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Mediterranean-type ecosystems (MTEs) contain exceptional plant diversity. Explanations for this diversity are usually classed as

either “equilibrium,” with elevated MTE diversity resulting from greater ecological carrying capacities, or “non-equilibrium,” with

MTEs having a greater accumulation of diversity over time than other types of ecosystems. These models have typically been

considered as mutually exclusive. Here, we present a trait-based explanatory framework that incorporates both equilibrium and

non-equilibrium dynamics. Using a large continental Australian plant radiation (Hakea) as a case study, we identify traits associated

with niche partitioning in coexisting species (α-traits) and with environmental filtering (β-traits), and reconstruct the mode and

relative timing of diversification of these traits. Our results point to a radiation with an early non-equilibrium phase marked by

divergence of β-traits as Hakea diversified exponentially and expanded from the southwest Australian MTE into biomes across

the Australian continent. This was followed from seven million years ago by an equilibrium phase, marked by diversification of

α-traits and a slowdown in lineage diversification as MTE-niches became saturated. These results suggest that processes consistent

with both equilibrium and non-equilibrium models have been important during different stages of the radiation of Hakea, and

together they provide a richer explanation of present-day diversity patterns.
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The world’s Mediterranean-type ecosystems (MTEs) are temper-

ate regions defined by a seasonal climate, with cool wet winters

and hot dry summers, typical of the Mediterranean Basin. Another

feature typical of MTEs is an exceptional diversity and endemism

of plant species, yet how this diversity is generated and main-

tained in these comparatively low-productivity environments is

still incompletely understood. A substantial portion of MTE plant

diversity is contributed by clades that are continentally (or glob-

ally) widespread but show a peak of diversity within MTE regions.

For example, three of Australia’s most widespread and species-

rich plant families (Myrtaceae, Fabaceae, and Proteaceae) have at

least twice the number of species in the MTE of southwest Aus-

tralia than in structurally similar ecosystems of eastern Australia

(Thiele and Prober 2014). Previous studies have highlighted some

possible drivers of high MTE diversity in these clades, including

greater diversification rates triggered by the evolution of key traits

(Sauquet et al. 2009; Reyes et al. 2015; Onstein et al. 2016), or

a longer period of occupation (Valente et al. 2009; Cardillo and

Pratt 2013; Cook et al. 2015; Linder and Bouchenak-Khelladi

2015; Skeels and Cardillo 2017). Hypotheses of this kind come

under the broad class of non-equilibrium explanations (Fischer

1960; MacArthur 1972; Rohde 2006), which view differences

in present-day diversity as the outcome of historical patterns of

diversity accumulation through time. Alternatively, equilibrium

explanations argue that differences in diversity between regions

are determined by different environmental carrying capacities and

available opportunities for niche partitioning in ecological space

(MacArthur 1965). Despite traditionally being considered alterna-

tive diversification paradigms, it is increasingly recognized that

these distinctions are blurred. For example, diversification can
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be decoupled from equilibrium dynamics if changes in the land-

scape of ecological opportunity mean that ecological limits to

diversity are a moving target (Marshall and Quental 2016), due to

factors such as a changing environment or key adaptation. This

means that the major processes determining diversification might

shift between what are traditionally considered equilibrium or

non-equilibrium factors. As such, consideration of both types of

dynamics simultaneously might help to explain the origination

of biodiversity hotspots, yet rarely have the relative contribution

of equilibrium and non-equilibrium processes been investigated

in MTE regions.

The way diversity accumulates in different regions must be

shaped at least partly by the tempo and mode of trait evolution.

One way of investigating the relative contribution of equilibrium

and non-equilibrium processes to present-day diversity patterns,

therefore, is by reconstructing the evolutionary history of eco-

logical traits within large clades. By focusing on patterns within

clades (as opposed to geographically delimited assemblages), hy-

potheses can be tested in the context of diversification and trait-

evolution models. Within a clade, shared ancestry means closely

related species may share traits that shape their environmental

niche, and as a result may be more likely to co-occur in similar en-

vironments. However, the ecological similarity of close relatives

may also lead them to compete for resources more strongly than

with more distant relatives (Darwin 1859; Elton 1946). Hence,

accumulation of diversity within a clade may be shaped by the

balance between trait similarity (for common adaptations to the

same broad environmental conditions) and trait differences that

allow differentiation of ecological niches to reduce competition

and permit coexistence. Traits involved with adaptation to broad

environmental conditions, and traits involved in mediating com-

petitive interactions, correspond, respectively, to species’ β- and

α-niches (sensu Silvertown et al. 1999, 2006). β-traits, related to

the environmental niche, may determine the turnover of species

between environments and the geographic partitioning of space.

On the other hand, α-traits, involved in niche partitioning, in-

fluence local-scale co-occurrence and thus the accumulation of

species with sympatric distributions.

The relative timing of diversification of β- and α-traits may

provide clues that allow us to explore if and when equilibrium

dynamics begin to emerge from non-equilibrium lineage diver-

sification. Under classic adaptive radiation models in regions of

restricted ecological space (such as island systems), both trait and

lineage diversification are expected to be rapid in early stages

of the radiation, in response to ecological opportunity (Schluter

2000; Rundell and Price 2009; Stroud and Losos 2016). Much

of this early diversification may be in traits associated with α-

niche axes, driven by intense competition among populations

with largely sympatric distributions (Simões et al. 2016). In a

continental setting, diversification may instead be driven by (1)

geographic opportunity to expand into new regions along climatic

gradients, or (2) geographical isolation resulting from allopatric

speciation across geomorphic or climatic barriers (Rundell and

Price 2009; Simões et al. 2016; Maestri et al. 2017). In this case,

we would expect trait diversification along β-niche axes earlier

in the radiation than along α-niche axes (the “β-first” or “habitat-

first”, model of radiation: Diamond and Case 1986). This may

be followed by constrained evolution around distinct optima for

different environmental regions (such as biomes) due to fitness

requirements imposed by the environment.

Equilibrium and non-equilibrium models of species diversi-

fication make distinct predictions for stages of a radiation fol-

lowing early geographic expansion. Equilibrium models propose

that geographic variation in diversity results from variation in re-

gional carrying capacities, based on the available resources, niche

availability, or trait diversity of the species present in each re-

gion (MacArthur 1965). Equilibrium dynamics also predict that

increased competition between species will drive the rapid evolu-

tion of α-traits in sympatric lineages, so that as diversity increases,

coexisting species should repel each other in phenotypic space

(Brown and Wilson 1956; Mahler et al. 2010). Hence, we should

see greater diversity of α-traits (relative to species numbers) in re-

gions of high species richness (such as MTE regions). On the other

hand, under non-equilibrium explanations for the differences in

diversity between regions, we expect that regions occupied for

longer or containing more rapidly diversifying lineages have ac-

cumulated more diversity (Ricklefs and Schluter 1993; Fig. 1).

Diversification is expected to be driven largely by greater oppor-

tunity for allopatric speciation across large geographic areas, so

instead of sequential bursts of diversification of β- and α-traits,

we might expect constant rates of trait diversification (Fig. 1). We

also predict no significant differences in α-trait diversity between

regions differing in species richness, although regions that have

been occupied for longer or undergoing more rapid speciation

may have greater diversity in β-traits due to adaptation to local

environmental conditions in isolation.

In this study, we use a large Australian endemic plant radia-

tion, Hakea, as a case study to develop an explanatory framework

for MTE diversity that integrates equilibrium and non-equilibrium

dynamics, lineage diversification, and trait diversification. Hakea

is a large genus in the family Proteaceae with nearly ubiquitous

distribution across the Australian continent, but with exception-

ally high diversity in the MTE of southwest Australia (Fig. 2).

Reconstruction of the biogeographic history of the clade suggests

repeated expansion from the MTE into other biomes over the past

30 million years (Cardillo et al 2017). The genus exhibits a di-

versity of phenotypic traits including growth forms, foliar, and

reproductive morphologies. High numbers of coexisting species

at a local scale make Hakea a suitable case study to test hy-

potheses for the associations between interspecific interactions
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Figure 1. Predictions of equilibrium and non-equilibrium lineage diversification and trait diversification dynamics. Equilibrium models

predict differences in carrying capacities between high richness MTE regions (blue line) and low richness non-MTE regions (yellow line;

Panel 1). These dynamics are expected to be coupled with “β-first” dynamics of trait diversification in two phases. Phase 1: Species diversity

increases as species fill a range of environments and/or speciate geographically. At this stage, β-traits diversify rapidly (β1) or steadily

(β2) depending on these processes. Phase 2: Saturation of species diversity, and diversity increases in α-traits in response to competition

between species (Panel 3). Non-equilibrium dynamics predict either differences in diversification rates (Panel 2a) or differences in

occupation time (Panel 2b) between MTE and non-MTE regions (blue and yellow). Non-equilibrium models do not necessarily predict

sequential phases of trait diversification (Panel 4) or lineage diversification.

with close relatives and modes of evolution of different traits.

We use a variety of data types (community-survey, phenotype,

climate, soil, and biogeographic data) to compare the roles of the

environment and biotic interactions on the evolution of traits to

understand how macroevolutionary history of a clade can shape

contemporary trait patterns and the accumulation of diversity in

MTEs. We identify α- and β-traits using methods from com-

munity ecology, and then apply recently developed phylogenetic

comparative methods for the study of trait and lineage evolution

to test the conceptual framework presented above. We then test

the relative importance of measures of trait diversity compared to

environmental and phylogenetic factors to understand the drivers

of spatial diversity patterns.

Materials and Methods
DATA COLLECTION

The phylogeny we use in this study is a species tree constructed

from phylogenomic data using ASTRAL-II, with branch lengths

and calibrated divergence times estimated using PAML (Cardillo

et al. 2017). We used two versions of the phylogeny for analyses,

one containing 135 taxa at the full species level (out of 152 cur-

rently recognized Hakea species), and one that also includes 11

of approximately 30 recognized subspecies (n = 146).

We obtained presence–absence data for Hakea species in 621

survey plots across Southwest Australia and the greater Sydney

Basin region in south-eastern Australia (Fig. 2). Plots in south-

eastern Australia were from multiple flora surveys compiled into a

single data repository (bionet.nsw.gov.au) and those from South-

west Australia were from a single flora survey (Gibson et al.

2004). Both employed a comparable sampling strategy (complete

floristic data collected in 400 m2 quadrats). The Sydney Basin

and Southwest Australia are the two most diverse regions in Aus-

tralia for Hakea, and contain many sites where multiple species

of Hakea coexist locally.

Phenotypic trait data on a number of reproductive, growth

form, and leaf structural traits were collated from the Flora of

Australia (Barker et al. 1999), TRY databases (Kattge et al. 2011),

and Kew Gardens Seed Information Database (Royal Botanical

Gardens Kew 2018). We collated data for 16 traits, selected based
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Figure 2. Map of Hakea species richness across Australia and geolocations of community survey plots used in this study from the

Southwest Australia (lower left panel) and the Sydney Basin and Southern Highland ecoregions of Southeast Australia (lower right

panel).

on the availability of data values across the genus and reduced

this to 13 traits with the highest taxonomic coverage (greater than

80% of species; Table A1). For eight traits, maximum and mini-

mum values were available (not species means) and we used the

maximum value for all analyses: plant height, leaf length, leaf

width, fruit length, pistil length, seed length, flower number, and

flowering duration. Three traits were scored as binary: flower

color was classed by the presence of anthocyanin (pink, red, or

purple color) versus absence (yellows, creams, whites) based on

description of flower color (Barker et al. 1999). We compared this

information with flower color information from a previous study

of 51 Hakea species (Hanley et al. 2009) and found complete

congruence with the Flora of Australia entries. Fire response was

classified as regeneration mode after fires, an important life his-

tory feature of MTE flora (resprouting from lignotubers and other

structures, vs. regenerating from seed). Leaf shape was classified

as terete (needle-like) versus broad. To impute missing data, we

used a random forest (RF) machine learning technique (MissFor-

est; Stekhoven and Bühlmann 2012).

IDENTIFYING α- AND β-TRAITS

Given we do not have a good understanding of which traits might

be related to different niche axes in Hakea, we classified traits

into α- and β-traits objectively, based on methods from commu-

nity ecology (Cavender-Bares et al. 2006; Silvertown et al. 2006).

Traits related to the α-niche should be involved in mediating neg-

ative species interactions of locally coexisting species, so we pre-

dicted that these traits would be more dissimilar among coexisting

species than would be expected under neutral assembly dynam-

ics (Cavender-Bares et al. 2006). Traits related to the β-niche, on

the other hand, should be more similar in coexisting species, be-

cause they reflect common adaptations to the same environmental
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conditions. Using community survey data, we performed a man-

tel test of species trait distance (Gower distances: Podani 1999)

against species coexistences (Schoener’s index of co-occurrence:

Hardy 2008), for each of the 13 traits separately. However, nonran-

dom patterns in trait distributions in communities may still arise

under a purely neutral assembly model, in two ways (Warren et al.

2014). First, species may show low coexistence with their closest

relatives due to a history of allopatric speciation. Alternatively,

species may be more likely to coexist with closely related species

due to in situ radiation within a broadly defined region. To avoid

misinterpreting the role of historical biogeography as ecological

sorting processes structuring present-day assemblages (Warren

et al. 2014), we simulated community data matrices (CDM) using

a dispersal null model (DNM; Miller et al. 2017). Under the DNM,

assemblage species richness and individual species existence fre-

quencies are approximately maintained, and species are selected

to occupy null communities with a probability proportional to the

reciprocal of their distance from the community. This method im-

proves on many previous null models of community assembly that

assume all species are equally likely to disperse into any partic-

ular community, ignoring biogeographic limitations (but see also

Pigot and Etienne 2015). We performed the same mantel test of

coexistence and trait distance for each of 1000 simulated CDMs

with the DNM. For comparison, we also simulated 1000 CDMs

under the more widely used independent swap null model (ISN;

Gotelli 2000), which maintains empirical species frequencies and

plot richness, but does not place a biogeographic dispersal con-

straint on community assembly.

We selected α-traits as those for which the Gower distance in

the community survey data was greater than expected compared

to the DNM, by testing whether the observed coefficient of the

mantel test was greater than 95% of the coefficients from the

simulated CDMs. On the other hand, β-traits should be more

similar in species that coexist within regions compared to species

in different regions. This makes the DNM unsuitable to test if

coexisting species have more similar traits than expected because

the DNM will, by definition, preferentially create assemblages

from species in closer geographic proximity (a problem similar

to the narcissus effect: Colwell and Winkler 1984). We therefore

used the ISN (Gotelli 2000) to test if species traits are more similar

than expected compared to null assemblages (mantel coefficients

<95% of those under the ISN null). As an additional test to

identify β-traits, we tested spatial correlations between traits and

environmental features.

We obtained spatial data for 19 WorldClim climate variables

relating to temperature and precipitation at a resolution of 30 arc

seconds (Hijmans et al. 2005), as well as 22 soil variables (10 vari-

ables taken at two different depths; 0–0.5 cm and 0.5–1.5 cm as

well as soil depth and regolith) from the Soil and Landscape Grid

of Australia (CSIRO; clw.csiro.au/aclep/soilandlandscapegrid) at

3 arc seconds. We summarized values for these variables across

all 135 species that are present in the phylogeny by extracting

the mean value across each species’ geographic range (Skeels

and Cardillo 2017). To reduce the high number of intercorrelated

variables into a smaller subset that explained a high amount of

variance in the distribution of species, we used phylogenetic prin-

cipal components analysis (pPCA; Revell 2009), which accounts

for variation attributable to shared ancestry. Similarly, because

species may have similar traits due to shared ancestry, confound-

ing the relationship between traits and environment, we used phy-

logenetic generalized least squares (pGLS) to fit models of species

trait values—the first four principal components (PC)—separately

for each trait/PC combination. For binary traits (fire response,

flower color, leaf shape), we performed phylogenetic logistic re-

gression (pLR). β-traits were identified as those that were (1)

significantly clustered under the independent swap algorithm of

community assembly, or (2) showed a significant correlation with

an environmental PC. Some traits may be both environmentally

filtered and involved in mediating interactions in local communi-

ties (i.e., be both related to both the α and β-niche) as they may

show strong associations with environmental features at a broad

scale, however at a local scale may strongly repel each other (high

within-region and between-region variance).

Having first identified a set of phenotypic traits correspond-

ing to the α- and β-niche, we used a suite of recently developed

phylogenetic comparative methods (PCMs) to understand how the

timing and mode of lineage diversification and trait diversifica-

tion have led to contemporary patterns of Hakea species diversity

across the Australian continent. Currently available PCMs are ca-

pable of testing a plethora of different evolutionary hypotheses

relating to the tempo and mode of lineage diversification and trait

diversification, however no PCMs currently exist that integrate

trait evolution, geographic range evolution, and lineage diversifi-

cation in a way that can be used to address all our hypotheses in a

single framework. Instead, we apply separate methods to address

different questions, accepting that this leads to a lack of coher-

ence in the analysis overall, a point to which we return in the

discussion. Table 1 presents a summary of the methods we use,

the kind of data they require, and how they were used to address

our specific study questions.

TEMPORAL DIVERSIFICATION ANALYSIS

The tempo of lineage diversification can give information about

equilibrium and non-equilibrium dynamics. Equilibrium hypothe-

ses predict that diversification should slow down as diversity in-

creases, because if diversity is limited by the existing occupancy

of niche space, then as niche availability decreases through time

so should the rate of speciation. However, the observation of a

diversification slowdown could also be an artifact of a protracted

speciation process, in which incomplete speciation causes the
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Table 1. Summary of phylogenetic comparative methods applied in this study to investigate the tempo and mode of lineage diversifi-

cation and trait diversification for α- and β-traits in Hakea.

Section Phy Trait Spatial Questions Addressed Analyses

Temporal patterns of
lineage diversification

X – – Has diversification
remained constant
through time?

DDD model selection

Spatial patterns of
lineage diversification

X – X Are rates of diversification
or patterns of
density-dependence
similar between
regions?

LTST, GeoHiSSE

Temporal patterns of
trait evolution

X X – What is the relative timing
of trait diversification
for α- and β-traits?

Trait-space saturation

Drivers of trait evolution X X X Do the environment or
species interactions
influence the evolution
of α- and β-traits?

Trait evolution
models

Drivers of species
richness

X X X Is species richness
predicted by the
diversity of α- or
β-traits, features of the
environment, or
phylogeny?

OLS and
phylo-spatial GLS
regressions

Phy, phylogeny; DDD, diversity dependent diversification; LTST, lineages through space and time; GeoHiSSE, geographic hidden state speciation and

extinction; OLS, ordinary least squares; GLS, generalized least squares.

number of independent lineages near the tips of a phylogeny to

be underestimated (Etienne and Rosindell 2012). We explored

the tempo and mode of Hakea diversification by comparing a

constant-rates birth–death model of diversification to five differ-

ent models of diversity-dependent diversification (linear decrease

in speciation, exponential decrease in speciation, linear increase

in extinction, exponential increase in extinction, and a speciation

+ extinction model), and a protracted speciation model of diver-

sification. To fit diversification models, we used the DDD and

PBD packages in R (Etienne and Rosindell 2012; Etienne et al.

2016) and compared the fit of the seven models using Akaike

weights. We repeated these model tests on the full-species and

sub-species phylogenies. The phylogeny containing sub-species

contains proxy information about the protracted speciation pro-

cess, as sub-species are often considered as intermediate stages in

the speciation process.

SPATIAL DIVERSIFICATION ANALYSIS

To explore whether the accumulation of lineages in different

biomes reflects different carrying capacities, we estimated the

tempo of species accumulation in the six major biomes that Hakea

is present in (arid, Mediterranean, temperate grassland, temperate

forest, tropical savanna, and tropical forest) across Australia us-

ing lineages through space and time (LTST) analysis using the R

package ltstR (https://github.com/alexskeels/ltstR). We obtained

estimates of the number of lineages present in each biome through

time across 50 stochastic maps simulated under the parameters of

the best-fitting biogeographic model (BAYAREALIKE+J; Lan-

dis et al. 2013; Matzke 2013) from a previous study of range

evolution in Hakea (Cardillo et al. 2017). From these 50 diversity-

through-time curves, we estimated species-level carrying capacity

(K) of each biome by fitting parametric nonlinear growth models

to these curves in the R package “growthrates.” This method uses

an L-BFGS-B optimization algorithm to search for estimates of

three parameters (intercept, growth rate, and K) that minimize

the sum of squares in an ordinary least squares regression (OLS).

To visualize the accumulation of lineages in each biome through

time, we plot the LTST as estimated from a single stochastic

map pulled randomly from the distribution of 50. This approach

is a variant of the traditional lineages through time plot (LTT)

that presents the number of lineages in different regions recon-

structed under a biogeographic model, accounting for anagenetic

and cladogenetic range shifting and extirpation among regions

(Skeels unpublished).

To test whether there are diversification rate differences

between the MTE region of Southwest Australia and other

regions we fit 10 alternative models of range evolution and
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diversification using the GeoHiSSE framework (Goldberg et al.

2011; Caetano et al. 2018). The GeoHiSSE method accounts for

recognized problems with state-dependent speciation and extinc-

tion models, by modeling the influence on diversification rates of

“hidden” states (such as unmeasured traits or external influences)

that are independent of geographic range. Due to small sample

sizes of species in different states, we simplified species geog-

raphy into those that fall within the MTE biodiversity hotspot

of Southwest Australia, versus non-hotspot regions. We tested a

number of different models that held diversification constant be-

tween hotspot and non-hotspot regions (area-independent diver-

sification; AID) and allowed diversification rate to differ between

regions (area-dependent diversification; ADD). We tested three

ADD models and three AID models, allowing for 0, 1, or 2 hidden

states each (ADD0, ADD1, ADD2, AID0, AID1, AID2). We also

tested four null models in which diversification rates were depen-

dent on the hidden state rather than the observed state (ADD1Null,

ADD2Null, AID1Null, AID2Null), reducing the number of free

parameters to be estimated. We determined relative model support

using Akaike weights.

TEMPO OF TRAIT EVOLUTION

To test whether β-traits diverged before α-traits, we analyzed pat-

terns of trait-space saturation (Rolshausen et al. 2018). Early di-

verging traits should show high levels of trait saturation when phy-

logenetic distances between species are low (i.e., during the early

phase of a radiation), while late-radiating traits should reach sat-

uration at larger phylogenetic distances. We employed a method

by Rolshausen et al (2018) to estimate the point of trait satura-

tion in each α and β trait. We compared the values of θ50, which

represents the minimum phylogenetic distance where 50% of the

diversity in traits has evolved, between traits. We used a jackknife

procedure that iteratively calculates trait saturation curves by re-

moving 10% of the species randomly (Rolshausen et al. 2018).

This provides confidence intervals for the trait saturation curves

from which we compared overlap between each individual trait

against the trait-space saturation expected under Brownian motion

(BM), Ornstein-Uhlenbeck (OU), and early-burst (EB) models of

trait evolution. Early diverging traits should show significant over-

lap with traits simulated under an EB model, while late diverging

traits should display low overlap with all three models. Traits that

do not show early or late divergence should be consistent with

either a BM or OU model of trait, but not an EB model.

MODE OF TRAIT EVOLUTION

To test whether α- and β-traits were characterized by different evo-

lutionary histories, we tested four different trait evolution models

in a model selection framework. We performed evolutionary trait

analyses only on continuous trait values identified as being candi-

dates for α- or β-traits. Our hypotheses were that traits might (1)

converge in sympatry if there is strong environmental selection,

(2) diverge in sympatry if competitive interactions drive charac-

ter displacement, (3) drift neutrally, independent of the ecology

and geography of the lineages, and (4) drift neutrally but at dif-

ferent rates in different regions if occupation of different regions

drives independent trait-diversification rates. Specifically we ex-

pect β-traits to fit the first scenario and α-traits to fit the second.

These scenarios are specified by four different evolutionary mod-

els: (1) a multiple-optima OU model (OUM; Beaulieu et al. 2012)

in which lineages present in different biogeographic regions are

under different selective regimes towards different environmen-

tal optima, (2) a matching competition model (MC; Drury et al.

2016) in which species in sympatry repel each other in phenotypic

space, (3) a Brownian motion model (BM1), reflecting random

drift in trait values through time, and (4) a multiple-rate Brownian

motion model (BMM) in which rates of trait evolution can vary

between lineages in different biogeographic regions. BMM and

OUM models require estimates of ancestral states to be specified

at nodes within the phylogeny. We randomly selected one of 50

stochastic maps from the best-fitting model of range evolution

(BAYAREALIKE+J; Cardillo et al. 2017) and used this stochas-

tic map to label internal nodes according to the estimation of

ancestral biome occupancy. We also used this best-fitting model

as input to fit the MC model. We compared model fit using Akaike

weights from the sample-size corrected Akaike Information Cri-

teria (AICc).

DRIVERS OF SPATIAL PATTERNS OF SPECIES

RICHNESS

Finally, we tested whether geographic variation in species rich-

ness is better predicted by phenotypic diversity of α- and β-traits,

amount of evolutionary history (phylogenetic diversity), or fea-

tures of the environment. We hypothesized that under an equilib-

rium model of diversification, species richness should be associ-

ated with α-trait diversity, whereas strong associations of species

richness with β-trait diversity, the environment, and phylogenetic

diversity would provide more support for a non-equilibrium model

of diversification. There are many spatially explicit measures of

trait diversity. We calculated the functional dispersion (FDis) of

traits as this metric is multivariate, estimates the distance of each

individual species to the centroid of all species in the community,

and is independent of species richness (Laliberte and Legendre

2010). The spatial unit for these tests was the IBRA7 classifi-

cation of Australian ecoregions, which define 89 geographically

distinct regions that each enclose areas of similar climate, ge-

ology, landforms, and vegetation. Ecoregions are an appropriate

scale to measure diversity as they represent distinct biogeographic

and ecological entities (Smith et al. 2018), they have a reasonable

sample size, and they contain highly variable numbers of species.

For each ecoregion, we estimated the mean value across grid cells
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for each climatic and edaphic variable, as well as net primary

productivity (NPP). We then used principal component analysis

to reduce these environmental variables into a set of uncorrelated

PCs. We used the first three PCs, which explained roughly 80% of

the variation in the environmental variables, as predictor variables.

To quantify phylogenetic diversity, we calculated mean pair-

wise phylogenetic distance (MPD) between all species in each

ecoregion (Webb et al. 2002). We compared observed values of

MPD in each ecoregion to a null distribution of MPD values gen-

erated by applying the DNM across ecoregions. Using the null

distribution of MPD, we calculated the standardized effect size as

(observed mpd – mean(null mpd))/sd(null mpd).

We applied a generalized least squares (GLS) model to

fit a regression between log(species richness) and seven pre-

dictor variables (MPD, FDisα, FDisβ, PC1, PC2, PC3, and

area). Because ecoregions share species with adjacent ecore-

gions, spatial autocorrelation in species richness makes spatial

units non-independent data points, and can inflate the influence

of widespread species on analyses. To account for this, we used a

method that accounts for both phylogenetic and spatial autocor-

relation in the data (Hua et al. 2019), which is similar to a model

described by Freckleton & Jetz (2009). This method works by

constraining the residual correlation in the response (log(species

richness)) between ecoregions to be a linear function of spatial

and phylogenetic proximity, measured as the pairwise geographic

distance between the centroid of each ecoregion, and phylogenetic

variance–covariances. To compare the relative effect of environ-

mental, phylogenetic, and phenotypic predictors on richness, we

compared a set of nested models using likelihood ratio tests.

Results
IDENTIFYING α- AND β-TRAITS

We identified five candidate α-traits (seed mass; fruit length, seed

length, pistil length, and leaf shape) that had mantel coefficients

greater than 95% of those generated under the DNM null model

(Fig. A1). This indicates that these five traits are more dissim-

ilar among coexisting species than expected. We also identified

two traits (height and leaf length) that had estimated mantel co-

efficients lower than 95% of those generated under the ISN null

model. This indicates that these traits are more similar among

coexisting species than expected.

The first four axes of the pPCA explained �80% of the vari-

ation in environmental features between species. Using pGLS for

quantitative traits and pLR for binary traits, we found that after

accounting for phylogenetic relatedness, flower color, and fire re-

sponse were associated with an aridity axis (PC1; Table A2), leaf

shape, pistil length, and fruit length were associated with temper-

ature seasonality axis (PC2); plant height was associated with a

precipitation seasonality axis (PC3); and height, pistil length, and

flowering time were associated with soil water availability and

salinity (PC4). Based on these tests and those described above,

we classified seed mass and seed length as α-traits, and height,

leaf length, flowering time, flower color, and fire strategy as β-

traits. Three traits (fruit length, pistil length, and leaf shape) met

the criteria for α-traits under the coexistence analysis, and the

criteria for β-traits under the pGLS/pLR analysis. We classified

these traits as both α- and β-traits. The remaining traits did not

appear to show patterns consistent with either the α- or β-niche.

TEMPORAL DIVERSIFICATION ANALYSIS

Support for diversity dependent and protracted speciation models

of diversification was much stronger than for the time-constant

birth–death model (Table A3), suggesting that Hakea diversifi-

cation has undergone significant slowdown. We found strongest

support for the protracted speciation model on the full-species

tree, which suggests that the observed slowdown might be due

to lag times between beginning and completion of speciation,

although relatively strong support for two diversity-dependent

models suggests that it is difficult to discern the drivers of the

observed slowdown. To tease apart the role of protracted speci-

ation and diversity dependence, we applied the same model se-

lection procedure to the sub-species phylogeny. This phylogeny

still provided evidence for diversification slow down, but there

was reduced support for the protracted model, and Akaike weight

was divided between two diversity-dependent models (Table A3).

The distribution of the γ statistic through time also supports a

scenario of density-dependent rather than protracted-speciation

driving the diversification slowdown and shows that diversifi-

cation began progressively slowing approximately seven million

years ago (Fig. A2), which is observable in the bLTT plot (below).

SPATIAL DIVERSIFICATION ANALYSES

We found evidence of biome-specific carrying capacities (K) by

fitting density dependent growth models to biome-specific species

accumulation curves reconstructed from a biogeographic model

(bLTT). The Mediterranean biome had the greatest estimated K,

followed by temperate forests, arid zone, tropical savanna, temper-

ate grasslands, and tropical rainforest (Fig. 3). Using GeoHiSSE,

we found that two models were given 98% of the Akaike weight

according to AIC (Table A4); AID1Null (48%) and AID2Null

(50%). Under these models, diversification rate is independent

of geographic area (MTE vs. non-MTE), and instead better ex-

plained by either one (AID1Null) or two (AID2Null) unmeasured

“hidden” variables (Table A4).

TEMPO OF TRAIT EVOLUTION

The evolution of height, flowering duration, seed length, fruit

length, pistil length, and leaf length were all inconsistent with an
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A B
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Figure 3. (A) Lineages through space and time plot (LTST) from a randomly sampled stochastic map based on a biogeographic model of

range evolution, superimposed onto the Hakea phylogeny. (B) Estimated carrying capacity (K) across biomes from logistic growth models

across 50 stochastic maps from a biogeographic model of range evolution. (C) Map of the six biogeographic regions (biomes) used in this

study.

early burst model, but did not differ from a BM or OU model.

These traits showed values of θ50, an estimate of the minimum

standardized phylogenetic distance at which 50% of diversity in

each trait had evolved, between 0.065 and 0.18. These values are

related to the relative timing of the evolution of trait diversity,

with low values of θ50 suggesting diversity evolved earlier in the

radiation than traits with larger values of θ50 (Rolshausen et al.

2018). The evolution of seed mass was inconsistent with all three

models and this trait had a far higher θ50 of 0.48. The earliest

diverging traits, height and flowering time, were both identified

as β-traits, while the later diverging trait, seed mass, was identified

as an α-trait (Fig. 4).

MODE OF TRAIT EVOLUTION

We compared the fit of four distinct phenotypic evolution models

on quantitative (not binary) candidate α- and β-traits. We deter-

mined the best fitting model using Akaike weights derived from

AICc (Fig. A3). We found that two hypothesized β-traits (flow-

ering duration, height) showed strongest support for an OUM

model with biome-specific trait optima, and one (leaf length) for

a BMM model where different biomes had different rates of trait

evolution. For the α-traits, seed mass showed strong support for

a matching competition model, in which trait evolution is best

predicted by the number of sympatric lineages in each biome,

while seed length showed support for an OUM. Fruit and pistil

length, showing distributions consistent with both α- and β-traits,

showed strongest support for BMM models, in which there are

different rates of trait evolution in different biomes, which are

not constrained around biome-specific optima (as in the OUM

model).

DRIVERS OF SPATIAL PATTERNS OF SPECIES

RICHNESS

The first three axes of a PCA on environmental predictors captured

roughly 80% of the variation in environmental variables between

ecoregions. Using OLS, we found that features of the environment
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Figure 4. Trait-space saturation of two traits which showed the

earliest trait diversification, height (yellow), and flowering du-

ration (red), and the single trait that showed the latest relative

diversification, seed mass (blue). This figure shows the minimum

estimated phylogenetic distance between taxa (x axis) at which

a given proportion of present-day diversity (y axis) has evolved,

and as such gives an estimate of the relative timing of the diversi-

fication of each trait.

(PC axes), phylogeny (MPDses), and dispersion of α phenotypic

traits (FDisα) are strongly associated with present-day species di-

versity among ecoregions (Table 2). However, after accounting for

spatial and phylogenetic autocorrelation using the phylo-spatial

GLS method, only phylogenetic relatedness (MPDses) and FDisα

were associated significantly with richness above their covariation

with other predictor variables (Table 2). The difference between

R2 values of the OLS (0.67) and GLS (0.32) models indicates that

approximately 35% of the variation in species richness explained

by the predictors is due to phylogenetic and spatial autocorrela-

tion in the data (Hua et al. 2019). The distribution of predictor

and response variables across ecoregions can be seen in Figure 5.

Discussion
Our approach to understanding the exceptional diversity of MTEs

has been to investigate the roles of both equilibrium and non-

equilibrium dynamics in the diversification of a large, mono-

phyletic MTE radiation. Overall, the Hakea radiation shows a

Table 2. Coefficient values of predictors in regressions on

log(species richness) for Hakea assemblages across 89 Australian

ecoregions. We present results for an OLS regression and a GLS

model that accounts for spatial and phylogenetic autocorrelation.

Variable OLS
PhyloSpatial
GLS

FDisα 0.434∗∗∗ 0.354∗∗∗

FDisβ 0.054 0.057
MPDses −0.238∗∗ −0.258∗∗∗

PC1 −0.294∗∗ −0.036
PC2 0.197∗ 0.095
PC3 −0.620∗∗∗ −0.125
Area 0.075 0.033

∗
P < 0.05;

∗∗
P < 0.01;

∗∗∗
P < 0.001.

strong pattern of diversification slowdown, with different esti-

mated carrying capacities within different biomes, patterns of-

ten interpreted as signatures of density-dependent diversification

and equilibrium diversity dynamics (Moen and Morlon 2014).

This would lead to the expectation that current geographic dif-

ferences in diversity (including elevated diversity of MTE re-

gions) are associated with present-day environments and ecologi-

cal limits (Moen and Morlon 2014; Rabosky and Hurlbert 2015).

On the other hand, geographic diversity patterns in Hakea (and

several other Australian plant groups) also show signatures of

non-equilibrium dynamics, with the deeper evolutionary origins

of MTE lineages a major contributor to their elevated diversity

(Cardillo and Pratt 2013; Cook et al. 2015; Skeels and Cardillo

2017).

Our reconstruction of the evolution of phenotypic traits sug-

gests that both equilibrium and non-equilibrium processes have

been involved in the radiation of Hakea, and have made con-

tributions to the present-day patterns of diversity. Phenotypic

traits associated with adaptation to broad environmental condi-

tions (β-traits; e.g., plant height and flowering duration) diver-

sified steadily in the radiation, apparently driven by evolution

toward different climatic optima across biomes. Traits associated

with partitioning of ecological space (α-traits; e.g., seed mass)

diversified later in the Hakea radiation with the development

of phenotypic repulsion among close relatives in sympatry (al-

though it is important to note not all α- and β-traits fit this pattern;

Fig. A3). Present-day species richness of ecoregions is best ex-

plained by the dispersion of α-traits relative to species richness,

and by phylogenetic clustering of lineages. This supports a grow-

ing body of literature that links diversification slowdowns with

high geographic range overlap among closely related species

(Kennedy et al. 2018; Machac et al. 2018). Taken together, our

results paint a picture of a “β-first” radiation with two distinct

phases. An initial, non-equilibrium phase (from approximately 30
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Figure 5. Present-day species richness, functional dispersion of α-traits, β-traits, MPDses, and the first three axes of a PCA of climate and

soil values across ecoregions. Arrows indicate significant predictors (α trait dispersion, and MPDses) of species richness after accounting

for covariation with the other predictor variables as well as phylogenetic and spatial autocorrelation.

to seven million years ago) was characterized by geographic ex-

pansion from the Southwest Australian MTE across the Australian

continent, with lineages diversifying into a wide range of environ-

ments. This was followed, beginning around seven million years

ago, by an equilibrium phase in which diversification rates slowed

progressively, and species richness within regions was consoli-

dated and maintained by the increasing diversity of α-traits.

NON-EQUILIBRIUM DRIVERS: TIME FOR SPECIATION

Non-equilibrium explanations for MTE diversity typically involve

one or more of three scenarios: (1) there has been a greater time for

lineages to accumulate diversity in MTEs because these regions

are older than other temperate biomes (“time for speciation”); (2)

MTEs have had reduced extinction rates (Hopper 2009; Hopper

et al. 2016); or (3) MTE lineages or environments have features

that have promoted increased speciation rates (Hopper and Gioia

2004; Linder 2005; Sauquet et al. 2009; Schnitzler et al. 2011;

Reyes et al. 2015). After rainforests, the Mediterranean biome

may be the oldest of Australia’s biomes, with recent estimates

suggesting the development of a Mediterranean-type climate from

30 million years ago (Lamont and He 2017), whereas temperate

forests probably did not become widespread until 25 to 15 million

years ago (Byrne et al. 2011), and modern woodland, grassland,

savannah, and arid ecosystems until eight to three million years

ago (Hill and Creek 2004; Beerling and Osborne 2006; Byrne et al.

2008; Bowman et al. 2010; Andrae et al. 2018). Of an increasing

number of MTE clades investigated, many (including Hakea) ap-

pear to have started their radiation within an MTE, supporting the

“time for speciation” model (Valente et al. 2009; Cardillo and Pratt

2013; Cook et al. 2015; Cardillo et al. 2017; Skeels and Cardillo

2017). Several studies have found evidence for elevated diversi-

fication rates in MTE regions and clades (Onstein et al. 2014,

2016; Cowling et al. 2015; Reyes et al. 2015; Pirie et al. 2016),

and there is fossil evidence for a diverse but now extinct Pleis-

tocene flora in eastern Australia (Sniderman et al. 2013), suggest-

ing elevated extinction outside the Southwest MTE. However, we
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did not find evidence of diversification rate differences between

MTE and non-MTE regions in Hakea. However, this could be

because extinction is notoriously difficult to detect from molec-

ular phylogenies (Marshall 2017). Instead, the major source of

diversification rate variation in Hakea might be attributable to the

same factors that drive diversification slowdown across the clade,

rather than differences between regions. Given that (1) one of the

main predictors of high Hakea species richness within ecoregions

was greater phylogenetic clustering (shorter mean branch length

between species), (2) the ancestor of present-day species appears

to have occupied the southwest MTE region, and (3) that there is

no evidence to support substantial diversification rate differences

between the MTE and non-MTE regions, it appears likely that the

non-equilibrium scenario of in situ diversification over a long pe-

riod of time (time-for-speciation effect) contributes substantially

to the present-day high diversity of the Southwest MTE.

EQUILIBRIUM DRIVERS: DIVERSITY DEPENDENT

DIVERSIFICATION AND α-NICHE TRAITS

Over the past seven million years, a consistent slowdown in Hakea

diversification (Figs. A2 and 3) marks a shift from the earlier, ge-

ographic expansion phase to an equilibrium phase, in which biotic

interactions and partitioning of ecological space seem to have be-

come more prominent. Under equilibrium dynamics, differences

in species richness among regions result from differences in eco-

logical carrying capacity, which in turn is the result of one or

more of (1) the total energy available (resource volume), (2) the

partitioning of resources among species (niche breadth), or (3) the

overlap in resource use among species (MacArthur 1972; Ordonez

and Svenning 2018). While resource volume has been proposed

to explain some large-scale biodiversity patterns (such as the lat-

itudinal diversity gradient), this is unlikely to be the explanation

for high diversity of MTE regions, because primary productiv-

ity is often lower than adjacent temperate forest and woodland

biomes (Jetz and Fine 2012). Although different biomes had dif-

ferent estimated carrying capacities based on the accumulation

curves of species in these regions (Fig. 3), environmental PC

axes, which included measures of environmental energy as net

primary productivity, were unable to explain a significant amount

of variance in species richness among ecoregions, after account-

ing for spatial and phylogenetic autocorrelation (Table 2). Instead,

the functional dispersion of α-traits and phylogenetic clustering

of lineages explained a significant amount of variance in species

richness between ecoregions. This suggests that diversity in the

equilibrium phase of the Hakea radiation is associated not with

resource volume, but with the partitioning of ecological niche

space among closely related species within regions.

We identified five candidate α-traits that appear to be more

differentiated in coexisting species than one would expect based

on a biogeographically informed null model of coexistence. Four

of these traits relate to reproductive structures (fruit, seed, and

pistil length, and seed mass), while another trait reflected the veg-

etative structure of leaves (leaf shape). One trait in particular, seed

mass, appears to be associated with ecological partitioning in the

later stages of the Hakea radiation. Furthermore, the evolution and

diversification of seed mass best fits a model of interspecific com-

petition in sympatry (Fig. A3). These results are consistent with

differences in seed mass among species evolving as species rich-

ness within regions approached saturation levels and interspecific

interactions intensified.

Four of the five candidate α-traits were reproductive traits,

suggesting that the apparent niche-partitioning in diversity-

saturated regions involves differentiating reproductive strategies.

Reproductive traits have previously been highlighted as strong

candidates for mediating negative interactions between species

(Weber and Strauss 2016), and may mediate several distinct types

of interactions between close relatives that permit their coexis-

tence. First, different reproductive traits might reflect different

strategies relating to seedling establishment. Seed mass is posi-

tively associated with seedling mortality in Hakea (Lamont and

Groom 1998), as well as more generally (Coomes and Grubb

2003), and also negatively associated with the number of seeds

produced (Coomes and Grubb 2003). Species that produce fewer,

larger seeds invest more energy per seed, and produce seedlings

that are better equipped to deal with drought than species with

smaller seeds (Coomes and Grubb 2003; Lamont and Groom

1998). It has been shown that although very little regional varia-

tion in average seed size exists, coexisting species often show large

variation in seed size (Westoby et al. 1996). In highly seasonal,

drought-prone, or fire-prone environments, different reproductive

strategies may favor the temporal staggering of seedling establish-

ment as a form of bet-hedging (Coomes and Grubb 2003; Pake

and Venable 1996), so that variation in seed size of sympatric

species may have evolved as an evolutionarily stable strategy in

response to strong competition (Westoby et al. 1996; Rees and

Westoby 1997). Second, different reproductive traits may be se-

lected for in coexisting species due to reproductive interference,

the reduction in fitness caused by wasted resources during hetero-

specific mating attempts (Weber and Strauss 2016). Species with

similar floral morphology may be visited by the same pollinators

and in some cases set inviable seeds with hetero-specific pollen.

In these cases, there would be strong selection for reproductive

differentiation among coexisting species, if species with similar

morphology have reduced fitness when they coexist compared to

when they do not coexist. Identifying which mechanisms explain

the diversity of α-traits will be key to understanding how α-trait

diversity influences species diversity.

So why do we see greater partitioning of α-traits in MTE

regions compared to non-MTE regions? If the Southwest MTE is

where the ancestors of extant Hakea began diversifying (Cardillo
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et al 2017), then the radiation of MTE lineages is more mature,

and we may simply be observing in the present a snapshot of the

late stages of a radiation that is still running its course in other

regions. In the MTE, greater α-trait diversity is related to greater

species density and competition between species, while in other

regions major axes of phenotypic and ecological differentiation

may be along β rather than α-niche axes. An alternative interpre-

tation is that there may be features of MTE regions that promote

α-niche differentiation. Differentiation along α-niche axes may

occur following speciation as species repel each other in trait

space (reinforcement); alternatively, strong competition within

species may drive ecological speciation in sympatry. Evidence

for sympatric speciation in MTE hotspot clades is mixed, with

support for allopatric speciation in several South African cape

clades (Schnitzler et al. 2011), and budding speciation (sympatric

or parapatric) in the Californian floristic Province (Anacker and

Strauss 2014). A recent survey of speciation modes of clades,

which included Hakea as well as other MTE genera of Proteaceae

(Banksia and Protea), found strong support for a prevailing

sympatric mode of speciation (Skeels and Cardillo 2019). South-

west Australia lacks major geological barriers associated with

allopatric speciation between plant groups, which instead may

have differentiated largely along edaphic niche axes (Hopper and

Gioia 2004). Soil oligotrophy (the depletion of nutrients in soil)

might drive fine-scale partitioning of the edaphic niche as species

either specialize on acquiring different plant-available nutrients

(e.g., forms of P and N), or specialize in their utilization of these

nutrients (e.g., investment in leaves for photosynthesis, Hopper

and Gioia 2004; Laliberte et al. 2013; Thiele and Prober 2014).

Our results point to a possible sympatric speciation mechanism in

MTE regions, the differentiation of reproductive strategies, where

strong competition between species for limited soil nutrients

drives differentiation of investment strategies for fruit and seed

morphology. We suggest that a further avenue of research into

MTE diversity would be to compare speciation modes and

mechanisms between MTE and non-MTE clades to test whether

unique processes operate in MTE regions to drive high diversity.

Conclusions
Our analyses of the diversification and radiation of Hakea support

a β-first model that can help to explain the exceptional diversity of

the Southwest Australian MTE. Early diversification appears to

be geographic, as species colonize new environments and diverge

along β-niche axes associated with environmental gradients. As

diversity accumulates within regions, diversity-dependent pro-

cesses emerge. Species diverge along α-niche axes that medi-

ate interspecific interactions, and diversification slows through a

dampened speciation rate resulting from a reduction in ecological

opportunities to speciate. Our results suggest that time, ecological

carrying capacities, and biome-specific diversification dynamics

combine to shape present-day patterns of diversity. This chal-

lenges the notion that equilibrium and non-equilibrium dynamics

are mutually exclusive determinants of present-day diversity of

large clades, a conclusion that has also been supported recently

with in silico experiments (Pontarp and Wiens 2017). Instead,

these dynamics operate at different stages of a radiation and we

can use phenotypic, phylogenetic, and geographic data to infer

their relative timing and driving processes. We suggest that this

integrated equilibrium/non-equilibrium approach captures more

of the complexity of historical and ecological processes involved

in the evolution of diversity, compared to models based on equi-

librium or non-equilibrium dynamics only.

Together, the set of results from our analyses paint a com-

pelling picture of the evolutionary dynamics leading to high MTE

diversity in Hakea. Like many contemporary macroevolutionary

studies, however, this study applies a suite of disparate analyti-

cal methods to test different questions regarding the tempo and

mode of diversification, methods that have been developed inde-

pendently for different purposes. As such, the various methods

and models we use are not well integrated into an overarching

modeling framework, and rely on assumptions that are not always

well supported by the data (Cooper et al. 2016). For example,

models of trait evolution often assume that trait evolution is inde-

pendent of lineage diversification, however, as we have suggested

above, ecological speciation may drive diversification of lineages

that is coupled with α-trait diversification in sympatric lineages.

This is not well accounted for with current methods. Despite this,

the active development of macroevolutionary methods has come a

long way in attempting to minimize misinterpretation of statistical

signal (e.g., HiSSE methods; Beaulieu and O’Meara 2016), and

we find it encouraging that independent tests seem to support the

same general conclusions about evolutionary dynamics in Hakea.
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Appendix

Figure A1. Observed versus null distributions of r values from mantel tests between pairwise trait distances (Gower distance) and

coexistence (Schoener’s C) of Hakea species recorded in communities across Southwest and Southeast Australia. On the top row are

traits that showed an observed r (blue dashed line) >95% of simulated data (red dashed line) under a dispersal null model (candidate

α-traits). On the bottom row are traits that show observed slope <95% of simulated data (red dashed line) under an independent swap

null model (candidate β-traits).
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Figure A2. γ Statistic at 100,000 year intervals across Hakea phy-

logeny. γ is a measure of the distribution of node heights in a

phylogeny and values < –1.96 (bottom horizontal line) indicate

clustering of nodes toward the root of the phylogeny indicating

slowdown, while values >1.96 (top horizontal line) indicate speed

up of diversification as nodes are distributed more toward the

tips of the phylogeny. Consistent slowdown is observable across

roughly the last seven million years.

Figure A3. Akaike weights of four different phenotypic evolu-

tion models for seven α- and β-traits; single rate Brownian Mo-

tion (BM1), multiple rate Brownian Motion (BMM), multiple op-

tima Ornstein–Uhlenbeck (OUM), and Matching Competition (MC).

Seed mass and seed length were recorded as α-traits and showed

support for MC and OUM models. Height, flowering time, and leaf

length were recorded as β-traits and supported OUM and BMM

models. Pistil length and fruit length showed characteristics of

both α- and β-traits and supported a BMM model.
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Table A1. Data on phenotypic traits collated for Hakea, the num-

ber of species with missing data, and data source.

Trait
Missing data (number
of species) Data source

Height 0 1
Flower number 1 1
Pistil length 0 1
Fruit length 0 1
Seed length 2 1
Flowering duration 0 1
Leaf length 0 1
Leaf width 0 1
Leaf length: leaf

width
0 1

Leaf nitrogen:
phosphorous

58 2

Seed mass 23 2
Leaf dry mass 57 2
Specific leaf Area 52 2
Flower color 0 1
Fire response 20 1
Leaf shape 0 1

1, Flora of Australia; 2, TRY database.

Table A2. Coefficients of standardized trait/environment rela-

tionships in Hakea species after accounting for phylogenetic re-

latedness using phylogenetic generalized least squares for quan-

titative traits and phylogenetic logistic regression for binary traits

(fire response, leaf shape, and flower color).

Trait PC1 PC2 PC3 PC4

Height −0.0123 −0.0142 −0.0335 0.0396
Flower number 0.0035 −0.0084 −0.0032 −0.0017
Pistil length 0.0049 −0.0239 −0.003 0.0308
Fruit length 0.0097 −0.0319 0.0026 0.0045
Seed length 0.0057 −0.0175 1.00E-04 0.0035
Flowering

duration
0.0065 −0.0189 0.0114 0.0449

Leaf length −0.0069 −0.011 0.0067 0.0058
Leaf width −0.0013 −0.0032 0.0091 0.00E + 00
Leaf length:

leaf width
−0.0079 −0.0062 0.0055 −0.0073

Seed dry mass 0.0046 −0.0108 −0.0011 −0.0095
Fire response −0.0347 0.0159 0.0245 0.02
Leaf shape −0.0027 0.04 −0.0271 0.00E + 00
Flower color 0.041 0.0105 0.0137 −0.0507

Table A3. Akaike weights for temporal diversification model se-

lection in Hakea. Seven models were compared for two phyloge-

netic hypotheses, one with only recognised full species, and one

with 11 sub-species sampled. Akaike weights sum to one, and

quantify the relative support for each model.

Model
Full species
(n = 135)

Sub-species
(n = 146)

Birth–death 0 0
Diversity dependent
speciation (linear)

0.35 0.72

Diversity dependent
speciation
(exponential)

0 0.01

Diversity dependent
extinction (linear)

0 0

Diversity dependent
extinction
(exponential)

0 0

Diversity dependent
speciation +
extinction

0.13 0.26

Protracted Speciation 0.52 0

Table A4. Akaike Information Criteria and Akaike weights of ten

alternative GeoHiSSE models for geographic range dependent di-

versification in Hakea related to presence or absence in the South-

west Australian Mediterranean-type ecosystem. The two best fit-

ting models, AID1Null and AID2Null share roughly half the Akaike

weight.

Model AIC AICw

AID0 1086.88 0
ADD0 1092.59 0
AID1 1080.91 0.02
ADD1 1102.49 0
AID2 1101.37 0
ADD2 1104.84 0
AID1Null 1074.66 0.48
ADD1Null 1092.28 0
AID2Null 1074.56 0.5
ADD2Null 1097.26 0

AID, area-independent diversification; ADD, area-dependent diversification.
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