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castor-package Efficient computations on large phylogenetic trees.

Description

This package provides efficient tree manipulation functions including pruning, rerooting, calcula-
tion of most-recent common ancestors, calculating distances from the tree root and calculating pair-
wise distance matrices. Calculation of phylogenetic signal and mean trait depth (trait conservatism).
Efficient ancestral state reconstruction and hidden character prediction of discrete characters on phy-
logenetic trees, using Maximum Likelihood and Maximum Parsimony methods. Simulating models
of trait evolution, and generating random trees.

Details

The most important data unit is a phylogenetic tree of class "phylo", with the tree topology encoded
in the member variable tree.edge. See the ape package manual for details on the "phylo" format.
The castor package was designed to be efficient for large phylogenetic trees (>10,000 tips), and
scales well to trees with millions of tips. Most functions have asymptotically linear time complexity
O(N) in the number of edges N. This efficiency is achived via temporary auxiliary data structures,
use of dynamic programing, heavy use of C++, and integer-based indexing instead of name-based
indexing of arrays. All functions support trees that include monofurcations (nodes with a single
child) as well as multifurcations (nodes with more than 2 children). See the associated paper by
Louca et al. for a comparison with other packages.

Throughout this manual, "Ntips" refers to the number of tips, "Nnodes" to the number of nodes and
"Nedges" to the number of edges in a tree. In the context of discrete trait evolution/reconstruction,
"Nstates" refers to the number of possible states of the trait. In the context of multivariate trait
evolution, "Ntraits" refers to the number of traits.

Author(s)

Stilianos Louca

Maintainer: Stilianos Louca <louca@zoology.ubc.ca>

References

S. Louca and M. Doebeli (2017). Efficient comparative phylogenetics on large trees. Bioinformat-
ics. DOI:10.1093/bioinformatics/btx701
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asr_empirical_probabilities

Empirical ancestral state probabilities.

Description

Given a rooted phylogenetic tree and the states of a discrete trait for each tip, calculate the empirical
state frequencies/probabilities for each node in the tree, i.e. the frequencies/probabilities of states
across all tips descending from that node. This may be used as a very crude estimate of ancestral

state probabilities.

Usage

asr_empirical_probabilities(tree, tip_states, Nstates=NULL,

Arguments

tree

tip_states

Nstates

probabilities

check_input

Details

probabilities=TRUE, check_input=TRUE)

A rooted tree of class "phylo". The root is assumed to be the unique node with
no incoming edge.

An integer vector of size Ntips, specifying the state of each tip in the tree as an
integer from 1 to Nstates, where Nstates is the possible number of states (see
below).

Either NULL, or an integer specifying the number of possible states of the trait.
If NULL, then it will be computed based on the maximum value encountered in
tip_states

Logical, specifying whether empirical frequencies should be normalized to rep-
resent probabilities. If FALSE, then the raw occurrence counts are returned.

Logical, specifying whether to perform some basic checks on the validity of the
input data. If you are certain that your input data are valid, you can set this to
FALSE to reduce computation.

For this function, the trait’s states must be represented by integers within 1,..,Nstates, where Nstates
is the total number of possible states. If the states are originally in some other format (e.g., charac-
ters or factors), you should map them to a set of integers 1,..,Nstates. You can easily map any set of
discrete states to integers using the function map_to_state_space.

The tree may include multi-furcations (i.e. nodes with more than 2 children) as well as mono-
furcations (i.e. nodes with only one child). The function has asymptotic time complexity O(Nedges

x Nstates).

Tips must be represented in tip_states in the same order as in tree$tip.label. The vector
tip_states need not include names; if it does, however, they are checked for consistency (if
check_input==TRUE).
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Value

A list with the following elements:

ancestral_likelihoods

A 2D integer (if probabilities==FALSE) or numeric (if probabilities==TRUE)
matrix, listing the frequency or probability of each state for each node. This
matrix will have size Nnodes x Nstates, where Nstates was either explicitly pro-
vided as an argument or inferred from tip_states. The rows in this matrix will
be in the order in which nodes are indexed in the tree, i.e. the [n,s]-th entry will
be the frequency or probability of the s-th state for the n-th node. Note that the
name was chosen for compatibility with other ASR functions.

ancestral_states
Integer vector of length Nnodes, listing the ancestral states with highest prob-
ability. In the case of ties, the first state with maximum probability is chosen.
This vector is computed based on ancestral_likelihoods.

Author(s)

Stilianos Louca

See Also

asr_max_parsimony, asr_squared_change_parsimony asr_mk_model, map_to_state_space

Examples

## Not run:

# generate a random tree

Ntips = 100

tree = generate_random_tree(list(birth_rate_intercept=1),max_tips=Ntips)$tree

# create a random transition matrix

Nstates = 3

Q = get_random_mk_transition_matrix(Nstates, rate_model="ER", max_rate=0.01)
cat(sprintf(”Simulated ER transition rate=%g\n"”,Q[1,21))

# simulate the trait's evolution
simulation = simulate_mk_model(tree, Q)

tip_states = simulation$tip_states

# calculate empirical probabilities of tip states
asr_empirical_probabilities(tree, tip_states=tip_states, Nstates=Nstates)

## End(Not run)
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asr_independent_contrasts
Ancestral state reconstruction via phylogenetic independent contrasts.

Description

Reconstruct ancestral states for a continuous (numeric) trait using phylogenetic independent con-
trasts (PIC; Felsenstein, 1985).

Usage
asr_independent_contrasts(tree,
tip_states,
weighted = TRUE,

include_CI = FALSE,
check_input = TRUE)

Arguments
tree A rooted tree of class "phylo". The root is assumed to be the unique node with
no incoming edge.
tip_states A numeric vector of size Ntips, specifying the known state of each tip in the
tree.
weighted Logical, specifying whether to weight tips and nodes by the inverse length of
their incoming edge, as in the original method by Felsenstein (1985). If FALSE,
edge lengths are treated as if they were 1.
include_CI Logical, specifying whether to also calculate standard errors and confidence in-
tervals for the reconstructed states under a Brownian motion model, as described
by Garland et al (1999).
check_input Logical, specifying whether to perform some basic checks on the validity of the
input data. If you are certain that your input data are valid, you can set this to
FALSE to reduce computation.
Details

The function traverses the tree in postorder (tips—>root) and estimates the state of each node as a
convex combination of the estimated states of its chilren. These estimates are the intermediate "X"
variables introduced by Felsenstein (1985) in his phylogenetic independent contrasts method. For
the root, this yields the same globally parsimonious state as the squared-changes parsimony algo-
rithm implemented in asr_squared_change_parsimony (Maddison 1991). For any other node,
PIC only yields locally parsimonious reconstructions, i.e. reconstructed states only depend on the
subtree descending from the node (see discussion by Maddison 1991).

If weighted==TRUE, then this function yields the same ancestral state reconstructions as

ape::ace(phy=tree, x=tip_states, type="continuous”, method="pic", model="BM", CI=FALSE)
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in the ape package (v. 0.5-64). Note that in contrast to the CI95 returned by ape: : ace, the confi-
dence intervals calculated here have the same units as the trait and depend both on the tree topology
as well as the tip states.

If tree$edge.length is missing, each edge in the tree is assumed to have length 1. This is the
same as setting weighted=FALSE. The tree may include multi-furcations (i.e. nodes with more than
2 children) as well as mono-furcations (i.e. nodes with only one child). Edges with length 0 will be
adjusted internally to some tiny length if needed (if weighted==TRUE).

Tips must be represented in tip_states in the same order as in tree$tip.label. The vector
tip_states need not include item names; if it does, however, they are checked for consistency (if
check_input==TRUE). All tip states must be non-NA; otherwise, consider using one of the functions
for hidden-state-prediction (e.g., hsp_independent_contrasts).

The function has asymptotic time complexity O(Nedges).

Value
A list with the following elements:

ancestral_states
A numeric vector of size Nnodes, listing the reconstructed state of each node.
The entries in this vector will be in the order in which nodes are indexed in the
tree.

standard_errors
Numeric vector of size Nnodes, listing the phylogenetically estimated standard
error for the state in each node, under a Brownian motion model. The standard
errors have the same units as the trait and depend both on the tree topology as
well as the tip states. Calculated as described by Garland et al. (1999, page
377). Only included if include_CI==TRUE.

CI95 Numeric vector of size Nnodes, listing the radius (half width) of the 95% con-
fidence interval of the state in each node. Confidence intervals have same units
as the trait and depend both on the tree topology as well as the tip states. For
each node, the confidence interval is calculated according to the Student’s t-
distribution with Npics degrees of freedom, where Npics is the number of inter-
nally calculated independent contrasts descending from the node [Garland et al,
1999]. Only included if include_CI==TRUE.

Author(s)

Stilianos Louca

References

J. Felsenstein (1985). Phylogenies and the Comparative Method. The American Naturalist. 125:1-
15.

W. P. Maddison (1991). Squared-change parsimony reconstructions of ancestral states for continuous-
valued characters on a phylogenetic tree. Systematic Zoology. 40:304-314.

T. Garland Jr., P. E. Midford, A. R. Ives (1999). An introduction to phylogenetically based statistical
methods, with a new method for confidence intervals on ancestral values. American Zoologist.
39:374-388.
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See Also

asr_squared_change_parsimony, asr_max_parsimony, asr_mk_model

Examples

# generate random tree
Ntips = 100
tree = generate_random_tree(list(birth_rate_intercept=1),max_tips=Ntips)$tree

# simulate a continuous trait

tip_states = simulate_ou_model(tree,
stationary_mean=0,
stationary_std=1,
decay_rate=0.001)$tip_states

# reconstruct node states via weighted PIC
asr = asr_independent_contrasts(tree, tip_states, weighted=TRUE, include_CI=TRUE)
node_states = asr$ancestral_states

# get lower bounds of 95% CIs
lower_bounds = node_states - asr$CI95

asr_max_parsimony Maximum-parsimony ancestral state reconstruction.

Description

Reconstruct ancestral states for a discrete trait using maximum parsimony. Transition costs can vary
between transitions, and can optionally be weighted by edge length.

Usage

asr_max_parsimony(tree, tip_states, Nstates=NULL,
transition_costs="all_equal”,
edge_exponent=0, weight_by_scenarios=TRUE,
check_input=TRUE)

Arguments
tree A rooted tree of class "phylo". The root is assumed to be the unique node with
no incoming edge.
tip_states An integer vector of size Ntips, specifying the state of each tip in the tree as an
integer from 1 to Nstates, where Nstates is the possible number of states (see
below).
Nstates Either NULL, or an integer specifying the number of possible states of the trait. If

NULL, then Nstates will be computed based on the maximum value encountered
in tip_states



asr_max_parsimony 11

transition_costs

Either "all_equal","sequential”, "proportional”, "exponential”", or a quadratic
non-negatively valued matrix of size Nstates x Nstates, specifying the transition
costs between all possible states (which can include 0 as well as Inf). The [r,c]-
th entry of the matrix is the cost of transitioning from state r to state c. The option
"all_equal" specifies that all transitions are permitted and are equally costly. "se-
quential" means that only transitions between adjacent states are permitted from
a node to its children, and all permitted transitions are equally costly. "propor-
tional" means that all transitions are permitted, but the cost increases propor-
tional to the distance between states. "exponential” means that all transitions are
permitted, but the cost increases exponentially with the distance between states.
The options "sequential" and "proportional" only make sense if states exhibit an
order relation (as reflected in their integer representation).

edge_exponent Non-negative real-valued number. Optional exponent for weighting transition
costs by the inverse length of edge lengths. If 0, edge lengths do not influence
the ancestral state reconstruction (this is the conventional max-parsimony). If
>0, then at each edge the transition costs are multiplied by 1/L¢, where L is the
edge length and e is the edge exponent. This parameter is mostly experimental;
modify at your own discretion.

weight_by_scenarios
Logical, indicating whether to weight each optimal state of a node by the number
of optimal maximum-parsimony scenarios in which the node is in that state. If
FALSE, then all optimal states of a node are weighted equally (i.e. are assigned
equal probabilities).

check_input Logical, specifying whether to perform some basic checks on the validity of the
input data. If you are certain that your input data are valid, you can set this to
FALSE to reduce computation.

Details

For this function, the trait’s states must be represented by integers within 1,..,Nstates, where Nstates
is the total number of possible states. If the states are originally in some other format (e.g. characters
or factors), you should map them to a set of integers 1,..,Nstates. The order of states (if relevant)
should be reflected in their integer representation. For example, if your original states are "small",
"medium" and "large" and transition_costs=="sequential”, it is advised to represent these
states as integers 1,2,3. You can easily map any set of discrete states to integers using the function
map_to_state_space.

This function utilizes Sankoff’s (1975) dynamic programming algorithm for determining the small-
est number (or least costly if transition costs are uneven) of state changes along edges needed to
reproduce the observed tip states. The function has asymptotic time complexity O(Ntips+Nnodes x
Nstates).

If tree$edge. length is missing, each edge in the tree is assumed to have length 1. If edge_exponent
is 0, then edge lengths do not influence the result. If edge_exponent!=0, then all edges must have
non-zero length. The tree may include multi-furcations (i.e. nodes with more than 2 children) as
well as mono-furcations (i.e. nodes with only one child).

Tips must be represented in tip_states in the same order as in tree$tip.label. None of the
input vectors or matrixes need include row or column names; if they do, however, they are checked
for consistency (if check_input==TRUE).
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This function is meant for reconstructing ancestral states in all nodes of a tree, when the state of
each tip is known. If some of the tips have unknown state, consider either pruning the tree to keep
only tips with known states, or using the function hsp_max_parsimony.

Not all datasets are consistent with all possible transition cost models, i.e., it could happen that
for some peculiar datasets some rather constrained models (e.g. "sequential") cannot possibly pro-
duce the data. In this case, castor will most likely return non-sensical ancestral state estimates and
total_cost=Inf, although this has not thoroughly been tested.

Value

A list with the following elements:

success Boolean, indicating whether ASR was successful. If FALSE, the remaining re-
turned elements may be undefined.

ancestral_likelihoods
A 2D numeric matrix, listing the probability of each node being in each state.
This matrix will have size Nnodes x Nstates, where Nstates was either explicitly
provided as an argument or inferred from tip_states. The rows in this matrix
will be in the order in which nodes are indexed in the tree, i.e. the [n,s]-th entry
will be the probability of the s-th state for the n-th node. These probabilities are
calculated based on scenario_counts (see below), assuming that every maxi-
mum parsimony scenario is equally likely. Note that the name was chosen for
compatibility with other ASR functions.

scenario_counts
A 2D numeric matrix of size Nnodes x Nstates, listing for each node and each
state the number of maximum parsimony scenarios in which the node was in the
specific state. If only a single maximum parsimony scenario exists for the whole
tree, then the sum of entries in each row will be one.

ancestral_states
Integer vector of length Nnodes, listing the ancestral states with highest likeli-
hoods. In the case of ties, the first state with maximum likelihood is chosen.
This vector is computed based on ancestral_likelihoods.

total_cost Real number, specifying the total transition cost across the tree for the most par-
simonious scenario. In the classical case where transition_costs="all_equal”,
the total_cost equals the total number of state changes in the tree under the
most parsimonious scenario. Under some constrained transition models (e.g.,
"sequential"), total_cost may sometimes be Inf, which basically means that
the data violates the model.

Author(s)

Stilianos Louca

References

D. Sankoff (1975). Minimal mutation trees of sequences. SIAM Journal of Applied Mathematics.
28:35-42.

J. Felsenstein (2004). Inferring Phylogenies. Sinauer Associates, Sunderland, Massachusetts.
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See Also

hsp_max_parsimony, asr_squared_change_parsimony asr_mk_model, hsp_mk_model, map_to_state_space

Examples

## Not run:

# generate random tree

Ntips = 10

tree = generate_random_tree(list(birth_rate_intercept=1),max_tips=Ntips)$tree

# simulate a discrete trait

Nstates = 5

Q = get_random_mk_transition_matrix(Nstates, rate_model="ER")
tip_states = simulate_mk_model(tree, Q)$tip_states

# reconstruct node states via MPR
results = asr_max_parsimony(tree, tip_states, Nstates)

node_states = max.col(results$ancestral_likelihoods)

# print reconstructed node states
print(node_states)

## End(Not run)

asr_mk_model Ancestral state reconstruction with Mk models and rerooting

Description

Ancestral state reconstruction of a discrete trait using a fixed-rates continuous-time Markov model
(ak.a. "Mk model"). This function can estimate the (instantaneous) transition matrix using maxi-
mum likelihood, or take a specified transition matrix. The function can optionally calculate marginal
ancestral state likelihoods for each node in the tree, using the rerooting method by Yang et al.
(1995).

Usage
asr_mk_model( tree,

tip_states,
Nstates = NULL,
tip_priors = NULL,
rate_model = "ER",
transition_matrix = NULL,
include_ancestral_likelihoods = TRUE,
reroot = TRUE,
root_prior = "auto”,
Ntrials =1,

optim_algorithm = "nlminb”,
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Arguments

tree

tip_states

Nstates

tip_priors

rate_model

asr_mk_model

optim_max_iterations = 200,
optim_rel_tol = le-8,
store_exponentials = TRUE,
check_input = TRUE,
Nthreads =1)

A rooted tree of class "phylo". The root is assumed to be the unique node with
no incoming edge.

An integer vector of size Ntips, specifying the state of each tip in the tree in
terms of an integer from 1 to Nstates, where Ntips is the number of tips and
Nstates is the number of possible states (see below). Can also be NULL. If
tip_states==NULL, then tip_priors must not be NULL (see below).

Either NULL, or an integer specifying the number of possible states of the trait.
If Nstates==NULL, then it will be computed based on the maximum value en-
countered in tip_states or based on the number of columns in tip_priors
(whichever is non-NULL).

A 2D numeric matrix of size Ntips x Nstates, where Nstates is the possible num-
ber of states for the character modelled. Hence, tip_priors[i,s] is the likeli-
hood of the observed state of tip i, if the tip’s true state was in state s. For exam-
ple, if you know for certain that a tip is in state k, then set tip_priors[i,s]=1
for s=k and tip_priors[i, s]=0 for all other s.

Rate model to be used for fitting the transition rate matrix. Can be "ER" (all
rates equal), "SYM" (transition rate i—>j is equal to transition rate j—>i), "ARD"
(all rates can be different), "SUEDE" (only stepwise transitions i—>i+1 and i—
>i-1 allowed, all up’ transitions are equal, all ’"down’ transitions are equal) or
"SRD" (only stepwise transitions i—>i+1 and i—>i-1 allowed, and each rate can
be different). Can also be an index matrix that maps entries of the transition
matrix to the corresponding independent rate parameter to be fitted. Diagonal
entries should map to 0, since diagonal entries are not treated as independent
rate parameters but are calculated from the remaining entries in the transition
matrix. All other entries that map to O represent a transition rate of zero. The
format of this index matrix is similar to the format used by the ace function in
the ape package. rate_model is only relevant if transition_matrix==NULL.

transition_matrix

root_prior

Either a numeric quadratic matrix of size Nstates x Nstates containing fixed tran-
sition rates, or NULL. The [r,c]-th entry in this matrix should store the transition
rate from state r to state c. Each row in this matrix must have sum zero. If NULL,
then the transition rates will be estimated using maximum likelihood, based on
the rate_model specified.

Prior probability distribution of the root’s states, used to calculate the model’s
overall likelihood from the root’s marginal ancestral state likelihoods. Can be
"flat" (all states equal), "empirical" (empirical probability distribution of
states across the tree’s tips), "stationary" (stationary probability distribution of
the transition matrix), "likelihoods" (use the root’s state likelihoods as prior)
or "max_likelihood" (put all weight onto the state with maximum likelihood).
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If "stationary" and transition_matrix==NULL, then a transition matrix is
first fitted using a flat root prior, and then used to calculate the stationary distri-
bution. root_prior can also be a non-negative numeric vector of size Nstates
and with total sum equal to 1.

include_ancestral_likelihoods

reroot

Ntrials

optim_algorithm

Include the marginal ancestral likelihoods for each node (conditional scaled
state likelihoods) in the return values. Note that this may increase the com-
putation time and memory needed, so you may set this to FALSE if you don’t
need marginal ancestral states.

Reroot tree at each node when computing marginal ancestral likelihoods, ac-
cording to Yang et al. (1995). This is the default and recommended behavior,
but leads to increased computation time. If FALSE, ancestral likelihoods at each
node are computed solely based on the subtree descending from that node, with-
out rerooting. Caution: Rerooting is strictly speaking only valid if the Mk model
is time-reversible (for example, if the transition matrix is symmetric). Do not
use the rerooting method if rate_model="ARD".

Number of trials (starting points) for fitting the transition matrix. Only relevant
if transition_matrix=NULL. A higher number may reduce the risk of land-
ing in a local non-global optimum of the likelihood function, but will increase
computation time during fitting.

Either "optim" or "nlminb", specifying which optimization algorithm to use
for maximum-likelihood estimation of the transition matrix. Only relevant if
transition_matrix==NULL.

optim_max_iterations

optim_rel_tol

Maximum number of iterations (per fitting trial) allowed for optimizing the like-
lihood function.

Relative tolerance (stop criterion) for optimizing the likelihood function.

store_exponentials

check_input

Nthreads

Details

Logical, specifying whether to pre-calculate and store exponentials of the transi-
tion matrix during calculation of ancestral likelihoods. This may reduce compu-
tation time because each exponential is only calculated once, but requires more
memory since all exponentials are stored.

Only relevant if include_ancestral_likelihoods==TRUE, otherwise expo-
nentials are never stored.

Logical, specifying whether to perform some basic checks on the validity of the
input data. If you are certain that your input data are valid, you can set this to
FALSE to reduce computation.

Number of parallel threads to use for running multiple fitting trials simultane-
ously. This only makes sense if your computer has multiple cores/CPUs and if
Ntrials>1, and is only relevant if transition_matrix==NULL. This option is
ignored on Windows, because Windows does not support forking.

For this function, the trait’s states must be represented by integers within 1,..,Nstates, where Nstates
is the total number of possible states. If the states are originally in some other format (e.g. char-
acters or factors), you should map them to a set of integers 1,..,Nstates. The order of states (if
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relevant) should be reflected in their integer representation. For example, if your original states
are "small", "medium" and "large" and rate_model=="SUEDE", it is advised to represent these
states as integers 1,2,3. You can easily map any set of discrete states to integers using the function
map_to_state_space.

This function allows the specification of the precise tip states (if these are known) using the vector
tip_states. Alternatively, if some tip states are only known in terms of a probability distribution,
you can pass these probability distributions using the matrix tip_priors. Note that exactly one of
the two arguments, tip_states or tip_priors, must be non-NULL.

Tips must be represented in tip_states or tip_priors in the same order as in tree$tip.label.
None of the input vectors or matrixes need include row or column names; if they do, however, they
are checked for consistency (if check_input==TRUE).

The tree is either assumed to be complete (i.e. include all possible species), or to represent a random
subset of species chosen independently of their states. The rerooting method by Yang et al (1995)
is used to calculate the marginal ancestral state likelihoods for each node by treating the node as a
root and calculating its conditional scaled likelihoods. Note that the re-rooting algorithm is strictly
speaking only valid for reversible Mk models, that is, satisfying the criterion

miQij = i Qji, Vi, ],

where () is the transition rate matrix and 7 is the stationary distribution of the model. The rate
models “ER”, ‘SYM”, “SUEDE” and “SRD” are reversible. For example, for “SUEDE” or “SRD”
choose m;+1 = m;Q; i+1/Qi+1,;- In contrast, “ARD” models are generally not reversible.

If tree$edge.length is missing, each edge in the tree is assumed to have length 1. The tree
may include multi-furcations (i.e. nodes with more than 2 children) as well as mono-furcations
(i.e. nodes with only one child). This function is similar to rerootingMethod in the phytools
package (v0.5-64) and similar to ape: :ace (v4.1) with options method="ML", type="discrete"
and marginal=FALSE, but tends to be much faster than rerootingMethod and ace for large trees.

Internally, this function uses fit_mk to estimate the transition matrix if the latter is not provided. If
you only care about estimating the transition matrix but not the ancestral states, consider using the
more versatile function fit_mk.

Value

A list with the following elements:

success Logical, indicating whether ASR was successful. If FALSE, all other return val-
ues may be NULL.

Nstates Integer, specifying the number of modeled trait states.

transition_matrix
A numeric quadratic matrix of size Nstates x Nstates, containing the transition
rates of the Markov model. The [r,c]-th entry is the transition rate from state r to
state c. Will be the same as the input transition_matrix, if the latter was not
NULL.

loglikelihood Log-likelihood of the observed tip states under the fitted (or provided) Mk model.
If transition_matrix was NULL in the input, then this will be the log-likelihood
maximized during fitting.



asr_mk_model 17

AIC Numeric, the Akaike Information Criterion for the fitted Mk model (if appli-
cable), defined as 2k — 2l