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We announce the release of Reconstruct Ancestral State in Phylogenies (RASP), a user-friendly software
package for inferring historical biogeography through reconstructing ancestral geographic distributions
on phylogenetic trees. RASP utilizes the widely used Statistical-Dispersal Vicariance Analysis (S-DIVA),
the Dispersal-Extinction-Cladogenesis (DEC) model (Lagrange), a Statistical DEC model (S-DEC) and

BayArea. It provides a graphical user interface (GUI) to specify a phylogenetic tree or set of trees and geo-
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Software edu.cn/soft/blog/RASP.

graphic distribution constraints, draws pie charts on the nodes of a phylogenetic tree to indicate levels of
uncertainty, and generates high-quality exportable graphical results. RASP can run on both Windows and
Mac OS X platforms. All documentation and source code for RASP is freely available at http://mnh.scu.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Historical biogeography can be defined as the study of species
distributions over evolutionary time scales. Methods to reconstruct
ancestral geographical distributions using a combination of
phylogenetic and distributional information are increasing rapidly,
and several new software packages are being developed. However,
many of these packages are command-line only and can present a
steep learning curve for researchers not familiar with the interface
(Landis et al., 2013; Ree and Smith, 2008), limiting the widespread
adoption of computational methods of historical biogeography.

To make historical biogeographic reconstructions using
phylogenies more accessible, we introduce RASP (Reconstruct
Ancestral State in Phylogenies), which provides a graphical user
interface (GUI) for existing popular historical biogeographic soft-
ware packages. Since its original inception, RASP has been in wide
use for historical biogeographic research (e.g. Miraldo and Hanski,
2014; Moyle et al., 2012; Schenk et al., 2013), presumably because
the program aggregates and enhances all methods from diverse
software packages. In RASP 3.0, we have now improved the
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implementation of the Statistical-Dispersal Vicariance Analysis
(S-DIVA; Yu et al, 2010), added the Dispersal-Extinction-
Cladogenesis (DEC; Ree and Smith, 2008) and BayArea (Landis
et al., 2013) (Fig. 1a) models, and written a Statistical DEC (S-
DEC; Beaulieu et al., 2013) method. Here, we describe the imple-
mentations of S-DIVA, DEC, S-DEC, and BayArea, as well as two
additional tools in RASP.

2. Description
2.1. Enhanced S-DIVA method

The most well-known and commonly used event-based method
of biogeographic inference is Dispersal-Vicariance Analysis (DIVA)
(Ronquist, 1996, 1997, 2001). Nylander et al. (2008) applied a
Bayesian approach to DIVA (Bayes-DIVA) in which biogeographic
reconstructions were averaged over a sample of highly probable
Bayesian trees. The S-DIVA method is an expansion of Bayes-
DIVA and has been previously described in detail (Yu et al,
2010). Briefly, in S-DIVA the occurrence of an ancestral range at a
node could be calculated using the frequency of all of the alterna-
tive reconstructions generated by the DIVA algorithm for each tree
in the data set (when “Allow Reconstruction” is checked), while
Bayes-DIVA uses only the summary of the alternative reconstruc-
tions. In addition, trees from sources other than Bayesian analyses
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Fig. 1. (a) The main screen of RASP. The “Analysis” menu in the menu bar provides access to S-DIVA, DEC (Lagrange), S-DEC (Bayes-Lagrange) and BayArea methods. (b) The
“Tree View” screen of RASP. The modern range for each taxon is color coded, and is drawn on the terminal lineages before each taxon’s name. Pie charts at internal nodes

represent the marginal probabilities for each alternative ancestral area.

are allowed. In contrast with many other biogeographic methods,
S-DIVA can explicitly utilize an entire posterior distribution of
trees to account for both phylogenetic uncertainty and uncertainty
in ancestral states. S-DIVA is in wide use for estimating historical
biogeography (e.g., Harris et al., 2013; Miraldo and Hanski, 2014)
and has also been applied to testing the coevolutionary history of
parasites (Razo-Mendivil et al., 2011) and bacteria (Comas et al.,
2013) with their hosts.

The main feature that is new to S-DIVA in RASP is the ability to
remove user-specified, widespread distributions from analyses.
This option is particularly useful for excluding biologically unlikely
widespread ranges and hypothesis testing. To allow removal of
user-specified geographic ranges, we modified the source code of
DIVA (Ronquist, 2001). The original DIVA algorithm encodes four
different types of biogeographic events: dispersal, extinction,
vicariance and duplication (Ronquist, 1997). As DIVA optimizes
reconstructions across a phylogenetic tree, the algorithm follows
a rule set in which an optimal distribution of an ancestral node
cannot contain a unit area not occupied by any descendant. The
outcome of this rule is that extinction events will never appear

in  dispersal-vicariance  optimizations (Ronquist, 2001;
Kodandaramaiah, 2010). Thus, if some user-specified ranges are
excluded, a null (or empty) result may occur; namely if the only
geographic ranges that are consistent with the rule have been
eliminated. For example, suppose that the total distribution is {A,
B, C}, Ny =A and Ng=B. When geographic range AB is excluded,
ABC should be proposed as the ancestral range, but ABC violates
the rule set of the DIVA algorithm. Therefore, we have made the
following modification in S-DIVA: Assume that the ancestral range
of the node, i, is A;, then the descendant nodes (terminal) are N; and
Ni. Let |X| be the number of elements in X. Then the cost of an
extinction event E; could be calculated as |A;| — [N UNgNA|.
When no ranges are excluded, the algorithm of S-DIVA is as same
as DIVA.

Our enhanced S-DIVA algorithm has been tested using the
simulated data set of 100 randomly sampled trees from Harris
and Xiang (2009; data available from http://www.plant-bio-
geography.webs.com). Results obtained from S-DIVA were identi-
cal to those reported from manual calculations by Harris and
Xiang (2009).
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2.2. DEC and S-DEC model

The DEC and S-DEC model of geographic range evolution is
implemented in RASP using the publically available source code
for the C++ version of Lagrange (Smith, 2010). All basic options of
Lagrange are available within the RASP GUI. In addition, the RASP
version of DEC exports the likelihood of all possible biogeographic
scenarios estimated at a given node. Akaike weights (AICw) for
alternative models can then be calculated and interpreted as the
relative probability of different ancestral ranges, which are dis-
played as pie charts on the nodes of a phylogenetic tree
(Beaulieu et al., 2013). Thus, the additions to the DEC model in
RASP allow for a more comprehensive evaluation of the degree of
ancestral state uncertainty in biogeographic reconstructions.

In recent years, many researchers have become interested in
combining Bayesian estimates of evolutionary relationships and
divergence times with the DEC model to incorporate phylogenetic
uncertainty in biogeographic inference (Beaulieu et al., 2013;
Smith, 2009). The application of DEC across a distribution of
phylogenetic trees has been tentatively termed “Bayes—
Lagrange”, and may be considered a non-parametric Bayesian
method (similar to Bayes-DIVA in Harris and Xiang, 2009; Johns,
1957).

In RASP, we call the implementation of “Bayes-Lagrange”
Statistical Dispersal-Extinction-Cladogenesis (S-DEC) to empha-
size the similarity of the technique to S-DIVA; namely that it sum-
marizes biogeographic reconstructions across all user-supplied
trees. In S-DEC, the DEC model is applied to each ultrametric tree
within a posterior distribution resulting from a Bayesian phyloge-
netic analysis. Subsequently, the probability (p) of an ancestral
range x at node n on a summary tree (e.g., maximum clade credi-
bility tree, majority rule consensus, etc.) is calculated as
P(Xn) = Py * > L W(Xn)t Where t is the selected tree and m is the
total number of sampled trees. At each node on the summary tree,
a corresponding AICw is calculated for alternative ancestral states
where w(x,); is the AICw of an ancestral range x at node n for tree t,
and p, is the support for the node.

Both the DEC and S-DEC models in RASP have been tested using
a data set comprising the plant family Hyacinthaceae (Subfamily
Urgineoideae), for which a biogeographic history was previously
estimated with DEC in Lagrange (Ali et al.,, 2013). We obtained
results from RASP that were identical to those estimated with
DEC/S-DEC in Lagrange.

2.3. BayArea method

BayArea extends the application of biogeographic models to the
analysis of realistic problems that involve a large number of areas
(Landis et al.,, 2013).

The main feature that is new in RASP with regard to the original
BayArea software is the ability to re-calculate ancestral state
probabilities of each unit area with alternative burn-in values.
This differs from the original implementation of BayArea, in which
changing the burn-in value necessitated performing the entire
analysis again. In addition, we have enhanced BayArea in RASP
so that it calculates the probabilities of ancestral states at nodes
from the estimated frequencies of alternative states during each
cycle of the BayArea MCMC. In BayArea, binary character states
are used to code the geographic range for a species as being present
(1) or absent (0) in each unit area. The P;(x;) and Py(x;) is the aver-
age probability of the presence (1) and absence (0) over all sam-
pled generations, respectively, of the ancestral species in area Xi;.
Assume that D = {Xy, X, ... X,,} is the set of all unit areas and that
R={Yy, Yo ... Yo" _1} is all possible combinations of unit areas; in

other words, all possible ranges. The probability of an ancestral
range in set R is calculated as:

PCY3) (T PrO9)) (T iy, e Po X))

We have tested the BayArea method in RASP using the data set
from the original program package (Landis et al., 2013). Our results
from BayArea in RASP were identical to those from the original
program.

2.4. Two additional tools

In additional to providing users with a comprehensive friendly
GUI for commonly used historical biogeographic software pack-
ages, RASP provides two additional and useful tools. First, the
results combine tool facilitates combining multiple runs from the
same data set using the same method of inference. This tool is par-
ticularly useful for combing the results of independent MCMC
analyses in BayArea. We recommend running more than one
analysis when using the BayArea method to increase effective sam-
ple sizes and as a comparative test for aberrant behaviors in any
one Markov chain.

The second new tool in RASP is the group remove tool. The group
remove tool enables users to prune trees prior to performing bio-
geographic analyses. Pruning is accomplished without derooting
trees or altering branch lengths at other nodes. This tool is particu-
larly useful for removing widely distributed outgroups. A widely
distributed outgroup, particularly with a taxonomic rank above
species, may provide little useful information for ingroup recon-
structions and may lead to erroneous results; namely extremely
large, improbable ranges on their parent nodes (Buerki et al.,
2011; Ronquist, 1997; Xiang and Thomas, 2008; Link-Pérez et al.,
2011). While an outgroup of this nature may be suitable for phy-
logeny estimation, it is not suitable for biogeographic analysis. In
addition to widely distributed outgroups, the group remove tool
can be used to remove any user-specified group.

3. Comparisons and recommendations

As the number of models for biogeographic inference has con-
tinued to increase, the challenge of selecting a method suitable
for a particular data set has become greater. This is especially true
because different methods may yield different results for the same
data (Xiang and Thomas, 2008; Ali et al.,, 2013). We generally
recommend utilizing all methods in RASP to compare the degree
of congruence among models. We also recommend the R-package
BioGeoBEARS (Matzke, 2013), which finds the model that best fits
the data and implements DIVALIKE (a likelihood interpretation of
DIVA), and BAYAREALIKE (a likelihood interpretation of BayArea,
without the Bayesian sampling ability of BayArea) (Matzke, 2014).

In general, different methods make different assumptions and
are optimal under different conditions. For example, the DEC
model and its derivatives can accommodate differing dispersal
probabilities among areas across different time-periods and can
integrate branch lengths, divergence times, and geological infor-
mation (Ree and Smith, 2008). Thus, DEC and S-DEC (and
DECLIKE) models may be good choices for biogeographic recon-
struction when relationships among distributional areas through
time are known with relatively high certainty (Moreau and Bell,
2013). In contrast, the S-DIVA algorithm is hard-wired to favor
models of vicariance and is generally biased against early dispersal
(Ronquist, 1997; Nylander et al., 2008). As a consequence, S-DIVA
tends to reconstruct wide ancestral ranges on deeper nodes, par-
ticularly the root node (Buerki et al., 2011; Kodandaramaiah,
2010). However, the model in S-DIVA is more suitable than other
methods when testing the co-evolutionary history of parasites or
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bacteria with their hosts (Comas et al., 2013; Razo-Mendivil et al.,
2011), because the original DIVA algorithm was derived from a
simple model of parasite-host interactions (Ronquist, 1996).
Further, S-DIVA is much faster than DEC and its derivatives. One
of the biggest current limitations of DEC and S-DEC is com-
putational burden. For example, analyses on a personal computer
are often constrained to two or three geographic regions when
there are more than 50 species in the tree. Thus, S-DIVA may repre-
sent a good choice among methods when little information is
available to inform models in DEC, for co-evolutionary studies, or
when the computational demand of DEC is limiting.

While both S-DIVA and DEC assume a model where lineages
bifurcate and never multifurcate, BayArea can accept trees with
polytomies directly giving the researcher more flexibility in analy-
sis. Thus, the method is particularly attractive if researchers are
more interested in the ancestral distribution of key nodes and wish
to utilize a Bayesian approach to biogeographic inference.
However, BaysArea cannot define the dispersal rate, constrain the
maximum number of areas at each node, or exclude widespread
and unlikely ancestral areas before analysis. In practice, users
may also need to repeat the BaysArea analysis many times with
more than 10 million generations to get a stable result. Being
Bayesian, users should also check for consistency of results using
different burnin values. Finally, the program currently accepts only
a single phylogenetic tree, thus excluding phylogenetic uncertainty
into biogeographic inference. In RASP, we have limited the maxi-
mum number of areas and species in a tree for BayArea to 26
and 512, respectively. We recommend that users who want to cal-
culate hundreds of areas and species to use the command version
of BayArea on a High-Performance Computing Cluster (HPCC).

In summary, RASP combines four quantitative, phylogeny-
based historical biogeographic methods in a single, user-friendly
package. More specifically, RASP implements the S-DIVA, DEC, S-
DEC and BayArea methods. The output of all four methods can be
displayed and exported as high quality graphics that are directly
comparable. We will continue to develop RASP with a focus on
implementing new algorithms for biogeographic inference and
integrating more third party tools. All versions of RASP and a com-
prehensive manual are available freely from http://mnh.scu.edu.
cn/soft/blog/RASP.
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