


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

371:20150225

2

 on June 26, 2017http://rstb.royalsocietypublishing.org/Downloaded from 
of organisms conform to the expectations derived from

geological and climatic models [13,14].

Tracing the biogeographic history of taxa is, however, a

challenging task because, while we can be reasonably confi-

dent in the present distribution of many organisms, it is

difficult to infer where extant and extinct taxa occurred in

the past [15,16]. Over the last two decades, several methods

have been developed to make inferences in historical bio-

geography, using phylogenetic data and explicit models of

geographical range evolution [17–22]. Among these, para-

metric methods transformed biogeographic reconstructions,

traditionally based on cladistic assumptions, into more

rigorous model-based probabilistic inferences [15].

Most modern methods implement likelihood-based

approaches on dated phylogenies of extant taxa to infer

historical biogeography with a focus on the estimation of

ancestral geographical ranges at the nodes of a tree. The first,

and perhaps most widely used, likelihood-based approach

in historical biogeography is the dispersal–extinction–

cladogenesis model (DEC; [18,20]). Under this model,

geographical ranges change across a phylogenetic tree by

cladogenetic events and anagenetic range evolution. Clado-

genetic events describe the inheritance of an ancestral range

by two descendent lineages, based on where the speciation

event occurs, i.e. within an area or between areas [18,23]. Ana-

genetic range evolution includes all the events that alter the

distribution of a lineage through time, either by range expan-

sion through dispersals (sensu [17]) or by range contraction,

through local extinction or extirpation [23]. Dispersal and

local extinction events are modelled as the result of a continu-

ous time Markov process with rate parameters estimated from

the data [20].

Since the introduction of the DEC approach, models of

range evolution have become richer in number of parameters,

allowing users to test the relative importance of different spe-

ciation modes such as sympatric speciation, vicariance and

founder-event speciation [22]. These additional parameters

provide a comprehensive framework to statistically assess

the most likely scenarios of range inheritance at cladogenetic

events. By contrast, anagenetic range evolution is still typically

modelled under very simplistic parametrizations involving

two parameters: one rate of dispersal (or area gain) and one

rate of local extinction (or area loss) [20–22]. Most phylogenetic

methods are, therefore, currently unable to infer rate asymme-

tries and temporal variations in dispersal and extinction from

the data (but see [10,24,25]). This limitation can be attributed

to the fact that, although it is theoretically possible to popu-

late the DEC transition matrix with asymmetric dispersal

rates and area-specific extinction rates [20], the data used in

biogeographic analysis (current ranges and phylogenetic

relationships of extant species) are probably insufficient to esti-

mate all required parameters [26]. This is highlighted by the

poor accuracy of dispersal and extinction rates estimated

under DEC-based methods, even in the simple case of constant

and symmetric parameters [20,22].

Improved estimation of dispersal and extinction rates is

potentially achieved by integrating the processes of geographi-

cal range evolution within the birth–death diversification

process as in the GeoSSE model, which allows the estimation

of area-specific dispersal, extinction and speciation rates

[27–29]. However, obtaining accurate and reliable parameter

estimates under this model can be problematic [30] and

requires large phylogenies involving hundreds of taxa
[27,31], thus restricting the applicability of GeoSSE to clades

that are today very diverse and well sampled. Complex

models of anagenetic range evolution can also be inferred

after combining several phylogenetic datasets and assuming

that they evolve under similar biogeographic settings

[10,11,13]. For instance, the joint analysis of multiple clades

can be used to infer overall biotic connectivity among areas

(quantified by dispersal rates) and their carrying capacities in

a Bayesian framework [11]. Even these complex models, how-

ever, typically make the unrealistic assumption that dispersal

and extinction processes are time-homogeneous with constant

rates through time.

Recent studies have shown that the inclusion of fossil

information in phylogeny-based biogeographic analyses can

significantly improve the estimation of ancestral ranges and

their evolution [16,23,29,32]. These methods, however, often

rely on a known phylogenetic placement of extinct taxa,

which can be reconstructed only when fossil morphology is suf-

ficiently well preserved and phylogenetically informative.

Unfortunately, this is seldom the case for the majority of taxa.

Furthermore, the integration of fossils in phylogeny-based bio-

geographic analyses does not explicitly model the process of

fossil preservation, thus neglecting its inherent sampling biases.

To tackle the methodological limitations outlined above, we

develop here a new probabilistic model, which we term the ‘dis-

persal–extinction–sampling’ model (DES). This model

estimates the parameters of anagenetic geographical evolution

(dispersal and extinction) using exclusively fossil occurrence

data and without using phylogenetic information. Compared

with most phylogenetic methods, our approach implements a

more realistic model of range evolution, in which rates of dis-

persal and extinction can vary across areas and through time.

Furthermore, we introduce an explicit model of preservation

in order to account for the sampling biases inevitably linked

to the incompleteness of the fossil record. The lack of an under-

lying phylogeny makes the DES model unsuitable for ancestral

range estimation, but applicable to a wide range of extinct and

extant lineages for which fossil occurrences are available,

including those lacking a reliable phylogenetic hypothesis.

The main focus of the DES model is the estimation of dispersal

rates between areas and area-specific extinction rates, with the

possibility to allow for temporal rate variations.

In this study, we (i) present the DES model and provide a

Bayesian implementation to infer dispersal, extinction and

sampling parameters, (ii) assess its ability to accurately esti-

mate the parameters through extensive simulations and

(iii) apply the method to a large empirical dataset of plant fos-

sils to estimate dispersal and extinction levels in North

America and Eurasia throughout the Cenozoic. Finally, we dis-

cuss the usefulness of dispersal and extinction rates estimated

from fossil data to inform and improve phylogeny-based

biogeographic inferences.
2. Material and methods
We consider a system of discrete areas and use stochastic processes

of dispersal, extinction and sampling to model geographical range

evolution of extinct and extant lineages. Our model of biogeo-

graphic evolution is largely based on the formulation and

terminology first developed in a phylogenetic context within the

DEC framework [18,20]. Thus, as in the DEC model, dispersal

events indicate episodes of range expansion, while extinction

stands for local extirpation, which yields range contraction.


















