
ORIGINAL ARTICLE

doi:10.1111/evo.13276

The phylogeny and biogeography of Hakea
(Proteaceae) reveals the role of biome shifts
in a continental plant radiation
Marcel Cardillo,1,2 Peter H. Weston,3 Zoe K. M. Reynolds,1 Peter M. Olde,3 Austin R. Mast,4

Emily M. Lemmon,4 Alan R. Lemmon,5 and Lindell Bromham1

1Macroevolution and Macroecology Group, Research School of Biology, Australian National University, Canberra 0200,

Australia
2E-mail: marcel.cardillo@anu.edu.au

3National Herbarium of New South Wales, Royal Botanic Gardens and Domain Trust, Sydney NSW 2000, Australia
4Department of Biological Science, Florida State University, Tallahassee, Florida 32306
5Department of Scientific Computing, Florida State University, Dirac Science Library, Tallahassee, Florida 32306

Received December 8, 2016

Accepted May 4, 2017

The frequency of evolutionary biome shifts during diversification has important implications for our ability to explain geographic

patterns of plant diversity. Recent studies present several examples of biome shifts, but whether frequencies of biome shifts

closely reflect geographic proximity or environmental similarity of biomes remains poorly known. We explore this question

by using phylogenomic methods to estimate the phylogeny of Hakea, a diverse Australian genus occupying a wide range of

biomes. Model-based estimation of ancestral regions indicates that Hakea began diversifying in the Mediterranean biome of

southern Australia in the Middle Eocene–Early Oligocene, and dispersed repeatedly into other biomes across the continent. We

infer around 47 shifts between biomes. Frequencies of shifts between pairs of biomes are usually similar to those expected from

their geographic connectedness or climatic similarity, but in some cases are substantially higher or lower than expected, perhaps

reflecting how readily key physiological traits can be modified to adapt lineages to new environments. The history of frequent

biome-shifting is reflected in the structure of present-day assemblages, which tend to be more phylogenetically diverse than

null-model expectations. The case of Hakea demonstrates that the radiation of large plant clades across wide geographic areas

need not be constrained by dispersal limitation or conserved adaptations to particular environments.
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Large-scale studies of plant species distribution and phylogeny of-

ten point to a strong tendency toward phylogenetic conservatism

of environmental niches. According to these studies it is usual for

species to inhabit a similar environment to their ancestors, and rare

for evolutionary shifts to new habitats or biomes (geographic re-

gions of broadly similar ecoclimatic character) to occur (Prinzing

2001; Qian and Ricklefs 2004; Crisp et al. 2009; Kerkhoff et al.

2014). At the same time, more narrowly focused studies of par-

ticular plant clades seem to offer evidence for frequent evolution-

This article corresponds to Chloe M. N. (2017), Digest: Shifting

biomes: Insight into patterns of plant radiation and dispersal. Evolution.
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ary shifts between habitats or biomes (e.g., Holstein and Renner

2011; Töpel et al. 2012; Jara-Arancio et al. 2014; Weeks et al.

2014; Souza-Neto et al. 2016, further references in Donoghue

and Edwards 2014). The strength of affinity of plant lineages to

particular environments through evolutionary time has important

implications for our understanding of the historical events and

evolutionary processes that underlie present-day patterns of plant

diversity. If environmental niches tend to be conserved, then most

diversification is likely to occur within biomes, with limits to di-

versity mediated by the age and size of the biome. Shifts between

biomes will be comparatively rare, and assemblages of species

within biomes will tend to be phylogenetically clustered: that is,
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they will be more closely related to each other than to species

from other biomes (Fine et al. 2014; Kerkhoff et al. 2014). So,

under prevailing niche conservatism the history of diversification

of plant clades is likely to be strongly coupled with the history of

the physical environment, with opportunities for diversification

determined by the expansion, contraction, appearance, and dis-

appearance of biomes (Donoghue 2008; Donoghue and Edwards

2014). On the other hand, if environmental niches are more labile

and evolutionary shifts between biomes common, the diversifica-

tion of plant clades may be less tightly coupled with the history

of changing environments. Instead, much diversification may be

stimulated by biome shifts, and thus more strongly linked to the

evolution of traits that adapt species to particular climates.

Many previous analyses of biome or habitat shifts are based

on informal or parsimony-based reconstructions of ancestral dis-

tributions from phylogenies (see Donoghue and Edwards 2014),

but an increasing number apply model-based, statistical biogeo-

graphic methods (e.g., Koecke et al. 2013; Jara-Arancio et al.

2014; Kerkhoff et al. 2014; Weeks et al. 2014; Duchêne and

Cardillo 2015). Regardless of the method of inferring biome shifts,

the number of shifts can only be judged to be unusually high or

low with reference to some kind of null expectation. It is chal-

lenging to devise a meaningful null model for absolute numbers

of biome shifts, but it may be more tractable to do so for the

relative numbers of shifts expected between different pairs of

biomes. Donoghue and Edwards (2014) presented a conceptual

framework for interpreting biome shifts, in which the probability

that a lineage will undergo a biome shift is a product of (1) the

geographic opportunity for movement, (2) the lineage’s intrin-

sic capacity for evolution into new environments, and (3) biotic

interactions, for example competitive resistance of the existing as-

semblage in a biome to new invaders. Of these, the first is perhaps

the most straightforward to parameterize because it represents a

set of fairly simple sampling effects. The geographic opportunity

for biome shifts to occur, and hence the probability of a biome

shift, should increase as the sizes of the ancestral and descen-

dant biomes increase, because larger biomes tend to harbor more

species, and because they offer a larger “target” for range shifts.

Shift probability should also increase with species richness of the

ancestral biome independently of geographic area, with the age

of the ancestral and descendant biomes, with the connectedness

of biomes (e.g., the length of the shared boundary of two biomes)

on relevant timescales, and with the environmental similarity of

biomes, assuming that a shift into a similar environment is more

likely because it requires a smaller adaptive change (Donoghue

and Edwards 2014).

A thorough exploration of the role that biome conservatism

and biome shifts play in plant radiations requires the integration

of species-level data on phylogeny and geographic distributions,

ideally for large, widely distributed plant clades that occupy sev-

eral distinct biomes. The set of analyses we present in this paper

are based on Hakea Schrad. & J. C.Wendl. (Proteaceae), a genus

of 151 sclerophyllous shrub and tree species endemic to Australia

and nearby islands. Hakea reaches greatest diversity (approxi-

mately 60% of species) in the Mediterranean-climate shrublands

and heathlands of southern, and particularly southwestern, Aus-

tralia. However, the genus is distributed across the Australian

continent, and occupies most of the major biomes in Australia,

from arid deserts to humid coastal forests. Knowledge of the

mechanisms of dispersal in Hakea is limited, but most species

have winged seeds, suggesting wind-dispersal, while insects and

vertebrates are likely also involved in seed dispersal (Barker et al.

1999).

We used data from hybrid enrichment targeting hundreds of

nuclear loci (Lemmon et al. 2012) to construct the first near-

complete species-level phylogeny of Hakea, and we used this in

combination with species distribution data to carry out statistical,

model-based estimates of ancestral biomes, and infer evolutionary

shifts between biomes. Our overarching question was whether

the radiation of Hakea across the Australian continent was driven

more by biome conservatism and within-biome diversification,

or by evolutionary transitions between biomes (biome shifts).

To answer this question, we asked a number of more specific

questions:

1. Does present-day biome occupancy show phylogenetic signal

that is stronger, weaker, or as expected under a neutral model

of geographic range evolution?

2. Which biome was occupied by the most recent common an-

cestor of all extant Hakea, and from where did the ancestral

lineage begin its geographic expansion?

3. How many biome shifts occurred overall, and between each

pair of biomes, during the diversification of Hakea? How do

these numbers compare with the relative numbers of shifts

expected from the geographic proximity and environmental

similarity of biomes?

4. Does the phylogenetic structure of assemblages within biomes

show clustering (indicative of biome conservatism) or overdis-

persion (indicative of multiple biome shifts)?

Material and Methods
SAMPLE COLLECTION AND DNA EXTRACTION

Tissue samples for Hakea and outgroup taxa were collected from

cultivated plants grown at the Australian National Botanic Gar-

dens (Canberra) the Royal Botanic Garden Sydney, the Australian

Botanic Garden Mt Annan, the Blue Mountains Botanic Garden

Mt Tomah, and a private collection (Paul Kennedy, Strathmerton),

as well as from plants growing in the wild. The list of samples

with herbarium accession numbers is given in the Supplementary
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Material (Table S1). We extracted total genomic DNA using the

Qiagen DNEasy Plant Mini Kit according to the manufacturer’s

protocol (Qiagen Inc., California, USA).

ANCHORED HYBRID ENRICHMENT

The anchored hybrid enrichment approach uses taxon-specific

probes (in this case, for angiosperms) to target highly conserved

“anchor” regions of the nuclear genome, flanked by less conserved

regions. This results in the capture of sequences for hundreds of

loci representing a mix of coding regions, introns, and other se-

quences. The method is described in detail elsewhere (Lemmon

et al. 2012; Prum et al. 2015), and development of the angiosperm

enrichment probe kit used for this study is described in a forth-

coming paper (Buddenhagen et al. manuscript). Here, we provide

only a brief overview of the methods with details specific to this

study.

Library preparation
Library preparation and read data processing were carried out at

the Center for Anchored Phylogenomics at Florida State Univer-

sity. Genomic DNA was sonicated to a fragment size of �200–

600 bp before library preparation and indexing following a mod-

ified protocol from Meyer and Kircher (2010). Indexed samples

were pooled and enriched using the Angiosperm v.1 enrichment

kit (Buddenhagen et al. manuscript). Sequencing was done on

4.5 PE150 Illumina HiSeq 2500 lanes (190 Gb total yield) at the

Translational Science Laboratory, College of Medicine, Florida

State University.

Read assembly
To increase read accuracy and length, paired reads were merged

before assembly, following Rokyta et al. (2012). Reads were

mapped to the probe regions using Arabidopsis thaliana, Bill-

bergia nutans, and Carex lurida as references, combined with a

de novo assembly approach to extend the assembly into flank-

ing regions (Prum et al. 2015; Buddenhagen et al. manuscript).

Read files were traversed repeatedly until no additional mapped

reads were produced. Following read assembly, consensus bases

were called from assembly clusters either as ambiguous or unam-

biguous bases, depending on the probability of sequencing error.

Assembly contigs based on fewer than 100 reads were removed

to reduce effects of rare sequencing errors.

Orthology assessment
For each locus, orthology was determined following procedures

described in Prum et al. (2015). A pairwise distance matrix among

homologs was calculated using an alignment-free approach, and

used to cluster sequences with a neighbor-joining algorithm. This

allowed the assessment of whether gene duplication occurred prior

to or following the basal divergence of the clade. Duplication

following basal divergence usually results in two clusters, one

of which contains only a subset of the taxa. These were removed

from further analysis if they contained fewer than 155 taxa (92%).

Alignment and trimming
Sequences in each orthologous cluster were first aligned using

MAFFT v7.023b (Katoh and Standley 2013), then trimmed and

masked using the following procedure (Prum et al. 2015). Sites

with the same character in >50% of sequences were considered

“conserved.” A 20 bp sliding window was then moved across the

alignment, and regions with <13 characters matching the com-

mon base at the corresponding conserved site were masked. Sites

with <152 unmasked bases were removed. Finally, the masked

alignments were inspected by eye and regions considered obvi-

ously misaligned or paralogous were removed.

PHYLOGENETICS AND DIVERGENCE DATING

To reconstruct the phylogeny of Hakea we used a coalescent-

based species tree approach. We first estimated phylogenies from

450 orthologous loci with good alignments by maximum like-

lihood using RAxML (Stamatakis 2014) with the default rapid

hill-climbing search algorithm and GTRGAMMA substitution

model. We then used these 450 trees to estimate a species tree

using ASTRAL-II (Mirarab et al. 2014; Mirarab and Warnow

2015), a method based on the multispecies coalescent. ASTRAL-

II achieves a high level of computational efficiency by maximiz-

ing the number of common unrooted quartet subtrees among gene

trees, and by constraining the tree search space to a restricted set

of bipartitions, making it more computationally tractable for large

phylogenomic datasets than Bayesian species tree methods and

some other non-Bayesian methods such as MP-EST, yet it oper-

ates at a high level of accuracy (Mirarab and Warnow 2015). The

ASTRAL-II analysis returned a cladogram with nodal bootstrap

values calculated from 100 bootstrap trees estimated for each

locus by RAxML.

To estimate divergence times and branch lengths for the

species tree we first filtered the set of alignments for 450 orthol-

ogous loci based on three criteria: (1) taxonomic completeness:

we selected only loci represented by 100% of taxa in the dataset;

(2) informative sequences: we selected loci with >200 parsimony-

informative sites; (3) low substitution rate variation: we selected

loci for which the coefficient of variation in root-to-tip branch

lengths on the RAxML tree was <0.5 (following Jarvis et al.

2014). After filtering, our dataset was reduced to 154 loci. We

estimated divergence times and branch lengths from the concate-

nated alignment of the 154 loci, using the program mcmctree in

the PAML package (Yang 2007), with the ASTRAL-II cladogram

supplied as a fixed topology. There are no known macro- or mi-

crofossils that can be confidently attributed to Hakea (Sauquet

et al. 2009; Mast et al. 2015), so we were restricted to the use
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of secondary calibrations of outgroup divergences to calibrate the

timescale of the phylogeny. We specified three point calibrations:

(1) 70.6 Mya for the split between Banksia + Lambertia and the

remaining taxa. This corresponds to the minimum age possible

for node “I” in a phylogenetic analysis of Proteaceae genera by

Sauquet et al. (2009), represented by the fossil taxon Propylipollis

crotonoides; (2) 55.8 Mya for the split between Banksia and Lam-

bertia, corresponding to the minimum possible age for Sauquet

et al.’s node “A,” represented by the fossil taxon Banksieaeidites

elongatus; (3) 35.4 Mya for the split between Telopea and Al-

loxylon, corresponding to the minimum possible age for Sauquet

et al.’s node “D,” represented by the fossil taxon Granodiporites

nebulosus. We expressed the uncertainty and low precision of

these three calibrations in the way they were specified as pri-

ors for the divergence times. The three calibration distributions

were specified as: "SN(0.35, 0.1, 50)," "SN(0.55,0.1,50)," and

"SN(0.71,0.1,50)," where SN specifies a skewed-normal distribu-

tion and the first number is the mean, the second number is a scal-

ing factor in millions of years, and the third is a shape parameter

where the value 50 gives a fairly diffuse distribution for the prior.

The specified calibration priors may differ from the “effective

priors” actually used by the model, which are generated through

interactions between calibration distributions, the root constraint,

and the birth-death model (Yang 2007). To estimate the effective

priors we ran the analysis without the sequence alignments, then

adjusted the specified mean values until we obtained an effective

mean prior for the root node that approximated the value of cali-

bration 1 (71 Mya). We used the PAML program baseml to obtain

an initial maximum-likelihood estimate of substitution rate to use

as a starting value in the Bayesian analysis, and specified a GTR

substitution model and an autocorrelated-rates clock model. We

ran the mcmc chain for a burnin of 50,000 generations followed

by 500,000 generations with a sample frequency of 50. We then

ran a second chain under the same parameters and confirmed that

the chains had reached convergence by finding an almost perfect

correlation between the posterior mean divergence times of the

two chains.

SPECIES OCCURRENCE AND ENVIRONMENTAL DATA

We obtained 30618 records of herbarium specimens of Hakea

from the online repository, the Australian Virtual Herbarium

(http://chah.gov.au/avh/). We reduced this to a set of 18610

records by removing any that lacked geographic coordinates with

a precision �10 km, appeared to be well outside the species’ dis-

tribution limits indicated by range maps in the Flora of Australia

volume 17B, or were clearly wrong (e.g., in the sea).

There is no generally accepted definition of a biome, nor

any “standard” biome scheme currently in use (Donoghue and

Edwards 2014). We used the second level of classification of the

World Wildlife Fund’s Terrestrial Ecoregions (Olson et al. 2001),

which groups ecoregions into 14 major biomes, of which seven are

represented in Australia. This is a geographic definition of biomes,

and each biome is not necessarily uniform in habitat type. For ex-

ample, the “Tropical and Subtropical Moist Broadleaf Forests”

biome in Australia contains areas of open sclerophyll (Eucalypt-

dominated) forest as well as closed-canopy tropical rainforest.

Nonetheless, each biome has a broadly distinctive climatic and

ecological character, and we believe that this biome scheme cap-

tures the range of environmental selective regimes relevant to a

continental-scale analysis of biogeographic shifts. In the Discus-

sion, we discuss the implications of our use of this biome scheme

for inferences about niche or habitat conservatism.

For the purposes of testing phylogenetic signal in biome oc-

cupancy, we assigned each species to the single biome in which

the majority of its occurrence records are found. In most cases,

this could be done unambiguously: of the 151 Hakea species,

113 are found in one biome only, and a further 22 have the great

majority of their records (>75%) within one biome. For the pur-

poses of modeling range evolution, estimating ancestral biomes,

and testing phylogenetic assemblage structure, we assigned each

species to all biomes in which its occurrence records are found.

There were very few records and species from the “Montane

Grasslands and Shrublands” biome, so we collapsed these records

into the surrounding “Temperate Broadleaf and Mixed Forests”

biome. Because the names of the biomes are quite long, in this

paper we use shortened versions of biome names as follows, with

the WWF biome names in parentheses: Arid (Deserts and Xeric

Shrublands), Mediterranean (Mediterranean Forests, Woodlands

and Scrub), Temperate Forest (Temperate Broadleaf and Mixed

Forests), Temperate Grasslands (Temperate Grasslands, Savan-

nas, and Shrublands), Tropical Savanna (Tropical and Subtropical

Grasslands, Savannas and Shrublands), Tropical Forest (Tropical

and Subtropical Moist Broadleaf Forests).

Although we filtered out occurrence records with a coordi-

nate precision of >10 km, imprecise coordinates may still place

a species incorrectly in a biome in which it does not naturally

occur. It is also possible that individual plants occasionally may

be recorded from within the boundary of a biome in which it does

not maintain a viable population. For these reasons, we selected

only occurrence records found within a 10 km buffer inside the

boundary of each biome. This reduced the number of biomes

occupied for a few species, so we repeated all analyses using a

biome-occupancy matrix constructed without buffering the biome

boundaries. These alternative results are presented in the Supple-

mentary Material (Tables S3–S5, Figs. S1–S3).

PHYLOGENETIC SIGNAL TESTS

To test whether the pattern of biome occupancy of Hakea species is

consistent with the random drift of species’ ranges among biomes,

we quantified phylogenetic signal in biome occupancy with the
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maximum likelihood estimate of Pagel’s λ (Pagel 1999), using the

fitDiscrete function in the R library geiger (Harmon et al. 2012).

Phylogenetic signal in biome occupancy does not necessarily in-

dicate conserved adaptations to particular environments: it can

also result from the historic signal of speciation and limited dis-

persal of species away from their ancestral range (Crisp and Cook

2012; Cardillo 2015). To test this, we quantified phylogenetic sig-

nal in the positions of species ranges in continuous geographic

space, ignoring biome occupancy (Cardillo 2015). To do this we

extracted the latitude and longitude of the geographic centroid

of each species range, and found the joint maximum likelihood

estimate of λ for both of these using the phyl.pca function in the

R library phytools (Revell 2012).

ESTIMATING ANCESTRAL BIOMES AND INFERRING

BIOME SHIFTS

To estimate ancestral biome occupancy we used the R package

BioGeoBEARS (Matzke 2013). BioGeoBEARS provides a flex-

ible likelihood-based framework for modeling range evolution

along a phylogeny as a series of shifts among a set of discrete re-

gions. These shifts can take the form of anagenetic events (range

expansion or contraction between adjacent regions along a sin-

gle branch of the phylogeny) or cladogenetic events (shifts that

occur at the time of branching, including sympatric, vicariant, or

founder-event speciation). For convenience, we bundled different

combinations of range-evolution parameters into a set of models

that correspond to some of the most widely used biogeographic

models in the recent literature: Dispersal-Vicariance Analy-

sis (DIVA; Ronquist 1997), Dispersal-Extinction-Cladogenesis

(DEC; Ree and Smith 2008), and BayArea (Landis et al. 2013).

We compared each of these models to an alternative model in

which we added the parameter j to represent founder-event spe-

ciation, giving a total of six models. We then selected the model

with the lowest AIC score as the best representation of the range

evolution process in Hakea.

The next step was to test the influence of geographic proxim-

ity and environmental similarity of biomes on the range evolution

parameters. To do this, we constructed two distance matrices. In

the geographic distance matrix (X), the distance from one biome

to another was 1- (length of the shared boundary/total (noncoastal)

boundary length of the ancestral biome). This meant that the dis-

tances between two biomes differed depending on which was

the ancestral and which the descendant biome (i.e., the matrix

was asymmetric). In the environmental distance matrix (N), dis-

tance was the Euclidean distance in the mean values of a set of

five climatic variables obtained from BIOCLIM: mean annual

temperature, mean annual precipitation, temperature seasonality,

precipitation seasonality, and precipitation in the warmest quar-

ter. These variables were chosen because they summarize much

of the broad-scale climatic variation that distinguishes biomes.

When a distance matrix is included in a BioGeoBEARS model,

the matrix elements are used as modifiers on the probability of

dispersal between each pair of regions, which in turn influences

the estimated values of model parameters, including the jump dis-

persal parameter j (Matzke 2013). We took the best model from

the first round of model comparison, and added the X matrix,

the N matrix, and both X + N matrices, then compared the fit of

models with and without distance matrices using likelihood ratio

tests. The X and N matrices are provided in the Supplementary

Material (Table S2A, S2B).

For the best-fitting model, we then used biogeographic

stochastic mapping (50 runs) in BioGeoBEARS to calculate the

probability of ancestral states under the model, for each node in

the phylogeny. This allowed us to tabulate the inferred numbers

of shifts, both anagenetic and cladogenetic, between each pair of

biomes, during the diversification of Hakea. We used the X and N

matrices to calculate expected values for the number of shifts by

first scaling the matrix elements to relative values in the range 0–1

(i.e., dividing each element by the maximum value), then multi-

plying each relative matrix value by the inferred total number of

shifts among all biome pairs. We then plotted the expected values

derived from each matrix against the numbers of shifts inferred

under the best-fitting BioGeoBEARS model. As a further test, we

inferred the number of shifts under a simple dispersal-only “null”

model of range evolution in BioGeoBEARS that included only

the geographic distance (X) matrix and parameters for range ex-

pansion, contraction, and sympatric speciation (range-copying).

PHYLOGENETIC STRUCTURE OF ASSEMBLAGES

To test whether the assemblage of Hakea species within each

biome is phylogenetically clustered (species more closely related

to one another than expected), overdispersed (species less closely

related to one another than expected), or neither, we used the Net

Relatedness Index (Webb et al 2002) implemented as the ses.mpd

function in the R library picante (Kembel et al. 2010). This cal-

culates the mean lengths of the branches connecting each pair

of species (mpd), standardized by a distribution of mpd values

for random assemblages generated by shuffling the biome occu-

pancy data using an independent-swap algorithm. A value of the

test statistic in the lower tail of a null distribution (P � 0.025)

is indicative of phylogenetic clustering; a value in the upper tail

(P � 0.975) indicates phylogenetic overdispersion.

Results
ANCHORED HYBRID ENRICHMENT

We obtained contig assemblies for 176 taxa (151 Hakea and 25

outgroups), with a total of 505 loci captured, averaging 876 bp in

length across the samples. The mean number of loci >125 bp
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captured per taxon was 492; the mean number of loci >500 bp

was 445; and the mean number of loci >1000 bp was 58. After

removing loci with missing data for >92% of samples we were

left with 450 loci for which we could obtain good alignments.

PHYLOGENETICS AND DIVERGENCE DATING

The species tree produced by ASTRAL-II shows strong support

for a monophyletic Hakea (bootstrap support = 1), as well as

for the majority of clades throughout the tree: 74.8% of nodes

have bootstrap support values �0.99, and 81.9% of nodes have

bootstrap support values �0.90 (Fig. 1). Of the 24 nonmonotypic

informal taxonomic groupings within Hakea proposed by Barker

et al. (1999), nine are supported as monophyletic, but there is

no support for the monophyly of the remaining groups. The two

clades inferred by Mast et al. (2012, 2015) to have arisen at the

basal divergence of Hakea are supported by our more complete

taxonomic sampling and larger dataset. The branch length esti-

mation and calibration in mcmctree (Fig. 2) placed the estimated

range of ages of the crown node of Hakea from the Middle Eocene

to Early Oligocene.

PHYLOGENETIC SIGNAL TESTS

The maximum likelihood estimate of Pagel’s λ for biome occu-

pancy of Hakea species was 0.92, and there was no significant

difference in the log-likelihoods of the model in which λ was

estimated, and a model in which λ was fixed at a value of 1

(Likelihood Ratio Test, P = 0.2). This result is consistent with

a degree of phylogenetic signal expected under a constant-rates,

random drift model. This result was similar for the unbuffered

biome occupancy matrix (λ = 0.91; P (λ = 1) = 0.14).

In contrast, there was virtually no phylogenetic signal in

the positions of species distributions in continuous geographic

space, with a maximum likelihood estimate of λ < 0.0001, jointly

estimated for latitude and longitude of range centroids. This result

indicates that species distributions are highly dynamic through

evolutionary time: a species is no more likely to be found in close

geographic proximity to its nearest relatives than to more distant

relatives.

ESTIMATING ANCESTRAL BIOMES AND INFERRING

BIOME SHIFTS

We compared the fit of six models of geographic range evolution

implemented in BioGeoBEARS (Table 1). The model with the

lowest AIC score was “BAYAREALIKE + J”: that is a likeli-

hood implementation of the BayArea model, with the addition

of a j parameter for founder-event speciation. The BAYARE-

ALIKE model includes parameters for anagenetic range evolu-

tion by range expansion and contraction, and cladogenetic range

evolution by sympatry (range-copying), both within one region

(narrow sympatry) and across multiple regions (widespread sym-

patry), but does not include parameters for vicariant speciation

across regions. We selected the BAYAREALIKE + J model for

further comparison with more complex models that include geo-

graphic and environmental distance matrices. Adding either of the

two distance matrices improved the fit of the BAYAREALIKE +
J model to the data, with the geographic distance matrix (X)

providing slightly greater improvement than the environmental

distance matrix (N) (Table 2). With the unbuffered biome oc-

cupancy matrix, the BAYAREALIKE + J model was also se-

lected over other models (Table S3), but the addition of the geo-

graphic or environmental distance matrices did not improve the fit

(Table S4).

We used the BAYAREALIKE + J + X model to estimate

ancestral biome occupancy for all nodes in the Hakea phylogeny.

Almost all (48/50) of the stochastic mapping runs estimated the

Mediterranean Shrub & Woodlands as the ancestral biome at

the crown node of Hakea (Fig.3), implying multiple dispersal

events away from the Mediterranean biome during the course

of Hakea diversification. The mean number of inferred shifts

between biomes across the 50 stochastic mapping runs are shown

in Table 4.

Plots of the numbers of biome shifts expected under a

dispersal-only “null” BioGeoBEARS model against the number

inferred under the BAYAREALIKE + J + X model are shown in

Fig. 4A. Two biome pairs stand out as large outliers in this plot:

the BAYAREALIKE + J model reconstructed many more shifts

from Forest to Mediterranean biomes, and from Mediterranean

to Arid biomes, compared to the dispersal-only model. Because

the BAYAREALIKE + J model differs from the dispersal-only

model only in the addition of the j parameter and the omission of

distance matrices, the excess of biome shifts in these two cases

reflects the contribution of founder-event dispersal. When com-

pared to expected numbers of biome shifts calculated from X and

N matrices, there are biome pairs both with more and fewer in-

ferred shifts than expected (Fig. 4B, C). Results were similar for

the unbuffered biome occupancy data (Fig. S4).

PHYLOGENETIC STRUCTURE OF ASSEMBLAGES

Assemblages of Hakea species within the two most species-rich

biomes (Mediterranean and Temperate Forest) are significantly

phylogenetically overdispersed. In other words, values of mean

pairwise distance (mpd) are in the upper tails of distributions

of random values, indicating that pairs of species within these

two biomes are less closely related than expected under a null

model in which species are shuffled across all biomes (Table 3).

Values of mpd for the other biomes were not significantly dif-

ferent from the null values. Results were similar under all other

null models available in the picante package, as well as alterna-

tive phylogenetic structure metrics such as phylogenetic species
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Figure 1. ASTRAL-II species tree showing the branching relationships of Hakea species and Proteaceae outgroups.

Colors of the node labels are proportional to the degree of support from 100 bootstrap trees.
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Figure 2. Divergence times among Hakea and Proteaceae outgroup species estimated using mcmctree. Yellow symbols indicate three

calibration points as described in the text. Node heights are the medians from the posterior distribution, and node bars indicate the 95%

highest posterior density limits.
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Table 1. Comparison of models for the evolution of Hakea geographic ranges fitted in BioGeoBEARS.

Parameters fitted

Model d e y s v j Log-likelihood d.f. AIC

DEC ∗ ∗ ∗ ∗ ∗ –216.53 2 437.07
DIVALIKE ∗ ∗ ∗ ∗ –222.45 2 448.9
BAYAREALIKE ∗ ∗ ∗ –248.27 2 500.55
DEC + J ∗ ∗ ∗ ∗ ∗ ∗ –215.99 3 437.98
DIVALIKE + J ∗ ∗ ∗ ∗ ∗ –222.08 3 450.17
BAYAREALIKE + J ∗ ∗ ∗ ∗ –212.61 3 431.21

The six models differ in the set of parameters that are allowed to vary freely. Parameters are range expansion (d), range contraction (e), sympatric speciation:

range-copying (y), sympatric speciation: range subsetting (s), vicariant speciation (v), and founder-event speciation (j).

variance (PSV). Results were also very similar for the unbuffered

biome occupancy matrix (Table S5).

Discussion
Our reconstruction of the phylogeny and divergence times of

Hakea suggests that the ancestors of present-day species began

diversifying in the Mediterranean Shrub and Woodland biome,

sometime between the Middle Eocene and Early Oligocene. This

does not necessarily imply that the genus had its origins in the

Mediterranean biome; it is only an estimate of the likely geo-

graphic distribution of the most recent common ancestor of ex-

tant Hakea species. Hence, our biogeographic result does not

necessarily conflict with a previous suggestion that the Hakea

stem lineage originated in the seasonal tropics of north-eastern

Australia (Barker et al. 1999). However, this suggestion was based

on a cladistic analysis of morphological characters in which Gre-

villea glauca, a species from tropical north-eastern Australia, was

resolved as the sister group of Hakea without bootstrap support.

More recent molecular analysis (Mast et al. 2015) strongly sup-

ports a sister group of Hakea made up of a large clade of Grevillea

species (not including G. glauca), that is distributed widely across

Australia and neighboring landmasses, providing little evidence

for the geographic origin of Hakea. Regardless of where the genus

originated, however, the Mediterranean biome seems to have been

the launching point for a radiation of Hakea across the Australian

continent and into a wide range of environments in all of the major

biomes, a conclusion also reached by Lamont et al. (2016).

Under the best-fitting BioGeoBEARS model, our estimate of

ancestral biomes suggests that during the Hakea radiation there

were around 47 shifts between biomes, including 28 shifts out

of or into the Mediterranean biome. Is this unusually high? It is

not straightforward to answer this question because it is difficult

to conceive of a suitable null model to generate an expected ab-

solute number of biome shifts. One approach used previously is

to shuffle species distributions before estimating ancestral biomes

(Holstein and Renner 2011), but this is essentially a nonevolution-

ary null model that erases all historical signal of range evolution,

so is predisposed to infer a very large number of biome shifts.

However, comparisons with inferred numbers of biome shifts in

other large plant genera that occupy Mediterranean-type envi-

ronments implies that the number of shifts in Hakea has indeed

been unusually high. For example, the ancestors of extant Banksia

have dispersed away from the Southwest Australian Floristic Re-

gion only twice in the 32–62 million-year history of this clade

(Cardillo and Pratt 2013). In Protea, there was only one shift

away from the Cape Floristic Region in 11–27 million years

(Valente et al. 2010), while in Leucocoryne there were two shifts

from the sclerophyll biome to the arid winter-rainfall biome in

Chile during a period of 8–14 million years (Jara-Arancio et al.

2014). In a recent comparative analysis of evolutionary shifts

between Mediterranean-climate hotspots and nonhotspot regions

(Skeels and Cardillo 2017), Hakea stood out with a large number

of shifts, compared to very few shifts in three other large hotspot

plant genera (Banksia, Protea, and Moraea).

The apparently high frequency of evolutionary transitions

between biomes in Hakea suggests a high degree of lability in

the boundaries of geographic distributions. This conclusion is

further supported by the virtual absence of phylogenetic signal

in the geographic centroids of species ranges. This suggests that

Hakea species ranges are highly dynamic and the limitations of

time and opportunity for dispersal away from ancestral ranges

have played a relatively minor role in shaping the present-day

distributions of species (although we must keep in mind that

applying the lambda test to geographic centroids is likely to violate

some of the assumptions of the test, such as unbounded variance).

But if geographic ranges are labile and biome shifts have been

frequent, why do we see a high degree of phylogenetic signal

in present-day biome occupancy (λ = 0.92), as expected under

a random-drift model of range evolution? We suspect that the

high lambda values for biome occupancy are driven by the high

proportion of Hakea species, and hence large clades of close
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relatives, that are found in a single biome, the Mediterranean

shrub and woodlands. Further, for the phylogenetic signal tests we

assumed each species occupied a single biome, the one in which

the majority of its records were found. Given that multiple-biome

species are moderately clustered on the phylogeny (λ = 0.46),

recoding them as single-state results in a slight underestimate of

the phylogenetic signal in biome occupancy. Removing multiple-

biome species from the tree leads to a slightly elevated value of

lambda for the remaining species (λ = 0.97).

Both the large number of inferred biome shifts and the lack of

phylogenetic signal in range positions suggest that Hakea species

have been geographically labile, but does this necessarily argue

against phylogenetically conserved environmental niches in this

genus? Again, there is no clear answer here, because the definition

of phylogenetic niche conservatism, and whether it is represented

by measures of phylogenetic signal, is itself the subject of dis-

agreement (Losos 2008; Wiens et al. 2010). Furthermore, it is im-

portant to emphasize that biome shifts are not synonymous with

habitat shifts, and that our biomes do not necessarily correspond

with all key aspects of the environment that may be important in

limiting Hakea distributions. However, we believe that biomes ef-

fectively capture the broad climatic and vegetational differences

that reflect fundamentally different selective regimes for plant

growth. Two recent studies of niche evolution in Mediterranean-

type environments provide evidence that seems to support this

notion. Skeels and Cardillo (2017) showed that lineages of Hakea

and several other genera are evolving toward different climatic

optimum values within and outside Mediterranean hotspots, sug-

gesting different selective regimes, while Onstein et al. (2016)

came to a very similar conclusion for Proteaceae species in open

vegetation types compared to closed forest habitats. In this con-

text, our results probably reflect a high degree of adaptability and

lability in the broad-scale climatic niche of Hakea species, but they

do not allow us to draw conclusions about finer-scale adaptabil-

ity to particular habitats, topography, or soil types. Other authors

have approached this problem by using common methods to in-

fer ancestral geographic regions and habitat types (Weeks et al.

2014).

Our inferences of the relative numbers of shifts between dif-

ferent pairs of biomes show that both geographic proximity and

climaticsimilarity play a strong role in facilitating or inhibiting

shifts across biome boundaries. In some cases, the inferred num-

ber of shifts diverges substantially from the number expected

from geographic proximity (Fig. 4B), but appears much closer

to the expected number when environmental similarity is taken

into account (Fig. 4C). For example, the inferred mean number

of shifts from Tropical Forest to Tropical Savanna (0.18) was

very low compared to the expectation based on their geographic

proximity (2.2). However, given the climatic distinctness of these

two biomes (year-round humidity and precipitation in Tropical
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Figure 3. Estimated ancestral biomes of Hakea under the BAYAREA + J + X model in BioGeoBEARS. Node symbols indicate the proportions

of 50 stochastic mapping runs in which occupancy of each biome was estimated. Colored bars at the tips of the phylogeny indicate the

present-day distributions of species: length of each colored section represents the relative number of species occurrence records found

in different biomes. Multiple ancestral geographic states are indicated by blended colours; these are not given in the legend. Note that

the tips in this tree do not exactly match those in Figs. 1 and 2, because subspecies have been collapsed to species, and outgroups have

been removed.
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Table 3. Phylogenetic assemblage structure statistics.

Biome Species MPD observed MPD random (mean ± SD) z-score

Arid 24 4.08 4.63 ± 0.52 –1.07
Mediterranean 96 5.49 4.71 ± 0.13 6.04∗∗

Temperate forest 31 6.83 4.59 ± 0.40 5.54∗∗

Temperate grassland 5 2.27 5.01 ± 2.26 –1.21†

Tropical Savanna 12 4.46 4.78 ± 0.98 –0.33
Tropical forest 3 10.19 5.12 ± 3.89 1.3†

MPD observed is the mean pairwise phylogenetic distance among species found within each biome; MPD random is the mean pairwise distance after

shuffling species between biomes. The z-score is the standardized effect size of the observed MPD with respect to the random values. Asterisks indicate

significant departures from the null distribution, as follows: ∗∗P � 0.001; ∗P � 0.01; †P � 0.1.

Figure 4. Inferred and expected numbers of shifts between each pair of biomes during the diversification of Hakea.

The y-axis of each plot shows the numbers of shifts inferred under the BAYAREA + J + X model in BioGeoBEARS (mean and SD of

50 stochastic mapping runs). The x-axes show the numbers of shifts expected (A) under a “dispersal-only” model in BioGeoBEARS; (B)

from geographic distance between biomes, (C) from environmental distance between biomes. Biome pairs for which the number of

shifts deviates substantially from the expected value are labeled. A = Arid; M = Mediterranean; F = Temperate Forest; G = Temperate

Grassland; S = Tropical Savanna; R = Tropical Forest.

Forest, strongly seasonal winter drought in Tropical Savanna),

the number of shifts expected from the climatic distance matrix

(0.13) was far closer to the number inferred. We should also note,

however, that few (if any) species of Hakea inhabit closed tropical

rainforest; those species recorded from the Tropical Forest biome

tend to be found in wet sclerophyll forests within this biome.

In other cases, the inferred number of shifts diverged from

both the geographic and environmental expectations. There are

probably different reasons for this. First, species distributions

may be limited by aspects of the environment other than climate.

There were far fewer shifts inferred from Mediterranean to Tem-

perate Grassland biomes (1.38) than the large number expected

from their close geographic connectedness (12.5) and relatively

similar climates (8.7). This may reflect the distinct soil types that

characterize these two biomes: often sandy and infertile in the

Mediterranean biome, and often more fertile, with higher clay

content, in the Temperate Grasslands (Specht 1981). Conversely,

we inferred a larger number of shifts from Mediterranean to Arid

biomes (10.54) than expected from both geography (2.9) and cli-

mate (2.5). There was also an excess of shifts between these two

biomes in the BAYAREA + J + X compared to the dispersal-only

model (Fig. 4A), which points to a key role for founder-event spe-

ciation in the successful colonization of the Arid zone from the

Mediterranean biome. This does not necessarily reflect a greater

propensity of Mediterranean species to long-distance dispersal.

It is more likely that dispersal events had a greater chance of

leading to the successful founding of a new lineage, given that

these two biomes share climatic features (drought, high maxi-

mum temperatures, and high solar radiation) that select for sim-

ilar plant anatomical features such as scleromorphic structures

(Jordan et al. 2005), stomatal encryption (Jordan et al. 2008), or

small leaves without toothed margins (Peppe et al. 2011). The

adaptive changes required for species of Hakea to make the tran-

sition between Mediterranean and Arid biomes are likely to be

far smaller than those required to move between wetter and drier

biomes.
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Figure 5. Inferred shifts among Australian biomes during the di-

versification of Hakea.

Width of the arrows is proportional to the relative number of

inferred shifts under the BAYAREA + J + X model.

Of course, our reconstructions of ancestral biomes and infer-

ence of biome shifts need to be considered with a view to past as

well as present-day environments. In the early part of the Hakea

radiation, the Australian climatic environment and configuration

of biomes looked very different to that of today, with the Arid

zone yet to develop (Byrne et al. 2008) and the forested biomes

far more extensive (Byrne et al. 2011). Yet, some of our inferred

shifts into the Arid biome appear to predate the onset of aridi-

fication around 15 Mya. There are several possible explanations

for this. Adaptations to seasonally dry climates in southwestern

Australia may have evolved as early as the late Eocene, long be-

fore the Arid zone developed (Carpenter et al. 2014), so that a

number of Hakea lineages may have been preadapted to arid cli-

mates, allowing them to expand their distributions through inland

Australia as the Arid zone developed. For some species, their

distributions remain spread across multiple biomes to the present

day. If some species made a full transition into the Arid biome, and

these species are connected to their relatives by long branches, it

could lead us to reconstruct deep origins for some of the shifts into

the Arid zone. Another possible explanation for the deep origins

of shifts into the Arid zone is extinction. The extinction of a lin-

eage pushes the reconstructed divergence time of its sister lineage

deeper into the past, so the extinction of close relatives in other

biomes could push back the timing of inferred shifts into the Arid

zone. This last scenario may be consistent with evidence from

the fossil record for widespread extinction in Australian sclero-

phyll floras since the early Pleistocene, probably associated with
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severe climatic cycling or the contraction of wet forest habitats to

the coastal margins of eastern Australia (Sniderman et al. 2013).

Conclusions
Our analyses of the phylogeny and biogeography of Hakea of-

fer strong evidence that evolutionary transitions between major

biomes can occur with surprising ease and frequency, facilitating

the radiation and dispersal of a large clade across a continent.

In the case of Hakea, our biogeographic analyses suggest that

the primary mechanisms of biome-shifting have been anagenetic

range expansion and founder-event speciation (jump dispersal),

rather than vicariance (ecological differentiation) across biome

boundaries. The fact that many present-day Hakea species distri-

butions span several biomes can be seen as a snapshot in time of

this process of range expansion. As a result, the assemblages of

Hakea species within biomes tend to be composed of phylogenet-

ically diverse sets of species derived from multiple invasions from

other regions, as opposed to sets of closely related species that

arose from in situ radiations within biomes. The case of Hakea

seems to be one of the more dramatic examples in a growing list

of studies that demonstrate biome shifts within plant genera, and

runs counter to a common view of plant diversification shaped by

environmental niche conservatism. Future work should focus on

revealing the physiological and functional traits, and the under-

lying genomic architecture, that may be associated with adaptive

flexibility and biome shifts in Hakea.
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