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Dating the Tree of Life has now become central to relating patterns
of biodiversity to key processes in Earth history such as plate
tectonics and climate change. Regions with a Mediterranean cli-
mate have long been noted for their exceptional species richness
and high endemism. How and when these biota assembled can
only be answered with a good understanding of the sequence of
divergence times for each of their components. A critical aspect of
dating by using molecular sequence divergence is the incorpora-
tion of multiple suitable age constraints. Here, we show that only
rigorous phylogenetic analysis of fossil taxa can lead to solid
calibration and, in turn, stable age estimates, regardless of which
of 3 relaxed clock-dating methods is used. We find that Proteaceae,
a model plant group for the Mediterranean hotspots of the Southern
Hemisphere with a very rich pollen fossil record, diversified under
higher rates in the Cape Floristic Region and Southwest Australia than
in any other area of their total distribution. Our results highlight key
differences between Mediterranean hotspots and indicate that
Southwest Australian biota are the most phylogenetically diverse but
include numerous lineages with low diversification rates.

biodiversity � diversification rates � fossil calibration � molecular dating �
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Mediterranean-climate regions are among the most species-
rich biomes on Earth (1). They are all regarded as

‘‘biodiversity hotspots,’’ regions that are both extraordinarily
species-rich and highly threatened by human activity (2, 3).
Southwest Australia (SWA) and the Cape Floristic Region
(CFR) are 2 of these Mediterranean hotspots and share key
features such as high levels of endemism, nutrient-poor soils, and
frequent fire regimes (1) (Table 1). Both hotspots have been
compared with oceanic islands for their endemism and appear to
have originated after aridification and cooling from the tropical
climates that they experienced in the Paleogene (5, 6). How
exactly climate change has contributed to the exceptional levels
of species richness and endemism observed today remains an
open question. Molecular dating analyses can help us address the
timing of diversification in these regions and test whether high
species richness is the result of recent radiation (due to high
speciation rates) or long accumulation of lineages over time.
These methods have been applied to the study of these hotspots,
especially the CFR (8–11). A potential problem in these studies,
however, is that each analysis has relied on a single calibration point,
generally from distantly related fossils, secondary calibration dates
derived from previous studies, or the timing of geological events. In
addition, these studies have focused on 1 or 2 species-rich Medi-
terranean hotspot clades and did not address the possible impact of
a more complete sampling of lineages in these regions.

Here, we address these questions by using Proteaceae, a
Southern Hemisphere flowering plant family with an exceptional
fossil record and 60% of its extant diversity in SWA and the
CFR. This group includes flagship taxa such as Protea in South

Africa or Banksia in Western Australia. We use a rigorous
approach to select adequate calibration points and date a
multigene phylogenetic tree of all genera of this family. Prelim-
inary phylogenetic analyses (12–15) have suggested that mem-
bers of this group in each Mediterranean hotspot do not form a
single clade but instead consist of multiple independent lineages,
several of which are remarkably species-rich and others surpris-
ingly species-poor. This pattern makes Proteaceae particularly
suitable to test and compare hypotheses of diversification in the
2 regions. Specifically, we estimate absolute net diversification
rates for all clades of the phylogeny and correlate the highest
rates and steepest shifts in rates with occurrence in Mediterra-
nean hotspots. We also identify extraordinarily species-rich
clades, given a background diversification rate for the group
under 2 models of extinction (16).

Results
We reconstructed the phylogeny of Proteaceae by using molec-
ular sequence data from 1 nuclear and 7 plastid regions, sam-
pling all of the genera currently recognized. Parsimony and
Bayesian analyses yielded very similar, well-supported trees
[supporting information (SI) Fig. S1], which represent a great
improvement on previously uncertain relationships (12–15).
Taxa occurring in the CFR are scattered among 4 lineages,
whereas SWA taxa have at least 7 independent origins (Fig. 1).
Not all hotspot lineages are species-rich (i.e., �100 species), but
they all appear well nested in the tree. To test whether species
richness in these lineages is the result of rapid diversification or
long accumulation over time, we dated the phylogeny.

Nearly three-quarters of all described fossil species of Pro-
teaceae are dispersed pollen. We combined literature data with
our own observations on pollen of �300 extant and 25 fossil
palynomorph species of Proteaceae into a database of �5,000
records to compile a matrix of morphological characters (SI
Materials and Methods, Dataset S1). By using the molecular
phylogenetic tree as a backbone constraint, we conducted par-
simony analyses to assess the phylogenetic position of each fossil.
Unlike the approach followed in most of the palaeobotanical
literature and molecular dating studies, where a handful of
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characters considered to be important is used to justify relation-
ships to extant taxa, our analyses explore all of the possible
phylogenetic positions and evaluate them by using all characters
known for a fossil taxon. We find that few of the traditional
literature assignments are supported (Table S1). This is a
significant result because many fossil species in this group have
been assigned to single extant genera and these assumptions
have been used uncritically to calibrate molecular dating analyses
(17) or to trace the biogeographic history of the family (18).
Fossil taxa for which �10 most parsimonious positions were
found were considered suitable as minimum age evidence for the
most recent common ancestor of all of these positions (Fig. S2).
Fossils with �10 most parsimonious positions are not suitable
for calibration either because too little is known of their mor-
phology or their combination of characters is not distinctive
enough to reconstruct their position based solely on their
morphology. Of the 14 fossils suitable for calibration, several
gave minimum age evidence for the same node (Table S1). The
oldest fossil was chosen and the remaining taxa were considered
redundant calibration points. Other fossil taxa were not informative
because the minimum age evidence they provided was necessarily
implied by another calibration point nested higher up in the
phylogeny (with equal or older minimum age). This approach
identified 5 independent fossil pollen age constraints, to which a
well-preserved fossil inflorescence and a maximum age constraint
on the root were added (SI Materials and Methods).

We estimated divergence times by using 3 relaxed clock
methods and this set of 7 fossil age constraints. Penalized
likelihood (PL) (19), the Bayesian autocorrelation method (20–
22) (implemented in multidivtime), and the uncorrelated log-
normal (UCLN) method (23) (implemented in BEAST) pro-
duced similar age estimates for most nodes (Table S2). This was
verified by correlation analysis of each pair of methods (PL vs.
UCLN, R2 � 0.98, slope � 1.03; multidivtime vs. UCLN, R2 � 0.98,
slope � 1.05; PL vs. multidivtime, R2 � 0.99, slope � 0.98; Fig. S3
a–c). Because ages obtained in BEAST take into account phylo-
genetic uncertainty, we refer to these in the following discussion.

We calculated absolute net diversification rates (speciation minus
extinction) for all clades in the phylogeny by using stem (rst) and
crown (rcr) group ages. The diversification rate for Proteaceae
(rst � 0.066; rcr � 0.074) is comparable to that of angiosperms as
a whole (rcr � 0.089) (16). The highest diversification rates (rst
�0.200) are all found in Mediterranean hotspot lineages, with the
exception of the predominantly Southeast Asian genus Helicia (Fig.
1). This is also true of the most important increases in diversification
rates (Table S3). These high rates are comparable to the highest
rates found in angiosperm clades such as Lamiales (rcr � 0.212) or
Asterales (rcr � 0.330) (16). However, not all hotspot lineages
appear to have experienced unusually high diversification rates. In
addition, the link between hotspots and diversification rates is
difficult to appreciate because many terminal taxa have species both
in and outside these hotspots.

To compensate for this problem, we plotted diversification
rates against the proportion of Mediterranean hotspot species

for all clades in the phylogeny (Fig. S3e). We obtained a highly
significant positive correlation (P � 0.0001) between these 2
variables, indicating that Proteaceae have indeed diversified
faster in Mediterranean hotspots than anywhere else. To test the
effect of other climatic conditions on diversification rates in this
group, we also looked at the proportion of tropical species in
each clade and found a significant negative correlation (P �
0.0133). These relationships remain significant when only ter-
minal taxa are taken into account or when sampling all lineages
present 20 or 40 mya. We also tested this correlation by using the
method of independent contrasts of both relative and absolute
rate differences (24) and obtained the same results, although the
effect of tropical climates is no longer significant (Fig. S3 f and g).

We followed the approach of Magallón and Sanderson (16) to
identify extraordinarily species-rich clades in Proteaceae. We
calculated 95% confidence intervals for expected clade size
given a stem age and the background rate of Proteaceae,
assuming either a pure birth model (no extinction, � � 0) or a
high rate of extinction relative to speciation (� � 0.9). We find
that all of the clades that are larger than expected under the most
conservative model (� � 0.9) have species occurring in Medi-
terranean hotspots (�50% for most of them), with the exception
of Helicia (Fig. 2A). Whereas clades with �50% of their species
in SWA are scattered above, within, and below these intervals (Fig.
2B), most of the clades with �50% of their species in the CFR
concentrate above the upper limit of expected clade size under a
pure birth model (� � 0; Fig. 2C). Tropical clades are dispersed, but
few appear to be larger than expected under either model.

Finally, we tested whether the speciation rate (�) was significantly
higher in clades with �50% of their species in Mediterranean
hotspots than in other clades, following the method of Ricklefs (25).
By using nonlinear least-squares regression, we estimated the
relative extinction rate (�) for the sample of Proteaceae genera with
�1 species (Fig. S3h). We then calculated the speciation rate (�)
and net diversification rate (r) for each clade (genus), given a fixed
value of �, and we ran Kruskal–Wallis tests on these rates com-
paring clades from Mediterranean hotspots against other clades. �
was estimated to whichever upper limit value �1 this parameter was
allowed to reach in the nonlinear regression (e.g., if � � 0.99, � �
0.99 � 0.085, P � 0.0001). However, regardless of the value of � that
was used for the tests, the speciation rate was always significantly
higher in clades with �50% of their species in Mediterranean
hotspots than in other clades, by a factor of 1.9 to 2.6 (P �
0.0004–0.0038; Table S4). This result was also true when including
monospecific clades, using a different sample of all independent
(non nested) clades present 20 my ago, or comparing net diversi-
fication rates instead of speciation rates. However, although the
speciation rate is on average 0.8 to 2.0 times higher in clades with
�50% of their species in the CFR than those in SWA, this result
was only significant for lower values of � (P � 0.05).

The fact that our attempt to model the observed diversity by
fixing the speciation and extinction rates leads to estimates of the
relative extinction rate tending to 1 may be interpreted as an
indication that these parameters have probably not remained

Table 1. Comparison of the three Mediterranean-climate biodiversity hotspots in the Southern Hemisphere

Biodiversity hotspot Area, km² Soil fertility Frequent fire
Total species
(% endemic)

Proteaceae species
(% endemic)

No. of Proteaceae
lineages*

Cape Floristic Region (CFR) 78,555 very low to moderate yes 9,000 (69%) 332 (99%) 4
Southwest Australia (SWA) 356,717 very low to low yes 7,380 (49%) 697 (99%) 7
Central Chile† 155,000 high no 2,864 (30%) 5 (0%) 4

Data based on refs. 1, 3–7.
*Number of lineages defined as the number of separate lineages on the phylogeny (Fig. 1) whose immediate sister group is not found in the named area at all.
Note that this may be more or less than the number of independent colonization events, depending on the biogeographic scenario and the internal history
of mixed terminals.

†Hotspot defined as the winter-rainfall, Mediterranean-type climate area of the wider Chilean Winter Rainfall-Valdivian Forests biodiversity hotspot (3).
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Fig. 1. Dated phylogeny of Proteaceae: maximum clade credibility tree with mean ages from the Bayesian uncorrelated lognormal method (implemented in
BEAST) using nucleotide sequence data from 8 loci. Nodes on which fossil age constraints were applied (as uniform prior distributions) are identified with black
dots (see Table S1). White dots identify additional, redundant, or uninformative age constraints obtained from the fossil analyses. Branches are colored according
to absolute net diversification rate by stem age of their subtending clade. Taxa present in Mediterranean hotspots are identified with either SWA (Southwest
Australia) or CFR (Cape Floristic Region). If not endemic to these hotspots, the percentage of hotspot species is mentioned in brackets. Total species numbers
are indicated in brackets after the name of each taxon. Absolute ages are in million years.
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constant through time and across lineages (26). The difference
we found between the standing diversity of Mediterranean
hotspots and that of other areas may either be the result of higher

speciation rates in the CFR and SWA or higher extinction rates
elsewhere (25).

Discussion
Our results show that net diversification rates are significantly
higher in some (but not all) Mediterranean hotspot lineages, as
might be expected from the high species richness and occurrence
of large genera in both SWA and the CFR. This study also
highlights an important difference between the 2 regions. There
are more separate lineages in SWA, and only a few of them are
responsible for the remarkable diversity of the group in the
region (Fig. 2 B and C; Table 1). Biogeographic reconstruction
by using Fitch parsimony infers Australia as the center of origin
and diversity of Proteaceae (Fig. S1). It is therefore not surpris-
ing that, with intracontinental immigration, SWA has more
lineages and exhibits a more complex pattern of diversity than
the CFR. Nearly all of the SWA lineages have sister groups
elsewhere in Australia, suggesting that they arose either from the
fragmentation of ancient pan-Australian distributions before the
aridification of Central Australia or by more recent dispersal
from Southern or Eastern Australian ancestors. In contrast, all
of the CFR lineages have sister groups outside Africa. Two of
them (Leucadendreae and Aulax) actually appear to have orig-
inated as the results of long-distance dispersal of Australian
ancestors, whereas the other 2 (Proteeae and Brabejum) might
have come about as the combination of Gondwana breakup and
long-distance dispersal. In this respect, the CFR appears more
‘‘insular’’ than SWA. Studies in other plant groups have dem-
onstrated similar phylogenetic isolation of the CFR from the rest
of Africa (27, 28). In a recent study, Linder (26) compared
speciation rates among plant clades of 6 large regions and found
that Australia as a whole had the signature of an old radiation,
whereas the Cape flora could be seen as the result of a combination
of both old and recent and rapid radiations. Our results suggest that
recent and rapid radiations may also have taken place in Southwest
Australia, in combination with older radiations.

Although the highest net diversification rates in Proteaceae
are clearly associated with Mediterranean hotspots, our analyses
rule out a contemporaneous origin for these species-rich lin-
eages. This indicates that diversification in these hotspots in-
creased gradually over an extended period, starting as far back
as 40 mya (11, 27). Recent work has shown that the transition
from tropical or subtropical to Mediterranean climates in these
regions during the Cenozoic has also been gradual, even though
the stabilization of modern climates is fairly recent (5, 6).

Adaptation to frequent fire regimes (e.g., serotiny) and nu-
trient-poor soils (e.g., cluster roots), pollinator shifts, and ant
dispersal have long been considered to promote speciation in
Mediterranean hotspots (1, 29–31). These are well known in
Proteaceae but also occur in many other plant groups with high
diversity in SWA and the CFR. This replicated pattern, both
within Proteaceae and across angiosperms, suggests a common,
convergent response to climate change in numerous distinct
lineages. The ability to adapt to this change, more than the
change itself, has probably been an important determinant in
limiting the number of lineages that survived in these new
environments. The lack of competition from other lineages may
have resulted in lower extinction rates for those surviving and
therefore higher net diversification rates. However, it is very
difficult to disentangle extinction and speciation rates and
further data are needed to determine whether the observed
pattern is a result of higher speciation rates, lower extinction
rates, or a combination of both.

In comparison with Southwest Australia and the Cape Flo-
ristic Region, the Mediterranean-climate region of Central Chile
has fewer plant species and a lower rate of endemism (Table 1).
One of the most notable differences between this region and the
other 2 southern Mediterranean hotspots is its higher soil

1

10

100

1000

10000

0 20 40 60 80 100 120
Stem age (million years)

C
la

de
 si

ze
 (N

)

1

10

100

1000

10000

0 20 40 60 80 100 120
Stem age (million years)

C
la

de
 si

ze
 (N

)

1

10

100

1000

10000

0 20 40 60 80 100 120
Stem age (million years)

C
la

de
 si

ze
 (N

)
>50% spp. in Mediterranean hotspots
rest

>50% spp. in SWA

>50% spp. in CFR

A

B

C

Fig. 2. Confidence intervals on expected clade diversity (number of extant
species) according to stem group age, given a fixed background diversification
rate (r) equal to that of Proteaceae as a whole. The black lines are the 95%
confidence intervals in the absence of extinction (r0 � 0.066) and the gray lines
under a model of high relative extinction rate (r0.9 � 0.046). (A) All clades on
the phylogeny; clades with �50% of their species in Mediterranean hotspots
are marked with filled diamonds. (B) Clades with �50% of their species in
Southwest Australia; horizontal dashed lines are the 95% highest probability
densities of ages estimated in BEAST. (C) Clades with �50% of their species in
the Cape Floristic Region; horizontal lines as above.

224 � www.pnas.org�cgi�doi�10.1073�pnas.0805607106 Sauquet et al.

http://www.pnas.org/cgi/data/0805607106/DCSupplemental/Supplemental_PDF#nameddest=SF1


fertility as a result of mountain building and increased volcanic
activity in the Cenozoic (1, 32). We speculate that this difference
may have resulted in higher competition among local taxa and
therefore higher rates of extinction. This might explain why
Proteaceae, although present in other environments across
South America, have only 5 species today in Central Chile, none
of which is endemic to this particular region (Table S5).

Our results from a robust dated phylogeny in a model group
show that the outstanding species richness of both SWA and the
CFR has been produced by greater diversification rates. They
also suggest that SWA biota are less isolated (i.e., have more
biogeographical connections with their continent) and more
phylogenetically diverse (i.e., have more lineages with sister
groups outside the region) than those of the CFR. The quanti-
fication of diversity production over time is only as good as the
dating analyses. We suggest that fine tuning of age estimates in
other components of the Mediterranean hotspot biomes, result-
ing from morphological research to place fossils on phylogenies,
will ultimately result in a much better global understanding
of the evolutionary forces that have shaped such spectacular
biodiversity.

Materials and Methods
Phylogenetic Analyses. DNA sequences from 1 nuclear (ITS) and 7 plastid
markers (atpB, atpB-rbcL, matK, rbcL, rpl16 intron, trnL intron, trnL-trnF) were
aligned and combined into a dataset of 97 taxa and 9,914 characters, which
was analyzed by using parsimony and Bayesian methods (SI Materials and
Methods, Table S6).

Fossil Calibration. Twenty-five fossil palynomorph species were analyzed phy-
logenetically by using a morphological matrix of 22 pollen characters and 113
taxa (SI Materials and Methods, Dataset S1) and the Bayesian majority-rule
consensus tree from the molecular analyses (Fig. S1) as a backbone constraint.
Following protocols detailed in SI Materials and Methods, this approach
produced a set of 5 fossil pollen minimum age constraints (Table S1; Fig. S2).

Dating Analyses. Penalized likelihood (PL) and Bayesian autocorrelation dat-
ing were performed as outlined in SI Materials and Methods. The uncorrelated
lognormal (UCLN) dating method (23) was implemented in BEAST v. 1.4.7 (33)
after partitioning the data to use the optimal models selected by MrModeltest
for each partition. Age constraints were applied as uniform priors with hard
bounds. To conform to these constraints, the PL chronogram was used as a
starting tree. Ten independent runs of 4 � 106 generations each were per-
formed, sampling every 1,000th generation. Careful examination of all pa-
rameters in Tracer v. 1.4 indicated that each run converged immediately
(because the starting tree was already near-optimal) and that parameter
estimates were consistent among multiple runs. All runs were therefore
combined to produce the maximum clade credibility tree (Fig. 1) and calculate
the 95% highest probability density for the age of each node on the phylogeny.

Diversification Rates. Total species numbers for each genus of Proteaceae were
compiled from the literature (Table S5; references available in ref. 15). Stem
group diversification rates were calculated as rst � log(N)/Tst, where N is the
clade size (number of extant species) and Tst the stem age. Crown group
diversification rates were calculated as rcr � (log(N) � log (2))/Tcr where Tcr is
the crown age. Stem and crown group diversification rates under a high
relative rate of extinction (� � �/� � 0.9) and 95% confidence intervals on
clade size based on stem age were calculated by using equations 6, 7, and 10
of Magallón and Sanderson (16). We did not use equation 11 of Magallón and
Sanderson (confidence intervals based on crown ages), which was corrected in
an erratum published in 2006 (16).

In addition, we followed the methods of Ricklefs (25) and Ricklefs et al. (34)
to estimate global rates of speciation and extinction for Proteaceae and test
whether speciation rates are significantly higher in Mediterranean hotspot
clades than in other clades (SI Materials and Methods; Table S4; Fig. S3 h–j).
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