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Molecular dating offers a tool for inferring the time of divergence between two lineages. In this study, we discuss 
how dated molecular reconstructions are informative of two different, albeit often intermingled, time estimates 
with regard to a fundamental process in island biogeography: the time of island colonization (TIC). We illustrate 
how stem age estimates provide information on the divergence between the extant island lineage and their closest 
relatives (i.e. the onset of lineage differentiation). Such estimates, however, are typically poor TIC predictors, as they 
are strongly affected by spatial and temporal uncertainty, particularly in cases of deep stem ages. Crown ages of 
endemic island lineages, in contrast, provide information on the temporal onset of island in situ diversification, and 
may represent a better proxy for TIC when the associated uncertainty is taken into account. Thus, the geographic 
and temporal distance separating the island and mainland lineages in phylogenetic/phylogeographic reconstructions 
are key factors for determining the reliability of these two estimates as proxies of TIC. We show how divergence 
times can be used to investigate the biogeographic patterns of two well-studied oceanic archipelagos: Hawaii and 
the Canary Islands. A compilation of molecular age estimates for nearly one-third of the endemic plant lineages in 
each archipelago reveals that Canarian plant lineages exhibit significantly younger mean crown ages (2.1 ± 2.4 Myr) 
than Hawaiian lineages (3.5 ± 2.9 Myr), despite island substrates being much older in the Canarian archipelago. We 
postulate that this pattern suggests: (1) a more important role of submerged islands during plant colonization in 
Hawaii, and (2) higher taxon turnover in the Canaries, mediated by relatively young (Mediterranean) lineages, and 
probably facilitated by the combination of the high incidence of extinction for the last 5 Myr and the close proximity 
of mainland source areas as compared to Hawaii.

KEYWORDS:  crown age – extinction – island biogeography –island colonization –lineage diversification– 
molecular dating– stem age – temporal uncertainty.

INTRODUCTION

One of the most important challenges in evolutionary 
biology is to assign a reliable estimate to the tempo of 

lineage diversification. Our inferences on the temporal 
scale of macroevolutionary processes largely rely on the 
fossil record (Darwin, 1859; Sunding, 1979; Silvestro 
et al., 2016). There are, however, particular geological 
areas and organisms for which fossil information is very 
scarce or completely absent. This is often the case of 
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oceanic island plants: soft plant tissues rarely fossilize on 
volcanic substrates, and the preservation of alternative 
paleobotanical records (e.g. leaf imprints, pollen) is also 
limited or subject to different interpretations with regard 
to taxonomic identification (see Woodcock & Kalodimos, 
2005; Góis-Marques et al., 2019). More recently, the 
development of molecular approaches has offered a 
useful tool for biogeographic dating of plant groups 
lacking fossils, thanks to the application of alternative 
sources for calibration (Forest, 2009; Ho et al., 2015). 
Thus, molecular-based methods, commonly focusing on 
Bayesian inference of lineage divergence times, have 
been routinely implemented in numerous biogeographic 
studies conducted over the last decade (Fig. S1).

There is abundant literature on the limitations 
inherent to molecular dating approaches, most 
notably those derived from poor taxonomic sampling 
or the application of unrealistic calibration approaches 
(e.g. Linder, Hardy & Rutschmann, 2005; Forest, 
2009; Heads, 2011; Ho et al., 2015; Schenk, 2016). 
Beyond such limitations, the aim of this study is to 
conceptualize which information obtained from dating 
analyses can be more informative of one key topic in 
island biogeography: the inference of the time of island 
colonization (TIC).

Island systems have traditionally served as 
‘natural laboratories of evolution’ (García-Verdugo 
& Fay, 2014), but framing the temporal setting of 
colonization is a fundamental requisite to refine 
our understanding of evolutionary processes such 
as trait adaptation (Talavera, Arista & Ortiz, 2012; 
Monroy & García-Verdugo, 2019), species formation 
(Grover et al., 2017; Pillon & Buerki, 2017) and 
community assembly (Kitson et al., 2018). Bearing in 
mind our assessment of how divergence times can be 
informative on TIC, we reviewed published molecular 
dating estimates for island lineages endemic to two of 
the most well-studied island systems in the world: the 
Atlantic Canary Islands and the Pacific archipelago of 
Hawaii. Specifically, we were interested in exploring 
if the published data support classical biogeographic 
predictions, such as those linking island ages or the 
past availability of currently submerged islands with 
temporal windows for lineage colonization (Price & 
Clague, 2002; Heads, 2011; Pillon & Buerki, 2017).

The Canarian and Hawaiian archipelagos encompass 
a number of biotic and geologic features that provide 
a useful scenario for understanding the temporal 
dimension of island colonization under contrasting 
biogeographic backgrounds. First, they both harbour a 
high number of endemic plant lineages, thereby offering 
an excellent sample size of independent biological 
replicates for the study of TIC. Second, taxonomic and 
molecular studies have been particularly prolific in 
these two archipelagos, thus allowing a reasonably 
accurate delimitation of lineages within their endemic 

spermatophyte flora (reviewed in Baldwin & Wagner, 
2010; García-Verdugo et al., 2014; Price & Wagner, 
2018; García-Verdugo et al., 2019a). Third, geological 
age estimates for the main islands present contrasting 
temporal intervals for terrestrial colonization in the two 
archipelagos. Thus, the Canary Islands are composed 
of eight volcanic islands with substrates ranging from 
c. 20 to less than 1 Myr, whereas the archipelago of 
Hawaii also consists of eight high islands, but all age 
estimates indicate that they emerged from the ocean 
floor in the last 5 Myr (Carson & Clague, 1995; van den 
Bogaard, 2013). On the other hand, some studies have 
expanded both temporal backgrounds over several 
million years by hypothesizing the role of seamounts 
as former stepping stones that predated the formation 
of the modern islands and in part may have coexisted 
with them (for detailed reconstructions see Price & 
Clague, 2002 and Fernández-Palacios et al., 2011). In 
this context, an updated revision of the molecular age 
estimates for endemic lineages in each archipelago 
may help us investigate if current estimates of TIC are 
consistent with the idea of seamounts as past stepping 
stones for present-day island lineages.

STEM AND CROWN AGES OF 
ISLAND LINEAGES AS PROXIES FOR 

COLONIZATION TIME

In essence, all attempts to assign a temporal framework 
to the process of island colonization rely on the amount 
of molecular divergence detected for the island plant 
lineages of interest (composed of one species or a 
monophyletic set of endemic species) at different 
phylogenetic depths. For instance, when hypothesizing 
the temporal origin of extant island endemics, some 
phylogenetically oriented studies have focused on the 
divergence time estimate obtained for the split between 
the island lineage and its closest relative from the 
mainland or from another island system (see examples 
in Keeley & Funk, 2011; Spalik et al., 2014; Kondraskov 
et al., 2015; Grover et al., 2017). Such an estimate is the 
‘stem age’ of the island lineage, but it is important to 
highlight that this date represents the time at which 
divergence between mainland and island lineages may 
have started. Consequently, it does not necessarily 
represent an accurate indicator of island residence time 
because stem ages are inherently associated with strong 
uncertainty, both temporal and spatial (Fig. 1).

One of the properties of stem-node dates that detracts 
from their value as proxies of TIC is that they are prone 
to be severely affected by the underrepresentation 
of putative sister taxa or populations, either due to 
limited sampling effort or extinction (i.e. sampling 
bias; Mairal et al., 2015a; Pillon & Buerki, 2017). 
Failure to account for these unobserved (extinct or 
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unsampled) taxa or that are most closely related to 
the extant island lineages virtually removes nodes 
from our molecular timetrees, thereby resulting in 
an overestimation of the divergence time between the 
island lineage and its (original) closest relative (Fig. 
2A). Indeed, phylogenetic analyses of insular lineages 
whose extant closest relatives occur in geographically 
distant areas typically recover long branches that 
diverge at deep stem nodes, which has been interpreted 
as high uncertainty caused by extinction before the 
TIC (e.g. Spalik et al., 2014; Mairal et al., 2015a).

Another source of uncertainty when using stem 
ages as proxies for TIC is spatial: by dating these 
nodes, we can place the split between island and 
mainland counterparts within a time period, but it 
may not be possible to identify the area where such 
a split took place. This limitation is particularly 
important in cases of old inferred stem ages or when 
the island endemics are geographically distant from 
their inferred mainland relatives (Baldwin & Wagner, 
2010; Keeley & Funk, 2011; Mairal et al. 2015a). 
Thus, deep temporal and spatial phylogenetic splits 
between mainland and island lineages (Fig. 1A) often 
translate into unclear biogeographic patterns prior to 
the colonization of the island, since the stem age and 
geographic location of the extant sister group in our 
reconstruction do not provide reliable information on 

the colonization pathway followed by the ancestor(s) of 
the extant island lineage.

Alternatively, studies with sampling focused on 
island taxa and populations give us insights on the 
tempo of in situ diversification, here defined as ‘marked 
molecular divergence of the island endemic lineage, 
regardless of whether this pattern is recognized or not 
in the form of different taxonomic units’. For instance, 
phylogeographic studies based on robust sampling 
schemes show that single-species endemic lineages 
with multi-island distributions are typically composed 
of different sublineages (Dlugosch & Parker, 2007; 
Mairal et al., 2015b; García-Verdugo et al., 2019b), 
with the ‘crown age’ representing the onset of the 
divergence from the most recent common ancestor of 
all extant island populations (Pokorny et al., 2015). The 
same interpretation applies to island endemic lineages 
comprising several taxonomic species that originated 
from a single colonization event (i.e. ‘island radiations’, 
Landis, Freyman & Baldwin, 2018; Yan et al., 2018). 
In these cases, island colonization is expected to 
have been rapidly followed by diversification within 
the island setting (Kim et al., 2008). Such a pattern 
of diversification is often triggered by inter-island 
dispersal, but it may also occur within single islands 
over short time intervals (Garot et al., 2019; Saro et al., 
2019). When all extant populations/taxa are island 

Figure 1. Temporal and spatial uncertainty for inferences of island colonization based on stem and crown-ages. A, In 
Hawaiian Lysimachia (data from Yan et al., 2018), the stem age estimate (8.0 Myr, 95% HPD = 6.8–10.3) suggests an old split 
between a mainland East Asian clade and the island lineage. The crown age estimate (1.7 Myr, 95% HPD = 0.9–2.6) indicates 
that Hawaiian in situ diversification started much later, with a c. 5 Myr gap between stem and crown ages, which suggests 
that island colonization was considerably more recent than the island-mainland lineage split. The large geographical gap 
between the Hawaiian endemic and its sister lineage in East Asia (c. 7000 km), introduces additional uncertainty on the 
route of island colonization. Together, these two sources of uncertainty (temporal and spatial) suggest that the crown age 
might be a more reliable estimate for the time of first island colonization. B, In contrast, for the Canarian Kleinia neriifolia 
(data from García-Verdugo et al., 2019b), the temporal gap between the stem-age (3.3 Myr, 95% HPD = 2.3–4.2) and crown 
age (1.4 Myr, 95% HPD = 0.9–1.9) estimates is smaller (< 2 Myr), which together with the geographic proximity of the 
inferred sister taxon, strongly suggests that island colonization was recent and probably stemmed from a NW African 
ancestor. Grey and black bars represent credible intervals extracted from the references for stem and crown time estimates, 
respectively (mean absolute ages marked with a star).
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endemics, it is generally accepted that crown ages may 
represent a reasonable proxy for TIC (Fig. 1B) (Kim 
et al., 2008; Landis et al., 2018).

Some sources of uncertainty, however, may also 
affect crown ages. For instance, if extinction pruned 
signatures of initial island diversification (i.e. the 
oldest island populations/taxa went extinct), our 
estimates of the onset of colonization from mean 
crown ages would be younger than it actually was (Fig. 
2B) (see examples of Canarian lineages potentially 
affected by extinction in Sanmartín, van der Mark 
& Ronquist, 2008, and García-Verdugo et al., 2019a). 
Another confounding factor for accurate inference of 
colonization times from crown ages may be related to 

the demography of the colonizers; if the founder island 
population does not accumulate new genetic variation 
for a large number of generations, the TIC would be 
underestimated. A growing body of evidence, however, 
suggests that population expansion and differentiation 
are often achieved following initial island colonization 
in a short time span, particularly if islands are large 
(Stuessy et al., 2014; Alsos et al., 2015; Saro et al., 2015; 
Fulgione et al., 2018).

Despite these caveats on the estimation of divergence 
times, many studies do not clearly differentiate between 
stem and crown ages when assessing TIC estimates 
obtained from molecular dating (e.g. Dlugosch & 
Parker, 2007; Heads, 2011; Keeley & Funk, 2011). In 

Figure 2. Impact of incomplete taxon sampling on inferences of island colonization time based on crown-age and stem-
age estimates. For each scenario, inferences on divergence times under incomplete (case 1) and complete (case 2) taxon/
population sampling are represented. Island (is) and mainland (m) taxa/populations are represented by dots, dispersal 
events are indicated with arrows and non sampled taxa/populations (including extinct ones) with a cross. In scenario A, 
the sister taxon of the island lineage is extinct or is not sampled (case 1), so using the age estimate of the stem node (s) 
overestimates the island colonization time compared with the actual estimate obtained with complete taxon sampling 
(case 2). For scenario B, the first diversification event within the island/archipelago is lost in the molecular reconstruction 
via extinction or incomplete taxon sampling (case 1), so using the age estimate of the crown node (c) underestimates the 
colonization time compared with the actual estimate (case 2).
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principle, the most logical approach would be to assign 
the likelihood of an event of island colonization within 
the time period between the mean age estimates of the 
stem (the onset of mainland-island split) and crown (the 
onset of in situ diversification) nodes (Fig. 2). Following 
this reasoning, the larger the temporal gap between 
these two estimates, the higher the uncertainty is for 
TIC inference (e.g. Fig. 1A). As discussed above, each of 
these estimates is inherently associated with sources 
of error derived from potential sampling bias (plus 
other uncertainties associated with methodological 
approaches such as the assumption of the molecular 
clock or different mutation rates across the genome), 
but we can generally assume that: (1) stem ages are 
subject to higher uncertainty, and (2) crown ages are 
closer estimates of the actual TIC in most cases.

The second assumption holds particularly true if the 
island lineages are related to geographically distant 
sister taxa (Fig. 1A), and the sampling of distribution 
areas in the islands has been extensive (which 
reduces sampling bias; Fig. 1B). The comparison of 
independent phylogenetic studies dealing with the 
same island lineage supports this notion: while stem 
ages often indicate long time spans of divergence that 
barely overlap among studies, crown ages can provide 
more congruent and narrower temporal scenarios of 
island colonization (see comparisons in Fig. S2). Thus, 
we may conclude that stem ages are useful indicators 
of lineage age in the sense that they give us insight 
into the onset of differentiation, but they are of limited 
value for framing the processes that occurred upon 
arrival in presently emerged islands. On the other 
hand, absolute crown ages are not free of bias, possibly 
providing underestimates in cases of widespread 
extinction (García-Verdugo et al., 2019a). Recently, 
Bayesian methods have been developed that allow 
the integration of this uncertainty in biogeographic 
inferences, e.g. through the use of appropriate 
confidence intervals (Landis et al., 2018).

WHAT DO AVAILABLE AGE ESTIMATES 
TELL US IN TWO OCEANIC ARCHIPELAGOS 

WITH CONTRASTING BIOGEOGRAPHIC 
BACKGROUNDS?

Keeping in mind the limitations associated with age 
estimates mentioned above, we compiled a dataset for 
all molecular-derived divergence times of Canarian 
and Hawaiian plant lineages published to date. Along 
with bibliographic searches, the recent reviews by 
Price & Wagner (2018) and García-Verdugo et al. 
(2019a) were used to extract references and data of 
potential interest for the present study. In relation to 
the number of lineages reported in these two studies, 
our dataset of age estimates represented 91 Canarian 

cases and 52 Hawaiian cases (39 and 31%, respectively) 
of the endemic lineages recognized to date in each 
archipelago (Tables S1, S2). For some lineages, however, 
data were only available for one of the two estimates 
(see sample sizes below).Considering this dataset, 
mean stem ages of Hawaiian lineages (N = 46) were 
found to be significantly larger than those obtained for 
Canarian lineages (N = 89) (t-test of log-transformed 
values = 3.14, P = 0.002). Moreover, approximately 
50% of the stem ages of Hawaiian lineages predated 
the volcanic origin of the high islands (Fig. 3, Table 
S2). This result agrees with the idea of Hawaiian plant 
lineages being the outcome of complex colonization 
routes followed by ancestors from disparate, distant 
regions (Baldwin & Wagner, 2010; Price & Wagner, 
2018), and underscores the role of submerged 
seamounts and atolls in the colonization of the modern 
islands. In contrast, none of the stem ages for Canarian 
lineages predated the volcanic origin of the present 
islands. In each archipelago, a few lineages clearly 
deviated from the time interval that encompassed the 
stem ages of all other island lineages, but these were 
limited to cases with geographically distant sister 
taxa (Neochamaelea, Hillebrandia, Hesperomannia) 
or premier examples of extensive island radiation 
(Crambe, Hawaiian lobelioids, Zanthoxylum).

Crown ages were also significantly older for 
Hawaiian (N = 36) than for Canarian (N = 62) lineages 
(t-test of log-transformed values = 3.19, P = 0.002). 
The crown age predated the origin of the islands in 
four Hawaiian lineages (Fig. 3, Table S2), whereas in 
the Canary Islands this pattern was not detected for 
any lineage (Fig. 3, Table S1). Recurrent immigration 
from nearby mainland areas or from other islands may 
obscure older events of colonization within Canarian 
lineages (Herben, Suda & Munclinger, 2005; Caujapé-
Castells et al., 2017), thus potentially accounting for 
such young crown ages. While this possibility may be 
less plausible in island plant groups where monophyly 
is strongly supported (Silvertown, Francisco-Ortega 
& Carine, 2005), multiple events of immigration (i.e. 
lineages) have been detected within recent island 
colonizing species (García-Verdugo et al., 2009; 
Valtueña et al., 2016; García-Verdugo et al., 2019b).

The information provided by these estimates broadly 
depicts a similar temporal framework for island plant 
colonization and diversification in both archipelagos, 
placing these processes within the Plio-Pleistocene 
period (last 5 Myr). Even after accounting for uncertainty 
in age estimates (using the confidence intervals reported 
for divergence times in the original studies), the pattern 
holds true: all but four cases in each archipelago showed 
crown ages (s.l.) that fell within the Plio-Pleistocene (Fig. 
S3). This result is consistent with early findings for the 
Hawaiian biota (Price & Clague, 2002), and supports 
the pattern detected in the Canarian laurel forest taxa 
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(Kondraskov et al., 2015). Notably, our analysis reveals 
a few island lineages – representing flagship examples 
of island radiations (i.e. Sonchus, Crambe, Hawaiian 
lobelioids, Melicope) – that do not fit this temporal 
framework but suggest older colonization times, which 
date back to the Miocene. It might be that divergence 
time estimates in these groups have been biased (e.g. 
by incorrect assumptions on substitution rates or 
inappropriate calibrations; Kay, Whittall & Hodges, 2006; 
Heads, 2011) or that they actually represent pre-Pliocene 
events of insular colonization. However, the available 
information suggests that lineages that diversified more 
than 5 Myr ago are rare on the modern islands.

According to our review of divergence time estimates 
(both stem and crown ages), there is little support for 
the hypothesis that currently submerged volcanic 
islands acted as dispersal corridors for extant Canarian 
plant lineages. The emerged part of the islands closest 
to the continent was already exposed during the 
Miocene, and the distribution and age estimates for 
the seamounts suggest that opportunities for island 
colonization could have been continuous for as long as 
60 Myr (Fernández-Palacios et al., 2011). In contrast, 
the relatively young estimates of the colonization and 
initial diversification times reported in the literature 
coincide with the intensification of the drought season 
in the western Mediterranean Basin during the mid-
Pliocene (Jiménez-Moreno, Fauquette & Suc, 2010). 
Such a progressive aridification of mainland source 
areas may in turn explain the abundance of xerophytic 
Mediterranean elements in the Canarian archipelago 
already noted by early biogeographers (Sunding, 

1979). But how could these new elements successfully 
colonize a presumed hot-spot of Tertiary diversity? 
Extinction of early resident Canarian taxa, coupled 
with range contraction of humid habitats from the 
Pliocene onwards, may be a plausible answer.

Price & Wagner (2018) estimated that the nearly 950 
species endemic to Hawaii were the result of only 169 
colonization events, while the c. 600 Canarian endemics 
have been inferred as originating from c. 230 colonization 
events (García-Verdugo et al., 2019a). Considering the 
similar temporal framework of colonization depicted 
above for both archipelagos, we hypothesize that the 
small number of Canarian endemics as compared to 
Hawaii may stem (in addition to ecological factors) from 
the stronger impact of extinction on the Canaries since 
the Pliocene. Abrupt environmental shifts might have 
prompted extinction of former Tertiary elements and 
taxon turnover by Mediterranean mainland lineages. 
Indeed, many Canarian endemic lineages with sister 
species occurring in neighbouring areas of NW Africa (e.g. 
Asteriscus, Euphorbia, Kleinia, Periploca; reviewed in 
Carine et al., 2004; Pokorny et al., 2015; García-Verdugo 
et al., 2019b) support the idea that lowland habitats in the 
archipelago may have acted as ecological filters favouring 
the establishment of immigrants preadapted to xeric 
conditions. High immigration from continental areas 
displaying Mediterranean-like habitats was probably 
facilitated by the physical characteristics of the Canaries 
throughout the Plio-Pleistocene: smaller geographic 
distance from mainland areas than today, and significant 
contraction of humid habitats available for hygrophilous 
taxa (Fernández-Palacios et al., 2016).

Figure 3. Box plot of mean stem age (NHawaii = 46; NCanaries = 89) and crown age (NHawaii = 36; NCanaries = 62) estimates obtained 
from the literature for Hawaiian and Canarian endemic plant lineages. Note: one outlier stem age of a Hawaiian lineage 
(Hillebrandia sandwicensis) is off-scale and not represented in the graph.
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CONCLUSIONS

Molecular dating can be a useful tool for providing a 
temporal framework in island evolutionary studies. Yet, 
divergence time estimates are intrinsically associated 
with several sources of uncertainty, and researchers 
should critically evaluate to what extent their study 
system allows for strong inferences on the temporal 
dimension of island colonization (for example, when the 
closest relative occurs in a geographically distant area). 
We postulate that crown ages are generally a much closer 
predictor of residence time than stem ages, but the former 
can also be affected by sampling bias. Integration of this 
uncertainty, e.g. working with time intervals instead of 
mean ages, might help improve inference of the temporal 
framework of island colonization in biogeographic studies.

Finally, given that the magnitude and the sources of 
bias in age estimates are likely similar in Hawaii and the 
Canaries, our analysis suggests that the floras of these 
two oceanic archipelagos with contrasting biogeographic 
characteristics (geological age, distance to source areas) 
were assembled essentially during the Plio-Pleistocene 
period, which is at odds with hypotheses that link island 
age with lineage colonization in the Canaries. However, 
many plant lineages remain to be analysed, and new 
analyses will probably refine some of the patterns 
described in published studies. Only a more complete 
representation of lineages will help us disentangle 
the general spatio-temporal patterns that drove the 
assemblage of these island floras.
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Figure S1. Bibliographic references over the last 19 years within the field ‘island biogeography’ filtered by two 
key words (Source: ISI Web of Knowledge).
Figure S2. Contrasting temporal scenarios based on molecular age estimates inferred by different biogeographic 
studies for the same island lineage. Grey stars indicate stem ages, whereas white stars with a triangle refer to 
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