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Factors influencing diversification rates may be of intrinsic (e.g. morphological novelties) or extrinsic (e.g. long-distance 
dispersal, availability of ecological niches) nature. Growth habit may influence diversification rates because herbaceous 
plants often have shorter generation times and a more pronounced r reproductive strategy than their woody relatives. 
We examined life history and habit evolution, wood anatomy and biogeographical history of Apiaceae tribe Apieae in 
conjunction with diversification rate analysis to explore which factors may have affected clade species richness and to 
elucidate the constraints on the evolution of secondary woodiness in this group. We demonstrate that diversification rates 
are similar in morphologically homogeneous and diverse clades and in herbaceous and woody lineages. The only clade 
with a significantly elevated diversification rate is Southern Hemisphere Apium, in which diversity probably resulted 
from several long-distance dispersal events. We also show that wood anatomy in herbaceous and woody species does 
not differ considerably regardless of their continental or insular origin, but it is affected by stem architecture and plant 
reproductive strategy. As the taxonomy of Apieae suffers from inflation with numerous monotypic genera, we propose to 
include Canaria in Rutheopsis, and Foeniculum, Schoenoselinum, Ridolfia and Pseudoridolfia in Anethum.

ADDITIONAL KEYWORDS:   Apium – Billburttia – biogeography – derived woodiness – Deverra – insular 
woodiness – net speciation – pervasive parenchyma – secondary woodiness – taxonomy.

INTRODUCTION

The species richness of a clade results from an 
interplay between speciation and extinction, i.e. from 
diversification rate (DR), which is heavily affected by a 
multitude of factors (Ricklefs, 2007). Net speciation rate 
varies between clades, and gaining an understanding 
of the factors that influence this is one of the main 

goals of modern ecology. It is tempting to assume that 
clades with more species have higher DR than those 
with fewer species, but in fact such an observation may 
be purely an artefact of a poorly chosen evolutionary 
model and insufficient or non-random sampling (Revell, 
Harmon & Glor, 2005; Ricklefs, 2007; Cusimano & 
Renner, 2010). Indeed, several taxa have been falsely 
identified as having inflated DR, only because of the 
great number of species they include. One such case 
is Astragalus L. (Fabaceae), commonly perceived as 
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having extremely high DR, whereas it was shown to 
diversify at a rate similar to its closest relatives in 
the astragalean clade (Sanderson & Wojciechowski, 
1996). Moreover, Fabaceae as a whole were shown 
to have a low DR, and the extremely high species 
richness should rather be attributed to the great age 
of the family, allowing for multiple speciation events 
(Magallón & Sanderson, 2001; Lavin, Herendeen 
& Wojciechowski, 2005). Including clade age in the 
estimation of its DR is therefore crucial, because (1) 
old clades might be wrongfully identified as having a 
high DR and (2) a young clade might be misconstrued 
as having a low DR as all young clades will include 
fewer species, regardless of their DR. Estimation of 
DR in relatively young clades is also prone to ‘push of 
the past’ and ‘pull of the present’ artefacts (e.g. types 
of survivorship biases that can lead to the retrieval 
of an apparent slowdown or acceleration in DR 
towards the present resulting from the fact that older 
clades that survived to the present are likely to have 
experienced an early burst of diversification, whereas 
younger clades may have over-estimated DR because 
they do not yet have enough time to die off; Nee, May 
& Harvey, 1994; Budd & Mann, 2018).

Only after avoiding the aforementioned problems 
and having identified a clade with higher DR might 
one start to seek explanations of a high net speciation. 
Most DR studies to date have tried to identify a unique 
trait or set of traits explaining higher speciation and/
or lower extinction. Putative explanations invoked 
for plants have included: biotic vs. abiotic pollination; 
biotic fruit dispersal; presence of floral nectar spurs; 
self-sterility; dioecy; and herbaceous vs. woody growth 
habit (Baldwin & Sanderson, 1998; Dodd, Silvertown & 
Chase, 1999; Sims & McConway, 2003; Ferrer & Good, 
2012; Käfer et al., 2014). Growth habit has a particular 
potential to influence DR as herbaceous plants tend to 
have shorter generation times and a more pronounced r 
reproductive strategy than their woody relatives, thus 
promoting more rapid diversification. On the other 
hand, Nürk, Atchison & Hughes (2019) demonstrated 
that at least some derived woody clades, i.e. lineages 
with shrubby or arborescent habits derived from 
herbaceous ancestors, have inflated DR.

The evolution of derived woodiness has been 
explained (among other hypotheses) based on 
cavitation resistance it provides (Lens et al., 2013a). 
Drier environments cause higher embolism formation 
rates, promoting the evolution of counter-adaptations: 
experimental studies showed that derived woody 
species are less embolism-susceptible than their 
herbaceous relatives (Dória et al., 2018, 2019). Thus, 
the habit shift from herbaceous ancestor to woody 
descendants may turn out to be beneficial (a ‘key 
innovation’; Donoghue, 2005; Simões et al., 2016) 

and lead to higher net speciation. However, derived 
woodiness is best known from oceanic islands (where 
it is often termed ‘insular woodiness’, e.g. Dulin & 
Kirchoff, 2010; Kidner et al., 2015; Merckx et al., 
2015), and therefore it is also possible that higher 
DR results not from the habit shift itself, but from 
long-distance dispersal (LDD) leading to an arrival in 
previously unoccupied habitats. The latter explanation 
is particularly likely because derived woodiness has 
also been postulated to evolve merely as a by-product 
of postponed generative reproduction and prolonged 
lifespan in moderate climates with low seasonality 
(Carlquist, 1974; Dulin & Kirchoff, 2010).

The signif icance of  dispersal  fo l lowed by 
diversification (‘dispersification’ sensu Moore & 
Donoghue, 2007) to previously unoccupied areas 
has gained empirical support in certain clades; for 
example, comparison of multiple mammalian sister 
clades showed that the clade which stayed in the 
area unequivocally resolved as ancestral presented 
lower species richness than the one which settled in 
a new zone (Verdú, 2002; Kisel et al., 2011), and the 
availability of novel niches after recurring, successful 
dispersal events was evoked to explain megadiversity 
of Carex L. (Martín-Bravo et al., 2019). Additionally, 
it was shown that rapid diversification may parallel 
little morphological change (Adams et al., 2009) and 
vice versa (‘disparification’ sensu Simões et al., 2016). 
Indeed, multiple recent studies failed to pinpoint 
morphological traits putatively responsible for the 
high clade diversification: this is best seen in Andean 
Lupinus L. and European Dianthus L., two genera of 
almost unparalleled DR (Hughes & Eastwood, 2006; 
Valente, Savolainen & Vargas, 2010; see also: Adams 
et al., 2009; Magallón & Sanderson, 2001; Scholl & 
Wiens, 2016). Such cases reinforce the presence of 
external factors in driving up DR, e.g. physical isolation 
(leading to geographical radiation sensu Simões et al., 
2016) or climatic shifts (leading to climatic radiation 
sensu Simões et al., 2016). In the case of Andean 
Lupinus, the answer might indeed be the multitude of 
empty ecological niches and the geographical isolation, 
which followed orogenesis, whereas for Dianthus an 
adaptation to climatic factors (e.g. high seasonality) 
probably played this role. In fact, the ability of rapid 
ecological niche shifts has been shown to underpin 
species diversification (Kozak & Wiens, 2010), because 
such taxa will more easily expand to new adaptive 
zones (leading to the onset of geographical barriers 
and higher speciation) and will be less likely to die off 
as a result of local niche changes (leading to a lower 
extinction rate).

Apiaceae tribe Apieae is particularly suited for a 
study of factors affecting DR because, while retaining 
the basic morphological uniformity so characteristic 
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of the subfamily Apioideae (Plunkett et al., 2018), it 
represents a considerable diversity of life histories 
(annuals, biennials, perennials), life/growth forms 
(therophytes, hemicryptophytes, chamaephytes) and 
reproductive strategies (monocarpic and polycarpic; 
Downie et al., 2010; Jiménez-Mejías & Vargas, 2015; 
Plunkett et al., 2018). Apieae comprise c. 46 species that 
are distributed in the Palaearctic and Mediterranean 
regions of the Northern Hemisphere and in Madagascar, 
southern Africa, South America and Australasia in 
the Southern Hemisphere. Its generitype, Apium L., 
is one of only few apioid genera with an amphitropic 
and amphiantarctic distribution (Spalik et al., 2010). 
Although intergeneric relationships in the tribe 
are reasonably well established (Jiménez-Mejías & 
Vargas, 2015), previous biogeographical analyses were 
based on a limited taxonomic sampling (Spalik et al., 
2010), and the previous node calibration employed 
only two molecular markers (Fernández-Mazuecos 
et al., 2014). Moreover, studies on its wood anatomy, 
a possible proxy for ecological niche shifts, are almost 
non-existent (Rodriguez, 1957; Rakotondandrasana 
et al., 2017).

Since the shrubby genera of Apieae (Billburttia 
Magee & B.-E.van Wyk from Madagascar, Deverra 
DC. from continental Africa) are nested among the 
herbaceous taxa, it is most likely that woodiness in 
this tribe is phylogenetically derived. This condition 
has been documented in many families, especially 
on oceanic islands, including Apiaceae (Jorgensen 
& Olesen, 2001; Lens et al., 2013b; Carlquist, 2017; 
Whittaker et al., 2017; Dória et al., 2018; Frankiewicz 
et al., 2020). However, among the insular endemic 
Apieae, only the two species of Malagasy Billburttia 
are shrubby, whereas the remaining ones [three 
species of Ammi L. from the Azores, Canaria tortuosa 
(Webb & Berthel.) Jim.Mejías & P.Vargas and 
Rutheopsis herbanica (Bolle) A.Hansen & G.Kunkel 
from the Canary Islands, Naufraga balearica 
Constance & Cannon from the Balearic Islands, 
Apium filiforme Hook. from New Zealand and Apium 
fernandezianum Johow from the Juan Fernández 
Islands] never evolved shrubby or treelet habit and are 
morphologically similar to their continental relatives 
(Jiménez-Mejías & Vargas, 2015). In other clades of 
Apiaceae, secondary woodiness has evolved on the 
Azores (Angelica lignescens Reduron & Danton), the 
Canary Islands [species of Pimpinella L., Daucus 
elegans (Webb ex Bolle) Spalik, Banasiak & Reduron], 
the Juan Fernández Islands (species of Eryngium L.), 
Madeira [Daucus decipiens (Schrad. & J.C.Wendl.) 
Spalik, Wojew., Banasiak & Reduron, Daucus edulis 
(Lowe) Wojew., Reduron, Banasiak & Spalik] and 
New Zealand (species of Scandia J.W.Dawson). It 
needs to be kept in mind that the lack of shrubby or 
tree(let) habit among some insular endemics may be 

due to chance, but there are also tentative, functional 
explanations for the morphological and ecological 
stasis of insular Apieae.

First, it may have resulted from their young 
age coupled with a relatively recent arrival on the 
islands. Unlike islands of volcanic origin, those that 
originated by separation from larger landmasses 
never experienced the ‘barren land’ stage, and their 
floras resulted from a mixture of vicariance, extinction 
and stochastic dispersal events. This is the case for 
Madagascar which separated from India c. 90 Mya 
(Raval & Veeraswamy, 2003) and New Zealand which 
detached from the Gondwana landmass c. 85 Mya 
(Laird & Bradshaw, 2004). In both cases, newly arrived 
species had to compete for already occupied niches. 
Species found on volcanic islands (e.g. the Azores, 
Canary Islands and Juan Fernández Islands) probably 
experienced similar problems, unless their arrival 
occurred soon after the islands emerged. It turns out, 
however, that in many cases studied so far (e.g. Daucus 
L., Echium L., Sideritis L., Sonchus L.) derived woody 
clades are relatively young in comparison with the 
age of the islands they inhabit (e.g. Lee et al., 2005; 
Kim et al., 2008; Nürk et al., 2019; Frankiewicz et al., 
2020; Huysduynen et al., 2020). Additionally, one may 
speculate that the evolution of derived woodiness may 
be prohibited by young age of the clade itself, as it 
takes time to evolve a woody habit from an ancestral, 
herbaceous life form. However, although data on the 
age of derived woody species are scarce (Kim et al., 
2008; Nürk et al., 2019) and data on how quickly 
woody habit can evolve from a herbaceous ancestor 
are almost non-existent, it was shown that in Daucus 
bischoffii (J.A.Schmidt) Spalik & Banasiak (Daucinae, 
Apioideae, Apiaceae) the evolution of a treelet life 
form took only 130 000 years (Frankiewicz et al., 
2020). Simultaneously, experiments with the double 
soc1ful mutant of Arabidopsis thaliana (L.) Heynh. 
demonstrated that increased deposition of xylem 
may result from a knock-out of only two flowering-
time genes (Melzer et al., 2008; Lens, Smets & Melzer, 
2012b). Based on this, admittedly scarce, evidence, it 
does not seem likely that the evolutionary age alone 
is a preclusion for the evolution of derived woodiness. 
Second, intrinsic stem and wood anatomical traits 
might have prohibited the deposition of secondary 
xylem cylinder (e.g. reduction in cambial activity up 
to its complete loss) or precluded the development of 
greater stature (e.g. due to the presence of non-lignified 
fibres that do not provide sufficient mechanical 
support).

Taking advantage of the diversity of Apieae and 
the relatively small number of species allowing for 
thorough sampling, we tried to identify the factors that 
have influenced DR and habit shifts in the tribe with 
particular attention on secondary woodiness. First, 
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we conducted diversification rate analysis to identify 
clade(s) with elevated DR. We then reconstructed the 
biogeographical history of the tribe and the evolution 
of habit. Comparing these results with the DR analysis 
allowed us to speculate whether intrinsic (life form 
and history) or extrinsic (biogeographical) factors 
most probably shaped DR in Apieae. Second, we 
studied wood anatomy of derived woody Deverra and 
selected continental and insular herbaceous species 
and estimated their ages. In this way, we were able 
to assess if the scarcity of derived woody life forms in 
insular Apieae is likely to be the result of anatomical 
constraints or whether it may be an effect of external 
factors (e.g. late arrival to their current location leading 
to ecological limitations). Additionally, we addressed 
the problem of a high number of monotypic genera in 
Apieae, and we propose a simplified classification.

MATERIAL AND METHODS

Molecular data

The present study included 41 of 46 currently 
recognized species of Apieae (Apioideae, Apiaceae) 
and two outgroups (Jiménez-Mejías & Vargas, 2015; 
Plunkett et al., 2018). Due to a lack of material for 
molecular studies, we omitted the following species: 
Ammi procerum Lowe, Anethum theurkauffii Maire, 
Apium larranagum M.Hiroe, Deverra reboudii Coss & 
Durieu and Stoibrax hanotei (Braun.-Blanq. & Maire) 
B.L.Burtt. The studied species were represented by 
122 molecular sequences of four markers: nuclear 
ribosomal DNA internal transcribed spacer (nrDNA 
ITS; 47 accessions), and plastid rpoC1 (16 accessions), 
rpl16 (20 accessions) and rps16 (39 accessions) introns. 
Eighty sequences were retrieved from GenBank, and 
42 were newly obtained (Supporting Information, 
Table S1). The two Canarian endemic species, Canaria 
tortuosa and Rutheopsis herbanica, were represented 
by three specimens each to assess their monophyly 
and a putative sister relationship. To obtain the new 
sequences, c. 20 mg of dried leaves from herbaria was 
used to isolate DNA with the DNeasy Plant Mini Kit 
(Qiagen, Venlo, the Netherlands). The chosen loci were 
amplified by PCR using previously developed protocols 
and primers (Banasiak et al., 2016; Khederzadeh et al., 
2017), Sanger sequencing was performed by Genomed 
S.A. (Warsaw, Poland), and the obtained reads were 
assembled using SeqMan Pro 13.0.2 (DNAStar, 
Madison, WI, USA). All newly generated sequences 
were deposited in GenBank (Table S1).

The sequences were aligned using the E-INS-i 
algorithm implemented in MAFFT 7.271 (Katoh & 
Standley, 2013). Primer and partial exon sequences 
flanking the non-coding regions were manually 

trimmed in Mesquite 3.51 (Maddison & Maddison, 
2019). Subsequently, the ‘automated1’ algorithm 
implemented in trimAl 1.2 (Capella-Gutiérrez, Silla-
Martínez & Gabaldón, 2009) was used to remove the 
ambiguously aligned positions. The congruence of 
nrDNA ITS and plastid DNA (pDNA) phylogenetic 
signals was checked using Concaterpillar 1.7.2 (Leigh 
et al., 2008). Although the incongruence between 
nuclear and plastid signals was significant with 
P = 0.03, the comparison of respective phylogenetic 
trees indicated that this incongruence was caused 
by the relative position of three taxa, Modesciadium 
P.Vargas & Jim.Mejías, Schoenoselinum Jim.Mejías 
& P.Vargas and Stoibrax Raf., and it concerned the 
tips of the tree rather than its backbone. Therefore, 
subsequent analyses were performed using the 
combined matrix. In the preliminary phylogenetic 
analyses, C.  tortuosa and R. herbanica were each 
monophyletic and sister taxa. Therefore, in the final 
analyses each of these species was represented by a 
single accession (#0599 and #0575, respectively).

Phylogenetic inference

The BIC metric implemented in PartitionFinder2 
(Lanfear et al., 2012) was used to choose the optimal 
partitioning scheme and nucleotide substitution model 
for this and subsequent analysis. The phylogenetic 
estimation was performed using the maximum 
likelihood (ML) method as implemented in RAxML 
8.2.4 (Stamatakis, 2014), and the Bayesian inference 
(BI) implemented in MrBayes 3.2.6 (Ronquist et al., 
2012). The Bayesian analysis was carried out for 100 
million generations with four Monte Carlo Markov 
chains sampled every 10  000 generations. Two 
independent runs were carried out for each analysis, 
the initial 25% of saved trees were discarded as burn-in 
and the remaining 15 000 trees were summarized in 
a 50% majority rule consensus tree. The convergence 
of the independent runs and the effective sample size 
(ESS) were checked using Tracer 1.7.1 (Rambaut et al., 
2018). For ML analyses, bootstrap support (BS) was 
estimated based on 1000 rapid bootstrap replicates.

Node calibration, ancestral state 
reconstruction and diversification rate 

estimation

The node calibration strategy followed Frankiewicz 
et  al. (2020). In brief, we used BEAST 1.10.4 
(Drummond & Rambaut, 2007) and chose a random 
local clock allowing for accommodation of the molecular 
evolution rate differences between short- (annual, 
biennial) and long-lived (perennial) lineages, a birth–
death speciation model, and we employed the results 
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of the analysis conducted with PartitionFinder2 
described earlier to select the optimal partitioning 
scheme and substitution model. We used three 
secondary calibration points representing nodes with 
posterior probability of 1.0 from the chronogram 
of subfamily Apioideae obtained by Banasiak et al. 
(2013). The chosen nodes represented the most recent 
common ancestors of Apieae, of Anethum graveolens 
L. and Deverra denudata (Viv.) Pfisterer & Podlech 
and of Ammi majus L.  and D. denudata. We ran 
two independent Markov chains for 100 million 
generations each, sampling every 10 000 generations 
and discarded the initial 25% of trees from each run 
as a burn-in. The remaining trees were summarized in 
a maximum clade credibility (MCC) tree. To check for 
eventual systematic bias in the secondary divergence 
estimation, we compared the median ages for all 
pairs of corresponding nodes between the trees of 
Banasiak et al. (2013) and this study, fitting the major 
axis with fixed zero intercept, i.e. optimizing only 
for the slope parameter, using the R package smatr 
(Warton et al., 2012). Naufraga balearica was located 
on a long branch in ML and Bayesian phylogenetic 
inferences. Therefore, we decided to perform the 
dating analysis twice. In the first run, we included all 
species (i.e. including N. balearica), and in the second 
run, N. balearica was excluded from the analysis. 
As such an omission could affect the tree topology, 
we decided to enforce the monophyly of the clade 
including Naufraga Constance & Cannon: Apium 
and a clade containing Anethum L., Foeniculum 
Mill., Pseudoridolfia Reduron, Mathez & S.R.Downie, 
Ridolfia Moris and Schoenoselinum (hereafter referred 
to as the Anethum alliance following Jiménez-Mejías 
& Vargas, 2015). The results of both runs were similar, 
but the analysis with N. balearica had a problem with 
reaching convergence, and the resulting stationary 
distribution was ‘chunky’, i.e. the analysis repeatedly 
stuck in numerous, distinct local optima. Moreover, all 
parameter estimates of the model with N. balearica 
had higher variance than their counterparts from the 
model without this species. It is best evidenced by 
the comparison of model likelihood variance (35.9 vs. 
54.4, without and with N. balearica, respectively) and 
its standard error (0.08 vs. 0.80, respectively). These 
results clearly show that N. balearica is an outlier 
in terms of molecular evolution rate that does not fit 
the model well, leading to the disturbance of model 
parameter estimation. Therefore, all subsequent 
analyses were carried out without this species.

The data on lifespan (0: annual; 1: biennial; 2: 
perennial), reproductive strategy (0: monocarpic; 
1: polycarpic) and life form (0: therophyte; 1: 
hemicryptophyte; 2: chamaephyte) were assessed 
based on herbarium specimens and the literature. 

Because there is no convincing evidence that the rate 
of morphological evolution is correlated with the rate 
of nucleotide substitution (Goloboff et al., 2019), we 
performed phylogenetic mapping of these characters 
with maximum parsimony (MP), which ignores branch 
lengths, and with ML using a chronogram. For MP, 
we employed the ‘pace’ function from the R package 
phangorn (Schliep, 2011) with ordered (Wagner) 
parsimony for lifespan and with unordered (Fitch) 
parsimony for reproductive strategy and life form. 
To perform ML ancestral state estimation, we used 
the ‘ace’ function from the R package ape (Paradis & 
Schliep, 2019) with the Akaike information criterion 
to select the best model of evolution for each trait from 
among three available ones (equal rates, symmetrical, 
all rates different). In the case of lifespan, a constraint 
of ordered evolution was applied before selection of the 
best fitting model.

We inferred diversification rates using the 
‘medusa’ function from the R package geiger (Alfaro 
et al., 2009; Pennell et al., 2014), which uses the 
Akaike information criterion to select for the best 
evolutionary model and, unlike other methods, detects 
abrupt rather than gradual changes in diversification 
rates. ‘Medusa’ allows us to account for incomplete 
sampling, but only when the precise locations of 
missing taxa on a phylogram are known. Based on 
their generic assignment, the five species missing in 
our chronogram are disposed evenly among the clades, 
but their precise location is not known. Therefore, we 
decided to exclude this information from the analyses. 
This probably lowered the DR for the whole tree, 
affecting all clades to a similar degree. Because we are 
interested in identifying branches with an elevated 
DR rather than estimating the value itself, such an 
approach is suitable.

Estimation of the biogeographical scenario

To infer the biogeographical scenario, we compiled 
the information about species distributions from 
the literature, herbarium specimens and online 
databases (Tutin, 1968; Davis, 1972; Townsend, 
1989; Feliner, Jury & Herrero, 2003; Euro+Med, 
2006; Dimopoulos et al., 2016). We used 13 areas 
that corresponded to Takhtajan’s floristic regions 
or well-demarcated geographical  areas (e.g. 
islands) with borders adjusted to the distribution 
of Apieae. This particularly concerned the division 
of the Mediterranean into five areas, because 
the distribution of Apieae in this region does not 
conform to the well-established split along the 
Italian Peninsula (Médail & Diadema, 2009; Fig. 1). 
The present-day ranges of four species (Ammi majus, 
Apium graveolens L., Foeniculum vulgare Mill. and 
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Ridolfia segetum Moris) are exceptionally wide and 
to some extent were affected by human introduction. 
Therefore, biogeographical analyses were carried 
out twice. In the first run, all present-day ranges 
of these species were used. In the second run, we 
confined their distributions to these reconstructed 
as ancestral in the first analysis.

The biogeographical analyses followed a dispersal-
extinction-cladogenesis (DEC) model and were 
performed using Lagrange v.20130526 (Ree & Smith, 
2008) with a configuration file created using an 
online tool (Ree, 2013). We employed the dated MCC 
tree with the outgroup pruned. Preliminary analyses 
showed that employing an adjacency matrix reflecting 
biologically feasible connections between the areas 
does not influence resolved areas to a considerable 
degree; therefore, in the final analysis we allowed for 
connections between all areas (Lagrange configuration 
file is available online, see Data Availability). LDD is 
stochastic in nature, and the factors playing a role 
in its occurrences are not well understood (Higgins, 
Nathan & Cain, 2003; Nathan, 2006). Therefore, 
estimating how much more likely short-distance 
dispersal (SDD) over LDD is poses a problem. 
Nevertheless, previous studies on apioids showed that 
dispersal in one hemisphere is much more common 
than between hemispheres (Banasiak et al., 2013). 
Additionally, Spalik et al. (2014) provided evidence 
that models constraining the probability of LDD over 
SDD better explain species distributions in Apiaceae 

tribe Oenantheae. To accommodate this uncertainty, 
we ran two analyses. One assumed that both types 
of dispersal are equally likely. In the other, dispersals 
between hemispheres were treated as ten times less 
likely than within the same hemisphere. The results 
of the analyses were almost identical. Because the 
model with constraints has more support in previous 
studies, the results from that model are presented 
here, and the configurational file and the results of the 
unconstrained model are available online.

Wood anatomical analyses

Fourteen species represented by 21 samples were 
considered for the wood anatomical study. Sampled 
taxa included seven species of shrubby Deverra, 
three herbaceous insular endemics (C. tortuosa and 
R. herbanica from the Canary Islands and Apium 
fernandezianum from the Juan Fernández Islands) 
and four herbaceous continental species [Ammi 
majus, Apium graveolens, Foeniculum vulgare 
and Petroselinum crispum (Mill.) Fuss.]. Details 
on wood anatomy of six species (Ammi majus, 
Apium graveolens, Deverra denudata, D. scoparia 
Coss. & Durieu, Foeniculum vulgare, Petroselinum 
crispum) were extracted from the Xylem Database 
(Schweingruber  & Lando l t ,  2010 ) , and  15 
samples representing ten species were obtained 
from herbaria (B, E, WU), cultivated material 
(Conservatoire botanique de Mulhouse, France) and 

A

B

C
D

E

G

F

Figure 1.  Schematic division of the Mediterranean and adjacent islands into seven areas used in the estimation of the 
biogeographical scenario: (A) Iberian Peninsula, (B) Mediterranean (north-western) Africa, (C) Saharo-Arabian region, (D) 
eastern Mediterranean, (E) northern Mediterranean, (F) the Canary Islands, and (G) the Azores. The remaining areas 
correspond to well-demarcated geographical areas (Australia, Juan Fernández, Madagascar, New Zealand, South Africa, 
South America) and are not shown.
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wild populations. Voucher specimens are listed in 
Supporting Information Table S1.

Thick basal stem samples were soaked in boiling 
water until they sank. They were then sectioned on 
a sledge microtome (SM2010R, Leica Biosystems, 
Wetzlar, Germany) to obtain 20–60-μm-thick 
transverse and longitudinal sections and stained 
with a 0.5% aqueous solution of safranin and 0.5% 
aqueous solution of alcian blue. Sections were 
dehydrated in ethanol solutions of increasing 
concentration, and then mounted in Euparal (Carl 
Roth, Karlsruhe, Germany). Samples too thin to be 
sectioned on a sledge microtome were fixed in 70% 
formalin-acetic acid-ethanol solution, embedded 
in Technovit 7100 resin (Kulzer, Hanau, Germany) 
and sectioned on a rotary microtome to obtain 
7–10-μm-thick transverse and longitudinal sections, 
which were stained with PAS reaction without 
dinitrophenylhydrazine (DNPH). Wood anatomical 
characters were examined using light microscopy 
following the IAWA list of microscopic features for 
hardwood identification (IAWA Committee, 1989). 
Pieces of wood were macerated following Franklin 
(1945) and vessel elements and fibres were then 
measured.

RESULTS

Phylogenetic relationships

Pursuant to the results of PartitionFinder2 the 
dataset was partitioned into ITS and plastid markers 
partitions and assigned the GTR+G substitution model 
for ML analysis, while for the Bayesian inference the 
dataset was not partitioned and assigned the GTR+I+G 
model (topological analysis) and GTR+I+G+X (node 
calibration).

The trees obtained in ML and Bayesian analyses 
were topologically congruent with previous studies 
(Spalik et al., 2010; Jiménez-Mejías & Vargas, 2015) 
and comprised five major clades: Stoibrax; the 
Anethum alliance; the Apium clade; Deverra; and the 
crown clade (Fig. 2). Stoibrax was resolved as a sister to 
the remaining clades. The Anethum alliance comprised 
five monospecific or oligospecific genera and included 
the cultivated species Foeniculum vulgare and 
Anethum graveolens. Apium was sister to monospecific 
Naufraga that was located on an exceptionally long 
branch. In Apium, two clades were resolved: the first 
consisted of European Apium graveolens and southern 
African Apium decumbens Eckl. & Zeyh., and the 
second clade comprised the remaining congeners from 
the Southern Hemisphere (hereafter referred to as 
the Southern Hemisphere Apium clade). The support 
for the monophyly of Deverra was moderae with BS 

value of 76% and posterior probability (PP) of 0.8. The 
crown clade encompassed three subclades: Billburttia; 
Ammi; and the Petroselinum alliance. The last of these 
comprised five monospecific genera (Petroselinum Hill, 
Modesciadium, Sclerosciadium W.D.J.Koch ex DC., 
Rutheopsis A.Hansen & G.Kunkel and Canaria Jim.
Mejías & P.Vargas). The last two, both endemic to the 
Canary Islands, were resolved as sisters with short 
branches. Support for most backbone branches was 
high, except for the common ancestor of the Apium 
clade and the Anethum alliance (BS = 56%, PP < 0.5), 
and for the crown clade (BS = 71%, PP = 0.79).

Divergence time estimation and diversification 
rates

Prior and posterior age distributions of the three 
nodes selected as calibration points differed to varying 
degrees, although in all cases there was considerable 
overlap between the previous analysis and the present 
study (Fig. 3). The 95% confidence interval for the 
slope parameter of the major axis was 0.92–1.07; 
therefore, there is no evidence for the systematic bias 
in secondary divergence time estimates as compared 
to the primary calibration.

Our results are generally congruent with previous 
phylogenetic dating of Apieae by Fernández-Mazuecos 
et al. (2014), but their node age estimations had 
much broader 95% highest posterior density intervals 
(HPDs). The crown age of Apieae was estimated at 
13.79 Mya, with 95% HPD of 16.41–11.24 Mya. The 
last common ancestor of the Apium clade and the 
Anethum alliance lived 10.72 Mya, with 95% HPD of 
12.68–8.65 Mya. The stem age of Deverra was resolved 
at 9.86 Mya (95% HPD 11.66–8.08), and its two major 
clades diverged 9.17 Mya (95% HPD 11.07–7.41) and 
subsequently diversified c. 4.5 Mya. The other woody 
clade, Billburttia, originated at roughly the same 
time (9.00 Mya, 95% HPD 10.87–7.14). Assuming that 
vicariance immediately followed dispersal, the ages of 
the insular endemics are 1.82 Mya (95% HPD 2.65–
0.97) for Apium filiforme, 0.38 Mya (95% HPD 0.80–
0.05) for Apium fernandezianum, 1.33 Mya (95% HPD 
2.20–0.52) for Azorean Ammi and 3.39 Mya (95% HPD 
4.63–2.21) for Canarian Canaria and Rutheopsis, with 
a subsequent split into these two species c. 0.63 Mya 
(95% HPD 1.16–0.20).

The Akaike information criterion chose the Yule 
speciation model and retrieved a DR (net speciation) 
for Apieae as a whole equal to 0.22, with 0.15–0.31 
95% confidence intervals. The only shift in DR was 
detected for the Southern Hemisphere Apium clade (i.e. 
excluding Apium decumbens and Apium graveolens) 
with DR equal to 0.66 and 95% confidence interval of 
0.32–1.19.
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Ammi majus
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Anethum alliance

Deverra

outgroup

Stoibrax

the crown clade

southern 
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Figure 2.  Maximum likelihood tree inferred from combined sequences of nrDNA ITS and plastid DNA rpoC1, rpl16 and 
rps16 introns. Bootstrap support and posterior probability for nodes also found in the Bayesian majority-rule consensus 
tree are given along the branches. Major clades are bracketed. The scale bar represents the mean number of nucleotide 
substitution per site.
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Figure 3.  Maximum clade credibility tree summarizing Bayesian MCMC analyses of Apieae and outgroups using BEAST. 
Scatter plot represents the correlation between median ages of corresponding nodes in the primary (abscissa) and secondary 
(ordinate) calibrated trees. Violet lines (solid and dashed) represent the major axis with 95% confidence interval compared 
to blue line which represents that expected under an assumption of no systematic bias in age estimations. A, B and C denote 
the calibration points with the respective plots of prior (blue curves) and posterior (violet histograms) age distributions, 
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Reconstruction of the ancestral habit

When interpreting the reconstructions of lifespan, 
reproductive strategy and life form, it should 
be remembered that although changes in these 
traits were estimated separately, they are highly 
inter-related. Annuals and biennials are always 
monocarpic, whereas perennials may be monocarpic 
or polycarpic. Biennials and perennials cannot be 
therophytes, because the latter are always annual. 
However, annuals may survive winter as seeds 
(therophytes) or seedlings (hemicryptophytes). 
Chamaephytes (shrubs or subshrubs) are by 
definition perennial. Nevertheless, the evolution of 
lifespan, reproductive strategy and life form was 
highly homoplastic (Fig. 4).

The results of the ancestral state reconstruction 
varied depending on the chosen method (ML or MP). 
The most recent common ancestor of Apieae was 
resolved as a monocarpic biennial hemicryptophyte 
with MP, whereas in ML reconstruction the annual 
lifespan was most likely. In the Anethum alliance, ML 
and MP reconstructions were similar. In this clade, 
a shift from biennial hemicryptophyte to annual 
therophyte was inferred for a grade comprising 
Anethum , Pseudoridolf ia  and Ridolf ia  with 
subsequent lifespan prolongation in Foeniculum. 
The most recent common ancestor of Apium was 
inferred as a biennial monocarpic hemicryptophyte 
(both methods), and two independent shifts to annual 
therophytes in Apium annuum P.S.Short and Apium 
decumbens were reconstructed. In contrast, longer 
lifespan evolved twice: in the South American Apium 
clade (Apium filiforme, Apium australe Thouars, 
Apium panul Reiche, Apium chilense Hook. & 
Arn.) and in the Juan Fernández endemic Apium 
fernandezianum.

The evolution of habit in the crown clade and Deverra 
was homoplastic and the retrieved reconstructions 
were ambiguous for many internal nodes, particularly 
for the common ancestor of these two clades. 
Deverra and Billburttia form a grade of polycarpic 
chamaephytes, whereas the remaining species are 
monocarpic therophytes or hemicryptophytes. Ammi 
majus, the only continental representative of the genus 
and its first-diverging species, is annual, whereas the 

remaining species, which are endemic to the Azores, 
are biennial. Canaria and Rutheopsis, both endemic to 
the Canary Islands, are perennials in contrast to their 
continental relative, annual Sclerosciadium.

Biogeographical scenarios

The evolutionary history of Apieae mostly took place 
in the Mediterranean region with the exception of 
Apium, Billburttia and Deverra that also colonized 
the Southern Hemisphere. A full DEC reconstruction 
of the biogeographical history of Apieae is presented 
in Supporting Information Figure S1, and major 
dispersal events are indicated in Figure 3.

The western Mediterranean region (north-western 
Africa and the Iberian Peninsula) was resolved as the 
place of origin of Apieae. An exclusively Mediterranean 
African distribution was retained in the Anethum 
alliance until the ancestor of Ridolfia and Foeniculum 
broadened its range to include the Iberian Peninsula, 
where Foeniculum subsequently diversified (cf. 
Taxonomy of Apieae).

The ancestor of the Southern Hemisphere Apium 
clade dispersed from Mediterranean Africa to South 
America; an independent dispersal to southern Africa 
gave rise to Apium decumbens. The South American 
lineage diversified into five continental species and 
subsequently colonized Australia and, independently, 
New Zealand. Apium fernandezianum from the Juan 
Fernández Islands is probably of Australian rather 
than South American origin.

Deverra  originated and diversif ied in the 
Mediterranean (north-western) Africa, where most 
of its species still occur. One branch broadened its 
range to include southern Africa and subsequently 
diversified. A dispersal from the Mediterranean Africa 
to Madagascar gave rise to the common ancestor of 
Billburttia.

The common ancestor of Ammi occurred in the 
western Mediterranean, from where it dispersed to the 
Azores. Nowadays, Ammi majus is the only continental 
species, and in the Azores its three congeners speciated 
sympatrically. A dispersal from north-western Africa 
to the Canary Islands was retrieved for the common 
ancestor of Rutheopsis and Canaria.

whereas pink histograms represent posterior age distributions for the calibration points from the previous study (Banasiak 
et al., 2013), which were used to calculate parameters for priors. Violet bars represent 95% highest posterior density intervals 
for age distributions. Red dots denote dispersal to the islands, yellow dots denote long-distance dispersal events, and the 
black dot represents the age of Deverra. Red branches were reconstructed as having a diversification rate significantly 
higher than the background value for the whole tree, and the red letter M denotes the node with enforced monophyletism. 
For clarity, only posterior probability values < 1.0 are shown. Insular endemics are in bold type, and derived woody taxa are 
marked with asterisks. The time scale is in millions of years.
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General observations on wood anatomy of 
Apieae

These observations were based on our original data 
for Apium fernandezianum, C. tortuosa, R. herbanica 
and Deverra spp. compared with four species (Ammi 

majus, Apium graveolens, Foeniculum vulgare and 
Petroselinum crispum) from the Xylem Database. The 
two species of Deverra, D. denudata and D. scoparia, 
were included in our data and in the literature: 
regardless of the source, their wood tissues were much 

Figure 4.  Evolution of lifespan, reproductive strategy and life form reconstructed using maximum parsimony (branch 
colours) and maximum likelihood estimates (pie charts show relative likelihoods). The all rates different (ARD) model was 
chosen as the best fit for evolution of lifespan, the equal rates/symmetrical (ER/SYM) model was chosen for reproductive 
strategy, and the symmetrical (SYM) model was chosen for life form.
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alike and detailed descriptions based on the original 
material are given in the next section.

Species included in the anatomical study are 
commonly divided into herbaceous (Ammi majus, 
Apium fernandezianum, Apium graveolens, C. tortuosa, 
P. crispum), woody (Deverra spp.) and intermediate 
forms (F. vulgare). However, anatomical traits do 
not allow for a clear distinction among these groups: 
all studied species deposit a continuous cylinder of 
secondary xylem. In Apium graveolens, P. crispum and 
R. herbanica, the wood cylinder comprises two zones 
(inner, devoid of fibres and instead with pervasive 
parenchyma; and outer, in which the ground tissue 
is composed of libriform fibres); in the remaining 
species, the wood cylinder cannot be subdivided into 
such zones and the ground tissue is made of fibres. 
In Apium fernandezianum, the shape of the vascular 
bundle is retained through its secondary growth 
(similarly to Apium graveolens from the Xylem 
Database), and narrow portions of xylem between 
them (i.e. prolongations of medullary rays) are 
sometimes lignified. In C. tortuosa, the proportions are 
inverted: the zones of secondary xylem that developed 
as prolongations of medullary rays are broad and 
lignified, and parenchymatous sheaths are present 
along borders of these areas. A similar condition was 
reported in Billburttia (Rakotondandrasana et al., 
2017), and prominent lignification of the medullary 
rays was also present in three Deverra spp. Although 
most samples were obtained from the same height 
(i.e. base of the main stem), the radius of the xylem 
cylinder was distinctly narrower in the herbaceous 
species (from 0.17 mm in Apium fernandezianum and 
0.60 mm in the closely related Apium graveolens to 
2.00 mm in P. crispum and 2.20 mm in Ammi majus 
from the same clade) than in F. vulgare (6.00 mm) and in 
woody Deverra (commonly > 5.00 mm, up to 12.00 mm 
in D. scoparia from the Xylem Database). Growth ring 
boundaries were observed in Deverra and F. vulgare. 
Wood is diffuse-porous, with a tendency to semi-ring-
porosity in some Deverra spp. (including D. denudata 
and D. scoparia from the Xylem Database). No distinct 
pattern of vessel disposition was observed in any of the 
studied species. In Deverra, a weak tendency towards a 
dendritic pattern is present. In the remaining species, 
vessels are often solitary or in small, radial multiples. 
Perforation plates are exclusively simple. Intervessel 
pitting is mostly alternate, opposite or transitional 
between these two types. In Apium fernandezianum, 
Ammi majus, F. vulgare and P. crispum, scalariform 
pitting is additionally present. Vessels are mostly 
narrow and numerous to very numerous, whereas 
vessel elements are universally short (based on original 
material as such data are missing for the species from 
the Xylem Database).

The libriform fibres in herbaceous species and 
F. vulgare are thin- or thin- to thick-walled, whereas 
in Deverra they are thin- to thick- or very thick-walled. 
Fibre length is similar in both groups (in our material).

Axial parenchyma is scanty paratracheal, and 
also vasicentric in Deverra, Ammi majus and Apium 
fernandezianum. Canaria tortuosa and R. herbanica 
lack axial parenchyma completely. In Apium 
fernandezianum and C. tortuosa the only structures 
corresponding to rays are areas formed as prolongations 
of medullary rays, whereas narrow, newly formed rays 
are absent. In the remaining species, ray width varies 
from uni- to decaseriate. Rays are composed of upright 
and square cells in Ammi majus, Apium graveolens 
and R. herbanica. In F. vulgare, all ray cells are 
procumbent, whereas in P. crispum and Deverra spp. 
rays are heterogeneous.

Generally, observed differences in wood structure 
between woody and herbaceous Apieae come down to 
the ‘degree of woodiness’ (i.e. how thick a secondary 
xylem cylinder is) and particular traits of libriform 
fibres (mostly thicker in Deverra spp. and thinner 
in herbaceous taxa). Other observed dissimilarities 
most probably resulted from the young age of 
sampled specimens and the short lifespan of some 
species (e.g. lack of growth ring boundaries, radial 
disposition of vessels, rays composed of upright cells 
in selected herbaceous species). We did not observe 
any qualitative wood traits that could differentiate 
between ‘herbaceous’ and ‘woody’ groups.

Wood anatomy of Deverra

Wood descriptions of Deverra are based on samples of 
D. aphylla DC., D. burchellii Eckl. & Zeyh., D. denudata, 
D.  juncea Ball, D.  scoparia, D.  tortuosa DC.  and 
D. triradiata Hochst. ex Boiss. (Fig. 5A–F). Growth 
ring boundaries are indistinct (D. aphylla #1710, 
D. burchellii #2156, D. triradiata #1707) to distinct 
(remaining samples, including a second sample of 
D. burchellii #2336) and marked with either bands of 
weakly lignified fibres stained with alcian blue instead 
of safranin (three to six cells thick in D. burchellii), 
bands of marginal parenchyma [roughly tetraseriate 
in D. denudata; uni- or biseriate (or triseriate) in 
D. scoparia and D. tortuosa], broader bands of pervasive 
axial parenchyma (D. tortuosa, D. aphylla #1710; Fig. 
5A), difference in the radial size of fibres (D. aphylla) 
or transition from thicker- in latewood to thinner-
walled fibres in earlywood (D. juncea; D. triradiata; 
D. scoparia; wood measurement matrix is available 
online, see Data Availability below). Wood is diffuse-
porous with vessels disposed in radial multiples, 
clusters and partly solitary; in certain species with 
vague dendritic pattern (D. burchellii, disappearing 
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Figure 5.  Transverse (A–D, G), radial (E, H) and tangential (F) wood sections of representative species of Apieae. A, 
Deverra tortuosa: locally abundant axial parenchyma. B, Deverra aphylla: early secondary xylem without or with only very 
weak lignification of medullary rays. C, Deverra triradiata: early secondary xylem with prominent lignification of medullary 
rays. D, Deverra scoparia: diffuse-porous wood with bands of axial parenchyma. E, Deverra tortuosa: multiple rays composed 
mostly of procumbent cells. F, Deverra scoparia: short vessel elements with exclusively simple perforation plates, multiple 
multiseriate rays and a few uniseriate rays. G, Rutheopsis herbanica: early secondary xylem; the dashed line demarcates 
inner, parenchymatous wood from outer, fibrous wood. H, Canaria tortuosa (from left to right): pith, primary and secondary 
xylem stained in green, and bark.
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towards outside; D. aphylla; D. scoparia; D. tortuosa; 
D. triradiata; Fig. 5B–D). In D. juncea, a tendency to 
semi-ring-porosity was observed. Vessels are angular 
(to rounded in D. aphylla and D. juncea), very narrow 
(mean tangential diameter ≤ 20 µm), very numerous 
(in all cases mean number of vessels mm−2 exceeded 
250) and their mean length is ≤ 200 µm (except for 
D. aphylla where mean length is 245 µm). Mean vessel 
wall thickness spans 2–3 µm. Perforation plates are 
always simple (Fig. 5E). Intervessel pitting is mostly 
alternate, but opposite and transitional pitting is also 
present. In D. juncea, D. scoparia, D. tortuosa and 
D. triradiata, rare scalariform pits were also observed. 
Intervessel pit borders are circular to oval and also 
polygonal in D. burchellii (sometimes), D. denudata 
(often), D. juncea (rarely) and D. tortuosa (very rarely); 
in D. juncea, they are clearly bordered. Mean vertical 
pit diameter is 2.9–4.3 µm, and maximal pit diameter 
is >  4.0  µm in all species (up to 6.1  µm), except 
D. juncea where pit diameter is ≤ 3.7 µm. Pit apertures 
are slit-like. Vessel-axial parenchyma and vessel-ray 
pitting is similar to intervessel pitting with clearly 
reduced borders or is simple, except for D. scoparia, 
D. triradiata and D. tortuosa, in which it is distinctly 
bordered; in the last species, it is sometimes palisade, 
but mostly opposite to scalariform.

Libriform fibres are non-septate and thin- to thick-
walled (D. burchellii, D. juncea, D. scoparia, in which 
fibre wall thickness marks the growth ring boundary, 
D. tortuosa), thick- to very thick-walled (D. aphylla) or 
solely very thick-walled (D. denudata). In D. triradiata, 
fibres are very thick-walled in the first growth ring 
(especially towards latewood) and thin- to thick-walled 
in the second and third. Mean fibre length spans 241–
346 µm and their mean wall thickness is 1.6 µm in 
D. juncea, c. 2.5 µm in D. scoparia and D. tortuosa, and 
3.2–3.7 µm in the remaining species.

Axial parenchyma is scanty paratracheal in strands 
of: one to three cells (D. burchellii), three or four cells 
(D. denudata), (two to) five or six cells (D. aphylla), 
two or three cells (D. juncea), and two or four cells 
(D. triradiata). Vasicentric axial parenchyma in uni- or 
biseriate sheaths near the vessels and vessel groups 
is present in D. triradiata, D. scoparia, D. aphylla 
and D. denudata. Interrupted uni- to triseriate bands 
of axial parenchyma occur in D. scoparia; uni- to 
triseriate (or tetraseriate) marginal bands are found 
also in D. denudata and D. tortuosa. In D. aphylla and 
D. tortuosa, wide bands (about five to 25 cells) of axial 
parenchyma devoid of vessels occur (Fig. 5A, D).

Prominent lignification of medullary rays at the 
beginning of secondary xylem formation was observed 
in D. denudata, D. scoparia and D. triradiata (Fig. 
5B, C). Rays are uni- and multiseriate 3.9(–6.0) cells 
wide, up to 7.6 mm−1, in D. burchellii, in which they 
are lignified in the inner portion of the stem, and 

become simultaneously unlignified towards the outer 
part. Ray cells are mostly square with some upright 
ones also present. In D. denudata, rays do not start at 
the pith, so the first formed rays are separated from it 
by a thick layer of thick-walled fibres. In this species, 
rays are mostly or exclusively multiseriate, composed 
of upright and square cells with some procumbent 
ones intermixed. They could not be measured as the 
rays in tangential longitudinal sections were distorted 
to a large degree. In D. aphylla, rays are uni- and 
multiseriate 4.8(–8.0) cells wide; multiseriate rays 
are of two distinct sizes and 7.2 mm−1. The tallest rays 
exceeded the length of the section (> 1 mm). They are 
composed mostly of upright and square cells with some 
procumbent ones intermixed throughout the ray body. 
Multiseriate ray cells are lignified in the inner portion 
of the stem, and towards the outer part of the stem ray 
cell walls are non-lignified. In some cases, lignification 
occurs also in outermost regions meaning that the 
ray is composed of lignified–non-lignified–lignified 
regions. In D. juncea rays are uni-, bi- and triseriate 
and composed mostly of upright and square cells 
with very rare procumbent ones. In D. scoparia (11.1 
rays mm−1; multiseriate rays are 3.6 (-6.0) cells wide; 
Fig. 5F), D. tortuosa (5.3 mm−1; multiseriate rays are 
3.4 (-11.0) cells wide) and D. triradiata (5.8–8.3 mm−1; 
multiseriate rays are 3.9(-7.0) cells wide), multiseriate 
rays consist of procumbent cells occasionally 
mixed with square ones, whereas uniseriate rays 
are mostly composed of square cells (D. scoparia), 
exclusively upright (D. tortuosa) or square to upright 
(D. triradiata). Rare secretory canals are present in 
D. burchellii and D. tortuosa.

Wood anatomy of herbaceous insular endemics 
(Apium fernandezianum, Canaria tortuosa, 

Rutheopsis herbanica)

In all samples, a continuous, a very narrow ring 
of secondary xylem (c. 0.17  mm wide in Apium 
fernandezianum, c. 0.24  mm in C.  tortuosa and 
1.15 mm in R. herbanica) is present. In R. herbanica, 
the ring of wood consists of two regions: an inner 
region with pervasive parenchyma as ground tissue 
and an outer fibrous region (Fig. 5G). In the other 
two species, the secondary xylem ring consists of the 
portions of radially extended vascular bundles and 
medullary rays found at the beginning of activity of 
the vascular cambium. In C. tortuosa, the extensions 
of medullary rays are broad (about ten- to 40-seriate), 
almost vesselless, and they consist mostly of fibres 
with lignified walls. These extensions are lined with 
inconspicuous (uni- to triseriate) parenchymatous 
sheaths along their borders. In contrast, the extensions 
of medullary rays in Apium fernandezianum are 
narrow (bi- to hexaseriate) and they consist mostly 
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of parenchymatous cells, occasionally with lignified 
walls. Growth rings are absent, but in R. herbanica, 
the outer region of the secondary xylem ring is 
distinctive from the middle and innermost regions in 
the presence of thicker walled libriform fibres. Wood 
is diffuse-porous. Vessels are partly solitary (13–24%), 
partly in small clusters; in all species, radial multiples 
(a result of the young age of plants) are well seen, 
especially in Apium fernandezianum and C. tortuosa; 
in the latter, radial multiples are often direct 
prolongations of primary bundles. Vessels are circular 
to oval (Fig. 5G), rounded in Apium fernandezianum or 
slightly angular in other species, very narrow (mean 
tangential diameter < 24 µm) and numerous (mean 
number of vessels is 75–118 mm−2; not measured 
in Apium fernandezianum due to narrowness of 
the xylem cylinder). Mean vessel wall thickness is 
2.7–3.1 µm. Mean vessel element length spans 174–
243 µm and perforation plates are exclusively simple. 
Intervessel pits are circular to oval, 3.2–4.3 µm wide 
in vertical diameter, alternate in C. tortuosa (Fig. 5H) 
and opposite to alternate with transitional forms in 
other species; scalariform pitting was rarely observed 
in Apium fernandezianum (in this species, all pits 
are clearly bordered), and in R. herbanica vessels 
embedded in the inner, parenchymatous region have 
scalariform pitting. Apertures are lens-like, sometimes 
wide. Vessel-axial parenchyma pitting in Apium 
fernandezianum is similar to intervessel pitting with 
slightly reduced borders, but in the remaining species 
this character could not be assessed. Vessel-ray pitting 
was evaluated only for R. herbanica and it is similar to 
intervessel pits with clear borders.

Libriform fibres are thin-walled in R. herbanica 
and thin- to thick-walled in other species; they are 
non-septate in C. tortuosa (Fig. 5H), often septate 
in R. herbanica and sometimes nucleated in Apium 
fernandezianum. Mean fibre length spans 238–445 µm 
and mean fibre wall thickness is 1.7–2.4 µm.

Axial parenchyma is scanty paratracheal in strands 
of two or three cells in Apium fernandezianum, and 
absent in the remaining species. In R. herbanica, rays 
are uni- and multiseriate, composed mostly of upright 
cells; in the remaining species the only structures 
corresponding to rays are areas developed as 
prolongations of medullary rays (as described above), 
while narrow, newly formed rays are absent.

DISCUSSION

Biogeography and diversification of Apieae

Apium consists of two main clades: the first one is 
formed only by Mediterranean Apium graveolens and 
southern African Apium decumbens, whereas the 

remaining species group in what we refer to as the 
Southern Hemisphere Apium clade (Fig. 2). For this 
genus, the biogeographical analyses reconstructed two 
independent dispersal events from the Mediterranean 
to the Southern Hemisphere: one to southern Africa 
(for the ancestor of Apium decumbens) and the other 
one to South America (for the common ancestor of the 
Southern Hemisphere Apium clade). These results 
are congruent with scenarios postulated in previous 
biogeographical analyses of Apium (Spalik et al., 2010). 
The only clade resolved as having higher DR than 
the background value was the Southern Hemisphere 
Apium clade. It diversified in South America and 
subsequently dispersed westwards to New Zealand 
and Australia, from where it colonized the Juan 
Fernández Islands (Fig. 3). The fruits of Apium are 
smooth and do not have any obvious adaptations to 
LDD. However, most Apium spp. are plants of coastal 
habitats, and seabirds seem to be most efficient 
dispersal agents on oceanic islands (Magnússon et al., 
2014). This is further supported by the recent review of 
Juan Fernández flora by Bernardello et al. (2006), who 
concluded that bird zoochory is the major way that 
new species reach the archipelago, and that Australia 
is the third largest source of its indigenous species.

Explanations of an elevated DR in certain lineages 
may involve intrinsic clade traits (e.g. life form and 
life history or adaptive morphological novelties) and 
extrinsic factors (particularly colonization of new areas 
and niches following LDD; Kisel et al., 2011; Fattorini 
et al., 2017). A number of studies have shown that 
dispersal into new areas is the key factor leading to a 
higher DR (e.g. Moore & Donoghue, 2007; Uribe-Convers 
& Tank, 2015; Simões et al., 2016), especially in groups 
with no obvious morphological innovations (e.g. the 
Southern Hemisphere Apium clade). Arrival to a new 
area could result in a higher diversification rate of the 
successful immigrant due to the isolation by distance 
of its populations at the extremes of its geographical 
range and due to the habitat diversity of the colonized 
area promoting adaptive radiation. A broader range 
may also mitigate, to some degree, extinction caused 
by local environmental changes, because dispersal 
might salvage a species from extirpation when it 
goes extinct in its ancestral area (Kisel et al., 2011; 
Fattorini et al., 2017). The evolutionary history of the 
Southern Hemisphere Apium clade indeed includes 
multiple LDD and speciation events with a limited 
morphological change.

Intrinsic factors, on the other hand, do not seem 
to influence DR in Apieae as evidenced by the 
fact that clades of high lifespan and reproductive 
strategy diversity (e.g. the Anethum alliance) and 
exceptionally homogeneous clades (e.g. Deverra) 
have DR values that do not significantly differ from 
the background DR. An often-evoked hypothesis 
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(Smith & Beaulieu, 2009; García-Verdugo et al., 
2014; Boucher et al., 2017) assuming that herbaceous 
plants have shorter lifespans and a pronounced 
r strategy promoting a higher rate of molecular 
evolution does not seem to pertain to Apieae because, 
apart from Apium, herbaceous and woody clades 
diversify at similar rates. Therefore, we suppose that 
the extrinsic factors, namely dispersification sensu 
Moore & Donoghue (2007), rather than the intrinsic 
properties of Apium are responsible for the elevated 
net speciation rate in its Southern Hemisphere 
clade. The two derived woody genera (Billburttia and 
Deverra) have DR values similar to the rest of the 
tribe, suggesting that higher net speciation observed 
in selected insular woody clades (Nürk et al., 2019) 
may be a result of arrival in new areas and not a 
habit shift itself.

Evolution of derived woodiness

The distinction between herbaceous and woody species 
is not straightforward as virtually all non-monocot 
angiosperms deposit at least some secondary xylem: 
it is the amount of deposited wood, not its presence 
or absence, which differentiates them (e.g. Kidner 
et al., 2015). With minor exceptions, larger life form 
is paralleled by the deposition of a greater amount of 
secondary wood. Therefore, we refer to the therophytes 
and hemicryptophytes as herbaceous, and treat 
chamaephytes as woody as we did in our previous study 
of secondarily woody Apiaceae belonging to subtribe 
Daucinae (Frankiewicz et al., 2020). Nevertheless, 
a binary distinction between woody and herbaceous 
habits is problematic in Apieae because their xylem 
traits are similar. Also, the wood anatomy of the 
studied insular endemics (Apium fernandezianum, 
C. tortuosa and R. herbanica) was not qualitatively 
distinct from other studied taxa. Simultaneously, 
reconstruction of the ancestral habit (Fig. 4) showed 
that the woody life form evolved either once in the 
common ancestor of Deverra and Billburttia and 
was subsequently lost or it evolved independently 
in these two closely related clades. This suggests a 
considerable lability of life form in Apieae similarly to 
some other lineages of Apiaceae, including southern 
African protoapioids (Calviño et al., 2006; Magee et al., 
2010), Bupleureae (Stepanova & Oskolski, 2010) and 
Daucinae (Frankiewicz et al., 2020). Habit lability, as 
exemplified by numerous shifts from herbaceous to 
woody life forms (derived woodiness) in closely related 
taxa, has been documented in multiple plant families 
(e.g. Böhle, Hilger & Martin, 1996; Lens et al., 2012a; 
Kidner et al., 2015; Gehrke, Kandziora & Pirie, 2016; 
Neupane et al., 2017). These studies also suggest that 
usually there are no intrinsic, anatomical constraints 
(e.g. lack of cambium) precluding the evolution of 

derived woodiness and that the evolution of woodiness 
(or lack thereof) should rather be seen in terms of 
external spurs or constraints.

Of the two shrubby genera in Apieae, Deverra is found 
in northern Africa and the Saharo-Arabian region, 
often in deserts (Chrtek, Osbornova & Sourkova, 1984). 
The molecular estimate of its age (9.86 Mya, 95% 
HPD 11.66–8.08) corresponds with the aridification of 
northern Africa and the onset of the Sahara desert in 
the Tortonian stage (11–7 Mya) of the Late Miocene 
(Schuster et al., 2006; Zhang et al., 2014). Therefore, 
the evolution of woodiness as a mean counteracting 
cavitation is plausible (Huysduynen et al., 2020). It 
is also possible that this woody life form was later 
retained in Billburttia, as evidenced by marginally 
higher support for a single origin of woodiness in 
Apieae (ML analysis in Fig. 4). Alternatively, if the 
shrubby habit in Billburttia formed only after its 
dispersal to Madagascar, its woodiness might have 
been a by-product of the moderate climate. Billburttia 
occurs in high-elevation tropical mountains, habitats 
known to promote the evolution of derived woodiness 
regardless of water availability (Magee et al., 2009; 
Kidner et al., 2015; Rakotondandrasana et al., 2017; 
Nürk et al., 2019). These habitats in Madagascar 
are also home to four other genera of derived woody 
Apiaceae in tribe Heteromorpheae (Andriana B.-E.van 
Wyk, Cannaboides B.-E.van Wyk, Pseudocannaboides 
B.-E.van Wyk and Tana B.-E.van Wyk) (Van Wyk, 
Tilney & Winter, 1999).

The remaining insular endemic species in Apieae are 
herbaceous and much younger than Billburttia and 
also younger than the islands they populate. Apium 
filiforme from New Zealand is 1.82 Myr old (95% HPD 
2.61–0.19), the last common ancestor of Canarian 
C. tortuosa and R. herbanica lived 3.39 (4.62–2.21) 
Mya (the Canary islands are 20–1 Myr old), the last 
common ancestor of the Azorean Ammi lived 1.33 Mya 
(2.20–0.52; the Azores formed 8.0–0.3 Mya), and 
Apium fernandezianum from Robinson Crusoe Island 
(part of the Juan Fernández Islands) was resolved as 
0.38 Myr old (0.80–0.05; the archipelago is 4.2–3.8 Myr 
old; Fernández-Palacios et al., 2011; Rodrigues et al., 
2013; Lara et al., 2018).

As argued earlier, the young age of the clade alone 
is unlikely to preclude evolution of derived woodiness. 
Since the newcomers arrived at their current locations 
relatively recently, they probably faced complex local 
floras with few open ecological opportunities, and 
this could have impacted their ability to shift habits. 
All these species have a longer lifespan than their 
continental sister clades (Fig. 4). MP ancestral state 
reconstruction in Ammi implies that the biennial 
lifespan was ancestral and annual habit in Ammi 
majus is a derived condition, whereas ML provides 
only weak support for the ancestral annual habit and 
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its subsequent elongation. For the Canary Islands and 
the Juan Fernández Islands endemics, both methods 
point clearly to a lifespan elongation. However, 
lifespan prolongation occurred also in other lineages of 
Apieae (e.g. after dispersal to Australia in the common 
ancestor of Apium filiforme, Apium chilense, Apium 
panul and Apium australe or in Foeniculum) obscuring 
the possible relationship between longer lifespan and 
insular habitat.

Variation in the amount of axial parenchyma

Carlquist (2001a: 172) defined pervasive parenchyma 
as a ‘replacement of imperforate tracheary elements, 
such as libriform fibres, with axial parenchyma’. 
Although this trait is often associated with succulent 
habit (Gibson, 1973; Carlquist, 2001b, 2015), a large 
amount of parenchyma is not necessarily related to 
water retention. Daniel (1916) and Radkevich (1928) 
suggested that the presence of pervasive parenchyma 
may result from the development of leaf rosettes. These 
structures emerge through shortening of internodes, 
which in turn are in need of less mechanical support 
than their long counterparts, therefore allowing 
for the replacement of supportive fibres with less 
reinforcing parenchyma. This idea was further 
supported by Ko et al. (2004), who showed that the 
deposition of fibrous secondary xylem may be induced 
by mechanical stress. Ragni et al. (2011) showed 
that in plants with leaf rosettes (i.e. with shortened 
internodes) the fibres in wood appear only after 
flowering, whereas in related species without rosettes 
such a relationship was not observed. In our study of 
Daucinae (Frankiewicz et al., 2020), a clade of Apiaceae 
often characterized by the production of leaf rosettes, 
we noted a relationship between the stem anatomy 
and the reproductive strategy: in monocarpic annuals, 
secondary xylem consisted exclusively of fibrous 
wood, whereas in monocarpic biennials and polycarpic 
perennials, the xylem cylinder comprised an inner 
zone with pervasive parenchyma instead of fibres 
whereas the outer zone was fibrous. We speculated 
that this pattern may be explained by gibberellic acid 
affecting two processes: the shift from the vegetative 
to the generative phase and the deposition of fibres. 
In such a case, annuals which undergo the shift early 
in their lifetime deposit only fibrous wood, whereas 
in biennials and perennials the shift is postponed. 
Therefore, the deposition of fibres starts later, leading 
to the deposition of parenchymatous wood in earlier 
stages of plant development. Our hypothesis is 
supported by multiple studies showing that gibberellic 
acid plays role in both processes (e.g. Moritz et al., 
2000; Israelsson, Sundberg & Moritz, 2005; Mauriat 
& Moritz, 2009; Strabala & MacMillan, 2013;  

Ye & Zhong, 2015; Conti, 2017; Ragni & Greb, 2018) 
and also by recent evidence of the role of florigen in 
xylem maturation (Shalit-Kaneh et al., 2019).

Among the species considered for wood anatomy 
in the present study, pervasive parenchyma was 
observed in Apium graveolens, P.  crispum and 
R. herbanica, whereas Ammi majus, C. tortuosa and 
F. vulgare were devoid of it (due to the low quality 
of sections, we could not describe this trait in Apium 
fernandezianum). Five species conform to the pattern 
previously observed in Daucinae: Apium graveolens, 
P. crispum and R. herbanica form leaf rosettes and 
are either polycarpic perennials or monocarpic 
biennials, Ammi majus is a monocarpic annual and 
F. vulgare is a polycarpic perennial, but does not 
produce leaf rosettes. We did not observe pervasive 
parenchyma in one polycarpic perennial with a leaf 
rosette, C. tortuosa, although this condition is present 
in its sister species (R. herbanica) with a similar 
habit. It is possible that although both species are 
polycarpic, first flowering occurs earlier in Canaria 
than Rutheopsis, thus allowing for the deposition of 
only fibrous wood. However, this requires further 
examination.

Deverra is a polycarpic, perennial shrub without 
leaf rosettes, and under our assumptions it is expected 
to be devoid of pervasive parenchyma. Nevertheless, 
two species in this genus (D. aphylla and D. tortuosa) 
were shown to develop abundant axial parenchyma 
in wide bands. However, these parenchyma bands 
are distinctly different from the type observed in leaf 
rosette-bearing species: the bands never develop as an 
inner zone of secondary xylem cylinder, but instead 
they are embedded in the fibrous ground tissue. 
These parenchymatous bands lack vessels, suggesting 
that they are not directly derived from cambium, but 
rather develop through divisions of axial parenchyma. 
This is further supported by the fact that their cells 
do not form clear radial files. Therefore, in Apieae, the 
abundant parenchyma of at least two main types can 
be distinguished: (1) pervasive parenchyma associated 
with shortening of internodes and biennial/perennial 
habit; and (2) that observed in Deverra. There are at 
least three possible explanations of the occurrence of 
an abundant axial parenchyma in this genus.

The typical habit of Deverra is a shrub with 
numerous erect elongated shoots that arise from the 
woody caudex made of densely branched short basal 
shoots (Chrtek et al., 1984). Wide bands of axial 
parenchyma in the wood of their caudex may be formed 
in response to activation of epicormic buds responsible 
for production of lateral branches (Burrows, 2000; 
Meier, Saunders & Michler, 2012).

Abundant parenchyma may also be related to xylem 
wounding (e.g. Eyles, Davies & Mohammed, 2003). 
Typically, trauma stimulates cambial cell proliferation 
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leading to centripetal sealing of the wound, whereas 
xylem parenchyma remains inactive in this process. In 
Deverra locally banded parenchyma is most probably 
not derived directly from cambium, but rather forms 
through proliferation of wood parenchyma. Axial 
(mostly marginal) parenchyma divisions were observed 
in response to stem damage in Adansonia L. and 
Cavanillesia Ruiz & Pav. (Fisher, 1981) and to girdling 
in lianas (Dobbins & Fisher, 1986), and a similar 
mechanism fits the pattern observed in Deverra.

Finally, production of parenchyma bands in Deverra 
can be associated with ‘stem particulation’ (e.g. 
Barykina, 2000): the phenomenon of splitting of the 
stem in shrubs with a prominent taproot, usually from 
arid environments and attributed to the formation of 
a new plant. Although stem particulation has never 
been studied in Deverra, its habitat and conspicuous 
taproot make the presence of this process likely.

There is no obvious reason to favour one of these 
explanations above others, and it is possible that all 
three are involved in the formation of parenchymatous 
bands in Deverra. Nevertheless, the presence of 
epicormic traces seems least speculative in this highly 
branched shrub from the often stressful environments 
known to promote activity of epicormic buds (Chrtek 
et al., 1984; Meier et al., 2012).

Taxonomy of Apieae

Apieae were recently revised by Jiménez-Mejías & 
Vargas (2015), who revealed polyphyly of Anethum, 
Stoibrax and Seseli L. and introduced three generic 
names for the disparate members of these genera: 
Anethum foeniculoides  Maire & Wilczek was 
placed in Schoenoselinum, Stoibrax involucratum 
(Maire) B.L.Burtt was placed in Modesciadium, and 
Seseli webbii Coss. was transferred to Canaria (as 
C. tortuosa). Although this treatment restored the 
monophyly of the genera of Apieae, it resulted in an 
unwieldy over-splitting: with no more than 50 species, 
the tribe has as many as 15 genera with nine of 
them monospecific (ten with Rutheopsis, which was 
not included in the aforementioned study) and four 
containing two or three species each. The taxonomy 
of Apiaceae has long been inflated with small genera, 
and in the most recent treatment of the family, 40% 
of genera are monospecific (Plunkett et al., 2018). 
A monospecific genus is taxonomically uninformative 
and is better avoided unless it constitutes an isolated 
lineage with no close relatives or if its inclusion into 
the sister genus diffuses the definition of the latter 
(Spalik, Wojewódzka & Downie, 2001). Therefore, we 
propose a simplified treatment of the tribe.

Our analyses strongly support a close relationship 
between C. tortuosa and R. herbanica. Both species 
are endemic to the Canary Islands and are glabrous 

perennials with yellow flowers and glabrous, ovoid to 
oblong fruits with thickened ribs. Rutheopsis herbanica 
occurs only in Lanzarote and Fuerteventura, whereas 
C. tortuosa inhabits El Hierro, La Palma, La Gomera, 
Tenerife and Gran Canaria (Kunkel, 1991). Although 
these species differ somewhat in leaf division and 
the shape of the leaf lobes, they are morphologically 
similar. Therefore, Canaria was included in Rutheopsis 
in the most recent treatment of the family (Plunkett 
et al., 2018), although its only species has not been 
yet formally transferred. These two species form a 
sister clade to the Moroccan endemic Sclerosciadium 
nodiflorum Coss., and this closeness is corroborated 
by carpological characters (Jiménez-Mejías & Vargas, 
2015). However, this species differs notably from its 
Canarian relatives in its annual lifespan, white flowers 
and compact umbellets superficially similar to those 
of Oenanthe L. Therefore, we agree with Jiménez-
Mejías & Vargas (2015) that these two clades should 
be recognized as separate genera. Similarly, P. crispum 
and M. involucratum, which are sister species in our 
phylogenetic analyses, differ considerably in the 
presence of bracts, flower colour and fruit morphology 
(Jiménez-Mejías & Vargas, 2015), characters that are 
commonly used in taxonomic keys. Therefore, although 
an eventual inclusion of Modesciadium in Petroselinum 
could simplify the taxonomy of Apieae, it would not aid 
species identification.

The species forming the Anethum alliance are closely 
related based on molecular data and morphologically 
similar due to their upright and branched stems, 
conspicuous umbels with bright yellow flowers lacking 
an involucre or involucel (a rare feature in the family) 
and finely dissected leaves with linear lobes. In 
traditional classification systems of Apiaceae based 
on fruit characters, they were often placed in separate 
subdivisions (Reduron et al., 2009). However, two of 
its members that are now placed in separate genera 
were described in Anethum. These are Schoenoselinum 
foeniculoides (Maire & Wilczek) Jim.Mejías & 
P.Vargas (= Anethum foeniculoides Maire & Wilczek) 
and Foeniculum vulgare (= Anethum foeniculum L.) 
including subsp. piperitum (Ucria) Bég. (= Anethum 
piperitum Ucria). In fact, the latter sometimes includes 
plants with reddish flowers (Reduron, 2007), which 
are also diagnostic for the closely related Foeniculum 
sanguineum Triano & A.Pujadas; however, preliminary 
molecular analyses suggest that F. sanguineum should 
be retained as a separate species rather than included 
into Foeniculum vulgare subsp. piperitum (Pujadas 
Salvà et al., 2015). The close proximity of Anethum 
and Foeniculum was also recognized by Maire (1936) 
when describing his Anethum theurkauffii. He noted 
that this species exhibited characters intermediate 
between these two genera and therefore suggested the 
reinstatement of the Linnaean Anethum sensu lato.
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For Ridolfia segetum, a new name in Anethum is 
necessary because of the binomial Anethum segetum 
L.  that is synonymous by neotypification with 
Anethum graveolens (Jarvis et al., 2006). The name was 
commonly misapplied to R. segetum (e.g. de Candolle, 
1830), although Gussone (1827) clearly indicated some 
differences, particularly in fruit characters, between 
Meum segetum (L.) Guss. and Anethum segetum L.

TAXONOMIC TREATMENT

Rutheopsis A.Hansen & G.Kunkel, Cuad. Bot. 
Canaria 26–27: 61 (1976); = Canaria Jim.Mejías & 
P.Vargas, Phytotaxa 212(1): 73 (2015).

1. � Rutheopsis herbanica (Bolle) A.Hansen & 
G.Kunkel, Cuad. Bot. Canaria 26–27: 61 (1976).

2. � Rutheopsis  tortuosa  (Webb & Berthel . ) 
Frankiewicz, Reyes-Bet., Reduron & Spalik comb. 
nov.; basionym: Ferula tortuosa Webb & Berthel., 
Hist. Nat. Iles Canaries (Phytogr.) 3(2; 2): 161 
(1843); ≡ Foeniculum tortuosum (Webb & Berthel.) 
Benth. ex Christ, Bot. Jahrb. Syst. 6: 497 (1885); 
≡ Canaria tortuosa (Webb & Berthel.) Jim.Mejías 
& P.Vargas, Phytotaxa 212(1): 74 (2015); ≡ Seseli 
webbii Coss., Bull. Soc. Bot. France 3: 57 (1856), non 
Seseli tortuosum L., Sp. Pl. 1: 260 (1753).

Anethum L., Sp. Pl. 1: 263 (1753); = Foeniculum Mill., 
Gard. Dict. Abr., ed. 4. [513] (1754); = Schoenoselinum 
Jim.Mejías & P.Vargas, Phytotaxa 212(1): 75 
(2015); = Ridolfia Moris, Ind. Sem. Hort. Taur. 
(1841); Fl. Sard. ii. 212. t. 75 (1842); = Pseudoridolfia 
Reduron, Mathez & S.R.Downie, Acta Bot. Gallica 
156(3): 496 (2009).

1 .  Anethum graveolens  L. , Sp. Pl . 1 : 263 
(1753); = Anethum segetum L., Mant. Pl. Altera 219 
(1771).

2. � Anethum foeniculum L., Sp. Pl. 1: 263 (1753); ≡ 
Foeniculum vulgare Mill., Gard. Dict., ed. 8. n. 1 
(1768).
a. � Anethum foeniculum L. subsp. foeniculum
b. � Anethum foeniculum subsp. piperitum 

(Ucria) Reduron & Spalik, comb. nov.; basionym: 
Anetum piperitum Ucria, in Nuov. Racc. Opusc. 
Aut. Sicil. 6 (Pl. Linn. Op. Addend. & Secund. 
Linn.Syst.) 250 (1793).

3. � Anethum sanguineum (Triano & A.Pujadas) 
Spalik, Banasiak & Frankiewicz, comb. nov.; 
basionym: Foeniculum sanguineum Triano & 
A.Pujadas, Acta Bot. Malac. 40: 75 (2015); ≡ 
Foeniculum vulgare var. sanguineum (Triano & 
A.Pujadas) Reduron, Bull. Soc. Bot. Centre-Ouest 
49: 124 (2018).

4. � Anethum foeniculoides Maire & Wilczek, Bull. 
Soc. Hist. Nat. Afrique N. 27: 66, 225 (1936); ≡ 

Schoenoselinum foeniculoides (Maire & Wilczek) 
Jim.Mejías & P.Vargas, Phytotaxa 212(1): 76 (2015).

5. � Anethum theurkauffii Maire, Bull. Soc. Hist. Nat. 
Afrique N., 27: 226 (1936).

6. � Anethum ridolfia Spalik & Reduron, nom. nov., 
≡ Ridolfia segetum Moris, Ind. Sem. Hort. Taur. 
(1841); Fl. Sard. ii. 212. t. 75 (1842), non Anethum 
segetum L., Mant. Pl. Altera 219 (1771).

7. � Anethum fennanei  (Reduron, Mathez & 
S.R.Downie) Reduron & Spalik, comb. nov.; 
basionym: Pseudoridolfia fennanei Reduron, 
Mathez & S.R.Downie, Acta Bot. Gallica 156(3): 496 
(2009).

CONCLUSIONS

Apieae originated in the western Mediterranean, 
probably in north-western Africa, from where 
they dispersed to Macaronesia and the Southern 
Hemisphere. Apium experienced the most LDD events: 
twice from the Northern to the Southern Hemisphere, 
and subsequently from South America to Australia 
(and the Juan Fernández Islands), and, independently, 
to New Zealand. The Southern Hemisphere Apium 
clade has significantly higher diversification rates 
than the rest of the tribe. Simultaneously, clades 
that are morphologically diverse do not differ in net 
speciation rate from the morphologically homogeneous 
clades. Therefore, it is probable that LDD events, not 
morphological traits, have driven the increase in 
diversification rates in Apieae.

It is not clear whether derived woodiness evolved 
in Apieae once (in the common ancestor of Deverra 
and Billburttia) or twice (independently in these 
two genera). Nevertheless, its timing overlapped 
with the onset of desertification in northern Africa, 
and therefore it could have evolved as a response 
counteracting cavitation. There are no cases of typical 
insular woodiness in Apieae: most insular endemics 
are herbaceous, and Malagasy Billburttia might have 
evolved woodiness before arriving in Madagascar. At 
the same time, herbaceous representatives (continental 
and insular) do not differ in qualitative wood traits 
from woody representatives to any significant degree. 
Therefore, the evolution of secondary woodiness in 
these lineages may have been constrained by ecological 
opportunities (i.e. late arrival of these plants, when 
‘woody’ ecological niches were already occupied) rather 
than innate anatomical characters. Simultaneously, 
wood anatomy is probably affected by stem architecture 
and plant reproductive strategy: leaf rosette-bearing 
species with biennial/perennial habit tend to deposit 
wood composed of parenchymatous and fibrous zones, 
whereas annuals and species without leaf rosettes 
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have an exclusively fibrous xylem. This may be caused 
by a common developmental mechanism responsible 
for deposition of fibres and the shift from vegetative to 
generative phase.

ACKNOWLEDGEMENTS

We thank Devon Main (University of Johannesburg) 
for linguistic corrections, Jean-Georges Barth for 
information on Foeniculum growth habit, and Božo 
Frajman (the associate editor) and two anonymous 
reviewers for insightful comments. This work was 
supported by National Science Centre, Poland (grant 
no. 2015/19/B/NZ8/00163 to K.S.), University of 
Warsaw Integrated Development Programme (ZIP), 
co-funded by the European Social Fund (Operational 
Programme Knowledge Education Development 
2014–2020, path 3.5 to K.F.), the National Research 
Foundation of South Africa (incentive grant no. 
109531 to A.O.), the Russian Foundation for Basic 
research (grant no. 19-04-00714 to A.O.), the Komarov 
Botanical Institute (institutional research Project 
no. AAAA-А19-119030190018-1 to A.O.) and the 
University of Johannesburg (to K.F. and A.O.).

AUTHOR CONTRIBUTIONS

K.F.  prepared and analysed wood anatomical 
sections, gathered ecological and morphological 
data, performed analyses, and wrote the manuscript. 
Ł.B.  supervised the phylogenetic  study and 
reviewed the manuscript. A.O.  supervised wood 
anatomical analysis and reviewed the manuscript. 
J.-P.R.  provided plant material and taxonomic 
information, J.A.R.B.  collected samples in the 
field and provided information on their ecology. 
M.A. obtained new DNA sequences. P.T. obtained 
wood anatomical sections. K.S.  designed and 
supervised the study, contributed to the taxonomic 
treatment and edited the manuscript. The authors 
have no conflicts of interest to declare.

DATA AVAILABILITY

Materials are available online in FigShare: doi.
org/10.6084/m9.figshare.14045510 and consist of 
(1) matrices of molecular sequences before and 
after trimming, plastid and ITS consensus trees, 
chronogram, and morphological data matrix; (2) 
Lagrange configurational files with unconstrained 
and  constra ined  mode l ;  (3 )  the  resu l t s  o f 
biogeographical analysis with unconstrained model 

employed; (4) quantitative wood anatomical traits 
matrix; and (5) maximum likelihood phylogenetic 
tree with multiple C.  tortuosa and R. herbanica 
accessions.

REFERENCES

Adams DC, Berns CM, Kozak KH, Wiens JJ. 2009. Are 
rates of species diversification correlated with rates of 
morphological evolution? Proceedings of the Royal Society B: 
Biological Sciences 276: 2729–2738.

Alfaro ME, Santini F, Brock C, Alamillo H, Dornburg A, 
Rabosky DL, Carnevale G, Harmon LJ. 2009. Nine 
exceptional radiations plus high turnover explain species 
diversity in jawed vertebrates. Proceedings of the National 
Academy of Sciences of the United States of America 106: 
13410–13414.

Baldwin  BG, Sanderson  MJ. 1998. Age and rate of 
diversification of the Hawaiian silversword alliance 
(Compositae). Proceedings of the National Academy of 
Sciences of the United States of America 95: 9402–9406.

Banasiak  Ł, Piwczyński  M, Uliński  T, Downie  SR, 
Watson MF, Shakya B, Spalik K. 2013. Dispersal patterns 
in space and time: a case study of Apiaceae subfamily 
Apioideae. Journal of Biogeography 40: 1324–1335.

Banasiak Ł, Wojewódzka A, Baczyński J, Reduron JP, 
Piwczyński  M , Kurzyna-Młynik  R , Gutaker  R , 
Czarnocka-Cieciura A, Kosmala-Grzechnik S, Spalik K. 
2016. Phylogeny of Apiaceae subtribe Daucinae and the 
taxonomic delineation of its genera. Taxon 65: 563–585.

Barykina  RP.  2000. Particulation (in Russian). In: 
Batygina TB, ed. Embryology of flowering plants. Terminology 
and concepts. Vol. 3: Reproductive systems. St. Petersburg: 
World and Family, 306–310.

Bernardello G, Anderson GJ, Stuessy TF, Crawford DJ. 
2006. The angiosperm flora of the Archipelago Juan 
Fernández (Chile): origin and dispersal. Canadian Journal 
of Botany 84: 1266–1281.

Böhle UR, Hilger HH, Martin WF. 1996. Island colonization 
and evolution of the insular woody habit in Echium 
L. (Boraginaceae). Proceedings of the National Academy of 
Sciences of the United States of America 93: 11740–11745.

Boucher FC, Verboom GA, Musker S, Ellis AG. 2017. 
Plant size: a key determinant of diversification? The New 
Phytologist 216: 24–31.

Budd GE, Mann RP. 2018. History is written by the victors: 
the effect of the push of the past on the fossil record. Evolution 
72: 2276–2291.

Burrows GE. 2000. An anatomical study of epicormic bud 
strand structure in Eucalyptus cladocalyx (Myrtaceae). 
Australian Journal of Botany 48: 233–245.

Calviño CI, Tilney PM, Van Wyk BE, Downie SR. 2006. A 
molecular phylogenetic study of Southern African Apiaceae. 
American Journal of Botany 93: 1828–1847.

de Candolle AP. 1830. Prodromus systematis naturalis: regni 
vegetabilis. Vol. 4. Paris: Treuttel et Würtz.

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/198/1/1/6297956 by guest on 24 April 2024



DIVERSIFICATION IN APIEAE  21

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 198, 1–25

Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. 
2009. trimAl: a tool for automated alignment trimming 
in large-scale phylogenetic analyses. Bioinformatics 25: 
1972–1973.

Carlquist S. 1974. Island biology. New York: Columbia 
University Press.

Carlquist S. 2001a. Comparative wood anatomy. Systematic, 
ecological, and evolutionary aspects of dicotyledon wood. 
Berlin: Springer-Verlag.

Carlquist S. 2001b. Wood anatomy of the endemic woody 
Asteraceae of St Helena I: phyletic and ecological aspects. 
Botanical Journal of the Linnean Society 137: 197–210.

Carlquist S. 2015. Living cells in wood. 1. Absence, scarcity 
and histology of axial parenchyma as keys to function. 
Botanical Journal of the Linnean Society 177: 291–321.

Carlquist S. 2017. Vestured pits in Echium (Boraginaceae): 
island woodiness revisited. Aliso 35: 28–40.

Chrtek J, Osbornova J, Sourkova M. 1984. Notes on the 
genus Deverra (Umbelliferae). Preslia 56: 97–105.

Conti L. 2017. Hormonal control of the floral transition: can 
one catch them all? Developmental Biology 430: 288–301.

Cusimano N, Renner SS. 2010. Slowdowns in diversification 
rates from real phylogenies may not be real. Systematic 
Biology 59: 458–464.

Daniel  J. 1916. Les couches concentriques ligneuses 
secondaires chez les dicotylédones. Revue générale de 
Botanique 28: 97–115.

Davis PH, ed. 1972. Flora of Turkey and the East Aegean 
Islands, Vol. 4. Edinburgh: Edinburgh University Press.

Dimopoulos P, Raus T, Bergmeier E, Constantinidis T, 
Iatrou G, Kokkini S, Strid A, Tzanoudakis D. 2016. 
Vascular plants of Greece: an annotated checklist. 
Supplement. Willdenowia 46: 301–347.

Dobbins DR, Fisher JB. 1986. Wound responses in girdled 
stems of lianas. Botanical Gazette 147: 278–289.

Dodd ME, Silvertown J, Chase MW. 1999. Phylogenetic 
analysis of trait evolution and species diversity variation 
among angiosperm families. Evolution 53: 732–744.

Donoghue MJ. 2005. Key innovations, convergence, and 
success: macroevolutionary lessons from plant phylogeny. 
Paleobiology 31: 77–93.

Dória LC, Meijs C, Podadera DS, del Arco M, Smets E, 
Delzon S, Lens F. 2019. Embolism resistance in stems 
of herbaceous Brassicaceae and Asteraceae is linked to 
differences in woodiness and precipitation. Annals of Botany 
124: 1–14.

Dória  LC, Podadera  DS, del  Arco  M, Chauvin  T, 
Smets E, Delzon S, Lens F. 2018. Insular woody daisies 
(Argyranthemum, Asteraceae) are more resistant to drought-
induced hydraulic failure than their herbaceous relatives. 
Functional Ecology 32: 1467–1478.

Downie SR, Spalik K, Katz-Downie DS, Reduron JP. 
2010. Major clades within Apiaceae subfamily Apioideae as 
inferred by phylogenetic analysis of nrDNA ITS sequences. 
Plant Diversity and Evolution 128: 111–136.

Drummond  AJ, Rambaut  A. 2007. BEAST: Bayesian 
evolutionary analysis by sampling trees. BMC Evolutionary 
Biology 7: 214.

Dulin MW, Kirchoff BK. 2010. Paedomorphosis, secondary 
woodiness, and insular woodiness in plants. Botanical 
Review 76: 405–490.

Euro+Med. 2006. Euro+Med PlantBase – the information 
resource for Euro-Mediterranean plant diversity. Available 
at: http://ww2.bgbm.org/EuroPlusMed/.

Eyles A, Davies NW, Mohammed C. 2003. Wound wood 
formation in Eucalyptus globulus and Eucalyptus nitens: 
anatomy and chemistry. Canadian Journal of Forest 
Research 33: 2331–2339.

Fattorini S, Borges PAV, Dapporto L,Strona G. 2017. 
What can the parameters of the species–area relationship 
(SAR) tell us? Insights from Mediterranean islands. Journal 
of Biogeography 44: 1018–1028.

Feliner N, Jury SI, Herrero A. 2003. Flora Iberica Plantas 
vasculares de la Peninsula Iberica e Islas Baleares. Vol. X: 
Araliaceae–Umbelliferae. Madrid: Real Jardin Botanico, 
CSIC.

Fernández-Mazuecos M, Jiménez-Mejías P, Rotllan-
Puig X, Vargas P. 2014. Narrow endemics to Mediterranean 
islands: moderate genetic diversity but narrow climatic niche 
of the ancient, critically endangered Naufraga (Apiaceae). 
Perspectives in Plant Ecology, Evolution and Systematics 16: 
190–202.

Fernández-Palacios  JM, De  Nascimento  L, Otto  R, 
Delgado  JD , García-Del-Rey  E , Arévalo  JR , 
Whittaker  RJ.  2011. A reconstruction of Palaeo-
Macaronesia, with particular reference to the long-term 
biogeography of the Atlantic island laurel forests. Journal of 
Biogeography 38: 226–246.

Ferrer MM, Good SV. 2012. Self-sterility in flowering plants: 
preventing self-fertilization increases family diversification 
rates. Annals of Botany 110: 535–553.

Fisher JB. 1981. Wound healing by exposed secondary xylem 
in Adansonia (Bombaceae). IAWA Bulletin 2: 193–199.

Frankiewicz KE, Oskolski AA, Banasiak Ł, Fernandes F, 
Reduron JP, Reyes-Betancort JA, Szczeparska L, 
Alsarraf  M, Baczyński  J, Spalik  K. 2020. Parallel 
evolution of arborescent carrots (Daucus) in Macaronesia. 
American Journal of Botany 107: 394–412.

Franklin GL. 1945. Preparation of thin sections of synthetic 
resins and wood-resin composites, and a new macerating 
method for wood. Nature 155: 51.

García-Verdugo  C, Baldwin  BG, Fay  MF, Caujapé-
Castells  J. 2014. Life history traits and patterns of 
diversification in oceanic archipelagos: a meta-analysis. 
Botanical Journal of the Linnean Society 174: 334–348.

Gehrke B, Kandziora M, Pirie MD. 2016. The evolution 
of dwarf shrubs in alpine environments: a case study of 
Alchemilla in Africa. Annals of Botany 117: 121–131.

Gibson AC. 1973. Comparative anatomy of secondary xylem 
in Cactoideae (Cactaceae). Biotropica 5: 29–65.

Goloboff PA, Pittman M, Pol D, Xu X. 2019. Morphological 
data sets fit a common mechanism much more poorly than 
DNA sequences and call into question the Mkv model. 
Systematic Biology 68: 494–504.

Gussone G. 1827. Florae siculae prodromus, Vol. 1. Naples: 
Regia Typographia.

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/198/1/1/6297956 by guest on 24 April 2024

http://ww2.bgbm.org/EuroPlusMed/


22  K. E. FRANKIEWICZ ET AL.

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 198, 1–25

Higgins SI, Nathan R, Cain ML. 2003. Are long-distance 
dispersal events in plants usually caused by nonstandard 
means of dispersal? Ecology 84: 1945–1956.

Hughes  C, Eastwood  R. 2006. Island radiation on a 
continental scale: exceptional rates of plant diversification 
after uplift of the Andes. Proceedings of the National 
Academy of Sciences of the United States of America 103: 
10334–10339.

van Huysduynen AH, Janssens S, Merckx V, Vos R, 
Valente  L , Zizka  A , Larter  M , Karabayir   B , 
Maaskant  D, Witmer  Y, Fernández-Palacios  JM, 
de Nascimento L, Jaén RM, Castells JC, Marrero-
Rodríguez  Á, del  Arco  M, Lens  F. 2020. Multiple 
origins of insular woodiness on the Canary Islands are 
consistent with palaeoclimatic aridification. bioRxiv doi: 
10.1101/2020.05.09.084582.

IAWA Committee. 1989. IAWA list of microscopic features for 
hardwood identification with an appendix on non-anatomial 
information. IAWA Bulletin 10: 219–332.

Israelsson M, Sundberg B, Moritz T. 2005. Tissue-specific 
localization of gibberellins and expression of gibberellin-
biosynthetic and signaling genes in wood-forming tissues in 
aspen. Plant Journal 44: 494–504.

Jarvis CE, Reduron JP, Spencer MA, Cafferty S. 2006. 
Typification of Linnaean plant names in Apiaceae. Taxon 55: 
207–216.

Jiménez-Mejías P, Vargas P. 2015. Taxonomy of the tribe 
Apieae (Apiaceae) revisited as revealed by molecular 
phylogenies and morphological characters. Phytotaxa 212: 
57–79.

Jorgensen TH, Olesen JM. 2001. Adaptive radiation of 
island plants: evidence from Aeonium (Crassulaceae) of the 
Canary Islands. Perspectives in Plant Ecology, Evolution and 
Systematics 4: 29–42.

Käfer  J, de  Boer  HJ, Mousset  S, Kool  A, Dufay  M, 
Marais  GAB. 2014. Dioecy is associated with higher 
diversification rates in flowering plants. Journal of 
Evolutionary Biology 27: 1478–1490.

Katoh K, Standley DM. 2013. MAFFT multiple sequence 
alignment software version 7: improvements in performance 
and usability. Molecular Biology and Evolution 30: 772–780.

Khederzadeh S, Samiei M, Mobaraki A, Ezeddinloo L, 
Haghi HA. 2017. Genetic comparison of Iranian asafetida 
(Ferula assa-foetida L.) populations based on cpDNA 
ribosomal protein L16 intron. International Journal of 
Agriculture Innovations and Research 5: 577–583.

Kidner C, Groover A, Thomas DC, Emelianova K, Soliz-
Gamboa C, Lens F. 2015. First steps in studying the origins 
of secondary woodiness in Begonia (Begoniaceae): combining 
anatomy, phylogenetics, and stem transcriptomics. Biological 
Journal of the Linnean Society 117: 121–138.

Kim SC, McGowen MR, Lubinsky P, Barber JC, Mort ME, 
Santos-Guerra A. 2008. Timing and tempo of early and 
successive adaptive radiations in Macaronesia. PLoS One 3: 
e2139.

Kisel Y, McInnes L, Toomey NH, Orme CDL. 2011. How 
diversification rates and diversity limits combine to create 
large-scale species–area relationships. Philosophical 

Transactions of the Royal Society B: Biological Sciences 366: 
2514–2525.

Ko  JH, Han  KH, Park  S, Yamg  J. 2004. Plant body 
weight-induced secondary growth in Arabidopsis and its 
transcription phenotype revealed by whole-transcriptome 
profiling. Plant Physiology 135: 1069–1083.

Kozak KH, Wiens JJ. 2010. Accelerated rates of climatic-
niche evolution underlie rapid species diversification. 
Ecology Letters 13: 1378–1389.

Kunkel G. 1991. Flora y vegetatión del Archipiélago Canario. 
Tratado florístico. 2a parte. Dicotiledóneas. Las Palmas de 
Gran Canaria: Edirca.

Laird MG, Bradshaw JD. 2004. The break-up of a long-term 
relationship: the Cretaceous separation of New Zealand from 
Gondwana. Gondwana Research 7: 273–286.

Lanfear  R, Calcott  B, Ho  SYW, Guindon  S. 2012. 
PartitionFinder: combined selection of partitioning schemes 
and substitution models for phylogenetic analyses. Molecular 
Biology and Evolution 29: 1695–1701.

Lara LE, Reyes J, Jicha BR, Díaz-Naveas J. 2018. 40Ar/39Ar 
geochronological constraints on the age progression along 
the Juan Fernández Ridge, SE pacific. Frontiers in Earth 
Science 6: 194.

Lavin  M, Herendeen  PS, Wojciechowski  MF. 2005. 
Evolutionary rates analysis of Leguminosae implicates 
a rapid diversification of lineages during the Tertiary. 
Systematic Biology 54: 575–594.

Lee  C, Kim  SC, Lundy  K, Santos-Guerra  A. 2005. 
Chloroplast DNA phylogeny of the woody Sonchus alliance 
(Asteraceae: Sonchinae) in the Macaronesian Islands. 
American Journal of Botany 92: 2072–2085.

Leigh JW, Susko E, Baumgartner M, Roger AJ. 2008. 
Testing congruence in phylogenomic analysis. Systematic 
Biology 57: 104–115.

Lens F, Davin N, Smets E, del Arco M. 2013b. Insular 
woodiness on the Canary Islands: a remarkable case of 
convergent evolution. International Journal of Plant Sciences 
174: 992–1013.

Lens F, Eeckhout S, Zwartjes R, Smets E, Janssens SB. 
2012a. The multiple fuzzy origins of woodiness within 
Balsaminaceae using an integrated approach. Where do we 
draw the line? Annals of Botany 109: 783–799.

Lens F, Smets E, Melzer S. 2012b. Stem anatomy supports 
Arabidopsis thaliana as a model for insular woodiness. New 
Phytologist 193: 12–17.

Lens  F, Tixier A, Cochard  H, Sperry  JS, Jansen  S, 
Herbette  S. 2013a. Embolism resistance as a key 
mechanism to understand adaptive plant strategies. Current 
Opinion in Plant Biology 16: 287–292.

Maddison WP, Maddison DR. 2019. Mesquite: a modular 
system for evolutionary analysis. Available at: http://www.
mesquiteproject.org.

Magallón S, Sanderson MJ. 2001. Absolute diversification 
rates in angiosperm clades. Evolution 55: 1762–1780.

Magee AR, Van Wyk BE, Tilney PM, Downie SR. 2010. 
A taxonomic revision of the South African endemic genus 
Dasispermum (Apiaceae, Apioideae). South African Journal 
of Botany 76: 308–323.

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/198/1/1/6297956 by guest on 24 April 2024

https://doi.org/10.1101/2020.05.09.084582
http://www.mesquiteproject.org
http://www.mesquiteproject.org


DIVERSIFICATION IN APIEAE  23

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 198, 1–25

Magee AR, van Wyk BE, Tilney PM, Sales F, Hedge I, 
Downie SR. 2009. Billburttia, a new genus of Apiaceae 
(tribe Apieae) endemic to Madagascar. Plant Systematics 
and Evolution 283: 237–245.

Magnússon B, Magnússon SH, Ólafsson E, Sigurdsson BD. 
2014. Plant colonization, succession and ecosystem 
development on Surtsey with reference to neighbouring 
islands. Biogeosciences 11: 5521–5537.

Maire R. 1936. Contribution à l’étude de la flore de l’Afrique du 
Nord. Fascicule 24. Bulletin de la Société d’histoire naturelle 
de l’Afrique du nord 27: 203–238.

Martín-Bravo  S, Jiménez-Mejías  P, Villaverde  T, 
Escudero M, Hahn M, Spalink D, Roalson EH, Hipp AL, 
Benítez-Benítez C, PL Bruederle, Fitzek E, AB Ford, 
AK Ford, Garner M, Gebauer S, HM Hoffmann, Jin XF, 
Larridon I, Léveillé-Bourret É, Lu YF, Luceño M, 
Maguilla E, Márquez-Corro JI, Míguez M, Naczi R, 
AA Reznicek, Starr JR. 2019. A tale of worldwide success: 
behind the scenes of Carex (Cyperaceae) biogeography and 
diversification. Journal of Systematics and Evolution 57: 
695–718.

Mauriat M, Moritz T. 2009. Analyses of GA20ox- and 
GID1-over-expressing aspen suggest that gibberellins play 
two distinct roles in wood formation. Plant Journal 58: 
989–1003.

Médail F, Diadema K. 2009. Glacial refugia influence plant 
diversity patterns in the Mediterranean Basin. Journal of 
Biogeography 36: 1333–1345.

Meier AR, Saunders MR, Michler CH. 2012. Epicormic 
buds in trees: a review of bud establishment, development 
and dormancy release. Tree Physiology 32: 565–584.

Melzer  S, Lens  F, Gennen  J, Vanneste  S, Rohde A, 
Beeckman  T. 2008. Flowering-time genes modulate 
meristem determinacy and growth form in Arabidopsis 
thaliana. Nature Genetics 40: 1489–1492.

Merckx VSFT, Hendriks KP, Beentjes KK, Mennes CB, 
Becking LE, Peijnenburg KTCA, Afendy A, Arumugam N, 
De Boer H, Biun A, Buang MM, Chen PP, Chung AYC, 
Dow R, Feijen FAA, Feijen H, Van Soest CF, Geml J, 
Geurts R, Gravendeel B, Hovenkamp P, Imbun P, Ipor I, 
Janssens SB, Jocqué M, Kappes H, Khoo E, Koomen P, 
Lens  F, Majapun  RJ, Morgado  LN, Neupane  S, 
Nieser N, Pereira JT, Rahman H, Sabran S, Sawang A, 
Schwallier RM, Shim PS, Smit H, Sol N, Spait M, Stech M, 
Stokvis F, Sugau JB, Suleiman M, Sumail S, Thomas DC, 
Van Tol J, Tuh FYY, Yahya BE, Nais J, Repin R, Lakim M, 
Schilthuizen M. 2015. Evolution of endemism on a young 
tropical mountain. Nature 524: 347–350.

Moore BR, Donoghue MJ. 2007. Correlates of diversification 
in the plant clade Dipsacales: geographic movement 
and evolutionary innovations. American Naturalist 170: 
S28–S55.

Moritz T, Eriksson ME, Israelsson M, Olsson O. 2000. 
Increased gibberellin biosynthesis in transgenic trees 
promotes growth, biomass production and xylem fiber length. 
Nature Biotechnology 18: 784–788.

Nathan R. 2006. Long-distance dispersal of plants. Science 
313: 786–788.

Nee S, May RM, Harvey PH. 1994. The reconstructed 
evolutionary process. Philosophical Transactions of the 
Royal Society B: Biological Sciences 344: 305–311.

Neupane S, Lewis PO, Dessein S, Shanks H, Paudyal S, 
Lens F. 2017. Evolution of woody life form on tropical 
mountains in the tribe Spermacoceae (Rubiaceae). American 
Journal of Botany 104: 1–20.

Nürk NM, Atchison GW, Hughes CE. 2019. Island woodiness 
underpins accelerated disparification in plant radiations. 
New Phytologist 224: 518–531.

Paradis E, Schliep K. 2019. Ape 5.0: an environment for 
modern phylogenetics and evolutionary analyses in R. 
Bioinformatics 35: 526–528.

Pennell  MW, Eastman  JM, Slater  GJ, Brown  JW, 
Uyeda  JC, Fitzjohn  RG, Alfaro  ME, Harmon  LJ. 
2014. Geiger v2.0: an expanded suite of methods for 
fitting macroevolutionary models to phylogenetic trees. 
Bioinformatics 30: 2216–2218.

Plunkett GM, Pimenov MG, Reduron JP, Kljuykov EV, 
van Wyk BE, Ostroumova TA, Henwood MJ, Tilney PM, 
Spalik K, Watson MF, Lee BY, Pu FD, Webb CJ, Hart JM, 
Mitchell AD, Muckensturm B. 2018. Genera of Apiaceae. 
In: Kadereit JW, Bittrich V, Kubitzki K, eds. The families 
and genera of vascular plants. Volume XV. Flowering plants. 
Eudicots: Apiales, Gentianales (except Rubiaceae). Cham: 
Springer International Publishing, 9–206.

Pujadas Salvà AJ, Triano Muñoz E, Anaya J, Grande M, 
Raposo C, Torres P, Hernández P. 2015. Foeniculum 
sanguineum Triano & A. Pujadas (Apiaceae) new species 
from the South-Western Mediterranean Region. Acta 
Botanica Malacitana 40: 71–88.

Radkevich ON. 1928. Proportions of soft and hard tissues in 
herbaceous and suffrutescent heliophytes in Central Asia (in 
Russian). Proceedings of the Main Botanical Garden of the 
USSR 27: 420–450.

Ragni L, Greb T. 2018. Secondary growth as a determinant of 
plant shape and form. Seminars in Cell and Developmental 
Biology 79: 58–67.

Ragni L, Nieminen K, Pacheco-Villalobos D, Sibout R, 
Schwechheimer C, Hardtke CS. 2011. Mobile gibberellin 
directly stimulates Arabidopsis hypocotyl xylem expansion. 
The Plant Cell 23: 1322–1336.

Rakotondandrasana  SR, Oskolski  AA, Tilney  PM, 
Kotina  EL, Van  Wyk  BE. 2017. The rediscovery of 
Billburttia vaginoides, with notes on the morphology, 
anatomy, traditional uses and conservation status of the 
genus Billburttia (Apieae, Apiaceae). Phytotaxa 321: 265.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 
2018. Posterior summarization in Bayesian phylogenetics 
using Tracer 1.7. Systematic Biology 67: 901–904.

Raval  U , Veeraswamy  K.  2003. India–Madagascar 
separation: breakup along a pre-existing mobile belt and 
chipping of the Craton. Gondwana Research 6: 467–485.

Reduron JP. 2007. Ombellifères de France 3. Bulletin de la 
Société Botanique du Centre-Ouest, Nouvelle Série, Numéro 
spécial 28: 1143–1726.

Reduron JP, Mathez J, Downie SR, Danderson CA, 
Ostroumova T. 2009. Pseudoridolfia, nouveau genre 

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/198/1/1/6297956 by guest on 24 April 2024



24  K. E. FRANKIEWICZ ET AL.

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 198, 1–25

d’Apiaceae découvert au Maroc. Acta Botanica Gallica 156: 
487–500.

Ree RH. 2013. Lagrange configurator version 20130526 (beta). 
Available at: http://www.reelab.net/lagrange/configurator/index.

Ree RH, Smith SA. 2008. Maximum likelihood inference of 
geographic range evolution by dispersal, local extinction, and 
cladogenesis. Systematic Biology 57: 4–14.

Revell LJ, Harmon LJ, Glor RE. 2005. Under-parameterized 
model of sequence evolution leads to bias in the estimation of 
diversification rates from molecular phylogenies. Systematic 
Biology 54: 973–983.

Ricklefs RE. 2007. Estimating diversification rates from 
phylogenetic information. Trends in Ecology & Evolution 22: 
601–610.

Rodrigues P, Lopes RJ, Drovetski SV, Reis S, Ramos JA, 
da Cunha RT. 2013. Phylogeography and genetic diversity 
of the robin (Erithacus rubecula) in the Azores Islands: 
evidence of a recent colonisation. Journal of Ornithology 154: 
889–900.

Rodriguez RL. 1957. Systematic anatomical studies on 
Myrrhidendron and other woody umbellales. Berkeley: 
University of California Press.

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, 
Darling A, Höhna S, Larget B, Liu L, Suchard MA, 
Huelsenbeck JP. 2012. Mrbayes 3.2: Efficient bayesian 
phylogenetic inference and model choice across a large model 
space. Systematic Biology 61: 539–542.

Sanderson MJ, Wojciechowski MF. 1996. Diversification 
rates in a temperate legume clade: are there “so many 
species” of Astragalus (Fabaceae)? American Journal of 
Botany 83: 1488–1502.

Schliep KP. 2011. Phangorn: phylogenetic analysis in R. 
Bioinformatics 27: 592–593.

Scholl JP, Wiens JJ. 2016. Diversification rates and species 
richness across the Tree of Life. Proceedings of the Royal 
Society B: Biological Sciences 283: 20161334.

Schuster  M, Duringer  P, Ghienne  JF, Vignaud  P, 
Mackaye HT, Likius A, Brunet M. 2006. The age of the 
Sahara desert. Science 311: 821.

Schweingruber F, Landolt W. 2010. The Xylem Database. 
Swiss Federal Institute for Forest, Snow and Landscape 
Research. Available at: https://www.wsl.ch/dendropro/
xylemdb/.

Shalit-Kaneh A, Eviatar-Ribak T, Horev G, Suss N, 
Aloni  R, Eshed Y, Lifschitz  E. 2019. The flowering 
hormone florigen accelerates secondary cell wall biogenesis 
to harmonize vascular maturation with reproductive 
development. Proceedings of the National Academy of 
Sciences of the United States of America 116: 16127–16136.

Simões M, Breitkreuz L, Alvarado M, Baca S, Cooper JC, 
Heins L, Herzog K, Lieberman BS. 2016. The evolving 
theory of evolutionary radiations. Trends in Ecology and 
Evolution 31: 27–34.

Sims HJ, McConway KJ. 2003. Nonstochastic variation 
of species-level diversification rates within angiosperms. 
Evolution 57: 460–479.

Smith SA, Beaulieu JM. 2009. Life history influences rates 
of climatic niche evolution in flowering plants. Proceedings 
of the Royal Society B: Biological Sciences 276: 4345–4352.

Spalik K, Banasiak Ł, Feist MAE, Downie SR. 2014. 
Recurrent short-distance dispersal explains wide 
distributions of hydrophytic umbellifers (Apiaceae tribe 
Oenantheae). Journal of Biogeography 41: 1559–1571.

Spalik  K, Piwczyński  M, Danderson  CA, Kurzyna-
Młynik R, Bone TS, Downie SR. 2010. Amphitropic 
amphiantarctic disjunctions in Apiaceae subfamily 
Apioideae. Journal of Biogeography 37: 1977–1994.

Spalik K, Wojewódzka A, Downie SR. 2001. Delimitation of 
genera in Apiaceae with examples from Scandiceae subtribe 
Scandicinae. Edinburgh Journal of Botany 58: 331–346.

Stamatakis  A.  2014. RAxML version 8: a tool for 
phylogenetic analysis and post-analysis of large phylogenies. 
Bioinformatics 30: 1312–1313.

Stepanova AV, Oskolski  AA. 2010. Wood anatomy of 
Bupleurum L. (Apioideae, Apiaceae) in relation to habit, 
phylogenetic relationships, and infrageneric taxonomy. Plant 
Diversity and Evolution 128: 501–516.

Strabala TJ, MacMillan CP. 2013. The Arabidopsis wood 
model – the case for the inflorescence stem. Plant Science 
210: 193–205.

Thiers BM. 2013. (continously updated) Index Herbariorum: 
A global directory of public herbaria and associated staff. 
New York Botanical Garden’s Virtual Herbarium. Available 
at: http://sweetgum.nybg.org/ih/.

Townsend  CC. 1989. Flora of Tropical East Africa – 
Umbelliferae. Rotterdam: A.A. Balkema.

Tutin T, ed. 1968. Flora Europaea. Vol. 2: Rosaceae to 
Umbelliferae. Cambridge: Cambridge University Press.

Uribe-Convers S, Tank DC. 2015. Shifts in diversification 
rates linked to biogeographic movement into new areas: 
an example of a recent radiation in the Andes. American 
Journal of Botany 102: 1854–1869.

Valente LM, Savolainen V, Vargas P. 2010. Unparalleled 
rates of species diversification in Europe. Proceedings of the 
Royal Society B: Biological Sciences 277: 1489–1496.

Van Wyk BE, Tilney PM, Winter PJD. 1999. Four new 
genera of woody Apiaceae of Madagascar. Taxon 48: 737–745.

Verdú M. 2002. Age at maturity and diversification in woody 
angiosperms. Evolution 56: 1352–1361.

Warton DI, Duursma RA, Falster DS, Taskinen S. 2012. 
smatr 3- an R package for estimation and inference about 
allometric lines. Methods in Ecology and Evolution 3: 
257–259.

Whittaker RJ, Fernández-Palacios JM, Matthews TJ, 
Borregaard MK, Triantis KA. 2017. Island biogeography: 
taking the long view of nature’s laboratories. Science 357: 
eaam8326.

Ye ZH, Zhong R. 2015. Molecular control of wood formation in 
trees. Journal of Experimental Botany 66: 4119–4131.

Zhang Z, Ramstein G, Schuster M, Li C, Contoux C, Yan Q. 
2014. Aridification of the Sahara desert caused by Tethys Sea 
shrinkage during the Late Miocene. Nature 513: 401–404.

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/198/1/1/6297956 by guest on 24 April 2024

http://www.reelab.net/lagrange/configurator/index
https://www.wsl.ch/dendropro/xylemdb/
https://www.wsl.ch/dendropro/xylemdb/
http://sweetgum.nybg.org/ih/


DIVERSIFICATION IN APIEAE  25

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 198, 1–25

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Voucher information of specimens used in phylogenetic and anatomical studies of tribe Apieae and 
the outgroup. The accessions used to obtain new sequences are provided with detailed voucher information and 
accession ID, whereas accessions retrieved from GenBank are provided only with taxonomic information and 
GenBank reference numbers. All herbarium acronyms follow Index Herbariorum (Thiers, 2013). The letter ‘A’ 
following an accession ID denotes a specimen used in the anatomical study.
Figure S1. Dated maximum clade credibility tree from Bayesian MCMC analysis with the complete results of 
dispersal–extinction–cladogenesis (DEC) estimation of biogeographical scenarios.
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