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Introduction

Summary

¢ A central aim of biogeography is to understand when and how modern patterns
of species diversity and distribution developed. Many plant groups have disjunct
distributions within the Northern Hemisphere, but among these very few have
been studied that prefer warm semi-arid habitats.

e Here we examine the biogeography and diversification history of Juniperus,
which occurs in semi-arid habitats through much of the Northern Hemisphere. A
phylogeny was generated based on > 10 000 bp of cpDNA for 51 Juniperus
species plus many outgroups. Phylogenies based on fewer species were also
constructed based on nuclear internal transcribed spacer (nrITS) and combined
nriTS/cpDNA data sets to check for congruence. Divergence time-scales and
ancestral distributions were further inferred.

¢ Both long dispersal and migration across land bridges probably contributed to
the modern range of Juniperus, while long-term climatic changes and the uplift of
the Qinghai-Tibetan plateau probably drove its diversification. Diversification
apparently slowed down during climate-stable period of the Oligocene, and then
speeded up from the Miocene onwards.

e Juniperus probably originated in Eurasia, and was a part of the south Eurasian
Tethyan vegetation of the Eocene to Oligocene. It reached America once at this
time, once in the Miocene and once more recently.

2006; Nie et al, 2006a, b, 2008; Mansion ez al., 2008).
Two intercontinental land bridges, that is, the North

A central aim of biogeography is to understand when and
how modern patterns of species diversity have developed,
and how individual taxa reached their current locations
(Donoghue ez al., 2001; Milne & Abbott, 2002). Inter-
continental disjunctions within the Northern Hemisphere
occur in hundreds of plant genera, sometimes accompanied
by diversification events in one or more regions (Wolfe,
1975; McKenna, 1983; Tiffney, 1985a,b; Woodburne &
Swisher, 1995; Xiang ez al., 1998, 2000, 2004, 2005; Wen,
1999; Tiffney & Manchester, 2001; Milne & Abbott,
2002; Donoghue & Smith, 2004; Feng ez al., 2005; Milne,
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Adantic Land Bridge (NALB) and Bering Land Bridge
(BLB), are critical to understanding these floristic disjunc-
tions (Wolfe, 1975; Tiffney, 1985a; Wen, 1999; Tiffney &
Manchester, 2001; Milne, 2006; and references within
them). The NALB was present during the early Tertiary but
gradually broke up between 50 and 15 million years ago
(Mya), making plant migrations progressively more diffi-
cult, although island chains may have permitted migration
for some time after the direct land connection had gone
(Tiffney, 1985a, 2000; Milne & Abbott, 2002). The BLB,
by contrast, was present for most of the Tertiary, until
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5.5-5.4 Mya (Marinkovich et al, 1990; Tiffney, 2000;
Gladenkov e al., 2002), although local climatic cooling
(Wolfe, 1994; White ez al., 1997; Tiffney & Manchester,
2001) probably cut off this migration route for many taxa
before this (Milne & Abbott, 2002; Milne, 20006).
Long-distance dispersal remains an alternative hypothesis
for any disjunctions (Renner, 2004; Milne, 2006), although
fossil and other evidence tends to favour vicariance for
many Northern Hemisphere disjunctions (Milne & Abbott,
2002). Dispersal tends to be invoked for Northern
Hemisphere disjunctions only when no land migration
route existed at the time of migration (e.g. Coleman ez 4l.,
2003; Wang et al., 2007), especially in a few specific regions
(for example, the Arctic: Abbott & Brochmann, 2003;
Brochmann & Brysting, 2008).

Most work on Northern Hemisphere disjunctions has
centred on eastern Asia—North America disjunct groups,
which tend to be distributed in areas of moderate to high
rainfall (Tiffney, 1985b; Xiang ez al, 1998, 2000; Wen,
1999; Donoghue er al, 2001; Milne & Abbott, 2002;
Donoghue & Smith, 2004; Milne, 2006). In contrast, there
has been less work on disjunctions involving genera of semi-
arid habitats, which tend to be Mediterranean—North
American (e.g. Liston et al, 1989, 1992; Liston, 1997;
Hileman et al., 2001; Coleman et al., 2003; Hohmann
et al., 2006) or central Asian—Mediterranean disjunctions
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(e.g. Sun & Li, 2003). These disjunctions might be rem-
nants of belts of evergreen vegetation adapted to semi-arid
habitats similar to those of the modern Mediterranean,
which existed at low latitudes on both the American
(Madrean) and Eurasian (Tethyan) sides of the widening
Atlantic during the middle Tertiary (Engler, 1879; Thorne,
1972; Axelrod, 1975; Wen & Ickert-Bond, 2009; Fig. 1b).
These belts might have been connected via the NALB
(Milne & Abbott, 2002), or possibly the BLB (Stebbins &
Day, 1967; Hohmann ez al., 2006; Wen & Ickert-Bond,
2009). Alternatively, floristic similarities could reflect dis-
persals across a then narrower Atlantic (Raven, 1972; Raven
& Axelrod, 1975; Shaw ez al., 2003), possibly via an inter-
vening island chain (Axelrod, 1975; Liston er al, 1989;
Hileman ez al,, 2001), although hard evidence for such a
chain is lacking (Milne & Abbott, 2002).

The genus Juniperus is a major component of arid and
semi-arid tree/shrub ecosystems throughout the Northern
Hemisphere (Thorne, 1972; Adams, 2004, 2008a; Farjon,
2005), and is therefore an ideal model for examining the
origins of disjunctions among arid northern floras. The
genus is monophyletic (Adams, 2004, 2008a; Little, 2000),
and Adams (2004, 2008a) recognized three monophyletic
sections: Caryocedrus, with one species in the Mediterranean;
sect. Juniperus, with nine species in East Asia and the
Mediterranean plus the circumboreal Juniperus communis
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Fig. 1 The distribution of Juniperus (a, see Adams, 2008a) and the hypothesized Madrean-Tethyan vegetation belt (b, redrawn from Wen &

Ickert-Bond, 2009; modified from Axelrod, 1975).
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(ten in total); and sect. Sabina, with 56 species distributed in
southwestern North America, Asia and the Mediterranean
region, with outliers in Africa and the Canary Islands
(Fig. 1).

Fossil

Sabina date from the

Eocene/Oligocene boundary (Kvacek, 2002) in Europe, and

records for sect.

the late Oligocene to early Miocene in North America
(Axelrod, 1956, 1987, 1991; Wolfe, 1964), which is con-
sistent with the hypothesis that Juniperus had become a
component of Madrean-Tethyan vegetation belts on either
side of the Atlantic (Axelrod, 1975) by the late Oligocene. It
therefore must have somehow dispersed from one side to the
other before this time. However, sect. Szbina did not cer-
tainly reach Asia until the late Pliocene (Dorofeev, 1962).
Sects Juniperusand Caryocedrusare not known from the fossil
record in North America or Asia, and only appear in Europe
from the middle Miocene onwards (Straus, 1952; Negru,
1972; Btzek et al., 1985) and the Pliocene (Rérolle, 1884;
Marty, 1903; Lauby, 1910; Palamarev, 1989), respectively.

Previous phylogenetic examinations of Juniperus, while
highly informative, involved less than half of all extant
species (Xiang & Li, 2005; Little, 2006; Adams, 2008a),
and did not include molecular dating. Hence the routes and
timings of inter-continental migrations within this genus
remain obscure. In this study, we constructed phylogenetic
relationships among three-quarters of extant Juniperus
species; that is, 51 of the 67 recognized by Adams (2008a).
We combined data from nine ¢cpDNA markers (totalling
> 10 000 bp), and dated divergence events using relaxed
molecular clock approaches. We further tested this phylo-
geny against one based on independent nuclear internal
transcribed spacer (nrITS) data, to check for congruence. In
this study, we aimed to examine the diversification history
of Juniperus and relate this to paleoclimates and paleo-
geography, reconstruct the past biogeography of Juniperus,
including its area of origin and the likely causes of sub-
sequent intercontinental migrations, and test the hypothesis
that Juniperus originated as part of the Madrean-Tethyan
floristic community.

Materials and Methods

A total of 116 accessions were examined for this study.
Within Juniperus, 77 accessions were examined, represent-
ing 51 (out of 67; Adams, 2008a) extant species. Multiple
accessions were included for Juniperus species that are wide-
spread (e.g. /. communis) or whose classification is disputed,
such as species from the Qinghai-Tibetan Plateau (QTP;
Farjon, 2005; Adams, 2008a; Opgenoorth ez /., 2010). In
addition, because wide taxonomic sampling permitted the
use of fossil calibration points outside of Juniperus, we also
included in the analysis a total of 38 species representing all
of the other genera that comprise Cupressaceae sensu stricto
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(Gadek et al, 2000; Supporting Information Table S1).
This included 24 accessions of 23 species within Cupressus
sens. lat. (Xiang & Li, 2005), which previous analyses
(Little ez al., 2004; Little, 2006) have indicated contains the
closest sister group to Juniperus. Cupressus sens. lat. may be
subdivided into four genera, that is, Cupressus sens. str. and
Xanthocyparis (sens. str.) in the Old World, and
Hesperocyparis and Callitropsis (sens. str.) in the New World
(Farjon et al., 2002; Littde, 2006; Mill & Farjon, 2006;
Adams ez al., 2009). However, for this paper we will treat
Cupressus sens. lat. as a distinct entity for ease of discussion.

Where possible, silica gel-dried fresh material from wild
or cultivated accessions was used for DNA extraction, but
for 25 accessions only herbarium material from the Royal
Botanic Gardens at Kew or Edinburgh was available
(Table S1). For silica gel-dried and Edinburgh herbarium
material, total DNA were extracted from 10 to 20 mg of
silica gel-dried leaf material using DNAeasy (Qiagen,
Valencia, California, USA) extraction kits or a modified
CTAB extraction method (Doyle & Doyle, 1987); for sam-
ples from Kew, DNA was extracted and delivered to us by
Kew staff following their protocol (http://data.kew.org/dna-
bank/introduction.html).

We selected nine cpDNA regions, that is, the commonly
used 7matK, rbcl and trnl-F regions plus six others identified
as useful, that is, 7psd, #uS-G, nD-T, rnV, peB-D and
psbB1-B, (Taberlet et al, 1991; Souza-Chies et al., 1997;
Wang ez al., 1999; Kusumi ez al., 2000; Grivet ¢t al., 2001;
Shaw et al., 2005 and references therein). Initial primers
were taken from other studies (Table S2), but for longer
regions, additional internal primers were necessary for
complete sequencing where DNA quality was poor; these
were designed for the current study based upon preliminary
results (Table S2). In addition, we compiled a matrix of
nrlTS sequences from 22 species representing all sections
and major cpDNA lineages identified within Juniperus, plus
two outgroups. nrlTS sequences for Juniperus procumbens,
Juniperus sabina (var. wulgaris), Juniperus excelsa and
Juniperus phoenicea were generated for this study; all others
were taken from GenBank.

All polymerase chain reactions (PCRs) were performed in
25-pl reaction mixture volumes using reagents and manu-
facturer’s instructions for Taq polymerase (Takara, Dalian,
China; VH Bio, Gateshead, UK). PCR cycling programmes
were designed individually for each primer pair (Table S3).
PCR purification kits provided by Promega (Madison,
Wisconsin, USA), Qiagen or CAS Array (Shanghai, China)
were used to purify PCR products. Sequencing reactions
and successive purifications were performed and capillary
analyses were run on either ABI 3130XL (Lanzhou
University, Lanzhou, China) or ABI3730 (The Gene Pool,
University of Edinburgh, Edinburgh, UK), following the

manufacturers’ protocols.
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Sequence alignment, gap coding and phylogenetic

analysis

The sequences produced were gathered and aligned using
CrustaLX version 1.83 (Thompson ez al., 1997), followed
by manual adjustments in MeGag (Tamura et al., 2007).
Sequences from all nine cpDNA regions were concatenated
into a single matrix for all analyses, because common inheri-
tance without recombination for cpDNA markers can be
assumed. Including indels can improve support values in a

Researcl

phylogenetic analysis (Simmons ez al., 2001), so all indels
detected were coded using the simple code method applied

by the program GarCoper (Young & Healy, 2003), and

54/0.99
-

100/1.00

—
174336)1'%% {""

72/0.97 Jun,
f————— Jun
Jun

100/1.00 Tun;
100/1.00 1007700 ;
93/1.00 Juni

perus pingii 1093
perus pingii 1102
perus'squamata 1221
perus squamata 1212
perus indica

perus komarovii

perus recurva var. coxii
perus tibetica 2376
perus tibetica 2021
perus tibetica 1240

83/0.97
77/0.94

96/1.00
93/1.00 | 73/1.00

100/1.00 | 76/0.99

100/1.00

Juniperus

L 10000 e Juni
90/1.00 Juni

perus saltuaria
perus proewalskii

./'1

uniperus

pinchotii 1

99/1.00

Juniperus comitana
Juniperus angosturana

erus pinchofii 2

99/1.00 [ 997100
85/0.99 | 56/0.87

Juni
Juniperus monosperma 1
Juniperus monosperma?2

erus coahuiiensis 2

Juniperus

Juniperus gamboana

7O71.00 Juniperus deppeana
100/1.00 Juniperus durangensis
10071.00 ——— Juniperus saltillensis

99/1.00

100/1.00
100/1.00

TI1.00 ——— Juniperus osteosperma

ida 1

99/1.00
100/1.00 IG5671.00
100/1.00

96/1.00
85/1.00

100/1.00
100/1.00

90/1.00

s flacci
niperus flaccida 2
iperus

76/1.00 1100/1.00

P 1
niperus scopulorum 2
; 2

52/0.95

o is2

I
) E—
100/1.00'
L E—
100/1.00

98/1.00

Juniperus blancoi

Juniperus virginiana |
Jun irgini
Juni
Juni

perus virginiana 2
perus gracilior
perus bermudiana

90/-

99/1.00

100/1.00

Jun
Jun,
Jun
Jun, i
Juniperus semiglobosa 1
Juniperus semiglobosa 2

perus sabina var. davurica
perus sabina var. sabina

perus sabina var. arenaria 1498
perus sabina var. arenaria 1530

63/1.00

crospe
Juniperus chinensis |

100/1.00 Juniperus chinensis 2
5un perus "
100/1.00 100/1.00 uniperus procumbens 1
ip
100/1.00 100/1.00 | 99/1.00 Jun ems[:’mr:;rgzensz
85/1.00 | °3100 99/1.00 Juniperus excelsa
99/1.00 Juniperus polycarpos
100/1.00 Juniperus procera 1
100/1.00 Juniperus procera
Juniperus ph
87/1.00 Juniperus communis var. saxatilis Xizang
64/0.99 ["81/1.00 Juniperus communis var. saxatilis Pakistan
5900 /i S
87/1.00 | 597099 | 96/1.00 Tuniperus communis var. depressa 1
54 | 67/1.00 86/1.00 Juniperus communis var. depressa 2
- 98/1.00 _; - ﬁha igid
00— Juniperus rigida var. rigida
98/1.00 100/1.00 Juniperus rigida var. conferta
99/1.00 81/1.00 Juniperus fromosana var. mairei 1
S5/1.00 5071 90 Juniperus fromosana var. mairei 2
79/1.00 Juniperus formosana var. formosana
55/0.51 89/0.98 Juniperus oxycedrus
100/1.00 53/0.82 00 §un"'erusl’ ‘ .
K . uniperus drupacea
100/1.00 T0071.00 Tuniperss drupacear 1 Sect. Caryo
200 Cupressus cashmeriana
T00/1.00 Cupressus torulosa
80/1.00 |_82/0.98 Cupressus duclouxiana
7070.99 Cupressus gigantea
100/1.00 Cupressus jiangeensis
9871.00 Cupressus'chengiana
89/1.00 Cupressus atlantica
77/1.00 Cupressus sempervirens
ressus funebris
yparis glabra
yparis
esperocyparis forbesii

100/1.00
100/1.00

82/0.74
59/0.86

100/1.00

100/1.00

es,

: ary
s sargentii

‘ypar

100/1.00

99/1.00

included in the maximum parsimony (MP) analysis.
Phylogenetic trees were constructed using MP, maximum
likelihood (ML) and Bayesian methods (Fig. 2). MP analysis
was conducted using paur 4.10b (Swofford, 2002) on the
freely available Oslo Bioportal (http://www.bioportal.
uio.no). A heuristic search was employed, with a starting tree
obtained via stepwise addition, one tree held at each step

I
S
RS
)
|
v
m|3
[7,]

)

~

R~

V

I &

S

v ~
Vg
3
BSG| T
S
IRSG| 8
cedrus wn

Cupressus sens. str.

Cupressus HCX
(Hesperocyparis,
Callitropsis s.s.

& Xanthocyparis s.s.)

esperocyparis bakeri
Callitropsis nootkatensis |
Callitropsis noo, 2

100/1.00

100/1.

100/1.00 9"30,1 ,?3
100/1.00 [T00/1.00 -
100/1.00

Microbiota decussata
Platycladus orientalis

100/1.00

UK
onn S
100/1.00 [6971.00 .
T0071.00 100/1.00
1007100

Calocedrus macrolepis
Calocedrus decurrens
Chamaecyparis lawsonia
Chamaecyparis obtusa
kienia hodginsii.
hamaecyparis pisifera .

90/1.00
100/1.00 997100
100/1.00 [100/1.00 |_95/0.99
100/1.00 93/1.00

uja korainsis
uja occidentalis
uja plicata
uja standishii

1jopsis

Fig. 2 Molecular phylogenetic relationships within Juniperus. Numbers above branches are maximum parsimony bootstrap support values
(before slashes) and Bayesian posterior possibilities (after slashes), while numbers under branches are maximum likelihood bootstrap support

values (before slashes) and seast posterior possibilities (after slashes).

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

New Phytologist (2010) 188: 254-272
www.newphytologist.com

257



258 "Research

during stepwise addition, tree bisection reconnection (TBR)
branch swapping, steepest descent, MulTrees and Collapse
options in effect, and no upper limit for the number of trees
held in the memory. Support values for all nodes within the
strict consensus tree were calculated via bootstrap analysis
with the same settings as above and 1000 replicates; for each
replicate, 10 searches with random taxon additions were
conducted and the shortest tree was saved. ML analysis was
implemented in GARLI version 0.96 beta (Zwickl, 20006)
starting from random trees and using 5 000 000 generations
per search; 30 searches were performed and the best tree
saved. ML bootstrap analysis was carried out with the same
program and settings, using 100 replicates and with five
searches per replicate.

Before Bayesian analysis, the optimal model of molecular
evolution was determined to be GTR + 7+ R (~log.L =
22217.4902, K = 10, Akaike information criterion (AIC) =
44454.9805, base frequencies (A, C, G, T) = (0.3022,
0.1737, 0.1981, 0.3261), Nst = 6, rate matrix = (1.5357,
1.8436, 0.2916, 0.6853, 1.9191, 1.0000), proportion of
invariable sites = 0.6166, gamma distribution shape para-
meter = 1.0273) by the AIC using MRMODELTEST version
2.3 (Posada & Crandall, 1998; Nylander, 2004; Posada &
Buckley, 2004). Bayesian inferences were implemented in
MRBAYEs version 3.1.2 (Huelsenbeck & Ronquist, 2001)
on Oslo Bioportal (http://www.bioportal.uio.no) with the
model as above. One cold and three heated chains were
started from random initial trees and run for 6 000 000
generations, with sampling every 200 generations. After a
burn-in period of the first 20 000 generations, 20 000 trees
were sampled from the posterior distribution, and a major-
ity rule consensus of these was generated to provide poster-
ior probability scores for all nodes.

In addition to these phylogenetic analyses of 116 taxa
based on cpDNA data, we further constructed MP trees
using the same settings for the 24 species for which we had
nrITS data, based on nrlTS data alone, and combined
nrlTS and cpDNA data (gaps were coded as above). For the
latter, we tested for incongruence between the nrITS and
cpDNA data sets using the ‘partition homogeneity’ test
implemented in paUP, with 100 replicates.

Origin of lineages through time

A lineage through time (LTT) plot was generated in R 2.9.0
(R Development Core Team, 2009) with ‘laser’ (Rabosky,
2006), ‘geiger’ (Harmon ez al, 2008) and ‘ape’ (Paradis
et al., 2004) packages loaded. The BEAST chronogram was
used to produce an LTT plot for this genus, based on mean
node age only, by applying the ‘ltt.plot’ command line.

A Cramer—von Mises test (Stephens, 1974; Paradis,
1998; Paradis et al., 2004) was employed to test if diversifi-
cation of Juniperus was constant through time. Further-
more, diversification rates for each geological epoch, sub-
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epoch or period were generated with survival analysis
(Paradis, 1997; Paradis er al, 2004) by employing the
command line ‘rate.estimate’ within the R package ‘geiger’
(Harmon ez al, 2008). A stepwise plot of diversifica-
tion rate through time was produced within R 2.9.0 with
the command line ‘plot’ (R Development Core Team,

2009).

Molecular dating and fossil calibrations

We tested the hypothesis that a molecular clock could be fit-
ted to our data by applying a % test, between the —log.L
values of distance trees with Enforce Clock (EC) and
Without Clock (WC) a strict molecular clock enforced
(Felsenstein, 1981). Our data set strongly rejected a strict
molecular clock (df = 91, 2log.(EC — WC) = 261.16,
P < 0.01), indicating that there was strong rate heterogeneity
among different lineages. Therefore, three different relaxed
molecular clock methodologies were applied to generate an
evolutionary time-scale for Jumiperus and related genera:
penalized likelihood rate smoothing (PLRS; implemented in
r8s; Sanderson, 2002), MuLTIDIVTIME (Thorne & Kishino,
2002) and BEasT (Drummond & Rambaut, 2007).

PLRS calculations were carried out using the r8s pro-
gram according to the R8s manual (Sanderson, 2003). First,
a cross-validation procedure was performed based on the
ML tree and calibration constraints, and a smoothing value
was determined. With this smoothing value a chronogram
was generated via PLRS, employing the truncated Newton
(TN) algorithm. To determine 95% confidence intervals
for node ages, 100 bootstrap replicate versions of the origi-
nal sequence data set were generated using SEQBOOT (a pro-
gram within the pHYLIP 3.68 package: Felsenstein, 2004).
From each replicate sequence, a tree was then generated in
pAUP 4.10b with topology constrained to that of the ML
tree, but allowing branch length to vary. Cross-validation
and PLRS were then applied to each replicate tree and, from
this, standard deviation and 95% confidence intervals for
ages of each node were calculated and summarized using
r8s-95%cr-BootkIT (T. Eriksson, available at heep://
www.bergianska.se/index_forskning_soft.html).

MULTIDIVTIME (Thorne & Kishino, 2002) calcula-
tions were performed following Rutschmann’s (2005)
step-by-step manual. BAsEmL from Yang’s (1997, 2007)
paML package was employed to generate an ML tree and a
series of parameters that related under the molecular
evolution model F84 + G (Felsenstein, 1993); next, the
PAML2MODELINF program (Thorne & Kishino, 2002) was
employed to summarize model parameters from BASEML
output files; then a ML tree with branch lengths and a vari-
ance-covariance matrix was generated using the program
ESTBRANCHES (Thorne & Kishino, 2002). Afterwards, the
congruence between ML trees derived using BASEML and
ESTBRANCHES was checked by comparing their —log.L
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values. Finally, we performed two parallel runs, each of
3 million Bayesian Markov chain Monte Carlo (MCMC)
generations, sampling every 100 generations, with the first
ten thousand discarded as burn-in, within MULTIDIVTIME to
approximate the posterior distribution of divergence times.
Through such two runs, prior distribution of root height
(rttem = 100, rttmsd = 100) and root rate (rtrate = 0.1,
rtratesd = 0.1) were set according to the preliminary calcu-
lations, while the uppermost limit of root height was set to
400.0 Mya according to the earliest known seed plant fossil.
The ages of each node derived from these two runs were
checked for congruence. Only when the results are very
close to each other (+ 0.5 Mya) did we deem them as credi-
ble, and output from the final run was used as the estima-
tion of each node.

BEAST version 1.4.8 (Drummond & Rambaut, 2007) was
used to simultaneously estimate topology, substitution rates
and node ages employing a Bayesian MCMC chain. Under
the GTR model of nucleotide substitution with a gamma
distribution and four rate categories, the Yule process tree
prior model was implemented with rate variation across
branches assumed to be uncorrelated exponential and
lognormally distributed (Drummond ez 4l., 2006). The rate
variation model (relaxed clock: uncorrelated lognormal)
that yielded higher posterior probability estimates was
employed to perform the final analysis. For all analyses, pos-
terior distributions of parameters were approximated using
two independent MCMC analyses of 50 000 000 genera-
tions with 20% burn-in. The program TRACER 1.4.1
(Rambaut & Drummond, 2007) was used to check effective
sample size and the program TREEANNOTATOR 1.4.8 (part
of the BEasT 1.4.8 package) was used to combine all samples
and converge and/or summarize the output results. Finally,
a tree with ages for each node and their 95% credible inter-
vals (i.e. 95% highest posterior density intervals in the
BEAST manual) were displayed and modified in FiGTREE
1.2.3 (Rambaut, 2008).

We used a total of eight fossil calibration points, of which
three were within Juniperus and five outside it. Each fossil
was assigned to a node based on its morphology (Table 1;
Fig. 3; Notes S1). In preliminary analyses using BEAsT,
meaningful results could not be obtained unless two fixed
age calibration points were included. Therefore we fixed the
age of the two oldest calibration points within the phylog-
eny, and used the six younger fossils as minimum age cali-
bration points (Fig. 3; and see Table 1 and Notes S1 for
additional fossil information).

Biogeographic reconstruction

Four operational geographic areas (A, Europe plus North
Africa and northern Arabia; B, Asia; C, North America,
including the Caribbean and Central America; D, eastern
Africa plus southern Arabia; see Fig. 4) were defined for our

© The Authors (2010)
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analysis. Use of four areas was found to give the best results
because preliminary reconstructions based on five areas
(splitting Asia into middle and east Asia), or six (also split-
ting North America into western and eastern parts) gener-
ated numerous ambiguous results. The boundaries of the
four areas were defined in part so as to minimize the num-
ber of species that fell within two areas; all species except
the widespread /. sabina and J. communis occurred within
one area only. The Mediterranean species (e.g. /. excelsa, J.
phoenicea, ]. polycarpos, J. oxycedrus and J. deltoides etc.) are
all distributed exclusively in area A, indicating a natural
division for the genus between areas A and B. Areas A and
D as defined here were respectively north and south of the
Tropic of Cancer, which runs along the middle of a broad
belt of very low precipitation (< 100 mm yr~') stretching
across all of North Africa and most of Arabia (Geelan &
Lewis, 1992). Throughout its distribution, Juniperus avoids
areas of < 100 mm rainfall, so this belt forms a significant
biogeographic barrier to the genus.

The recently developed Bayes-piva approach (Nylander
et al., 2008) was employed to infer the likely ancestral
areas (geographical locations) of nodes within the
Juniperus phylogeny (cpDNA), and hence infer its likely
area of origin and patterns of subsequent migration. This
method accommodates phylogenetic uncertainty into
biogeographic reconstruction by udilizing the posterior
distribution of trees resulting from a BEAST analysis
(Nylander er al, 2008). The last 10 000 trees were
extracted from the combined tree file of BEAsT analysis and
used to reconstruct ancestral areas using the program prva
1.2 (Ronquist, 1997). The maximum number of ancestral
areas for each node was constrained to two (maxareas = 2),
which is equivalent to assuming that ancestral ranges
might have covered two continents but no more, and
hence were not more widespread than those of their extant
descendants (Sanmartin, 2003). Because p1va only accepts
one tree at a time, a set of Perl scripts (kindly provided by
J. A. Nylander; http://www.abc.se/~nylander/bayesdiva/ba-
yesdiva.heml) was used to prepare input files and parse
output files. Bayes-pIva outputs probabilities that a node
was located within each defined geographical area, or that
it was simultaneously in two such areas, as noted above.
For each node, these probabilities were based on the
average of results for all trees in the sample, excluding any
trees wherein that node was not present. When several
equally parsimonious reconstructions at a given node (e.g.
A/B/AB) were obtained, these were downweighted by
1/n, where 7 is the total number of alternative reconstruc-
tions at the node. Based on summarized results, the
frequency of ancestral areas for each clade was then plotted
on the BEAST maximum clade credibility (MCC) tree. In
addition to Bayes-pD1va analysis for cpDNA data, we also
carried out DIVA analysis (maxareas = 2) for Juniperus
based on combining (cpDNA + nrITS) MP phylogeny.
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Fig. 3 The divergence time-scale of Juniperus derived from seast. Dark grey bars represent 95% credible intervals for each node, while white
triangular bars (with black outline) represent compressed clades. Letters in black circles represent fossil calibration points (see Table 1), and
numbers in black squares indicate numbers for nodes of interest (see Table 2).

Results

Phylogenetic analyses

All sequences determined in this study were submitted to

GenBank (HMO023885-HM024705 and HMO001193—
HMO001196). Within Cupressaceae sensu  stricto, the
lengths of the rbcl and pséB;-B, regions were 1280 and
1349 bp, respectively, for all taxa, whereas the IGS matK,
perB-D, trnS-G, mnD-T, #rnV intron, mnl-F and rps4
regions all contained indels and were thus of variable
lengths (Table S4). The sequences were aligned and con-
catenated together, generating a matrix of 10 299 characters,
of which 8981 were constant and 1318 were variable; of
these variable characters, 416 were parsimony-uninformative

© The Authors (2010)
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and 902 were parsimony-informative (Table S4). For
the MP analysis, indels were also coded as additional char-
acters weighted the same as a substitution, so the matrix for
this analysis contained 10 677 characters, of which 8983
were constant and 1694 were variable; of these variable
characters, 521 were parsimony-uninformative and 1173
were parsimony-informative. Where two accessions were
identical for all data, only one was included in the analysis.
Because some accessions only differed from others in indel
characters, this meant that 116 accessions were included in
the MP analysis, whereas for all other analyses the data set
was reduced to 92 accessions.

The topologies from the MP and Bayesian analyses were
congruent, except that a few small groupings received MP
bootstrap support values between 56% and 90%, but lacked

New Phytologist (2010) 188: 254-272
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are given in Table 2.

posterior support (Fig. 2). In these analyses, both Juniperus
and Cupressus sens. lat. were monophyletic, and sister to one
another, although monophyly of Cupressus sens. lat. was
only weakly supported (Fig. 2). Cupressus sens. lat. com-
prised two monophyletic clades, of which one comprised
Cupressus sens. str., as recognized by Little (2006), and the
other comprised the other three genera: Hesperocyparis,
Callitropsis sens. str. and Xanthocyparis (sens. str.).

Within  Juniperus, all three sections were strongly
supported as monophyletic, although relationships between
sections were barely resolved (Fig. 2). Sect. Juniperus
comprised two well-supported subclades, corresponding to
the ‘blue seed cone’ (BSG) and ‘red seed cone’ (RSG)
groups proposed by Adams (2008a). Sect. Sabina com-
prised five monophyletic clades, among which four (I, II,
II and V) had maximum posterior and bootstrap support
whereas clade IV had 1.0 posterior and 85% bootstrap
support. Clade I contained Juniperus pseudosabina from
Xinjiang (China) plus all Himalayan/QTP alpine species
except Juniperus microsperma and Juniperus gaussenii. Clade
II comprised the serrate-leaved junipers of North America.

New Phytologist (2010) 188: 254-272
www.newphytologist.com

Clade III comprised the smooth-leaved American species
plus the Eurasian J. sabina, the middle Asian Juniperus
semiglobosa and the QTP endemic J. microsperma. Clade IV
comprised the Juniperus chinensis complex from East Asia,
Juniperus thurifera from Europe, J. excelsa from the eastern
Mediterranean, Juniperus polycarpos (from west Himalaya to
Caucasus) and Juniperus procera (east Africa and south
Arabia). Clade V contained only the Mediterranean J.
phoenicea, apparently the only Old World Juniperus species
with truly serrate leaves (Adams, 2008a). Among these
clades, I and IT were sister to each other with moderate sup-
port (MP = 83%; Bayesian posterior possibility = 0.97),
but otherwise relationships among them were unresolved
(Fig. 2).

The nrITS data set for 24 species comprised 1140 charac-
ters (including 39 gap coding characters), of which 937
were constant and 203 were variable; among these variable
characters, 119 were parsimony-uninformative and 84 were
parsimony-informative. MP analyses suggested that all three
sections comprised a monophyletic group, with sects
Juniperus and Sabina sister to one another (Fig. 5a). Within

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)
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sect. Sabina, four cpDNA clades (I, II, IIT and V) were sup-
ported as monophyletic, but clade IV was paraphyletic with
respect to clade III; clade V was sister to all others.

A combined analysis of cpDNA and nrITS data pro-
duced a tree similar to that for cpDNA alone, but with a
better resolution of inter-clade relationships within sect.
Sabina (Fig. 5b). However, the ‘partition homogeneity’ test
indicated significant contradiction and incongruence

between the nrITS and cpDNA data sets (2 = 0.01).

Timing of divergence events within Juniperus and its
relatives

In the BEAST analysis, the two combined MCMC runs
yielded sufficient effective sample sizes (> 300) for all rele-
vant parameters (e.g. branch lengths, topology and clade
posteriors), indicating adequate sampling of the posterior
distribution. Levels of rate heterogeneity were high (coeffi-
cients of rate variation 0.89). PLRS calculations were
carried out under a group of smoothing values between 320
and 3200 which were determined for the 100 bootstrap
replicates by cross-validation. Meanwhile, two independent
runs of MULTIDIVIIME resulted in practically identical
estimation of ages.

Among the three methods used to calculate node ages,
PLRS tended to give the youngest ages and MULTIDIVTIME
the oldest ages, with BEAST intermediate; however, in all but
one case, confidence ranges for the three methods over-
lapped (Table 2; Fig. S1). Confidence ranges were broadest
for MULTIDIVTIME and narrowest for PLRS.

For ease of discussion, summary age ranges for each node
were calculated in the form (W-) X-Y (—2), where Wis the
oldest possible age according to any method, and X is the
oldest possible age according to either of the other two
methods; likewise, Z is the youngest possible age according
to any method, and Yis the youngest possible age according
to cither of the other two methods. This means that the range
X-Y describes the range of node ages that fall within the
confidence ranges calculated by at least two of the methods
used, and may hence be regarded as the probable age range of
that node; the age ranges W~X and Y-Z are within the
range of one method but outside the age range of the other
two, and so are the least likely portions of the age ranges for
each node. In general, the probable (X-Y) age range tended
to be similar to the age range indicated by BEasT.

Based on these methods, Juniperus diverged from
Cupressus sens. lat. (75.9-) 71.9-49.7 (49.7) Mya, that is,
during the Paleocene or adjacent periods (node 1: Table 2;
Figs 3, 4, S1). The first divergence event within Juniperus,
which appears to have been the divergence of sect. Sabina
from the other two sections, occurred about 15 Myr later,
in the Eocene or possibly the earliest Oligocene period
((58.7-) 52.9-34.1 (=33.3) Mya; node 5: Table 2; Figs 3,
4, S1). Diversification of sect. Szbina into five clades (I-V)

New Phytologist (2010) 188: 254-272
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occurred from the middle Eocene to the middle Oligocene,
apparently in quick succession (Fig. 7), with the first
and last events (nodes 11 and 21) occurring (54.8-) 47—
30.3 (=27.6) Mya and (51.3-) 37.3-27.4 (-26.2) Mya,
respectively (Table 2; Figs 3, 4, S1).

Of three Eurasia—North America disjunctions within
Juniperus, the first was between Clades I and II of sect.
Sabina, and occurred during the period mentioned above,
that is, (53.1-) 41.9-29.9 (-27.1) Mya. The second, within
clade III of sect. Sabina, probably arose during the Miocene
((30.6-) 17.6-5.5 (=5.2) Mya; node 19; Table 2; Figs 3, 4,
S1). The third and final America—Eurasia disjunction
within Juniperus involved the American var. depressa and
the European var. communis within J. communis, and was
much more recent ((14.1-) 4.6-0.3 (=0.1) Mya; node 10;
Table 2; Figs 3, 4, S1).

Diversification rates

The average diversification rate within Juniperus, calculated
from 43.66 Mya (when the first divergence within
Juniperus took place according to mean node age from the
BEAST analysis) to present, was 0.078 speciation events per
lineage per million years. However, a Cramer—von Mises
test (W2 = 4.98, P < 0.01) strongly rejected the hypothesis
that the diversification rate of Jumiperus was constant. A
stepwise plot of diversification rate through time indicated
that the diversification rate of Juniperus was above the aver-
age during the Eocene, the late Miocene and Pliocene but
below the average during the Oligocene, early to middle
Miocene and Quaternary periods (grey dotted line;
Fig. 6b). These patterns are seen more clearly if the diversi-
fication history is artificially divided into four phases
(Fig. 6b). If so, the first and fourth phases, 43.66-32 and
11.5-0 Mya, respectively, had diversification rates 37.91%
and 39.45%, respectively, higher than the overall average,
whereas the intervening periods, 32-20 and 20-11.5 Mya,
respectively, had rates 61.60% and 2.70%, respectively,
lower than the overall average.

Biogeographic reconstruction

From the Bayes-prva analysis (cpDNA), it could be inferred
that Juniperus and its sister group Cupressus sens. lat. share a
common ancestor whose ancestral distribution area is prob-
ably (c. 96%) Asia (Fig. 4). For Juniperus, the area of origin
could be Europe, Asia, or a combination of these two
(Fig. 4). The common ancestor of sect. Junmiperus was
inferred to be in Europe or Asia, whereas that of sect.
Sabina was probably in Asia (Fig. 4). Overall, the analysis
indicated that Juniperus diversified within Eurasia, and dis-
persed to North America via three distinct lineages: Sabina
clade II, part of Sabina clade 111, and Juniperus communis
var. depressa.
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Fig. 6 The lineage through time plot (a), and diversification rate
through time plot (b) for Juniperus. The grey dashed line in both
parts indicates mean net diversification rate; the grey dotted line in
(b) represents diversification rate within stratigraphic periods or parts
thereof; the black line in (b) represents diversification rates if the
history of Juniperus is divided into four periods, that is, before

32 Mya, 32-20 Mya, 20-11.5 Mya and 11.5-0 Mya.

piva analyses based on a combined (cpDNA + nrITS)
phylogeny resulted in similar reconstructions but indicated
a probable European origin for both Juniperus and its sect.
Juniperus (Fig. 5¢). The earliest divergence event within
sect. Sabina (the divergence of clade V from all others) also
apparently occurred in Europe, although the origin of
Sabina might have been in Europe or Europe plus another
continent (Fig. 5¢). The common ancestor of Juniperus and
Cupressus sens. lat. was inferred to be distributed in Eurasia.

Discussion

Diversification history

Our work has generated the most comprehensively sampled
and well-resolved phylogeny yet of Juniperus and related
taxa. Within Juniperus, three well-supported monophyletic
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clades were resolved, corresponding exactly with the three
sections recognized by Adams (2004, 2008a), that is, sects
Juniperus, Sabina and Caryocedrus. Relationships within
sect. Juniperus were generally well resolved, and supported a
division of the section into two clades corresponding to the
BSG and RSG proposed by Adams (2008a). Within the
former group, /. communis occupies a derived position,
indicating that the exceptionally widespread distribution of
this species (Fig. 1) is a relatively recent development. Sect.
Sabina is composed of five strongly supported mono-
phyletic clades; however, in common with previous studies
(Liccle, 2006; Adams, 2008a), relationships between these
were mostly unresolved (Figs 2, 5, 7). Although a combined
analysis of both ¢pDNA and nrITS data does partly
improve this phylogenetic resolution (Fig. 5b), this result
is tentative because the two data sets are not entirely
congruent.

Molecular dating based on this cpDNA phylogeny
revealed that Juniperus diverged from Cupressus sens. lat.
(75.9-) 71.9-49.7 (-49.7) Mya, and began to diversify
(58.7-) 52.9-34.1 (-33.3) Mya, that is, 15-20 Myr later.
Hence, during the earliest Tertiary period, the distinctive
features of the genus arose, but either no diversification

© The Authors (2010)
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occurred or all but one of the diverging lineages died out.
The acquisition of ‘berry-like’ seed cones, increasing
dispersibility, could have promoted allopatric speciation, as
well as permitting rapid range shifts in response to climate
change (Farjon, 2005). Indeed, over the next 15 Myr
(i.e. untl (51.3-) 37.3-27.4 (-26.2) Mya; node 21;
Figs 3, 4, S1), Juniperus diverged into seven lineages, that
is, sects Juniperus, Caryocedrus, and the five clades of sect.
Sabina.

Juniperus appears to have gone through phases of slower
and faster diversification during the middle Tertiary; using
the BEAST node ages without confidence ranges for simplic-
ity, diversification rates within this genus during the periods
43.66-32 and 20-11.5 Mya were much higher than during
the intervening period of 32-20 Mya (Fig. 6). This phase
of slow diversification within Juniperus corresponds closely
with a period of relatively stable, cool global temperatures
during the early to middle Oligocene (Zachos ez al., 2001;
Mosbrugger er al., 2005; Miller er al., 2008), whereas the
periods either side of this saw falling global temperatures
(Eocene) and a brief increase (end Oligocene). The Eocene
cooling resulted in the poleward expansion of conifers
(Farjon, 2005). Therefore, diversification in Juniperus
might have been promoted by changes in global and local
climates, leading to new adaptations and/or range expan-
sions, but suppressed by long periods of stable climate, as
proposed for other Tertiary floras (Milne & Abbott, 2002).
However, molecular dates are never exact, and the possibil-
ity that the phase of slow diversification occurred just
before, or just after, the stable cool period of the Oligocene
must therefore be acknowledged.

The rate of diversification within Juniperus reached a high
point around the late Miocene, and remained high relative
to the Oligocene until at least the late Pliocene (Fig. 6b).
About half of the 25 Asian species of this genus occur on
the QTP, so one contributing factor in this fast diversifica-
tion phase has certainly been the uplift of the QTP, which
began ¢ 40 Mya with two extensive uplifts ¢ 20 and
8 Mya, generating a range of novel ecological niches
(Harrison et al., 1992; Chung et al, 1998; Guo et al.,
2002; Spicer er al., 2003). Diversification of Sabina clade 1,
all but one of whose species occur on the QTP, was mostly
within the past 15 Myr and hence matches this time-scale,
and also that of other plant radiations within the QTP (e.g.
Liu ez al., 2006; Wang ez al., 2009).

On a broader scale, progressive cooling of the earth from
the Miocene onwards appears to have generated increasing
amounts of dry habitats of the type favoured by Juniperus
(Zachos et al., 2001; Farjon, 2005), and promoted diversifi-
cation (Cavender-Bares & Holbrook, 2001; Wright ez 4/,
2001; Willson ez al., 2008; Opgenoorth ez al., 2010). The
most extreme example of this is the evolution of J.
communis, which grows well within the modern Arctic
Circle (Fig. 1).
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Geographical origins, dispersal, and vicariance

Ancestral area reconstruction through Bayes-prva analysis
based on cpDNA phylogeny indicated that both Cupressus
sens. lat. and Juniperus originated in Eurasia, with Asia
strongly favoured for Cupressus sens. lat. The same analysis
indicated that Juniperus could have been distributed across
Europe, Asia, or both at the start of its history. However,
pIvA analysis based the combined (cpDNA + nrITS) phy-
logeny indicated an origin of this genus in Europe (Fig. 5¢).
Furthermore, the presence of the endemic section
Caryocedrus, both groups of sect. Juniperus and the basal
clade of sect. Sabina (clade V) in the Mediterranean (Farjon,
2005; Adams, 2008a) makes this region a plausible area of
origin for Juniperus. Moreover, these above evidences
support our belief that Juniperus is certainly of Old World
origin, and appears to have colonized the New World via
three discrete lineages. These are, in decreasing order of age,
clade II of sect. Sabina, part of clade III of sect. Sabina, and
var. depressa of J. communis (sect. Juniperus). Within the Old
World, there has been a single migration from Europe to
Africa, and movements between Asia and Europe have
occurred in /. sabina (Asia to Europe, and is currently of
Eurasian distribution), sect. Sabina clade IV (two migrations,
but their nature is uncertain) and sect. Juniperus (at least one
migration between Europe and Asia), and, in addition to
this, /. communisis circumboreal. These long-distance move-
ments may have benefited from the evolutionary innovation
of berry-like seed cones of Juniperus, which can be dispersed
by birds over long distances (Holthuijzen & Sharik, 1985;
Santos ez al., 1999; Farjon, 2005; Adams, 2008a).

The Bermuda-endemic Juniperus bermudiana diverged
from Juniperus virginiana (the mainland sister species dis-
tributed over southeastern North American, which is at least
1350 km away) Mya. Bermuda has never been connected to
a landmass, and might have emerged during the Oligocene,
though its history is complex (Vogt & Jung, 2007).
However, the Bermuda sand dune systems on which /.
bermudiana grows developed < 1 Mya (Bryan & Cady,
1934; Cox, 1959; Herwitz, 1992; Adams ez al, 2008b)
which fits the youngest dates in the above age range,
although of course the species might predate the formation
of this habitat. Similarly, the presence of endemic Juniperus
brevifolia and Juniperus cedrus on the oceanic islands of the
Azores and the Canaries, which were never connected to the
nearest continental landmasses, respectively 1500 and
100 km away, must be a result of long dispersal. If we
assume that the divergence of /. procera from its relatives
coincided with this species reaching Africa, then this event
occurred around the Oligocene, that is, (47.5-) 34.8-21.7
(~14) Mya, at a time when there was no land connection
between Africa and Europe (Coryndon & Savage, 1973;
Raven & Axelrod, 1974) and their floras were effectively iso-
lated from one another (Potts & Behrensmeyer, 1992).
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Long dispersal is also a possible explanation for within-land-
mass disjunctions, such as that between the Mediterranean /.
thurifera and a clade of East Asian species (i.e. /. chinensis
and /. procumbens), which arose around the Miocene period,
(31.7-) 16.4-5.9 (-3.7) Mya, although this disjunction
might also have arisen via a connecting belt of warm-temper-
ate vegetation (Tiffney & Manchester, 2001).

According to our data, the circumboreal distribution of
J. communis was derived rather recently. Curiously,
European material of /. communis (var. communis) is more
closely related to American (var. depressa) than to Asian
material (var. saxatilis; Fig. 2), probably implying a transat-
lantic dispersal event that occurred (14.1-) 4.6-0.3 (-0.1)
Mya, when no transatlantic land connections existed. In
common with other circumboreal high-latitude species (e.g.
Abbott ez al., 2000), /. communis may have a complex phy-
logeographic history that merits closer investigation.

In contrast, the two earlier colonizations of America by
Juniperus might have been via land connections. One was
between clade II of sect. Sabina and its Eurasia relatives.
Within Sabina, clades I and II diverged (53.1-) 41.9-29.9
(=27.1) Mya, and their common ancestor split from clade
V (54.8-) 47-30.3 (-27.6) Mya. Throughout these periods,
the BLB was certainly available, and probably also the
NALB (McKenna, 1983; Tiffney, 2000; Tiffney &
Manchester, 2001; Milne & Abbott, 2002). Bayes-piva
analysis based on cpDNA (see Fig. 4) was consistent with
both migration routes, while prva analysis based on nrITS
plus cpDNA (Fig. 5¢) favoured the NALB route. In com-
mon with most species of Juniperus, members of clade II
occur in warm habitats, whereas those species preferring
colder conditions, for example /. communis, J. horizontalis
and Sabina clade I (Adams, 2004, 2008a; Farjon, 2005),
appear to be recently derived, that is, since the Miocene
(Figs 2-5). Given that the BLB occupied higher latitudes
than the NALB and was consequently colder (Tiffney &
Manchester, 2001), the NALB might be a more likely route
for clade II. However, another Old World—New World dis-
junction occurred within sect. Sabina clade III (30.6-)
17.6-5.5 (=5.2) Mya, a date range too young for the NALB
yet very consistent with vicariance across the BLB, possibly
as a result of climate cooling in Beringia before 8 Mya
(Wolfe, 1978; Tiffney & Manchester, 2001; Milne &
Abbott, 2002). The high latitudes of the BLB were unlikely
to represent a serious barrier to clade III (sect. Sabina),
whose modern members /. sabina and J. horizontalis still
occur north of 55N and 60N, respectively.

A Madrean-Tethyan tale for Juniperus?

Most species of Juniperus are found in warm temperate
semi-arid habitats, such as occur in the Mediterranean and
North America. Those members of Juniperus that are toler-
ant of the colder conditions found in modern high latitudes
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and the high-altitude QTP are recently derived (Fig. 4) or
occupy derived positions (e.g. clade I; Fig. 5), indicating
that warmer habitats are ancestral within Juniperus. This is
consistent with a hypothesis that some species, and perhaps
the whole genus, are remnants of the Madrean-Tethyan
vegetation belts, which contained sclerophyllous species
adapted to warm temperate semi-arid habitats. These ran
along the southern areas of Eurasia and North America dur-
ing the Eocene and Oligocene, and might have been contin-
uous according to some authors (Axelrod, 1975; Wen &
Ickert-Bond, 2009).

Although our ancestral area reconstruction analyses could
not conclusively pinpoint Europe or Asia as the exact loca-
tion of most Juniperus lineages during the Eocene and
Oligocene, the presence of sect. Sabina in central Europe in
the late Eocene is proved by the fossil Juniperus pauli
(Kvacek, 2002). Furthermore, we know that many groups
now disjunct between East Asia and North America went
extinct in Europe during the late Tertiary (Milne & Abbott,
2002). If this also occurred in Jjuniperus, it might have
skewed the Bayes-piva analysis of cpDNA data to over-
estimate the likelihood of Asia for some clades at the
expense of Europe. Therefore, as suggested by analyses of
combined (nrITS+cpDNA) data sets (Fig. 5), the early
divergences of sect. Sabina might have occurred in Europe
and the direct ancestors of the other clades of this section
may have existed in the Tethyan vegetation there, despite
leaving no extant descendents today.

Juniperus diverged from Cupressus sens. lat. some time
before the formation of Madrean-Tethyan vegetation, but
the first phase of Juniperus diversification coincided with
the proposed formation of Madrean-Tethyan vegetation
during the Eocene (Axelrod, 1975; Wen & Ickert-Bond,
2009). Similarly, the slow Juniperus diversification phase
that followed could be linked to a phase when the
Madrean-Tethyan vegetation’s composition, like the cli-
mate it experienced, was stable (Zachos ez al., 2001). The
first colonization of America by Juniperus (sect. Sabina clade
IT) occurred in the middle of the Madrean-Tethyan vegeta-
tion’s lifespan, and so is entirely compatible with a hypothe-
sis that Jfuniperus was one of many genera from this
vegetation that achieved amphi-Atlantic distributions as
part of a Madrean-Tethyan vegetation belt. Sect. Sabina
clade TII did not reach North America until the Miocene,
and sect. Juniperus later still, whereas sect. Caryocedrus is
now endemic to the Mediterranean. Our results therefore
support a diversification of Juniperus in the late Eocene
Tethyan vegetation, but only one incursion into the
American Madrean vegetation.

Conclusions

Juniperus is primarily a genus of mild, semi-arid habitats,
and its timing and pattern of diversification fits well with
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the idea that it began diversifying as part of the Eocene
Tethyan vegetation belt of southern Eurasia. It reached
America once during this time, then again during the
Miocene and a third time via the now circumboreal /.
communis. Diversification rates appear to be linked to peri-
ods of ongoing global climate change, although specific
events such as the uplift of the QTP were also important.
Dispersal has certainly, and vicariance very probably, con-
tributed to its current distribution across Europe, Asia,
North America and Africa.

Acknowledgements

This research was supported by grants from the National
Natural Science Foundation of China (30725004 and
40972018), the Royal Society-NSA China International
Joint Project (award 20006/R3 to R.I.M. and ]J.Q.L.) and
the China Scholarship Council (award to K.S.M. for 1
year’s study abroad at the University of Edinburgh). We
thank Laszlo Csiba (RBG Kew), Phillip Thomas (RBG
Edinburgh), Robert Mill (RBG Edinburgh), Martin
Gardner (RBG Edinburgh), George Miche (Marburg
University), Xiaoquan Wang (Institute of Botany, Chinese
Academy of Sciences, Beijing) and many other colleagues
for their assistance with sample collecting. We are also
grateful for constructive suggestions by Drs Damon Little
and Libing Zhang. Finally, insightful comments from two
anonymous reviewers are greatly appreciated.

References

Abbott RJ, Brochmann C. 2003. History and evolution of the arctic flora:
in the footsteps of Eric Hultén. Molecular Ecology 12: 299-313.

Abbott RJ, Smith LC, Milne RI, Crawford RM, Wolff K, Balfour J.
2000. Molecular analysis of plant migration and refugia in the Arctic.
Science 289: 1343—1346.

Adams RP. 2004. Junipers of the World: the genus Juniperus. Vancouver,
BC, Canada: Trafford Publishing.

Adams RP. 2008a. Junipers of the World: the genus Juniperus, 2nd edn.
Vancouver, BC, Canada: Trafford Publishing.

Adams RP, Bartel JA, Price RA. 2009. A new genus, Hesperocyparis, for
the cypresses of the New World. Phytologia 91: 160-185.

Adams RP, Morris JA, Schwarzbach AE. 2008b. The Evolution of
Caribbean Juniperus (Cupressaceac): Terpenoids, RAPDs and DNA
SNPs data. Phyrologia 90: 103-120.

Axelrod DI. 1956. Mio-Pliocene floras from West-Central Nevada.
University of California, Publications in Geological Sciences 33: 1—
316.

Axelrod DI. 1975. Evolution and biogeography of Madrean-Tethyan
sclerophyll vegetation. Annals of the Missouri Botanical Garden 62: 280~
334.

Axelrod DI. 1987. The late Oligocene Creede flora, Colorado. University
of California, Publications in Geological Sciences 130: 1-235.

Axelrod DI. 1991. The early Miocene Buffalo canyon flora of Western
Nevada. University of California, Publications in Geological Sciences 135:
1-76.

Brochmann C, Brysting AK. 2008. The Arctic-an evolutionary freezer?
Plant Ecology & Diversity 1: 181-195.

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

Research © 269

Bryan K, Cady RC. 1934. The Pleistocene climate of Bermuda. American
Journal of Science 27: 241-264.

Biizek C, Holy F, Kvacek Z. 1985. Late Pliocene palacoenvironment and
correlation of the Vildstejn floristic complex within Central Europe.
Rozpravy Ceskoslovenské Akademie Véd, Rada Matematickych a Prirodnich
Ved 95: 1-75.

Cavender-Bares J, Holbrook NM. 2001. Hydraulic properties and
freezing-induced cavitation in sympatric evergreen and deciduous
oaks with contrasting habitats. Plant, Cell ¢ Environment 24: 1243~
1256.

Chung SL, Lo C, Lee TY, Zhang YQ, Xie YW, Li XH, Wang KL, Wang
PL. 1998. Diachronous uplift of the Tibetan plateau starting 40 Myr
ago. Nature 394: 769-773.

Coleman M, Liston A, Kadereit JW, Abbott RJ. 2003. Repeat
intercontinental dispersal and Pleistocene speciation in disjunct
Mediterranean and desert Senecio (Asteraceae). American Journal of
Botany 90: 1446-1454.

Coryndon SC, Savage RJG. 1973. The origin and affinities of African
mammal faunas. Special Papers in Palacontology 12: 121-135.

Cox WM. 1959. Bermuda’s beginning. Liverpool, UK: C. Tinling & Co.,
Led.

Donoghue MJ, Bell CD, Li J. 2001. Phylogenetic patterns in Northern
Hemisphere plant geography. International Journal of Plant Sciences 162:
S41-S52.

Donoghue M]J, Smith SA. 2004. Patterns in the assembly of temperate
forests around the Northern Hemisphere. Philosophical Transactions of
the Royal Society B: Biological Sciences 359: 1633-1644.

Dorofeev PI. 1962. On the Pliocene flora of Bashkiria. Botanicheskii
Zhurnal 47: 787-801. (in Russian).

Doyle JJ, Doyle JL. 1987. A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochemical Bulletin 19: 11-15.

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. 2006. Relaxed
phylogenetics and dating with confidence. PLoS Biology 4: 699—
710.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology 7: 214.

Engler A. 1879. Versuch einer Entwicklungsgeschichte der pflanzenwelt,
insbesondere der Florengebiete seit der Tertiarperiode. 1. Die extratropischen
Gebiete der nordlichen Hemisphare. Leipzig, Germany: W. Engelmann.

Farjon A. 2005. A monograph of Cupressaceae and Sciadopitys. Kew, UK:
Royal Botanic Gardens, Kew.

Farjon A, Hiep NT, Harder DK, Loc PK, Averyanov L. 2002. A new
genus and species in Cupressaceae (Coniferales) from Northern
Vietnam, Xanthocyparis vienamensis. Novon 12: 179-189.

Felsenstein J. 1981. Evolutionary trees from DNA sequences: a maximum
likelihood approach. Journal of Molecular Evolution 17: 368-376.

Felsenstein J. 1993. PHYLIP (Phylogeny Inference Package) Version 3.5c.
Seattle, WA, USA.

Felsenstein J. 2004. PHYLIP (Phylogeny Inference Package) version 3.6.
Distributed by the author. Department of Genome Sciences, University
of Washington, Seattle, Washington, USA.

Feng Y, Oh S-H, Manos PS. 2005. Phylogeny and historical biogeography
of the genus Platanus as inferred from nuclear and chloroplast DNA.
Systematic Botany 30: 786-799.

Florin CR. 1963. The distribution of conifer and taxad genera in time and
space. Acta Horti Bergiani 20: 121-312.

Gadek PA, Alpers DL, Heslewood MM, Quinn CJ. 2000. Relationships
within Cupressaceae sensu lato: a combined morphological and
molecular approach. American Journal of Botany 87: 1044-1057.

Geelan PJM, Lewis HAG. 1992. Times Atlas of the world (comprehensive
edition), 9th edn. London, UK: Times Books.

Gladenkov AY, Oleinik AE, Marincovich L, Barinov KB. 2002. A refined
age for the earliest opening of Bering Strait. Palacogeography,
Palacoclimatology, Palacoecology 183: 321-328.

New Phytologist (2010) 188: 254-272
www.newphytologist.com



270 "Research

Grandstein FM, Ogg JG, Smith AG. 2004. A geological time scale 2004.
Cambridge, UK: Cambridge University Press.

Grivet D, Heinze B, Vendramin GG, Petit R]. 2001. Genome walking
with consensus primers: application to the large single copy region of
chloroplast DNA. Molecular Ecology Notes 1: 345-349.

Guo ZT, Ruddiman WF, Hao QZ, Wu HB, Qiao YS, Zhu RX, Peng SZ,
Wei JJ, Yuan BY, Liu TS. 2002. Onset of Asian desertification by
22 Myr ago inferred from loess deposits in China. Nature 416: 159—
163.

Harmon L], Weir JT, Brock CD, Glor RE, Challenger W. 2008.
GEIGER: investigating evolutionary radiations. Bioinformatics 24: 129—
131.

Harrison TM, Copeland P, Kidd WSF, Yin A. 1992. Raising Tibet.
Science 255: 1663-1670.

Herwitz SR. 1992. Quaternary vegetation change and dune formation on
Bermuda: a discussion. Global Ecology Biogeography Letters 2: 65-70.

Hileman LC, Vasey MC, Parker VT. 2001. Phylogeny and biogeography
of the Arbutoideae (Ericaceae): implications for the Madrean-Tethyan
hypothesis. Systematic Botany 26: 131-143.

Hohmann S, Kadereit JW, Kadereit G. 2006. Understanding
Mediterranean-Californian disjunctions: molecular evidence from
Chenopodiaceae-Betoideae. Taxon 55: 67-78.

Holthuijzen AMA, Sharik TL. 1985. The avian seed dispersal system of
eastern red cedar (Juniperus virginiana). Canadian Journal of Botany 63:
1508-1515.

Huelsenbeck JP, Ronquist F. 2001. MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17: 754-755.

Kusumi J, Tsumura Y, Yoshimaru H, Tachida H. 2000. Phylogenetic
relationships in Taxodiaceae and Cupressaceae sensu stricto based on
maiK gene, chll gene, trnl-trnF 1GS region, and #zL intron sequences.
American Journal of Borany 87: 1480—1488.

Kvacek Z. 1999. An ancient Calocedrus (Cupressaceae) from the European
Tertiary. Flora 194: 237-248.

Kvacek Z. 2002. A new juniper from the Palacogene of Central Europe.
Feddes Repertorium 113: 492-502.

Kvacek Z, Manchester SR, Schorn HE. 2000. Cones, seeds, and foliage of
Tetraclinis salicornioides (Cupressaceae) from the Oligocene and
Miocene of Western North America: a geographic extension of the
European Tertiary species. International Journal of Plant Sciences 161:
331-344.

Lauby A. 1910. Recherches paléophytologiques dans le Massif Central.
Bulletin des Services de la Carte Géologique de France 125: 1-398.

Liston A. 1997. Biogeographic relationships between the Mediterranean
and North American floras: insights from molecular data. Lagascalia 19:
323-330.

Liston A, Rieseberg LH, Elias TS. 1989. Genetic similarity is high
between intercontinental disjunct species of Senecio (Asteracae).
American Journal of Borany 76: 383-388.

Liston A, Rieseberg LH, Hanson MA. 1992. Geographic partinioning of
chloroplast DNA variation in the genus Datisca (Datiscaceae). Plant
Systematics and Evolution 181: 121-132.

Little DP. 2006. Evolution and circumscription of the true Cypresses
(Cupressaceae: Cupressus). Systematic Botany 31: 461-480.

Little DP, Schwarzbach AE, Adams RP, Hsieh C-F. 2004. The
circumscription and phylogenetic relationships of Callitropsis and the
newly described genus Xanthocyparis (Cupressaceae). American Journal of
Botany 91: 1872-1881.

Liu JQ, Wang Y], Wang AL, Hideaki O, Abbott R]. 2006. Radiation and
diversification within the Ligularia- Cremanthodium-Parasenecio
complex (Asteraceae) triggered by uplift of the Qinghai-Tibetan Plateau.
Molecular Phylogenetics & Evolution 38: 31-49.

Mansion G, Rosenbaum G, Schoenenberger N, Bacchetta G, Rossello JA,
Conti E. 2008. Phylogenetic analysis informed by geological history

New Phytologist (2010) 188: 254-272
www.newphytologist.com

New
Phytologist

supports multiple, sequential invasions of the Mediterranean Basin by
the angiosperm family Araceae. Systematic Biology 57: 269-285.

Marinkovich L Jr, Brouwers EM, Hopkins DM, McKenna MC. 1990.
Late Mesozoic and Cenozoic paleogeographic and paleoclimatic history
of the Arctic Ocean Basin, based on shallow marine faunas and
terrestrial vertebrates. In: Grantz A, Johnson L, Sweeney JF, eds. The
geology of North America. Vol. L. The Arctic ocean region. Boulder, CO,
USA: Geological Society of America, 403—426.

Marty P. 1903. Flore Miocéne de Joursac (Cantal). Paris, France: La Revue
de la Haute Auvergne, 1-92.

Mclver EE. 1992. Fossil Fokienia (Cupressaceae) from the Paleocene of
Alberta, Canada. Canadian Journal of Botany 70: 742-749.

Mclver EE. 1994. An early Chamaecyparis (Cupressaceae) from the Late
Cretaceous of Vancouver Island, British Columbia, Canada. Canadian
Journal of Botany 72: 1787-1796.

Mclver EE, Aulenback KR. 1994. Morphology and relationships of
Mesocyparis umbonata sp.nov.: fossil Cupressaceae from the Late
Cretaceous of Alberta, Canada. Canadian Journal of Botany72: 273~
295.

Mclver EE, Basinger JF. 1987. Mesocyparis borealis gen. et sp. nov.: fossil
Cupressaceae from the early Tertiary of Saskatchewan, Canada.
Canadian Journal of Botany 65: 2338-2351.

Mclver EE, Basinger JF. 1990. Fossil seed cones of Fokienia (cupressaceac)
from the paleocene Ravenscrag formation of Saskatchewan, Canada.
Canadian Journal of Botany 68: 1609-1618.

McKenna MC. 1983. Cenozoic paleogeography of North Atlantic land
bridges. In: Bott M, Saxov S, Talwani M, Thiede ], eds. Structure and
development of the Greenland-Scotland bridge: new concepts and methods.
New York, NY, USA: Plenum, 351-395.

Mill RR, Farjon A. 2006. (1710) Proposal to conserve the name
Xanthocyparis against Callitropsis Oerst. (Cupressaceae). Taxon 55: 229—
231.

Miller KG, Browning JV, Aubry M-P, Wade BS, Katz ME, Kulpecz AA,
Wright JD. 2008. Eocene-Oligocene global climate and sea-level
changes: St. Stephens Quarry, Alabama. Geological Society of America
Bulletin 120: 34-53.

Milne IR. 2006. Northern Hemisphere plant disjunctions: a window on
tertiary land bridges and climate change? Annals of Botany 98: 465-472.

Milne RI, Abbott R]. 2002. The origin and evolution of Tertiary relict
floras. Advances in Botanical Research 38: 281-314.

Mosbrugger V, Utescher T, Dilcher DL. 2005. Cenozoic continental
climatic evolution of Central Europe. Proceedings of the National
Academy of Sciences, USA 102: 14964-14969.

Negru AG. 1972. Rannesarmarskaia flora severovostoka Moldavii. Kishinev,
Moldova: Shtiintsa Press, (in Russian).

Nie ZL, Sun H, Beardsley PM, Olmstead RG, Wen J. 2006a. Evolution
of biogeographic disjunction between eastern Asia and eastern North
America in Phryma (Phrymaceae). American Journal of Botany 93: 1343—
1356.

Nie ZL, Sun H, Li H, Wen J. 2006b. Intercontinental biogeography of
subfamily Orontioideae (Symplocarpus, Lysichiton, and Orontium) of
Araceae in Eastern Asia and North America. Molecular Phylogenetics &
Evolution 40: 155-165.

Nie ZL, Wen J, Azuma H, Qiu YL, Sun H, Meng Y, Sun WB, Zimmer
EA. 2008. Phylogenetic and biogeographic complexity of Magnoliaceae
in the Northern Hemisphere inferred from three nuclear data sets.
Molecular Phylogenetics & Evolution 48: 1027-1040.

Nylander JA. 2004. MrModeltest v2. Program distributed by the author.
Evolutionary Biology Centre, Uppsala University, Uppsala, Sweden.

Nylander JA, Olsson U, Alstrom P, Sanmartin I. 2008. Accounting for
phylogenetic uncertainty in biogeography: a Bayesian approach to
dispersal-vicariance analysis of the thrushes (Aves: Turdus). Systematic

Biology 57: 257-268.

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)



New
Phytologist

Opgenoorth L, Vendramin GG, Mao KS, Miche G, Miehe S, Liepelt S,
Liu JQ, Ziegenhagen B. 2010. Tree endurance on the Tibetan Plateau
marks the world’s highest known tree line of the Last Glacial Maximum.
New Phytologist 185: 332-342.

Palamarev E. 1989. Palacobotanical evidences of the Tertiary history and
origin of the Mediterranean sclerophyll dendroflora. Plant Systematics
and Evolution 162: 93-107.

Paradis E. 1997. Assessing temporal variations in diversification rates from
phylogenies: estimation and hypothesis testing. Proceedings of the Royal
Society of London. Series B. Biological Sciences 264: 1141-1147.

Paradis E. 1998. Testing for constant diversification rates using molecular
phylogenies: a general approach based on statistical tests for goodness of
fit. Molecular Biology & Evolution 15: 476-479.

Paradis E, Claude J, Strimmer K. 2004. APE: analyses of phylogenetics
and evolution in R language. Bioinformatics 20: 289-290.

Posada D, Buckley TR. 2004. Model sclection and model averaging in
phylogenetics: advantages of akaike information criterion and
bayesian approaches over likelihood ratio tests. Systematic Biology 53:
793-808.

Posada D, Crandall KA. 1998. MODELTEST: testing the model of DNA
substitution. Bioinformatics 14: 817-818.

Potts R, Behrensmeyer AK. 1992. Late Cenozoic terrestrial ecosystems.
In: Behrensmeyer AK, Damuth JD, DiMichele WA, Potts R, Sues H-D,
Wing SL, eds. Terrestrial ecosystems through time: evolutionary
paleoecology of terrestrial plants and animals. Chicago, IL, USA:
University of Chicago Press, 419-541.

R Development Core Team. 2009. R: a language and environment for
statistical computing, reference index version 2.9.0. Vienna, Austria: R
Foundation for Statistical Computing, R console is freely available at
http://www.r-project.org.

Rabosky DL. 2006. LASER: a maximum likelihood toolkit for detecting
temporal shifts in diversification rates from molecular phylogenies.
Evolutionary Bioinformatics Online 2: 273-276.

Rambaut A. 2008. Figtree version 1.2. Available at http://tree.bio.ed.ac.uk/
software/figtree.

Rambaut A, Drummond AJ. 2007. Tracer version 1.4. Available at heep://
beast.bio.ed.ac.uk/Tracer.

Raven PH. 1972. Plant species disjunctions: a summary. Annals of the
Missouri Botanical Garden 59: 234-246.

Raven PH, Axelrod DI. 1974. Angiosperm biogeography and past
continental movements. Annals of the Missouri Botanical Garden 61:
539-637.

Raven PH, Axelrod DI. 1975. History of the flora and fauna of Latin
America. American Scientist 63: 420—429.

Renner SS. 2004. Plant dispersal across the tropical Atlantic by wind and
sea currents. [nternational Journal of Plant Sciences 165: S23-833.

Rérolle L. 1884. Flora fossile de Cerdagne. Revue de Sciences Naturelles de
Montpellier 3éme Série 4: 167-191, 252-298, 368-386.

Ronquist F. 1997. Dispersal-vicariance analysis: a new approach to the
quantification of historical biogeography. Systematic Biology46: 195-203.

Rutschmann F. 2005. Bayesian molecular dating using
PAML/ multidivtime-A step-by-step manual, version 1.5. Available at
ftp://statgen.ncsu.edu/pub/thorne/bayesiandating1.5.pdf.

Sanderson M]J. 2002. Estimating absolute rates of molecular evolution and
divergence times: a penalized likelihood approach. Molecular Biology &
Evolution 19: 101-109.

Sanderson MJ. 2003. R8S: analysis of rates (“r8s”) of evolution (and other
stuff), versionl.60. Available at http://ginger.ucdavis.edu/r8s.

Sanmartin I. 2003. Dispersal vs. vicariance in the Mediterranean:
historical biogeography of the Palearctic Pachydeminae (Coleoptera,
Scarabacoidea). Journal of Biogeography 30: 1883-1897.

Santos T, Telleria JL, Virgos E. 1999. Dispersal of Spanish Juniper
Juniperus thurifera by birds and mammals in a fragmented landscape.

Ecography 22: 193-204.

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

Research * 271

Schweitzer H-]J. 1974. Die “Tertiaren” Koniferen Spitzbergens.
Palacontographica, B169: 1-89.

Serbet R. 1997. Morphologically and anatomically preserved fossil plants
from Alberta, Canada: a flora that supported the dinosaur fauna during
the Upper Cretaceous (Maastrichtian). Ph.D. Dissertation, Ohio
University, Athens, OH, USA.

Shaw J, Lickey EB, Beck J T, Farmer SB, Liu W, Miller J, Siripun KC,
Winder CT, Schilling EE, Small RL. 2005. The tortoise and the hare
II: relative utility of 21 noncoding chloroplast DNA sequences for
phylogenetic analysis. American Journal of Botany 92: 142-166.

Shaw AJ, Werner O, Ros RM. 2003. Intercontinental Mediterranean
disjunct mosses: morphological and molecular patterns. American
Journal of Botany 90: 540-550.

Simmons MP, Ochoterena H, Carr TG. 2001. Incorporation, relative
homoplasy, and effect of gap characters in sequence-based phylogenetic
analyses. Systematic Biology 50: 454—462.

Souza-Chies TT, Bittar G, Nadot S, Carter L, Besin E, Lejeune B. 1997.
Phylogenetic analysis of Iridaceae with parsimony and distance methods
using the plastid gene rps4. Plant Systematics and Evolution 204: 109-123.

Spicer RA, Harris NB, Widdowson WM, Herman AB, Guo S, Valdes PJ,
Wolfe JA, Kelley SP. 2003. Constant elevation of southern Tibet over
the past 15 million years. Nature 421: 622-624.

Stebbins GL, Day A. 1967. Cytogenetic evidence for long continued
stability in the genus Plantago. Evolution 21: 409-428.

Stephens MA. 1974. EDF statistics for goodness of fit and some
comparisons. Journal of the American Statistical Association 69: 730-737.

Stockey RA, Kvacek J, Hill RS, Rothwell GW, Kvacek Z. 2005. Fossil
record of Cupressaceae s.lat. In: Farjon A, eds. A monograph of
Cupressaceae and Sciadopitys. Kew, UK: Royal Botanic Gardens, Kew,
54-68.

Straus A. 1952. Beitriige zur Pliocinflora von Willershausen III.
Palacontographica, B93: 1-44.

Sun H, Li ZM. 2003. Qinghai-Tibet Plateau uplift and its impact on
Tethys flora. Advances in Earth Sciences 18: 852-862.

Swofford DL. 2002. PAUP*: phylogenetic analyses using parsimony (*and
other methods), Version 4. Sunderland, MA, USA: Sinauer Associates.

Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal primers for
amplification of three non-coding regions of chloroplast DNA. Plant
Molecular Biology 17: 1105-1109.

Tamura K, Dudley J, Nei M, Kumar S. 2007. MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Molecular
Biolology & Evolution 24: 1596-1599.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG.
1997. The Clustal_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids
Research 25: 4876-4882.

Thorne RF. 1972. Major disjunctions in the geographic ranges of seed
plants. The Quarterly Review of Biology 47: 365—411.

Thorne JL, Kishino H. 2002. Divergence time and evolutionary rate
estimation with multilocus data. Systematic Biology 51: 689-702.

Tiffney BH. 1985a. The Eocene North Atlantic land bridge: its
importance in Tertiary and modern phytogeography of the Northern
Hemisphere. Journal of the Arnold Arboretum, Harvard University 66:
243-273.

Tiffney BH. 1985b. Perspectives on the origin of the floristic similarity
between Eastern Asia and eastern North America. Journal of the Arnold
Arboretum, Harvard University 66: 73-94.

Tiffney BH. 2000. Geographic and climatic influences on the Cretaceous
and Tertiary history of Euramerican floristic similarity. Acta Universitatis
Carolinae: Geologica 44: 5-16.

Tiffney BH, Manchester SR. 2001. The use of geological and
paleontological evidence in evaluating plant phylogeographic hypotheses
in the Northern Hemisphere tertiary. International Journal of Plant
Sciences 162: S3-S17.

New Phytologist (2010) 188: 254-272
www.newphytologist.com



272 "Research

Vogt PR, Jung W-Y. 2007. Origin of the Bermuda volcanoes and the
Bermuda Rise: history, observations, models, and puzzles. Geological
Society of America Special Papers 430: 553-591.

Wang W, Chen Z-D, Liu Y, Li R-Q, Li J-H. 2007. Phylogenetic and
biogeographic diversification of Berberidaceae in the Northern
Hemisphere. Systematic Botany 32: 731-742.

Wang Y], Susanna A, Von Raab-Straube E, Milne R, Liu JQ. 2009.
Island-like radiation of Saussurea (Asteraceae: Cardueae) triggered by
uplifts of the Qinghai-Tibetan Plateau. Biological Journal of the Linnean
Society 97: 893-903.

Wang XR, Tsumura Y, Yoshimaru H, Nagasaka K, Szmidt AE. 1999.
Phylogenetic relationships of Eurasian pines (Pinus, Pinaceae) based on
chloroplast rbcl, matK, rpl20-rps18 spacer, and #nV intron sequences.
American Journal of Botany 86: 1742-1753.

Wen J. 1999. Evolution of eastern Asian and eastern North American
disjunct distributions in flowering plants. Annual Review of Ecology and
Systematics 30: 421-455.

Wen J, Ickert-Bond SM. 2009. Evolution of the Madrean-Tethyan
disjunctions and the North and South American amphitropical
disjunctions in plants. Journal of Systematics and Evolution 47: 331-348.

White JM, Ager TA, Adam DP, Leopold EB, Liu G, Jettée H, Schweger
CE. 1997. An 18 million year record of vegetation and climate change in
northwestern Canada and Alaska: tectonic and global climatic correlates.
Palacogeography, Palacoclimatology, Palaeoecology 130: 293-306.

Willson CJ, Manos PS, Jackson RB. 2008. Hydraulic traits are influenced
by phylogenetic history in the drought-resistant, invasive genus Juniperus
(Cupressaceae). American Journal of Botany 95: 299-314.

Wolfe JA. 1964. Miocene floras from Fingerrock Wash, southwestern
Nevada. US Geological Survey Professional Paper 454-N: 1-36.

Wolfe JA. 1975. Some aspects of plant geography of the Northern
Hemisphere during the late Cretaceous and Tertiary. Annals of the
Missouri Botanical Garden 62: 264-279.

Wolfe JA. 1978. A paleobotanical interpretation of Tertiary climates in the
Northern Hemisphere. American Scientist 66: 694-703.

Wolfe JA. 1994. An analysis of Neogene climates in Beringia.
Palaeogeography, Palaeoclimatology, Palaeoecology 108: 207-216.

Woodburne MO, Swisher CC III. 1995. Land mammal high-resolution
geochronology, intercontinental overland dispersals, sea level, climate,
and vicariance. In: Berggren WA, Kent DV, Aubry M-P, Hardenbol J,
eds. Geochronology, time scales and global stratigraphic correlation: unified
temporary framework for an historical geology. SEPM special publication
no. 54. Tulsa, OK, USA: Society for Sedimentary Geology, 335-364.

Wright IJ, Reich PB, Westoby M. 2001. Strategy shifts in leaf physiology,
structure and nutrient content between species of high and low rainfall
and high and low nutrient habitats. Functional Ecology 15: 423-434.

Xiang QP, Li JH. 2005. Derivation of Xanthocyparis and Juniperus from
within Cupressus: evidence from Sequences of nrDNA Internal
Transcribed Spacer Region. Harvard Papers in Botany 9: 375-382.

Xiang QY, Manchester SR, Thomas DT, Zhang W, Fan C. 2005.
Phylogeny, biogeography, and molecular dating of cornelian cherries
(Cornus, Cornaceae): tracking Tertiary plant migration. Evolution 59:

1685-1700.

New Phytologist (2010) 188: 254-272
www.newphytologist.com

New
Phytologist

Xiang QY, Soltis DE, Soltis PS. 1998. The eastern Asian and eastern and
western North American floristic disjunction: congruent phylogenetic
patterns in seven diverse genera. Molecular Phylogenetics & Evolution 10:
178-190.

Xiang QY, Soltis DE, Soltis PS, Manchester SR, Crawford DJ. 2000.
Timing the eastern Asian-eastern North American floristic disjunction:
molecular clock corroborates paleontological estimates. Molecular
Phylogenetics & Evolution 15: 462-472.

Xiang QY, Zhang WH, Ricklefs RE, Qian H, Chen ZD, Wen J, Hua JL.
2004. Regional differences in rates of plant speciation and molecular
evolution: a comparison between eastern Asia and eastern North
America. Evolution 58: 2175-2184.

Yang Z. 1997. PAML: a program package for phylogenetic analysis by
maximum likelihood. Computer Applications in BioSciences 13: 555-556.

Yang Z. 2007. PAML 4: a program package for phylogenetic analysis by
maximum likelihood. Molecular Biology & Evolution 24: 1586-1591.

Young ND, Healy J. 2003. GapCoder automates the use of indel
characters in phylogenetic analysis. BMC Bioinformatics 4: 6.

Zachos JC, Pagani M, Sloan ET, Billups K. 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292: 686—694.

Zwickl DJ. 2006. Genetic algorithm approaches for the phylogenetic
analysis of large biological sequence datasets under the maximum
likelihood criterion. PhD dissertation, The University of Texas, Austin,
TX, USA.

Supporting Information

Additional supporting information may be found in the
online version of this article.

Fig. S1 Divergence times for nodes within Juniperus.

Notes S1 Fossil calibrations.

Table S1 Sample provenance and collection IDs.

Table S2 Primers and their provenance.

Table S3 PCR programmes employed for each primer pair.
Table S4 Sequence lengths and indel numbers.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting information
supplied by the authors. Any queries (other than missing

material) should be directed to the New Phytologist Central
Office.

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)



