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Abstract

Aim: Colonization is a central topic in ecology and one of the cornerstones of island
biogeography. Although the evolutionary history of island species is widely studied,
the quantification of colonization is particularly challenging because the same area
may be colonized multiple times by the same species, whereas initially successful col-
onization events may eventually be followed by extinction. Nevertheless, an estima-
tion of the actual number of within-archipelago colonization events can be achieved
when using adequate sample size and genetic data, which are essential parameters in
the inference of colonization success of any species.

Location: Canary Islands, Azores and Galdpagos Islands.

Taxon: Buteo galapagoensis, Croton scouleri, Setophaga petechia aureola and Xylocopa
darwini (Galapagos); Canarina canariensis, Cistus monspeliensis, Juniperus cedrus and
Olea europaea subsp. guanchica (Canary Islands); and Juniperus brevifolia and Picconia
azorica (Azores).

Methods: The new R package PAICE uses haplotype (from organelle DNA) sharing
and haplotype relationships, and controls for sampling effort to estimate the num-
ber of within-archipelago colonization events in island-like systems. PAICE applies a
sampling-effort correction based on rarefaction curves of field sampling (number of
individuals or populations) and genetic sampling (number of DNA variable positions).
The number of colonization events for the 10 insular species were estimated with
PAICE and results compared with previous methods.

Results: PAICE estimates a number of inter-island colonization events up to an order
of magnitude greater than previous methods. Furthermore, PAICE can quantify the
colonization events of any study species, in multiple biogeographic contexts and con-
sidering sampling size, thus providing a standardized estimate of colonization success.
Main conclusions: The new package PAICE provides an estimation of the number
of inter-island colonization events (regardless of dispersal routes or rates) based on
haplotype data across islands. This new tool will allow gaining new insights on the
intensity of long-distance-dispersal events, their drivers and consequences for the

assembly of insular faunas and floras.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

Since the 19th century, oceanic islands have been considered
natural laboratories to study ecological and evolutionary pro-
cesses (Darwin, 1859; Fernandez-Mazuecos et al., 2020; Grant &
Grant, 1995; Patifio et al., 2017; Valente et al., 2015). Oceanic is-
lands offer fragmented land emerged from the oceanic floor that has
never been connected with a continent (Darwin, 1859; Whittaker &
Ferndndez-Palacios, 2007). Therefore, the occurrence of terrestrial
organisms on these islands can only be explained by long-distance
dispersal from other territories (i.e. dispersal processes that over-
come large biogeographic barriers), a phenomenon that has long in-
trigued scientists (Carlquist, 1966; Darwin, 1859; Patifio et al., 2017).

The occurrence of lineages on an oceanic island inevitably re-
sults from the arrival of founder propagules (i.e. colonizers) that trav-
elled from another territory—either a continent or another island.
However, in order to result in effective colonization after arriving in
a new territory, immigrants need to establish a self-sustaining pop-
ulation. Colonization is thus a two-stage process in which dispersal
and establishment are equally important (Heleno & Vargas, 2015).
For this reason, the study of species colonization success is based on
the subset of propagules that resulted in currently persisting pop-
ulations. On the one hand, genetic data and phylogenetic analyses
are paramount to understand the past colonization history of any
species or territory (Sanmartin et al., 2008). On the other hand, a
fine-scale approach to detect elusive colonization events at the pop-
ulation level needs the use of highly variable genetic markers and
phylogeographic analyses (e.g. Fernandez-Mazuecos et al., 2020).
In phylogeography, the analysis of uniparentally inherited and non-
recombinant genetic markers (from the mitochondrial and plastid
genomes; Avise, 2000) is particularly valuable to infer recurrent
within-archipelago colonization events when haplotypes meet on
the same island (Vargas et al., 2015). This approach not only helps
infer the colonization events across islands within an archipelago,
but also in other island-like systems such as discontinuous habitats
(e.g. lakes) or sky islands (Gillespie & Clague, 2009). The method pro-
posed by Vargas et al. (2015) uses parsimony-based analyses to re-
construct haplotype genealogical relationships (Clement et al., 2000;
Templeton et al., 1992) and infer a minimum number of inter-island
colonization events (i.e. the minimum number of colonizations re-
quired to explain the distribution of haplotypes in multiple islands),
but genealogical relationships among haplotypes are not considered.
Furthermore, it is also important to avoid homoplasy (i.e. loops) in
the haplotype network reconstruction, as the minimum number of
colonization events could be overestimated in the presence of ho-
moplasy. An alternative is the use of model-based methods to ac-
count for homoplasy, but their statistical power is lower than that
of parsimony methods when migration and mutation rates are low

(Bloomquist et al., 2010). In any case, the potential of haplotype data
(from organelle DNA) to quantify colonization events appears to be
limited by the lack of a more specific phylogeographic methodology.

In phylogeography, the inference of the number of inter-island
colonization events is highly dependent on sampling effort, includ-
ing both genetic sampling (measured as number of variable posi-
tions, assuming genomic data are not available) and field sampling
(number of populations and individuals) (Bjérklund & Bergek, 2009;
Coello et al., 2021). An increase in sample size can modify genealo-
gies and thus phylogeographic patterns, which makes sample-size
correction important to estimate the number of colonization events
(see Coello et al., 2021). Phylogeographic methods based on non-
recombinant DNA such as discrete phylogeographic analysis (DPA)
can estimate the number of colonization events in archipelagos
(Lemey et al., 2009). This method can estimate colonization routes
and migration rates; however, it is vulnerable to sampling effort bias
as shown by De Maio et al. (2015). Miiller et al. (2017) developed the
marginal lineage states approximation of the structured coalescent
(MASCO), a method that is less sensitive to sampling bias and allows
the inference of dispersal considering coalescence in a phylogenetic
context. However, outside the rapidly evolving virus sequences
(Duffy, 2018), phylogeographic reconstructions of animals, fungi and
plants using Sanger sequencing frequently result in polytomies due
to low mutation rates, hindering the application of this approach to
estimate dispersal rates between islands of an archipelago. In con-
trast, the use of haplotype-based methods may enable the analysis
of animal and plant data with a relatively low mutation rate. One
method based on haplotypes was proposed by Manolopoulou
et al. (2011) to identify geographical population clusters and esti-
mate dispersal between them. However, this method does not es-
timate the degree of dispersal between predefined island-like areas
and does not address sampling bias.

In this study, we aimed to develop a new analytical approach to
infer the minimum number of inter-island colonization events in any
archipelago or island-like system by using haplotypes from mito-
chondrial or plastid genealogies of a species. By incorporating a sam-
pling effort correction, this tool would allow the direct comparison
of inter-island colonization success across species and biogeographic
contexts. In particular, we hypothesize that by combining species
and haplotype distributions with haplotype genealogies and rarefac-
tion curves (Gotelli & Colwell, 2001, 2011), we can improve the es-
timates of colonization events for low-variability genetic markers. A
new integrative method herein described (PAICE, Phylogeographic
Analysis of Island Colonization Events) will enable not only a more
appropriate estimation of the number of colonization events within
a species based on haplotype data but also a standardized compar-
ison across taxa and archipelagos, facilitating future tests of multi-
ple hypotheses that are central in the island biogeography theory.
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Furthermore, the complementarity between PAICE (i.e. estimation
of the number of colonization events) and other methods aimed at
reconstructing colonization routes (e.g. Lemey et al., 2009) could
considerably improve our understanding of island biogeography.
Our specific objectives are to (i) analyse haplotype distributions
(haplotype sharing) together with haplotype genealogical relation-
ships (haplotype networking) in PAICE to infer the minimum num-
ber of inter-island colonization events; (ii) develop a correction for
field (populations or individuals) and genetic (variable nucleotide
positions) sampling; (iii) implement PAICE metrics in empirical case
studies of insular species already published; and (iv) compare PAICE
colonization estimates to those from DPA. The PAICE approach is
implemented in a new R package available at https://github.com/
PAICEcode/PAICE.

2 | MATERIALS AND METHODS
2.1 | Inference of colonization events

The method developed here to infer the minimum number of inter-
island colonization events is based on the following considerations:
(i) the study species is distributed in an island-like system, that is
the range consists of multiple fragments (real islands or island-like
habitats) that have always been separated by biogeographic barriers,
and therefore its occurrence on more than one fragment can only
be explained by colonization events surpassing these barriers (thus
excluding systems where species distributions across fragments can
be explained by vicariance; Gillespie & Clague, 2009); (ii) the sample
(at both genetic and field levels) is an unbiased representation of the
distribution of haplotype diversity of the study species across the
archipelago; (iii) all island populations of the species form a mono-
phyletic group (i.e. they originated from a single ancestor; as a result,
we only consider inter-island colonization events of the same archi-
pelago, which, in normal situations, tend to be more frequent than
continent-island colonizations); (iv) ancestry is determined by the mi-
tochondrial or plastid genealogy (haplotype network) of island popu-
lations, which is connected to an outgroup (Guzman & Vargas, 2009);
(v) all the haplotypes in the haplotype network are connected; (vi)
DNA polymorphisms lack homoplasy, that is the parsimony-based
haplotype network of the species in the archipelago does not show
any loops; (vii) haplotypes are inherited without recombination, typi-
cally maternally inherited, for example plastid markers in most an-
giosperms (Corriveau & Coleman, 1988) and mitochondrial markers
in animals (Avise et al., 1987); (viii) recurrent colonization of a single
haplotype on the same island cannot be detected; and (ix) extinction
of haplotypes in the archipelago is negligible and uniformly distrib-
uted across the phylogeographic distribution of the studied species
(i.e. in PAICE, extinct populations may be interpreted as unsampled
data, and therefore incorporated into the estimation as part of sam-
pling bias, see below).

The minimum number of colonization events (c) is inferred con-

sidering three components. Type 1 colonization events (c,) represent
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the minimum number of colonizations required to explain the distri-
bution of haplotypes in more than one islands (haplotype sharing).
Component ¢, does not consider the direction of colonization, as
it only incorporates the number of islands where each haplotype is
present (see below). In contrast, type 2 (c,) and type 3 (c,) coloniza-
tion events are derived from the occurrence of related haplotypes
(forming a haplotype lineage) across islands. Mathematically, c is cal-

culated as the sum of the three types of colonization events:

C=C1+Cy+C3

More specifically, type 1 colonization events, c,, are those simply in-
ferred by haplotype sharing, that is the same haplotype is found on dif-
ferent islands. If p; is the vector of presences (1) and absences (0) that
indicates the islands where haplotype i occurs (from the set of haplo-
types, I, occurring in the archipelago), and ||P;||2 is the squared norm of
vector p;, which is equivalent to the total number of islands on which
haplotype i occurs (Coello et al., 2021; Vargas et al., 2015), then the
minimum number of colonization events considering only haplotype

occurrences is calculated as (Figure 1a):

a=Y (Inl*-1)

iel

Type 2 colonization events, c,, include colonizations that are inferred
based on haplotype differentiation and genealogical relationships
(not haplotype sharing) in such a way that colonization events can be
assigned to direct connections between two haplotypes. If D is a set
of derived haplotypes that do not occur on the same island as their
ancestral haplotype and n(D) is the cardinal of D, that is the count of

elements in set D, then the number of type 2 colonization events is:

¢, =n(D)

More specifically, D is the set of haplotypes i from the total number
of haplotypes, I, in the archipelago for which the scalar product be-
tween the vector of islands inhabited by haplotype i, p;, and the vector
of islands inhabited by its ancestor, a, is zero; and the scalar product
between the vector of islands inhabited by haplotype i, p, and the vec-
tor of island inhabited by its sister haplotype, bj (for each of its sister
haplotypes, j, from the set of sister haplotypes, J, of haplotype i), is also
zero. ‘Sister haplotypes’ are defined as two or more haplotypes derived
from the same parental haplotype. In other words, D represents the
set of haplotypes that do not share inhabited islands neither with their
parental haplotype nor with their sister haplotypes (Figure 1b):

D={iel|p,~-a,~=0/\ Zpi-bj=o}

jel

Finally, type 3 colonization events, c,, are those also inferred from
genealogical relationships (not haplotype sharing) when a group
of derived haplotypes (more than one) are distributed on islands
that are different from those inhabited by the parental haplotype.
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FIGURE 1 Inference of minimum number of colonization events under three scenarios considered in the mathematical expression of
PAICE (see text). In particular, three circumstances (types of colonization events) are contemplated depending on haplotype differentiation
and dispersal. (a) Three colonization events based exclusively on sharing of a single haplotype (type 1), that is the occurrence of a haplotype
(light blue) on four islands islands can only be explained by three colonization events. (b) Four colonization events accompanied by haplotype
differentiation; observe two colonizations based on haplotype sharing (green, type 1) and two additional colonizations based on parental-
derived haplotyes (type 2, i.e. any haplotype occurring on different islands than its parental haplotype and sister haplotypes can only

be explained by a colonization event between the parental and the derived haplotype): one inferred by a direct connection between the
ancestral haplotype (green) and one of its derived haplotypes (blue), and the other between the purple haplotype and its derived haplotype
(white). (c) Four colonization events based on two type 1 colonizations (black, grey), one type 2 colonization (red) and an additional
colonization to account for the occurrence of a group of three derived haplotypes (orange, grey and black) (type 3, i.e. if a group of sister
haplotypes occur on the same island or islands, and these are different from the one where the parental haplotype occurs, an additional
colonization event is required). In all three panels, only one of several possible configurations of colonization routes is represented. In each
panel, the new type of colonization is represented by thicker arrows

Although c, can be explained as a particular case of c;, there are is defined by the set of haplotype groups, G;, derived from haplo-
two reasons for distinguishing them. First, each c, colonization type i that require a colonization event to connect them to their
event can be assigned to a specific connection between two hap- parental haplotype and explain their distribution—where n(G)) is
lotypes, while ¢, colonization events cannot be assigned to partic- the cardinal of G;:

ular connections. Second, calculating c, after c, is computationally

more efficient, given that, if there are no groups of derived hap- 3= Z” (G,-)

lotypes, calculation of c; can be omitted (c, = 0). Calculation of c, iel
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The groups of descendants, G, from haplotype i that show additional
colonization events are defined by the set h of groups of derived haplo-
types (i.e. sister haplotypes that share distribution on the same island;
Supplementary Material S1) within the set of groups of haplotypes
directly descending from the parental haplotype i, H, for which the
scalar product between the vector of islands inhabited by group h, g,
and the vector of islands inhabited by haplotype i, p;, is zero; that is
the set of groups of haplotypes that do not share islands with their
parental haplotypes and thus require an additional colonization event

(Figure 1c):
G ={heHlg, p;=0}

The inference of the minimum number of inferred colonization
events c resulting from the sum of these three lines of evidence (cl,
C,, C4) is implemented in the function colonization of the R package
PAICE.

2.2 | Controlling for sampling effort when inferring
colonization events

The inference of colonization events is conditioned by sampling
effort (Supplementary Material S2; Coello et al., 2021), a pattern
very similar to that found in studies of species richness (Bunge &
Fitzpatrick, 1993). The effect of poor sampling effort is usually
controlled by using rarefaction curves, which are produced by re-
peatedly resampling the data pool in order to derive an asymptotic
estimator of the total species richness estimated by curve-fitting
extrapolation (see below) (Gotelli & Colwell, 2001). Similarly, we
propose to control for sampling effort in the estimation of the
number of colonization events by using an approach based on
rarefaction curves. In our approach, sampling effort depends on
two sampling variables (field and genetic sample sizes; Bjérklund
& Bergek, 2009; Coello et al., 2021). We first estimate the rar-
efaction curve for one of the sampling variables by keeping the
sampling effect of the other variable constant in each level of this
variable. Then, we use these estimates to control the other sam-
pling variable. Subsequently, to avoid bias due to the order of the
variables, the process is repeated in the opposite order (Figure 2;
complete process described in Supplementary Material S3). Curve
fitting for calculation of asymptotic estimators is explained in sec-
tion 2.3.

Generation of rarefaction curves to obtain both genetic and field
estimators is implemented in the rarecol function of the R package
PAICE.

2.3 | Curve-fitting extrapolation of
colonization events

Compared to species richness, asymptotic estimations of colo-
nization events are more difficult to calculate. Nonparametric
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FIGURE 2 Calculation of asymptotic estimators of colonization
events using the PAICE package and data from Cistus monspeliensis
from the Canary Islands with populations as sampling unit in the
field and five times the number of levels in each variable as number
of replicates. A rarefaction curve of the number of colonization
events as a function of field sampling (populations) is calculated

for each level of genetic sampling (variable positions) (a). Then, for
each level of genetic sampling, asymptotic estimators controlled

by field sampling are used (c; in red) to infer the ‘genetic estimator’
of colonization events. The process is repeated by calculating

a rarefaction curve of the number of colonization events as a
function of genetic sampling (variable positions) for each level

of field sampling (populations) (b). Then, for each level of field
sampling, asymptotic estimators controlled by genetic sampling are
used (c; in blue) to infer the ‘field estimator’ of colonization events.
Genetic and field estimators are shown on the right in panel c,
including means and 95% confidence intervals

estimators suggested by Gotelli and Colwell (2011) require that
species be assigned to specific individuals, but colonization events
are emergent properties inferred from the geographic distribution
of genetic diversity and then they cannot be assigned to specific
individuals. An alternative approach is to study the slope of the
curve to obtain an asymptotic estimator (Phillips et al., 2020),
but it may be difficult with insufficient data (Phillips et al., 2015).
Therefore, for our rarefaction curves, we extrapolated the asymp-
totic estimator for the number of colonization events by fitting
a modified Michaelis-Menten function (Johnson & Goody, 2011).
When using field sampling as an independent variable, it is possi-
ble to detect colonization events only when at least two sampling
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units are sampled, that is one population (or individual) cannot
occur on more than one island. As a result, the curve cuts the x-
axis in (0, 1) and the number of colonization events, ¢, as a function
of f is calculated from the position of the asymptote of the func-
tion, m, the Michaelis constant for f, kf, and the field sampling size
(populations or individuals), f, as follows:

_mf'(f_l)
7

In the case of the curve of colonization events as a function of field

max”

sampling, mfis the asymptotic estimator for colonization events, c(f)

o = lim ¢ () = my

In the case of the curve of colonization events as a function of genetic
sampling, the minimum number of inferred colonization events varies
depending on the number of colonization events inferred based on dis-
tribution only (i.e. without genetic information). The reason is that the
number of islands where a species occurs contains information about
the minimum number of colonization events between islands (Arjona
etal., 2018).

Then, the number of colonization events as a function of ge-
netic sampling effort (g; measured as the number of variable DNA
sequence positions) is calculated considering the position of the as-
ymptote of the function, my, the Michaelis constant for g, kg, and the
number of colonization events without considering genetic informa-
tion, c,. The latter parameter is also estimated when the curve is fit-
ted. However, when the algorithm is unable to fit the curve because
the data produces a hardly pronounced curve, the algorithm can try
to fit the curve by using the average value from the distribution data
(this option can be disabled by the user). The expression to calculate

c(g)is:

For the curve of the number of colonization events as a function of
genetic sampling, the asymptotic estimator for detectable colonization

events, c(g) is the sum of m, and c:

max’

C(Qmax = g[mmc(g) =mg + Cp.

For both types of colonization curves (as a function of field and ge-
netic sampling effort), hardly pronounced curves make function fitting
impossible and then the asymptotic estimator cannot be calculated.
This happens when sampling size is too small and colonization events
increase almost linearly.

The calculation of asymptotic estimators considering genet-
ic- and field-based equations described above is implemented in
function maxCol (which uses the R function nls to fit curves to the

equations above) in the R package PAICE.

2.4 | Estimation of colonization eventsin a
case study

Phylogeography of Cistus monspeliensis has been studied in detail
across the Mediterranean region and the Canary Islands in the last
12 years (Coello et al., 2021; Fernandez-Mazuecos & Vargas, 2010,
2011). Data from the Canary Islands are analysed in this study to
evaluate the performance of the PAICE method. In particular, the
PAICE package includes two datasets: CmonsData, containing hap-
lotype occurrences in Canarian populations; and CmonsNetwork,
containing the haplotype genealogy reconstructed using a statistical
parsimony method (Templeton et al., 1992) as implemented in TCS
(Clement et al., 2000). This species was previously used to explore
the effect of varying population and genetic sample sizes on the
number of inferred colonization events (Coello et al., 2021). In the
present study, we use the same dataset to develop the algorithm
generating rarefaction curves to improve those estimates by remov-
ing the effect of sampling bias.

We also used C. monspeliensis to explore the number of replicates
needed to properly fit the Michaelis-Menten equation to rarefac-
tion curves. We originally considered 100 replicates per variable (for
both field and genetic variables); and we then tested the numbers
of replicates equal to three, five and 10 times the number of levels
in each variable. For field sampling, each individual or population
adds one level, for example, 10 sampled populations correspond to
a field sampling of 10 levels. In the case of genetic sampling, each
variable position adds one level, but starting at one level with zero
variable positions (i.e. with no genetic data, distribution information is
still available for the inference of a minimum number of colonization
events; Arjona et al., 2018), for example 10 variable positions corre-
spond to a genetic sampling of 11 levels. We repeated the analysis
using populations or individuals as units for field sampling. In the case
of C. monspeliensis, using populations as units is more appropriate be-
cause the sampling of individuals was stratified by population (Coello
et al., 2021). However, in other studies, populations can be difficult
to define, and thus individuals might be a more suitable sample unit.

For every analysis, we created rarefaction curves using the
rarecol function and inferred the asymptotic estimator of coloni-
zation events between islands after deleting extreme values using
the maxCol function (i.e. by deleting values below the 2.5% quan-
tile and above the 97.5% quantile). The 95% confidence intervals
(needed to compare results with those of DPA, see below) for the
final estimates were calculated using the maxCol function. When
rarefaction curves could not be fitted to the Michaelis-Menten
equation, we tried to fit curves with one less parameter (i.e. by
fixing the fitted number of colonization events without genetic
information, c,, to the specific value of the average of observed
numbers of colonization events without genetic data for this
dataset). The latter approach is implemented in the argument
method = 1 of the maxCol function. The script to calculate the as-
ymptotic estimator of colonization events for a species is available

at Supplementary Material S4.
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FIGURE 3 Preliminary estimations of the number of colonization events of Cistus monspeliensis (after controlling field sampling in genetic
estimation or genetic sampling in field estimation) using different numbers of replicates. Estimations were obtained using 100 replicates per
variable (constant replicates) or three, five or 10 times the number of levels in each variable as number of replicates (estimates for 10-times
replicates were impossible to calculate using individuals as field sampling unit because of computational limitations). Estimations were
obtained using both individuals (ind) and populations (pop) as field sampling unit. Genetic estimation is shown in red and field estimation in
blue. Rarefaction curves for these estimations are shown in Supplementary Material S9

2.5 | Comparison among 10 animal and
plant species

We used suitable data from previous phylogeographic studies in oce-
anic archipelagos to infer the minimum number of colonization events
and the asymptotic estimators of colonization events between is-
lands for 10 species (Supplementary Material S5). These studies con-
tain data from maternally inherited DNA (mitochondrial or plastid)
and haplotype networks (but haplotype networks were not obtained
in the same way in the 10 studies). For every species, we inferred
the number of observed colonization events (minimum number) using
the colonization function of the PAICE package considering current
emerged islands as geographic units to obtain comparable results
with those of the previous study (see Vargas et al., 2015). However, if
two or more extant islands formed one larger palaeoisland in the past,
it is not possible to distinguish colonization between these extant is-
lands from population diffusion within the palaeoisland followed by
vicariance. In these cases, to avoid overestimating the number of col-
onization events, it would be advisable to consider the palaeoisland
as a single unit (see Arjona et al., 2018). We estimated the number
of colonization events using the parameters described above for C.
monspeliensis and also using individuals as sample units to enable
comparison among studies. Rarefaction curves for the field sample
were replicated five times the number of levels of each variable (e.g.
if a species was sampled in 10 populations, this number of popula-
tions corresponds to 10 levels of field sampling, and therefore 50
replicates are performed). This was shown to represent the best bal-
ance between estimation and computing time (see Results). As PAICE
resamples variable positions when conducting genetic resampling,
in particular studies in which there was no information about which
connection between haplotypes corresponded to which variable po-
sition in the alignment, we assumed that every connection of the hap-
lotype network represented an independent mutation step. Given
that our method requires knowledge about ancestor-descendant

relationships among haplotypes, we repeated the inference of the
asymptotic estimator of colonization events using all possible ances-
tral haplotypes when information about ancestry was not available
(i.e. we repeated the inference using every haplotype as the ances-
tral haplotype in the archipelago). When loops were present in the
genealogy, we repeated the inference of asymptotic estimators by
breaking loops in all possible ways (i.e. we repeated the inference,
every time deleting one of the connections responsible for the loop,
as shown in Supplementary Material S6). The assumptions made for
each species are collected in Supplementary Material S7.

For the sake of comparison with previous methods, we contrasted
the performance of PAICE with a widely used method to estimate col-
onization events—DPA—(Lemey et al., 2009). This method models geo-
graphic locations of sampled individuals as character states and then
reconstructs ancestral states across phylogenies to infer changes of
location (i.e. colonization events). DPA incorporates information from
branch lengths to estimate recurrent colonization events across the
phylogeny, but does not consider the effect of sample sizes on recon-
structions. Therefore, to compare PAICE with an alternative method to
estimate inter-island colonization events, we applied DPA to study cases
in which original sequence alignments were available for re-analysis and
we calculated the number of inter-island colonization events by recon-
structing the counts of state changes using Markov Jumps, as described
by Minin and Suchard (2008) (Supplementary Material S8).

3 | RESULTS

3.1 | Inference of asymptotic estimators of
colonization events in Cistus monspeliensis

Both asymptotic estimators (genetic and field estimators) projected
a number of colonization events between 25.9 and 38.0 for C. mon-
speliensis across the Canary Islands (Figure 3; Supplementary Material
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S9). In general, more replicates resulted in smaller confidence inter-
vals. Estimates based on genetic sampling effort had a better fit to the
Michaelis-Menten equation than estimates based on field sampling ef-
fort. Considering field sampling units, estimates based on populations
were always slightly higher than those based on individuals, but differ-
ences were not significant (95% confidence intervals usually overlapped).

3.2 | Comparison among the 10 species

The minimum number of colonization events and the asymptotic
estimators for the number of inter-island colonization events for
10 animal and plant species are summarized in Figure 4 (see also
Supplementary Materials S10 and S11). For Cistus monspeliensis
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and Olea europaea subsp. guanchica, it was possible to obtain as-
ymptotic estimators for both genetic and field procedures. These
two species displayed the best fit of rarefaction curves with
the smallest differences between both genetic and field estima-
tors. For five species (Croton scouleri, Setophaga petechia aureola,
Juniperus brevifolia, Picconia azorica and Xylocopa darwini), it was
possible to infer at least one asymptotic estimator (also consider-
ing cases in which the upper limit of the 95% confidence interval
was infinite). However, other estimators could not be calculated
because some curves could not be fitted. For the remaining three
species, sampling effort was insufficient to infer any asymptotic
estimator (genetic or field): Buteo galapagoensis, Canarina canar-
iensis and Juniperus cedrus. In addition, six species required multi-

ple analyses because their genealogical relationships had network
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FIGURE 4 Estimation of the number of colonization events using PAICE and datasets from 10 animal and plant species taken from the
literature (see text). Bars indicate the number of ‘observed’ colonization events (i.e. minimum number of colonization events needed to
explain the geographical distribution of haplotype diversity). Numbers within grey bars indicate the number of topological possibilities
considered (by breaking loops or by considering different ancestral haplotypes) in the estimation of colonization events. Red dots indicate
average ‘genetic estimators’ of colonization events and blue dots indicate average ‘field estimators’, both with 95% confidence intervals.
Dark green lines indicate the estimates of the number of colonization events based on discrete phylogeographic analysis (DPA), with

95% highest posterior density intervals in light green. When the upper limit of a 95% confidence interval is infinite, it is indicated as an
upward arrow. To facilitate the visualization of results, the y-axis scale is linear from O to 100 colonization events and logarithmic from 100

colonization events
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loops (C. canariensis, J. brevifolia, O. europaea subsp. guanchica,
X. darwini; for these species all possible topologies breaking the
loops in their networks were analysed independently) or due to
the absence of any outgroup to infer haplotype ancestry (S. pe-
techia aureola and P. azorica; as outgroup species were not con-
nected to the network, every species was analysed multiple times
considering every haplotype as a possible ancestral haplotype).
Rarefaction curves of colonization events for all species are avail-
able in Supplementary Material S10.

In comparison to DPA, our approach estimated a higher num-
ber of colonization events, but DPA was able to estimate coloniza-
tion events for all species with available DNA sequences, including
cases in which sampling effort was insufficient for rarefaction
curves to approach an asymptote (Figure 4, Supplementary
Materials S10 and S11). However, it was problematic to apply DPA
when original data were not available (e.g. microsatellites were
used in P. azorica) while PAICE can be applied even when only the
haplotype genealogy is available. Furthermore, DPA results were
more similar to the minimum number of colonization events (i.e.
without sampling effort correction) than PAICE estimations con-

sidering sampling effort.

4 | DISCUSSION

In this study, a new approach is proposed and implemented into
a new R package (PAICE) to estimate the number of colonization
events accounting for species and haplotype distributions in any
island or island-like system, and regardless of the direction of such
colonization events. Therefore, PAICE can be used as a comple-
mentary tool for studying the phylogeographic history of species
by estimating the number of inter-island colonization events. Our
approach accounts for sampling bias emerging from suboptimal
sampling effort at both the genetic level (humber of variable po-
sitions that determine genealogical relationships among haplo-
types) and the field level (number of populations or individuals
sampled). As a consequence, PAICE estimates a greater number
of colonization events that cannot be derived directly (i.e. they
are intrinsically ‘hidden’) from direct counting based on the cur-
rent distributions of species and haplotype sharing. In doing so,
PAICE standardizes the comparison of colonization events across
species, studies and archipelagos.

4.1 | Performance of colonization event inference
using PAICE

Our inference of a minimum number of colonization events ex-
tends the previous approach of Vargas et al. (2015), which only
considered haplotype sharing, that is ¢, (Figure 1a). Considering
the three types of colonization together (Figure 1) allows the in-
ference of additional colonization events that were previously hid-
den (e.g. Buteo galapagoensis and Juniperus brevifolia, Table S11.1).
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Because the number of inferred colonization events increases with
sampling effort (Coello et al., 2021), PAICE is the first method that
incorporates asymptotic estimators to control for sampling effort
when estimating the number of colonization events. This correc-
tion is of paramount importance when comparing the colonization
success of multiple species that have been sampled with different
protocols, such as the 10 species compared in this study. Without
the explicit consideration of sampling bias, it is not possible to
compare among species as each one has different sampling sizes
(field and genetic), and therefore inference of a minimum number
of colonization events without a sampling correction would be sig-
nificantly biased.

The estimation of colonization events for C. monspeliensis
using different numbers of replicates when building rarefaction
curves showed similar estimates (Figure 3). However, the number
of colonization events obtained from asymptotic field estimators
was always lower than that obtained from genetic estimators
(Supplementary Material S9). We consider that field estimators for
C. monspeliensis lead to underestimations due to the rapid initial
increase in the inferred number of colonization events with few in-
dividuals (first 20%), compared to ideal rarefaction curves (Gotelli
& Colwell, 2001, 2011) (Supplementary Material S9). We interpret
that the little hump around the first 20% of values (Figure 2) tends
to deteriorate the fit of the curve, and therefore makes the field
estimator less reliable. This effect is more marked when using indi-
viduals as field sampling unit, which makes sense considering that
C. monspeliensis was sampled using a population strategy (Coello
et al., 2021; Fernandez-Mazuecos & Vargas, 2011). In future anal-
yses, we recommend that the resampling unit used in PAICE be
congruent with the field sampling unit of the study (individuals or

populations).

4.2 | PAICE versus DPA

PAICE brings the opportunity to infer a number of colonization
events using a fine-scale approach that analyses haplotype sharing
and genealogies. In addition, a wide variety of techniques that do
not necessarily produce DNA sequences can also be used, such as
plastid and mitochondrial microsatellites (Ferreira et al., 2011). In
contrast to methods based on coalescent modelling (primarily DPA,;
Lemey et al., 2009), PAICE (a haplotype network-based method) can
estimate the number of colonization events corrected by sampling
effort regardless of colonization routes and their direction, which
are not reconstructed. This correction increases the power to esti-
mate colonization events masked by poor sampling, yielding an es-
timate of a larger number of colonization events than DPA, that is
up to one order of magnitude more colonization events estimated
with PAICE in extreme cases such as that of J. brevifolia (Figure 4).
The number of such ‘hidden’ colonization events decreases with
sampling effort, being more pronounced in clearly undersampled
studies (see Supplementary Materials S10 and S11), and less relevant
in studies with a considerable sampling effort (e.g. C. monspeliensis;
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Figure 510.6, Table S11.1). Therefore, the ability of PAICE to correct
sampling effort bias helps evaluate island biogeographic hypotheses
requiring an estimation of the number of inter-islands colonization
events without the necessity of reconstructing ancestral areas over
phylogenetic trees, for example a hypothesis dealing with differ-
ences in colonization ability between taxa with and without disper-
sal syndromes.

The downside of PAICE is that it generally requires larger sample
sizes (both field and genetic sampling) than DPA in order to provide
estimators. This is the case of some study species like B. galapago-
ensis (Bollmer et al., 2006), C. canariensis (Mairal et al., 2015) and J.
cedrus (Rumeu et al., 2014), in which their data could not be used to
obtain any PAICE estimator. However, the minimum number of colo-
nization events (i.e. those required to explain haplotype distributions
and lineage sharing) can always be calculated by using the coloniza-
tion function of the PAICE package and it is usually close to the result
obtained by DPA (Figure 4). This suggests that, although PAICE does
not consider phylogenetic tree topology and branch lengths, this
method is still powerful enough to infer a minimum number of colo-
nization events similar to that obtained by DPA (Lemey et al., 2009).
It is important to mention that, although DPA can estimate the num-
ber of colonization events (i.e. changes in the ‘location’ character;
Minin & Suchard, 2008), this method is mainly aimed at estimating
migration rates using genetic markers with high mutation rate. This
probably leads to the different results obtained by DPA and PAICE
(Figure 4).

Additionally, PAICE requires an outgroup to determine ancestor-
descendant relationships. The lack of connection to an outgroup
outside the island system can be compensated by repetition of the
algorithm multiple times to test all possible ancestral haplotypes,
although results were usually similar across the different possibili-
ties (see Setophaga petechia aureola, Chaves et al., 2012; P. azorica,
Ferreira et al., 2011; Figure 4). Importantly, concomitant extinction
processes inevitably lead to an underestimation of colonization
events (as in DPA) as extinct haplotypes erode the signal of past
colonizations (Garcia-Verdugo et al., 2019). However, extinct pop-
ulations may be considered part of the unsampled data if extinc-
tion happened at a low rate and it was uniformly distributed along
the species phylogeography. Therefore, in these cases, colonization
events hidden as a result of extinction may also be included in PAICE
estimates.

In summary, PAICE is a powerful tool for studies of colonization
success across island and island-like systems, most notably because
it enables controlling for sample size at both field and genetic levels.
In doing so, PAICE provides estimators that are comparable not only
among species of the same island system but also among species
across island-like systems, such as archipelagos, mountains, lakes or
landscape fragments. In particular, the estimation of the number of
inter-island colonization events corrected by sampling effort allows
the comparison between species (from the same or from different ar-
chipelagos), as shown in Figure 4. Recent studies tested the relation-
ship between dispersal syndromes and the number of islands within
an archipelago occupied by species (Arjona et al., 2018; Heleno &

Vargas, 2015; Vargas et al., 2014). However, the number of coloniza-
tion events between islands is more relevant as a potential correlate
of dispersal syndromes than the number of occupied islands be-
cause a species can colonize the same island multiple times (Coello
etal.,, 2021; Vargas et al., 2015). PAICE allows us to compare species
more objectively based on the number of colonization events, and
therefore will enable future analyses to test if dispersal syndromes
are related to higher numbers of colonization events, as traditionally
assumed (Carlquist, 1966). Furthermore, PAICE estimations will also
enable comparisons of the contribution to colonization processes of
different factors such as dispersal capabilities (Thomson et al., 2018)
or habitat availability (Coello et al., 2021). Additionally, model-based
approaches are continuously being developed, in combination with
massive sequencing (providing highly variable genetic information)
(Edwards et al., 2022; Xue & Hickerson, 2020). The synergy between
PAICE and these other advanced techniques in phylogeography will
improve our understanding of island biogeography.

4.3 | Insular species comparison

Our analysis reveals that the two estimations with the best fit-
ted curves were those from C. monspeliensis (Coello et al., 2021)
and the westernmost lineage of Olea europaea subsp. guanchica
(Garcia-Verdugo et al., 2010), thanks to their large sample sizes.
Coincidently, these two plants show a similar minimum number of
colonization events (13 inter-island colonizations for C. monspelien-
sis and 11 for O. europaea subsp. guanchica) and a similar estimated
number of colonization events corrected by sampling effort (average
of 30.0 and 26.0 colonization events for genetic and field estima-
tors, respectively, in C. monspeliensis; 29.4 and 29.8, respectively, in
O. europaea subsp. guanchica) despite displaying different dispersal
syndromes (unspecialized capsules vs zoochorous drupes) (Figure 4).
Furthermore, both species first colonized the archipelago in a similar
time frame (<1 Ma for C. monspeliensis and c. 1.5 Ma for O. euro-
paea subsp. guanchica) (Besnard et al., 2009; Fernandez-Mazuecos
& Vargas, 2011).

Our estimation of the number of colonization events reveals a
high colonization potential for species in which previous studies sug-
gested a limited colonization success (Figure 4). This is the case of
Xylocopa darwini of the Galapagos, in which observed colonization
events (10 colonization events) and DPA (15.0 colonization events,
with a 90% confidence interval from 10 to 20 colonization events)
suggested a relatively small number of colonization events. The
dominance of one haplotype on several islands (Vargas et al., 2015)
increases the possibility of detecting additional colonization events
as genetic sampling increases and new haplotypes are obtained,
which is clearly shown by our estimations (increasing estimated col-
onization events up to an order of magnitude; Figure 4). Very similar
results are found for J. brevifolia (21 observed colonization events
versus more than c. 150 estimated colonization events) and Picconia
azorica (10 observed colonization events versus 20-95 estimated
colonization events), for which one (Rumeu et al., 2011) and two
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(Ferreira et al., 2011) haplotypes are widely distributed on several
Azorean islands respectively. This pattern is extreme in Setophaga
petechia aureola, whose data were appropriate to describe the over-
all distribution of genetic diversity (Chaves et al., 2012), but not
enough to estimate colonization events. It is worth noting that a
minimum sampling effort is always needed, as sample size correc-
tion may not be possible for any of the two sampling variables when
data are too scarce. An example is Croton scouleri in the Galapagos
Islands, in which resampling of variable DNA positions does not yield
an increase in the number of inferred colonization events (Figure
$10.7, Table S11.1) because the genealogy of this species shows a
clear dominance of one haplotype on several islands of the archipel-
ago (Rumeu et al., 2016).

In some cases, our approach could not solve the problem of in-
sufficient sampling size (Buteo galapagoensis, Bollmer et al., 2006;
Canarina canariensis, Mairal et al., 2015; Juniperus cedrus, Rumeu
et al.,, 2014). In these species, an increase in sampling effort is clearly
necessary at both sampling levels to allow an estimation of the num-
ber of colonization events. Nevertheless, PAICE results were con-
gruent with those provided by other techniques, such as the BPEC
approach of Manolopoulou et al. (2011) in the case of C. canariensis.
Indeed, the cluster observed by Mairal et al. (2015) formed by West
Tenerife and La Gomera populations supports the numerous colo-
nization events suggested in our PAICE analysis by the increasing
number of colonization events as sampling effort increases (Figure
$10.2-510.5). In general, we recommend large sample sizes guided
by species distribution modelling in future studies particularly when
the inference of colonization events is one of the objectives (Coello
etal,, 2021).

Despite the advance represented by PAICE, it is important to
mention that the limitations of this method should not be over-
looked. For example, although J. brevifolia could be analysed and
the estimation of the number of colonization events was consid-
erably higher than the previous ones based exclusively on haplo-
type sharing (Vargas et al., 2015), more work is needed to confirm
these results. In particular, uniparental inheritance of cpDNA is un-
certain in this case, given that a great proportion of gymnosperms
display biparental inheritance of the plastid genome (Adams, 2019).
Furthermore, there is growing evidence of infrequent biparental in-
heritance of mtDNA in animals (e.g. Wolff et al., 2013).

In a nutshell, PAICE paves the road for investigation of plant and
animal colonization success in island systems, which is a fundamen-
tal topic in island biogeography (Patifio et al., 2017). Although PAICE
is focused on inter-island colonization events, its results can pro-
vide a first indicator of species potential to colonize across broader
distances—such as continent-archipelago colonization—which tend
to be more stochastic, less frequent and harder to quantify (Heleno
& Vargas, 2015). Colonization success is the result of several factors
including dispersal capacity (e.g. Thomson et al., 2018), habitat avail-
ability (e.g. Coello et al., 2021), mating system (e.g. Grossenbacher
et al., 2017) and time since initial arrival in the island system (Arjona
et al., 2018), among others. PAICE provides a new and more infor-
mative approach to estimate colonization success from haplotype

587
EEME ey

networks obtained using low-variability genetic markers, allow-
ing the detection of colonization events masked by poor sampling
and thus permitting cross-taxa and cross-archipelago comparisons.
The complementarity between PAICE and other methods to recon-
struct migration history (e.g. DPA; Lemey et al., 2009) and to esti-
mate population parameters of insular species (e.g. DAISIE; Valente
et al., 2015) holds a great potential to understanding the drivers of
colonization success.
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