelid fossils in the Triassic
is due to the fact that other hymenopterans were less
diverse and abundant during this time period. Another
possibility is that some of the Triassic xyelids are actually
unrecognized members of other basal hymenopteran
lineages.

Accumulating  evidence  suggests that the
Hymenoptera are the sister group of all other
holometabolan insects (Beutel et all 2011: Meusemann
et al. R0IG; d: [Wiegmann et al] 2009). If
so, and if hymenopterans radiated into extant lineages
soon after their origin as suggested by our tree, then
the age of the Hymenoptera should be close to the
age of the Holometabola. The fossil record of several
other holometabolous orders extends well into the
Permian (Grimaldi and Engel R005), suggesting that
the Hymenoptera are at least this old. The oldest
known fossil assigned to the Holometabola is a gall
from the late Carboniferous, estimated to be ~302 myr
old. It could represent a hymenopterous gall, but this
mterpretatlon is_rather controversial (Grimaldi and
Engel :

There is abundant additional evidence suggesting
that the stem lineage of hymenopterans had separated
from other Holometabola by the late Carboniferous
(Rasnitsyd [1969, 11980, 2002; [Rasnitsyn et all 2004),
agreeing well with our estimated divergence time for
this split in the upper Carboniferous (Fig. B). The
fossil record indicates that there was a long period of
evolution after that split, at least partly documented by
the now extinct Palaeomanteida (= Miomoptera), before
the Hymenoptera started radiating into extant lineages
in the Triassic or Jurassic (]Ra_snj_tsg_ﬁ [198d, 2003, ).
It is here that our results differ by suggesting that the
hymenopteran radiation started earlier, soon after the
split from other holometabolans, leaving little room for
a Palaeomanteida-like stem group. It should be borne in
mind, however, that we did not include representatives
of early holometabolans, such as the Palaeomanteida,
in our study. A total-evidence analysis sampling
more broadly across extant and extinct holometabolan
lineages is needed before firm conclusions can be drawn
on the time duration of the hymenopteran stem lineage
and the role of the Palaeomanteida in the emergence of
modern hymenopterans.

Regardless of the conclusion on the fit to the early
hymenopteran fossil record, our results do agree well
with a number of other dating studies. For instance,
a recent supertree analysis (ﬁm 2010), which
compared fossil-based first occurrences of insect orders
to phylogeny-based age estimates, found that many
insect orders are likely to be considerably older than
currently assumed. Specifically, the Hymenoptera were
estimated to date back to the Carboniferous, ~311 Ma,
very close to our estimate of 309 Ma.




2012

RONQUIST ET AL.—TOTAL-EVIDENCE APPROACH TO FOSSIL DATING

997

Age estimates for Hymenoptera based on molecular
data are rather scarce. [Wiegmann et all (2009) used
relaxed clock methods in combination with fossil
calibration points to date the origin of holometabolan
orders, obtaining an estimate of 350 Ma for the age
of the Holometabola and 215-110 Ma for the basal
split between three hymenopteran taxa, one of which
was a tenthredinid. The latter is considerably younger
than our estimate for the same split (304 Ma, 95%
credibility interval 283-343 Ma), possibly due to the
restricted sampling of hymenopteran taxa in Wiegmann
et al’s study leading to underestimation of branch
lengths (Fitch and Bruschi [1987; 2003)
and therefore biased age estimates. Other hymenopteran
dating studies suggest that ants are at least 140 myr
(Moreau ; % and bees at least
125 myr old (Danforth et all ). These estimates
agree better with our analysis, in which the ancestor of
the rather scarcely sampled Vespoidea—Apoidea clade,
including both bees and ants, is placed ~170 Ma (95%
credibility interval 123-225 Ma). In fact, our analysis
suggests that the Apoidea, with the bees nested inside,
dates back to ~145 Ma, only 20 myr before the estimated
time of radiation of extant bees at 125 Ma.

CONCLUSIONS

We conclude that, when feasible, total-evidence dating
should be preferred over node dating. This is not
only because total-evidence dating directly incorporates
the evidence on which fossil dating is based instead
of relying on indirect methods that may obscure or
misrepresent the available data. Our study shows
that total-evidence dating can also clearly outperform
node dating when extracting information from poorly
preserved fossils.

Moreover, the total-evidence approach provides a
much better platform for future development of fossil
dating. For instance, we can now start to directly
explore models of speciation, extinction, sampling,
and fossilization, and their effect on fossil dating of
phylogenies, as a natural component of total-evidence
analyses (e.g.,StadledR010). This would have been almost
impossible within the framework of node dating.

Lastbutnotleast, the total-evidence approach puts the
emphasis in fossil dating of phylogenies back where it
belongs, in the empirical study of the fossil record. Our
results clearly show that even with moderate amounts
of molecular data, the uncertainty in effective branch
lengths is negligible in comparison with the uncertainty
in time lengths of branches (Fig. [B). Thus, increasing
the sampling of molecular characters, which primarily
are informative about effective branch lengths, will
help little in improving divergence time estimates. Such
improvements must instead come from more intense
study of the fossils and their morphological characters,
improved understanding of the nature of morphological
evolution, better models of rate variation over time and

across the tree, and more sophisticated priors for clock
trees with fossils.

SUPPLEMENTARY MATERIAL

Supplementary material, including data files and
online-only appendices, can be found in the Dryad
data repository at http://datadryad.org, doi:10.5061/
dryad.j2r64.

FUNDING

This work was supported by the Swedish Research
Council [VR-2008-5629 to E.R.]; the National Science
Foundation [DEB-0337220 to F.R. through the HymAToL
project, PI Michael Sharkey]; and the Swiss National
Science Foundation [PBBEP3_130173 to S.K.].

ACKNOWLEDGMENTS

The authors contributed to this study as follows: ER.,
L.V.,, APR. and S.K. planned the study. L.V, S.S., APR,,
and FE.R. contributed to the definition of morphological
characters and states, and L.V. and A.PR. coded the
missing extant and the fossil taxa for the morphological
matrix. S.S., D.L.M., and S.K. contributed the molecular
data. A.PR. provided paleontological information and
together with L.V. identified calibration points for the
node-dating analysis. F.R. developed the models, priors,
and Bayesian computational machinery. ER. and S.K.
planned the details of the analyses, analyzed the data,
and wrote the manuscript. All authors revised the
manuscript drafts, and read and approved the final
manuscript.

We would like to thank Maxim Teslenko for
implementing the stepping stone algorithm and
providing crucial help with the programming,
validation of algorithms, and analyses. We would
also like to express our sincere gratitude to John
Huelsenbeck, Bret Larget, Tom Britton, Sebastian
Hohna, and Tanja Stadler for generously sharing ideas
and commenting on various aspects of this study. A
previous version of the manuscript was considerably
improved by the extensive comments of Brian Moore
and two anonymous reviewers.

REFERENCES

Benton M.]., Ayala EJ. 2003. Dating the tree of life. Science. 300:1698—
1700.

Beutel R.G., Friedrich F., Hornschemeyer T., Pohl H., Hiinefeld F,
Beckmann E,, Meier R., Misof B., Whiting M.E., Vilhelmsen L. 2011.
Morphological and molecular evidence converge upon a robust
phylogeny of the megadiverse Holometabola. Cladistics. 27:341-355.

BlanquartS., Lartillot N. 2006. A Bayesian compound stochastic process
for modeling nonstationary and nonhomogeneous sequence
evolution. Mol. Biol. Evol. 23:2058-2071.

Blanquart S., Lartillot N. 2008. A site- and time-heterogeneous model
of amino acid replacement. Mol. Biol. Evol. 25:842-858.



998

SYSTEMATIC BIOLOGY

VOL. 61

Blum M., Frangois O. 2006. Which random processes describe the tree
of life? A large-scale study of phylogenetic tree imbalance. Syst. Biol.
55:685-691.

Danforth B.N.,JiS. 1998. Elongation factor-1 alpha occurs as two copies
in bees: implications for phylogenetic analysis of EFla sequences in
insects. Mol. Biol. Evol. 15:225-235.

Danforth B.N.,, Sipes S., Fang J., Brady S.G. 2006. The history of early
bee diversification based on five genes plus morphology. Proc. Natl
Acad. Sci. USA. 103:15118-15123.

Davis R.B., Baldauf S.L., Mayhew PJ. 2010. Many hexapod groups
originated earlier and withstood extinction events better than
previously realized: inferences from supertrees. Proc. R. Soc. B Biol.
Sci. 277:1597-1606.

Djernaes M., Damgaard J. 2006. Exon-intron structure, paralogy
and sequenced regions of elongation factor-1 alpha in Hexapoda.
Arthropod Syst. Phylogeny. 64:45-52.

Dowton M., Austin A. 2001. Simultaneous analysis of 16S, 28S, COI
and morphology in the Hymenoptera: Apocrita - evolutionary
transitions among parasitic wasps. Biol. J. Linn. Soc. 74:87-111.

Drummond A.J., Ho S.Y.W., Phillips M.J., Rambaut A. 2006. Relaxed
phylogenetics and dating with confidence. PLoS Biol. 4:e88.

Engel M.S., Grimaldi D.A. 2004. New light shed on the oldest insect.
Nature. 427:627-630.

Fitch W.M., Bruschi M. 1987. The evolution of prokaryotic ferredoxins
- with a general method correcting for unobserved substitutions in
less branched lineages. Mol. Biol. Evol. 4:381-394.

Grimaldi D.A., Engel M.S. 2005. Evolution of the insects. Cambridge,
New York: Cambridge University Press.

Hennig W. 1981. Insect phylogeny. Chichester: John Wiley & Sons.

Heraty J., Ronquist F., Carpenter ].M., Hawks D., Schulmeister S.,
Dowling A.P., Murray D., Munro ]J., Wheeler W.C., Schiff N.,
Sharkey M. 2011. Evolution of the hymenopteran megaradiation.
Mol. Phylogenet. Evol. 60:73-88.

Hohna S., Stadler T., Ronquist F., Britton T. 2011. Inferring speciation
and extinction rates under different species sampling schemes. Mol.
Biol. Evol. 28:2577-2589.

Huelsenbeck J., Larget B., Swofford D. 2000. A compound Poisson
process for relaxing the molecular clock. Genetics. 154:1879-1892.
Huelsenbeck J.P., Bollback J.P., Levine A.M. 2002. Inferring the root of

a phylogenetic tree. Syst. Biol. 51:32-43.

Kjer K M. 2004. Aligned 18S and insect phylogeny. Syst. Biol. 53:
506-514.

Kristensen N.P. 1999. Phylogeny of endopterygote insects, the most
successful lineage of living organisms. Eur. ]. Entomol. 96:237-253.

Labandeira C.C., Phillips T.L. 1996. A Carboniferous insect gall: insight
into early ecologic history of the Holometabola. Proc. Natl Acad. Sci.
USA. 93:8470-8474.

Lee MS.Y. Oliver PM., Hutchinson M.N. 2009. Phylogenetic
uncertainty and molecular clock calibrations: a case study of legless
lizards (Pygopodidae, Gekkota). Mol. Phylogenet. Evol. 50:661-666.

Lemmon A.R., Brown ].M., Stanger-Hall K., Moriarty Lemmon E. 2009.
The effect of ambiguous data on phylogenetic estimates obtained by
maximum likelihood and Bayesian inference. Syst. Biol. 58:130-145.

Lepage T., Bryant D., Philippe H., Lartillot N. 2007. A general
comparison of relaxed molecular clock models. Mol. Biol. Evol.
24:2669-2680.

Lewis P.O. 2001. A likelihood approach to estimating phylogeny from
discrete morphological character data. Syst. Biol. 50:913-925.

Linder M., Britton T., Sennblad B. 2011. Evaluation of Bayesian models
of substitution rate evolution — parental guidance versus mutual
independence. Syst. Biol. 60:329-342.

Manos PS., Soltis PS., Soltis D.E., Manchester S.R., Oh S.H., Bell
C.D., Dilcher D.L., Stone D.E. 2007. Phylogeny of extant and
extinct Juglandaceae inferred from the integration of molecular and
morphological data sets. Syst. Biol. 56:412-430.

Marshall C.R. 2008. A simple method for bracketing absolute
divergence times on molecular phylogenies using multiple fossil
calibration points. Am. Nat. 171:726-742.

Matallén S. 2010. Using fossils to break long branches in molecular
dating: a comparison of relaxed clocks applied to the origin of
angiosperms. Syst. Biol. 59:384-399.

Meusemann K., von Reumont B.M., Simon S., Roding F., Strauss S.,
Kiick P., Ebersberger 1., Walzl M., Pass G., Breuers S., Achter V.,

von Haeseler A., Burmester T., Hadrys H., Wégele ]J. W., Misof B.
2010. A phylogenomic approach to resolve the arthropod tree of life.
Mol. Biol. Evol. 27:2451-2464.

Moreau C.S. 2011. What do molecular clocks tell us about the evolution
of ants? (Invited instant symposium review). Am. Entomol. 57:
52-53.

Moreau C.S., Bell C.D., Vila R., Archibald S.B., Pierce N.E. 2006.
Phylogeny of the ants: diversification in the age of angiosperms.
Science. 312:101-104.

Near TJ., Meylan P.A., Shaffer H.B. 2005. Assessing concordance of
fossil calibration points in molecular clock studies: an example using
turtles. Am. Nat. 165:137-146.

Near TJ., Sanderson M.]J. 2004. Assessing the quality of molecular
divergence time estimates by fossil calibrations and fossil-based
model selection. Phil. T. R. Soc. B 359:1477-1483.

Nylander, J. A.A. 2004. MrModeltest v2 (Program distributed by the
author). Uppsala, Sweden: Evolutionary Biology Centre, Uppsala
University.

Parham J.F., Donoghue P.C., Bell C.J., Calway T.D., Head J.J., Holroyd
P.A,, Inoue J.G., Irmis R.B., Joyce W.G., Ksepka D.T., Patane J.S.L.,
Smith N.D., Tarver J.E., van Tuinen M., Yang Z., Angielczyk K.D.,
Greenwood J.M., Hipsley C.A., Jacobs L., Makovicky PJ., Miiller J.,
Smith K.T., Theodor J.M., Warnock R.C.M., Benton M.J. 2012. Best
practices for justifying fossil calibrations. Syst. Biol. 61:346-359.

Polly P.D. 2001. On morphological clocks and paleophylogeography:
towards a timescale for Sorex hybrid zones. Genetica. 112-113:
339-357.

Prokop J., Nel A. 2007. An enigmatic Palaeozoic stem-group: Paoliida,
designation of new taxa from the Upper Carboniferous of the Czech
Republic (Insecta: Paoliidae, Katerinkidae fam. n.). Afr. Invertebr.
48:77-86.

Pulquério M.J.E,, Nichols R.A. 2007. Dates from the molecular clock:
how wrong can we be? Trends Ecol. Evol. 22:180-184.

Pyron R.A. 2011. Divergence time estimation using fossils as terminal
taxa and the origins of Lissamphibia. Syst. Biol. 60:466—-481.

Rannala B. 2002. Identifiability of parameters in MCMC Bayesian
inference of phylogeny. Syst. Biol. 51:754-760.

Rasnitsyn A.P. 1964. New Triassic Hymenoptera of the Middle Asia (in
Russian). Paleontol. Zh. 1:88-96.

Rasnitsyn A.P. 1969. Origin and evolution of Lower Hymenoptera (in
Russian). T. Paleontol. Inst. Acad. Sci. USSR. 123:1-196.

Rasnitsyn A.P. 1975. Hymenoptera Apocrita of Mesozoic (in Russian).
T. Paleontol. Inst. Acad. Sci. USSR. 147:1-134.

Rasnitsyn A.P. 1980. Origin and evolution of Hymenoptera (in Russian).
T. Paleontol. Inst. Acad. Sci. USSR. 174:1-192.

Rasnitsyn A.P. 1983. Hymenopterous insects in Jurassic of the
Eastern Siberia (in Russian). Bull. Moscow Soc. Nat. Biol. Sect. 58:
85-94.

Rasnitsyn A.P. 1988. An outline of evolution of the hymenopterous
insects (order Vespida). Orient. Insects. 22:115-145.

Rasnitsyn A.P.2002.2.2.1.3.1. Superorder Palacomanteidea Handlirsch,
1906. Order Palaeomanteida Handlirsch, 1906. In: Rasnitsyn A.P,
Quicke D.LJ., editors. History of insects. Dordrecht, Netherlands:
Kluwer Academic Publishers, p. 161-164.

Rasnitsyn A.P., Quicke D.L. 2002. History of insects. Dordrecht,
Netherlands: Kluwer Academic Publisher.

Rasnitsyn A.P., AnsorgeJ., Zessin W. 2003. New hymenopterous insects
(Insecta: Hymenoptera) from the Lower Toarcian (Lower Jurassic)
of Germany. Neues Jahrb. Geol. P-A. 227:321-342.

Rasnitsyn A.P., Aristov D.S., Gorokhov A.V., Rowland ].M.,
Sinitshenkova N.D., Sukatsheva I.D. 2004. Important new fossil
insects from Carrizo Arroyo and the Permo-Carboniferous faunal
boundary. In: Lucas S.G., Ziegler K.E., editors. Carboniferous-
Permian Transition. New Mexico Museum of Natural History and
Science Bulletin 25. Albuquerque, New Mexico, USA: New Mexico
Museum of Natural History and Science. p. 215-246.

Rasnitsyn A.P., Zhang H. 2004. Composition and age of the Daohugou
hymenopteran (Insecta, Hymenoptera = Vespida) assemblage from
Inner Mongolia, China. Palaeontology. 47:1507-1517.

Rasnitsyn A.P. 2006. Ontology of evolution and methodology of
taxonomy. Paleontol. J. 40:5679-5737.

Rasnitsyn A.P. 2010. Molecular phylogenetics, morphological
cladistics, and fossil record. Entomol. Rev. 90:263-298.



2012

RONQUIST ET AL.—TOTAL-EVIDENCE APPROACH TO FOSSIL DATING

999

Renner S.S., Grimm G.W., Schneeweiss G.M., Stuessy T.E., Ricklefs
R.E. 2008. Rooting and dating maples (Acer) with an uncorrelated-
rates molecular clock: implications for North American/Asian
disjunctions. Syst. Biol. 57:795-808.

Rondriguez-Trelles F., Tarrio R., Ayala E.J. 2002. A methodological bias
toward overestimation of molecular evolutionary time scales. Proc.
Natl Acad. Sci. USA. 99:8112-8115.

Ronquist F., Rasnitsyn A.P., Roy A., Eriksson K., Lindgren M. 1999.
Phylogeny of the Hymenoptera: a cladistic reanalysis of Rasnitsyn’s
(1988) data. Zool. Scr. 28:13-50.

Ronquist F., Teslenko M., van der Mark P., Ayres D.L., Darling A.,
Hohna S., Larget B., Liu L., Suchard M.A., Huelsenbeck J.P. 2012.
MrBayes 3.2: efficient Bayesian phylogenetic inference and model
choice across a large model space. Syst. Biol. 61:539-542.

Ronquist F. 1999. Phylogeny, classification and evolution of the
Cynipoidea. Zool. Scr. 28:139-164.

Rutschmann F., Eriksson T., Abu Salim K., Conti E. 2007. Assessing
calibration uncertainty in molecular dating: the assignment of
fossils to alternative calibration points. Syst. Biol. 56:591-608.

R Development Core Team. 2009. R: a language and environment for
statistical computing . Vienna, Austria: R Foundation for Statistical
Computing.

Savard J., Tautz D., Richards S., Weinstock G.M., Gibbs R.A., Werren
J.H., Tettelin H., Lercher M.]. 2006. Phylogenomic analysis reveals
bees and wasps (Hymenoptera) at the base of the radiation of
holometabolous insects. Genome Res. 16:1334-1338.

Schulmeister S. 2003. Review of morphological evidence on the
phylogeny of basal Hymenoptera (Insecta), with a discussion of the
ordering of characters. Biol. J. Linn. Soc. 79:209-243.

Sharkey M. 2002. Phylogeny of the Hymenoptera: a reanalysis of the
Ronquist et al.(1999) reanalysis, emphasizing wing venation and
apocritan relationships. Zool. Scr. 31:57-66.

Sharkey M. 2007. Phylogeny and classification of Hymenoptera.
Zootaxa. 1668:1-766.

Sharkey M.]., Carpenter J.M., Vilhelmsen L., Heraty J., Liljeblad ]J.,
Dowling A.P.G., Schulmeister S., Murray D., Deans A.R., Ronquist F.,
Krogmann L., Wheeler W.C. 2011. Phylogenetic relationships among
superfamilies of Hymenoptera. Cladistics. 27:1-33.

Stadler T. 2010. Sampling-through-time in birth-death trees. J. Theor.
Biol. 267:396-404.

Thorne J.L., Kishino H., Painter 1.S. 1998. Estimating the rate of
evolution of the rate of molecular evolution. Mol. Biol. Evol.
15:1647-1657.

Thorne J.L., Kishino H. 2002. Divergence time and evolutionary rate
estimation with multilocus data. Syst. Biol. 51:689-702.

Vilhelmsen L., Miké I., Krogmann L. 2010. Beyond the wasp-waist:
structural diversity and phylogenetic significance of the mesosoma

in apocritan wasps (Insecta: Hymenoptera). Zool. J. Linn. Soc.
159:22-194.

Vilhelmsen L. 2001. Phylogeny and classification of the extant basal
lineages of the Hymenoptera (Insecta). Zool. J. Linn. Soc. 131:
393-442.

Vilhelmsen L. 1997. The phylogeny of lower Hymenoptera (Insecta),
with a summary of the early evolutionary history of the order.
J. Zool. Syst. Evol. Res. 35:49-70.

Warnock R.C.M., Yang Z., Donoghue P.C J. 2011. Exploring uncertainty
in the calibration of the molecular clock. Biol. Lett. doi:
10.1098 /rsb1.2011.0710.

Webster A.J., Payne R.J.H., Pagel M. 2003. Molecular phylogenies link
rates of evolution and speciation. Science. 301:478.

Wertheim ].O., Sanderson M.]., Worobey M., Bjork A. 2010. Relaxed
molecular clocks, the bias-variance trade-off, and the quality of
phylogenetic inference. Syst. Biol. 59:1-8.

Whiting M.F,, Carpenter ].C., Wheeler Q.D., Wheeler W.C. 1997.
The Strepsiptera problem: phylogeny of the holometabolous insect
orders inferred from 18S and 28S ribosomal DNA sequences and
morphology. Syst. Biol. 46:1-68.

Wiegmann B.M., Trautwein M.D., Kim J.-W., Cassel B.K., Bertone
M.A., Winterton S.L., Yeates D.K. 2009. Single-copy nuclear
genes resolve the phylogeny of the holometabolous insects. BMC
Biol. 7:34.

Wiens ].J. 2006. Missing data and the design of phylogenetic analyses.
J. Biomed. Inform. 39:34-42.

Wiens ].J.,, Kuczynski C.A., Townsend T., Reeder T.W., Mulcahy
D.G,, Sites Jr J.W. 2010. Combining phylogenomics and fossils in
higher level squamate reptile phylogeny: molecular data change the
placement of fossil taxa. Syst. Biol. 59:674-688.

Wills M.A. 2001. How good is the fossil record of arthropods? An
assessment using the stratigraphic congruence of cladograms. Geol.
J. 36:187-210.

XieW., Lewis P.O., Fan Y., Kuo L., Chen M.-H. 2011. Improving marginal
likelihood estimation for Bayesian phylogenetic model selection.
Syst. Biol. 60:150-160.

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

Zhang, J. 1985. New data on the Mesozoic fossil insects from Laiyang
in Shandong. Geol. Shandong. 1:23-39.

Zhang H., Rasnitsyn A.P. 2007. Two anaxyelid sawflies (Insecta,
Hymenoptera, Siricoidea) from the Yixian Formation of western
Liaoning, China. Cretaceous Res. 27:279-284.

Zuckerkandl E., Pauling L. 1962. Molecular disease, evolution and
genetic heterogeneity. In: Kasha M., Pullman B., editors. Horizons
in biochemistry. New York: Academic Press. p 189-225.



	A Total-Evidence Approach to Dating with Fossils, Applied to the Early Radiation of the Hymenoptera

