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ABSTRACT

Aim Our aim was to seek explanations for the differences in the diversity

among the austral continents by comparing the diversification rates and pat-

terns in the grass subfamily Danthonioideae. We asked specifically whether

diversification is density dependent, whether it is different for each continent,

and whether immigration rates impact on diversification rates. We attempted

to account for intercontinental differences by comparing the Pleistocene cli-

matic and Neogene geomorphological histories with the inferred diversification

rates.

Location Mainly the Southern Hemisphere, treated as four areas for the analy-

ses: Africa, Australia, New Zealand and South America.

Methods We based our analyses on a densely sampled, dated phylogeny for

the grass subfamily Danthonioideae. We compared 24 diversification models

for these continental radiations, taking into account speciation models, and

extinction and dispersal rates. We used available distribution data to infer the

climates under which danthonioids are found, and used these to estimate the

change in area and location of suitable habitats between contemporary and

Last Glacial Maximum climates. We inferred the geomorphological history

from the literature.

Results We show that long-distance dispersal led to parallel radiations, which

more than doubled the final standing diversity in the subfamily. Diversification

models with the strongest support included separate time-varying diversifica-

tion processes for each major geographical region. Pleistocene climatic fluctua-

tion did not explain the intercontinental differences in diversification patterns.

Main conclusions Although our results are consistent with density-dependent

diversification, this explanation is not consistent with the time of arrival of

danthonioids on each continent. The diversification patterns on the four major

Southern Hemisphere landmasses are idiosyncratic. The two most important

predictors of diversity may be the lineage-specific effect of time, and the gen-

eral effect of topographical complexity and orogenesis.
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INTRODUCTION

Although danthonioid grasses (Danthonioideae, Poaceae)

(Linder & Barker, 2000; Linder et al., 2010) are common

and often dominant elements in the temperate C3 grasslands

of the southern continents, species richness varies markedly

among continents (Fig. 1). Spatial variation in species rich-

ness among the austral continents is well known (Kier et al.,

2009), especially for the mediterranean climate regions

(Cowling et al., 1996), but because of the almost complete
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absence of clade-based comparative analyses of diversification

patterns across the southern continents (but see Linder et al.,

2003), we have no explanations for this variation.

Spatial variation in species richness may be the result of

key innovations, differences in time available for diversifica-

tion, immigration rates or ecological opportunity. Key inno-

vations (Hodges & Arnold, 1995) are obviously important,

but can be discounted in the danthonioids as a result of

repeated dispersals across the southern oceans (Linder et al.,

2013). Both palaeontological (Sepkoski, 1978; Alroy, 2008)

and molecular phylogenetic (Phillimore & Price, 2008; Rabo-

sky & Lovette, 2008a; Etienne et al., 2012) studies have sug-

gested a prominent role for diversity-dependence in

mediating the tempo of species diversification, suggesting

that carrying capacity rather than time available might regu-

late diversification rate. If, however, there are no slowdowns

in the diversification rates, then diversification is primarily

limited by evolutionary time within regions, consistent with

an expansionist model of diversification, as suggested by

Wiens and collaborators (Wiens et al., 2006, 2009). The

effect of immigration rates on diversification appears not to

have been fully explored. The dispersal of a lineage to a new

area can trigger a radiation in this area, as has been demon-

strated for numerous clades in Hawaii (Baldwin & Wagner,

2010), New Zealand (Winkworth et al., 2005) and the

Mascarenes (Juan et al., 2000), as well as for particular taxa

such as Brassicaceae (Karl & Koch, 2013). However, dispersal

into an area already occupied can, by the addition of new

genetic diversity, stimulate further diversification (Wagner

et al., 2012). In contrast to migration, ecological opportunity

has been a popular explanation of diversification, and can

result from one of three types of abiotic events. First, regio-

nal climate change can create locally new opportunities, for

example the development of summer drought resulting from

the acceleration of upwelling of Antarctic bottom waters on

the southern African west coast, triggering the radiation of

the Cape flora in southern Africa (Linder, 2003; Verboom

et al., 2009; Dupont et al., 2011). Second, orogeny might

create new habitats and opportunities, which has been

argued for the Andes (Antonelli et al., 2009) and New Zea-

land (Winkworth et al., 2005). Third, long-distance dispersal

to islands such as Hawaii (Wagner & Funk, 1995; Givnish

et al., 2009), to mountain regions on continents (Hughes &

Eastwood, 2006), and into floras on different continents such

as the African Cape flora (Galley & Linder, 2006), might

expose a lineage to new environments and climates. Biotic

modifiers (Linder et al., 2012) can also change environments,

and provide the context for new radiations. The three abiotic

variables are often tightly interwoven, as orogeny may alter

the climate and create new environments into which lineages

can disperse and radiate. This is exemplified by the lupin

radiations in the Andes resulting from dispersal from North

America to the new alpine climate generated by the Late

Miocene Andean orogeny (Hughes & Eastwood, 2006). Cli-

mate change may also influence extinction rates (Crisp &

Cook, 2009), and mountains may ameliorate the effects of
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climate change (Loarie et al., 2008; Lancaster & Kay, 2013)

by providing a rich diversity of locally available habitats.

However, orogeny could also drive climate change, for exam-

ple by blocking the flow of moist air.

Here we attempt to disentangle the effects of time, dis-

persal, climate change, topography and orogeny on diversifi-

cation rates in the danthonioid grasses. We use a model-

based approach to test whether diversification rates are con-

tinent-specific, whether there is evidence for a diversity-

dependent pattern, and whether immigration rates influence

the diversification rates. We evaluate the possible impact of

past climate change on each continent by comparing differ-

ences between the modelled distribution ranges for Last Gla-

cial Maximum climates with contemporary climates, to

differences in diversification rates. Finally, we ask whether

intercontinental diversification rate differences might be

accounted for by differences in the histories of orogenesis.

MATERIALS AND METHODS

Phylogeny

In order to compare the radiations on the different conti-

nents we used an almost completely sampled, time-calibrated

phylogeny of the Danthonioideae (Antonelli et al., 2011; Lin-

der et al., 2013), which comprises 299 accessions and 14,425

characters. Multiple accessions of species that are not

demonstrably polyphyletic were reduced to a single accession

(17 of 27 duplicated taxa were thus pruned). Species in

which multiple accessions had disparate positions based on

cpDNA only were retained for Pentameris pallida (Thunb.)

Galley & H.P.Linder and Rytidosperma caespitosum (Gaud-

ich.) Connor & Edgar. This resulted in a set of 1000 ran-

domly sampled post-burn-in phylograms, with 274

accessions representing 252 taxa (species and subspecies, con-

stituting 81% of the danthonioid species), and with wide-

spread species represented by multiple accessions, and

including six outgroup taxa. This set of trees was rate cor-

rected and calibrated as described in Linder et al. (2013),

using beast 1.5.2 (Drummond et al., 2006). The matrix and

trees are available on request from the first author.

Continental diversification patterns

In order to identify major processes that have shaped danth-

onioid diversity across the larger continental landmasses of

the Southern Hemisphere (South America, Africa, New Zea-

land, Australia), we used character-state-dependent models

of speciation and extinction (Maddison et al., 2007; FitzJohn

et al., 2009; Rabosky & Glor, 2010). This class of models has

been used previously to study the geographical context of

species diversification (Rabosky & Glor, 2010; Goldberg

et al., 2011) and accounts for some biases in the inference of

ancestral geographical states caused by regional differences in

rates of species diversification. We considered a set of models

that would potentially enable us to assess whether patterns of

lineage accumulation in extant danthonioids are dominated

by (1) intrinsic, clade-specific rates of species formation, (2)

regional differences in factors that promote speciation, and

(3) diversity-dependent regulation of species richness.

The general theory underlying dynamic, character state-

dependent models of speciation and extinction as applied to

molecular phylogenies has been described elsewhere (Maddi-

son et al., 2007; Rabosky & Glor, 2010). We used maximum

likelihood to fit four general classes of diversification (specia-

tion, extinction) models to the time-calibrated danthonioid

phylogeny. We refer to the simplest model as ‘GlobalCon-

stant’: this model assumes simply that rates of species diver-

sification have been constant through time, and that all

geographical regions share common diversification parame-

ters. The second model class, ‘RegionalConstant’, assumes

that diversification rates have been constant through time,

but that these rates vary among continental regions. The

third model class, ‘RegionalDynamic’, assumes that diversifi-

cation rates have varied through time within geographical

regions. We assumed a simple linear change in evolutionary

rates through time, bounded at zero, such that the rate of

speciation (k) at any point in time t was modelled as:

kðtÞ ¼ max 0; k0 1� t=zð Þf g;
where k0 is the initial rate of speciation at the root of the

tree, and z is a parameter that controls the rate of change in

k with respect to time. Finally, we constructed a ‘GlobalDy-

namic’ model, such that species diversification rates varied

linearly through time, but with all regions sharing common

rate parameters.

It is theoretically possible to estimate extinction rates from

molecular phylogenies (Nee et al., 1994), but recent studies

have suggested that empirical estimates of this parameter

may be problematic (Rabosky, 2009a, 2010; Quental & Mar-

shall, 2011). We thus formulated two versions of each model

described above: one where the extinction rate (l) was con-

strained to be equal to zero, and another where extinction

rates were free to vary. In each case, the extinction model

was assumed to be a mirror image of the corresponding spe-

ciation model. Thus, for the RegionalDynamic model with

l ≥ 0, we assumed linear time-dependent variation in extinc-

tion rates, bounded at l = 0. This model explicitly allowed

extinction rates to exceed speciation rates, and it was even

possible for extinction rates to increase while speciation rates

decreased through time for the dynamic (linear) models.

Each geographical region in the RegionalDynamic model

with l ≥ 0 thus included two speciation parameters and two

extinction parameters.

Each of the models described above corresponds to one or

several processes that may influence the tempo of lineage

accumulation in the danthoniods. The GlobalConstant model

is expected to fit the data best if the tempo of lineage accu-

mulation is similar across all geographical regions and if

there are no strong abiotic controls on species richness (Rab-

osky, 2009b). Such a model might be preferred if the rate of

speciation is limited by the rate at which lineages accumulate
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intrinsic reproductive isolation. If species richness is gov-

erned by diversity-dependent regulation of speciation and/or

extinction we predict that all geographical regions should

show evidence for declining rates of speciation through time

(Phillimore & Price, 2008; Rabosky & Lovette, 2008b; Eti-

enne et al., 2012), as has been shown for Anolis lizards on

the Greater Antilles (Rabosky & Glor, 2010). Regional differ-

ences in the rate of diversification, especially if some are

increases and others decreases in the diversification rate,

should lead to superior fit of either the RegionalDynamic or

RegionalConstant models. Superior fit of the GlobalDynamic

model may suggest that a common global factor is mediating

common trends in lineage diversification despite the physical

separation between the four focal regions.

We fitted each of the diversification models above against

three biogeographical ‘background’ models (Rabosky & Glor,

2010): a model with equal rates of dispersal among geo-

graphical regions (‘OneRate’; one parameter); a model where

the dispersal rate between regions varied linearly through

time, as for speciation and extinction (‘TimeDependent’; two

parameters); and a model with symmetric, time-invariant

dispersal rates between each pair of geographical regions

(‘Symmetric’; six parameters). We did not include a time-

constant asymmetrical model, typical of biogeographical

approaches such as the dispersal–extinction–cladogenesis

(DEC) model implemented in Lagrange (Ree & Smith,

2008), because of concerns over the large number of model

parameters in comparison to the relatively small number of

transitions between geographical regions. All analyses were

performed on pruned phylogenetic trees for the danthonioids

that included only those taxa found in the four southern

continental regions: southern/central Africa (n = 122); New

Zealand (n = 39); Australia (n = 42); and South America

(n = 38). Only three species are found in more than one

area: all three are shared between New Zealand and Austra-

lia, and belong to the genus Rytidosperma. These regions are

largely congruent with the areas of endemism defined by

Linder et al. (2013), except for East and southern Africa,

which were combined owing to the small number of species

in East Africa. Because few species occurred in the regions

we excluded from the analysis (e.g. New Guinea, n = 11;

North America, n = 8; Madagascar, n = 6; Europe, n = 4),

we could not justify the significant increase in model com-

plexity associated with additional region-specific parameters,

despite this reducing our ‘sample size’ of intercontinental

comparisons. Early attempts to include regions with few taxa

failed to converge on stable parameter estimates. As there is

no evidence of dispersal from these excluded areas to our

four continental areas (Linder et al., 2013), excluding them

should not affect our results. We accounted for unsampled

taxa within each region analytically in our likelihood calcula-

tions after FitzJohn et al. (2009).

Our full analysis thus considered a total of 24 possible

models: four core diversification models were each evalu-

ated with and without extinction, and against three back-

ground geographical dispersal scenarios. The models ranged

in complexity from a simple GlobalConstant model

(l = 0) with a single dispersal parameter (two parameters

in total) to the RegionalDynamic model (l ≥ 0) with sym-

metric dispersal (22 parameters in total). All models were

fitted using code that we developed for the R statistical

platform; differential equations for the dynamics of specia-

tion and extinction probabilities were coded in C and

solved numerically using the LSODA routine as imple-

mented in the deSolve library for R (Soetaert et al.,

2011). Source code for fitting these models is available

upon request. Owing to the large number of parameters in

some of the models, we maximized the likelihood for each

model using at least 800 sets of random starting parame-

ters. Fitting the more parameter-rich models was computa-

tionally intensive and in some cases required more than

20,000 likelihood evaluations for each optimization. To

assess whether our results were robust to phylogenetic

uncertainty, we repeated our analyses on 500 phylogenies

from the posterior distribution of trees. We compared

models by computing finite-sample corrected Akaike infor-

mation criterion (AICc) scores and Akaike weights for each

model. Akaike weights can be interpreted as the condi-

tional probability of a particular model given the candidate

set of models investigated. The AICc has a modified pen-

alty term that reduces overfitting with finite sample sizes

relative to the standard AIC. As a heuristic tool for visual-

izing lineage accumulation dynamics, we reconstructed

lineage-through-time plots for geographical regions and

across the full global radiation for the posterior sample of

phylogenies. We estimated the number of lineages within

each geographical region as the sum of marginal probabili-

ties associated with each region at each point in time, as

described in Mahler et al. (2010).

Available climate space

To test whether fluctuations in the available habitat during

the Quaternary influenced diversification rates, and particu-

larly extinction rates, we identified the geographical distribu-

tion of areas climatically suitable for danthonioids for the

contemporary climate (1961–1990) and the Last Glacial Max-

imum (LGM, 21 ka). The contemporary climate approxi-

mates the most mesic phases of the Quaternary, and the

LGM can be taken to approximate the coldest periods of the

Pleistocene (Pahnke et al., 2003; Li et al., 2011), conse-

quently the differences between current and LGM climates

have been used as measure of the magnitude of Quaternary

fluctuations (Sandel et al., 2011). We characterized the mul-

tivariate climatic conditions suitable for danthonioid species

(the danthonioid climate space) based on the current distri-

bution of 29,317 georeferenced herbarium specimens assem-

bled from herbaria in Africa, Australia, New Zealand and

South America and the current climatic conditions at these

locations. Analyses were performed on a global 2.50 9 2.50

grid (c. 4.6 km 9 3.3 km at 45° S), which might constitute

the optimal balance between cells that are too heterogeneous
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(especially for the mountainous habitats in southern Africa,

New Zealand and South America), and a very unwieldy and

spuriously accurate dataset. For each grid cell, six climate

variables from WorldClim (Hijmans et al., 2005) were used

for the two time periods: mean annual temperature (BIO1),

mean temperature of the warmest quarter (BIO10), mean

temperature of the coldest quarter (BIO11), annual precipita-

tion (BIO12), precipitation of the warmest quarter (BIO18),

and precipitation of the coldest quarter (BIO19). These were

selected in order to give a robust general characterization of

both annual average and seasonal climatic conditions. We

calculated the true area of each grid cell using great circle

distances and then quantified for each region the area with

danthonioid-analogous climate niche conditions under cur-

rent and under LGM climate conditions. We used two LGM

climate models: the Model for Interdisciplinary Research on

Climate MIROC3.2 (http://www-pcmdi.llnl.gov/ipcc/

model_documentation/MIROC3.2_medres.htm) and the

Community Climate System Model CCSM3 (http://www.

cesm.ucar.edu/models/ccsm3.0/#docs).

For each of the four regions, we quantified the danthoni-

oid climate space as the climatic conditions of all grid cells

with at least one danthonioid record (danthonioid grid cells).

All grid cells currently occupied by danthonioid species are

therefore considered to have climatic conditions suitable for

danthonioid species. We compared the climate of each grid

cell to the climate of all danthonioid grid cells within a

region and considered the climate of two grid cells to be

analogous if the difference in all six climate variables was

smaller than a given niche breadth threshold. As a sensitivity

test we used three niche breadths (see Appendix S1 in Sup-

porting Information), based on the variation around the

median of each climate variable after excluding outliers

(highest and lowest 10% of plots for each climate variable),

calculated over all four continents. The narrow niche breadth

corresponds to the 5th, the medium to the 10th, and the

wide to the 25th percentile. A small area value indicates that

the climatic conditions of that grid cell are analogous to

those of only a few grid cells with danthonioid records (indi-

cating potentially lower climatic suitability for danthonioids);
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collapsed. Age bars indicate the 95% highest probability density (HPD) distributions of the beast age estimates. The colour coding
reflects the regions: blue, Africa; purple, New Zealand; red, South America; yellow, Australia; green, North America; mauve, Europe.

Journal of Biogeography 41, 1313–1325
ª 2014 John Wiley & Sons Ltd

1317

Danthonioid radiations



a high value indicates that the climatic conditions of that

grid cell are analogous to those of many grid cells with

danthonioid records (indicating potentially higher climatic

suitability for danthonioids). The number of species per cell

was not taken into account. All grid cells with LGM condi-

tions analogous to current conditions of any of the grid cells

with danthonioid records were considered to have had

‘danthonioid climate space’ at the LGM. We took account of

the lowered sea level during the LGM, as quantified by Bra-

connot et al. (2007).

RESULTS

Phylogeny

The phylogeny of the Danthonioideae is well resolved

(Fig. 2) and most nodes robustly supported. The only prob-

lematic taxon is Danthonia, where the relationships among

the North and South American species remain unclear in this

and previous analyses. Dating gives relatively wide highest

probability densities, but this should not affect our analyses,

as we are mostly interested in the relative age of clades and

their general timeframe for assessing correspondence with

major climatic and geological changes.

Continental radiation patterns

Models with region-specific, time-varying rates of speciation

(RegionalDynamic) dramatically outperformed all other can-

didate models (Fig. 3). The overall best-fit model was the

most complex one considered and included extinction and

symmetric dispersal between regions (AICc = 1124.6; 22

parameters). However, the corresponding model without

extinction (RegionalDynamic plus symmetric dispersal) pro-

vided a comparable fit to the data with substantially fewer

parameters (AICc = 1125.1; 14 parameters). Together, these

two models explained 96.2% of the total probability of the

data (Fig. 3b) given the candidate set of models. Regardless

of dispersal scenario and extinction model, the RegionalDy-

namic class of models vastly outperformed all other classes

of models. The cumulative conditional probability (Akaike

weights) of the six RegionalDynamic models, relative to the

other 18 models, exceeds 0.9999 (Table 1, Fig. 3). These

results strongly suggest that rates of species diversification

vary among geographical regions, and that these rates have

varied independently through time.

Lineage-through-time curves reflect a much earlier start

for the danthonioid radiation in Africa (22 Ma) relative to

other regions (Fig. 4). Under the best fit model, all specia-

tion events prior to 7.0 Ma occurred in Africa, and this is

generally true for the other models as well. The first node

that can be assigned with confidence to Australia is dated to

5.0 Ma, New Zealand to 6.0 Ma and South America to

6.7 Ma. This suggests a long history of diversification in

Africa, with relatively recent ‘out of Africa’ dispersals to the

other regions, and diversification within those regions.

Speciation rates in Africa and Australia appear to have

decreased through time (Fig. 5, and Fig. S1 in Appendix S2),

regardless of whether non-zero extinction is included in the
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Figure 3 Comparison of performance of the radiation models

of the danthonioid grasses based on (a) finite-sample corrected
Akaike information criterion (AICc) scores and (b) Akaike

weights, showing the better performance of the most complex
models. Background dispersal models: Sy = ‘Symmetric’,

separate but symmetric, time-invariant dispersal among each
pair of continents; TD = ‘Time Dependent’, allowing dispersal

rates to vary between regions linearly through time; 1R = equal
rates among the geographical regions. Speciation models:

RD = ‘Regional Dynamic’, rates allowed to vary through time
within regions; RC = ‘Regional Constant’, rates constant

through time, but each region allowed to have a separate rate;
GC = ‘Global Constant’, rates of species diversification assumed

to be constant; GD = ‘Global Dynamic, rates allowed to vary
linearly through time, but all regions with common rate

parameters. Extinction models: empty dots = extinction rates
equal to zero; black dots = extinction rates allowed to vary as

mirror to speciation model.

Table 1 Summary of diversification patterns of danthonioid

grasses across the four major classes of diversification models.
Each class of model was fitted against three background

dispersal scenarios, both with and without extinction (eight
submodels per model class). Mean DAICc (change in finite-

sample corrected Akaike information criterion) gives the mean
DAICc value for all eight submodels per model class, and

summed Di gives the cumulative conditional probability (Akaike
weight) for each model class.

Model Mean DAICc Summed Di

GlobalConstant 59.63 0

GlobalDynamic 53.46 0

RegionalConstant 40.80 0

RegionalDynamic 8.11 1
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RegionalDynamic model. In contrast, there is no evidence

for declining rates in the other austral landmasses. For

Africa, the full model with extinction suggests that net diver-

sification rates have been approximately zero through time

(Fig. 5, Fig. S1). However, the model with extinction con-

strained to equal zero (Fig. 5b) provides an equivalent fit to

the data (Fig. 3) suggests low but positive net diversification

rates. Rates in South America appear to have been stable

through time, and extinction rates are substantially lower

than speciation rates. Speciation rates in New Zealand have

increased strongly towards the present, while extinction rates

remained constant.

Available climate space

Under current climate conditions, the danthonioids in south-

ern Africa, Australia and South America are restricted to the

cooler, moister parts of the climate space, mostly below

20 °C mean annual temperature (Fig. S2 in Appendix S2),

consistent with their absence from tropical and arid regions

and corroborating their status as grasses of temperate

regions. During the LGM most continents are modelled to

have had colder and drier climates, and as a result in many

regions danthonioid space was spatially shifted and changed

in area (Fig. S3 in Appendix S2). However, the results

depend on the assumptions made (Table 2). For both CCSM

and MIROC with a narrow niche definition, the danthonioid

area was a fraction of that currently available. The most

extreme was for Australia and New Zealand under the CCSM

model, where available habitat was only 20% of currently

available. Under a medium niche breadth assumption the

results were mixed: South America lost area under both

models; Australia and New Zealand only under the CCSM

model, and Africa had more danthonioid habitat under both
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models (Table 2). With the wide niche breadth all continents

had more danthonioid habitat area available during the

LGM than currently under both models. In both southern

Africa and Australia, danthonioid climate space during the

LGM was located further north than it currently is. The

degree of spatial overlap between the projected suitable cli-

mate habitats between current and LGM climates varies

between the LGM climate models, and the niche breadth

used (Table 2). A general pattern is that the overlap was

much smaller in South America, for the same models and

niche parameters, than in the other three continents.

DISCUSSION

We found the strongest overall support for models of diver-

sification with distinct time-varying diversification regimes

within each of the four land masses (RegionalDynamic). This

allows for changing diversification rates (potentially density-

dependent slowdowns), and for different rates among the

continents (potentially consistent with the different sizes of

the continents and the ages of the danthonioid floras), as

well as for an effect of different immigration rates (increasing

the disparity). Including extinction in the model led to only

marginal improvements in model fit (Fig. 3). Diversification

rates have decreased in Australia and increased in New Zea-

land. For Africa and South America, diversification rates

have either declined weakly through time or remained con-

stant, depending on the underlying extinction model (Fig. 5).

This rate variation is not explained by continental size or the

ages of the danthonioid floras, and is therefore inconsistent

with the density-dependent hypothesis. It appears that long-

distance dispersal, climate change and orogeny may play a

prominent role.

Long-distance dispersal

The macroevolutionary consequences of long-distance dis-

persal (LDD) have been little explored. Bacon et al. (2012)

suggested that Miocene dispersal might have been an impor-

tant driver of diversification in palms, and indeed in plants

in general. Our results corroborate this, and dispersal rate is

part of the best speciation and extinction models, indicating

that immigration led to increased diversification. Usually,

immigration is treated as an alternative to in situ speciation

(Lancaster & Kay, 2013), especially important in young areas,

or in areas too small to support own speciation (Losos &

Schluter, 2000). Our data suggest two mechanisms: the one

as trigger for new rounds of diversification, and the second
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Figure 5 (a) Speciation (black) and extinction (grey) rates of the danthonioid grasses through time for the RegionalDynamic

diversification model fitted to the maximum clade credibility tree with time-varying extinction. (b) Corresponding plot for the
RegionalDynamic model with extinction constrained to zero. Models shown in (a) and (b) provided roughly equivalent fits to the data

and outperformed all other models in the candidate set. Note that Africa is on a different time-scale than the other three regions.
Compare (a) with plots of the net speciation rate through time (speciation � extinction), as shown in Fig. S1 in Appendix S2.
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to bolster current diversification. Both lead to an increase in

both global and regional diversification rate. Dispersal from

Africa more than doubled the total diversity in the subfam-

ily: in Africa only 138 species are found, the additional 144

species are the result of radiations on new continents follow-

ing LDD, in some cases adding radiations to continents

where there was already a danthonioid radiation (e.g. the

Rytidosperma radiation in New Zealand, where Chionochloa

had already been established). Furthermore, immigration

might facilitate the generation of novel phenotypes through

hybridization, thus stimulating diversification (Wagner et al.,

2012). Our phylogenetic analyses indicate incongruence

between the phylogenies of nuclear and plastid genomes in

the South American Cortaderia, the Australian Notochloe,

and the African Capeochloa (Pirie et al., 2009), suggesting

that hybridization may have taken place in the Danthonioi-

deae. Some of the radiations could have resulted from

hybridization following repeated dispersal. Furthermore, dis-

persal may have contributed to danthonioid trait diversity

on continents. Linder et al. (2013) postulated five dispersal

events to New Zealand, which introduced three morphologi-

cally and ecologically divergent forms (Chionochloa with

tough leaves; Austroderia, a tall fibrous tussock of disturbed

habitats; and three Rytidosperma invasions of soft small

tufted plants). Currently the three genera occupy somewhat

different niches in New Zealand.

Quaternary climatic oscillations

The Quaternary climatic fluctuations may have impacted the

diversification rate through changing the speciation rate, but

more likely by modifying the extinction rate. We expect con-

tinents with a major difference in suitable area, and its loca-

tion, between the glacials and interglacials to have had a

higher extinction rate. However, we find that the reconstruc-

tions are complex, and that the climatic fluctuations may

have been modified by the different mountain configura-

tions. In southern Africa, the configuration of the subconti-

nent relative to the ocean currents may have ameliorated the

climatic changes during the Quaternary, with the west coast

becoming wetter and the south coast drier during the glacial

episodes (Chase & Meadows, 2007), creating conditions opti-

mal for cool-adapted temperate grasses. This is corroborated

by our finding that during the LGM more area was available

for the danthonioids (for the medium and wide niche con-

cepts), than currently. Most danthonioid species are either in

the Cape Fold Mountains, or along the escarpment, where

climatic change can be accommodated by vertical movement.

The dramatic drop in diversification in late Pliocene Aus-

tralia is puzzling. Our results are ambiguous if we simply test

how much area stays within the danthonioid climatic enve-

lope, with MIROC and CCSM giving very different results

(Fig. 6, Table 2, Fig. S3). Generally, more area stays suitable

for danthonioids in Australia than on other continents, but

in the topographically subdued Australian landscapes the

same climate changes as on other, more mountainous, conti-

nents may result in a much higher climate change velocity

(Loarie et al., 2009; Sandel et al., 2011), and as a result spe-

cies may have to migrate further and faster in order to stay

in the same climate envelope species (Corlett & Westcott,

2013). Indeed, Hill et al. (1999) suggested that the subdued
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Table 2 Proportion of overlap between current modelled and

Last Glacial Maximum (LGM) modelled areas of danthonioid
grasses. The niche breadths are based on the variation around

the median of each climate variable after excluding outliers. The
narrow niche breadth corresponds to the 5th, the medium to

the 10th, and the wide to the 25th percentile. (a) Proportion of
current modelled suitable area that was also modelled as suitable

under LGM conditions. (b) Proportion of area modelled suitable
at the LGM that was also modelled as suitable currently.

(a) (b)

MIROC

(%)

CCSM

(%)

MIROC

(%)

CCSM

(%)

Narrow niche breadth

South Africa 12.5 19.2 39.8 48.5

Australia 12.3 5.8 69.3 61.4

New Zealand 5.6 3.7 22.6 19.8

South America 2.7 3.9 5.9 11.5

Medium niche breadth

South Africa 55.0 69.8 48.3 53.7

Australia 68.7 28.0 62.4 53.2

New Zealand 59.5 39.4 48.8 50.0

South America 18.2 16.6 25.2 27.6

Wide niche breadth

South Africa 84.2 85.7 54.7 54.2

Australia 99.6 97.6 73.2 64.1

New Zealand 98.2 91.4 52.9 54.1

South America 75.2 75.5 56.5 54.5
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Australian terrain meant that species had to migrate long

distances to stay in their preferred habitats, thus filtering

non-vagile species. This is corroborated by the fossil docu-

mentation of a rich sclerophyll flora from the south-east

Australian early Pleistocene (Sniderman et al., 2013), an area

now poor in sclerophylls.

The high topographic diversity of New Zealand, and the

very long coastline, may have had two impacts. Although

the Pleistocene glaciations removed some of the habitat of

the danthonioids at high elevations, they probably made

more of the rest of the island suitable for these grasses. Dur-

ing the glacials extensive closed forest was probably restricted

to the northern tip of the archipelago with only small stands

and forest microrefugia found in the southern half of the

North Island and the northern half of the South Island,

opening up extensive areas suitable for cold-adapted grass-

lands between the ice-cap and the forests (Newnham et al.,

2013). Furthermore, the LGM land area of New Zealand was

almost twice as large as it is today. These suitable habitats

were geographically close to the current habitats (contrary to

the situation in Australia), thus not requiring long-distance

migration.

Diversification of the South American danthonioids shows

long-term diversification stability. The clade ranges over the

whole elevational range, and from the Atlantic to the Pacific

coast, but the greatest diversity is found in the Andes. It is

possible that Pleistocene climatic fluctuations could have

been accommodated with vertical migration, but at our 2.50

resolution, very few cells remain within the danthonioid cli-

matic envelope during the whole of the Quaternary, and the

extent of danthonioid habitat may have been underestimated

(Randin et al., 2009).

Neogene orogeny and speciation

Recent orogeny is linked to accelerated diversification. The

most recent orogeny in the danthonioid distribution range was

in New Zealand (Table 3), where alpine conditions were estab-

lished only in the Pleistocene (Heenan & McGlone, 2013), and

this region had the most rapid recent acceleration of diversifica-

tion. The diversification of several plant groups including

Dracophyllum (Ericaceae) (Wagstaff et al., 2010), Ourisia

(Plantaginaceae) (Meudt et al., 2009) and the hebes (Veronica,

Plantaginaceae) (Wagstaff et al., 2002) have been linked to this

orogeny. The South American Andes may have reached their

current elevations and climates by the Late Miocene–Pliocene

transition (Bershaw et al., 2010), thus substantially earlier than

the New Zealand Alps. Consistent with this, the South Ameri-

can danthonioid diversification has been constant, with a posi-

tive rate where speciation exceeds extinction. Next in age and

stability could be ranked southern Africa, where the current

configuration of mountains dates, as in Australia, to the Creta-

ceous sundering of Gondwana, but with an Early Miocene as

well as a Pliocene uplift rejuvenating the mountains and so ero-

sion (Table 3). Diversification is modelled to be at a constant

rate but with decreasing speciation and extinction rates. The

Pliocene uplift along the eastern seaboard has been proposed as

an important contributor to the diversification of Melianthus

(Linder et al., 2006) and possibly an important contributor to

the diversification of the Cape flora (Cowling et al., 2009). The

geologically most stable area (at least since the Late Miocene)

has been Australia, with its rapidly decreasing diversification

rate.

This interpretation suggests that the creation of new habi-

tats during orogeny may have stimulated speciation in South

America and especially in New Zealand, and that this

enhanced speciation rate could have more than counteracted

the increased extinction resulting from the climatic fluctua-

tions.

CONCLUSIONS

The continental-specific differences in danthonioid diversifi-

cation rates are best explained by topographical differences

among the continents. It is striking that the two most geo-

logically dynamic continents – South America and New

Zealand – both exhibit no extinction and almost constant

or increasing speciation rates (Fig. 5). In contrast, the much

more geologically stable African and Australian landmasses

exhibit both considerable extinction rates and decreasing

speciation rates. We suggest that geologically active areas

may have kept producing species and counteracting extinc-

tion, as orogenies create new habitats into which radiations

can take place. Our reconstructions further suggest that

topographical heterogeneity may reduce extinction rates,

probably by requiring less horizontal displacement during

Table 3 Summary of the Neogene orogenies in the southern continents.

Continent New Zealand South America South Africa Australia

Orogeny Alps Andes Fold & scarp Alps

Early Miocene Start Start Mountains in place, rejuvenated by

uplift of c. 500 m of existing hills

Mountains largely in place.

Gradual uplift in south.

Middle Miocene Hilly? Montane, reaching 2 km Partial peneplanations Gradual uplift in south-east.

Late Miocene Alpine, > 4 km

Pliocene Montane Alpine, uplift matching erosion Uplift c. 1000 m in east

Pleistocene Alpine Alpine Current conditions

Sources Heenan &

McGlone

(2013)

Gregory-Wodzicki (2000), Hoorn

et al. (2010), Sepulchre et al. (2010)

Partridge & Maud (2000) Holdgate et al. (2008)
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climatic changes. This explanation is consistent for all con-

tinents, with low extinction rates for continents containing

mountains and high extinction for Australia, which contains

least topographic heterogeneity. Possibly diversification rates

are generally high in geomorphologically active regions.
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