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Abstract

Background: One of the major trends in angiosperm evolution was the shift from woody to herbaceous habit.
However, reversals known as derived woodiness have also been reported in numerous, distantly related clades.
Among theories evoked to explain the factors promoting the evolution of derived woodiness are moderate climate
theory and cavitation theory. The first assumes that woody habit evolves in response to mild climate allowing for
prolonged life span, which in turn leads to bigger and woodier bodies. The second sees woodiness as a result of
natural selection for higher cavitation resistance in seasonally dry environments. Here, we compare climatic niches
of woody and herbaceous, mostly southern African, umbellifers from the Lefebvrea clade to assess whether woody
taxa in fact occur in markedly drier habitats. We also calibrate their phylogeny to estimate when derived woodiness
evolved. Finally, we describe the wood anatomy of selected woody and herbaceous taxa to see if life forms are
linked to any particular wood traits.

Results: The evolution of derived woodiness in chamaephytes and phanerophytes as well as the shifts to short-
lived annual therophytes in the Lefebvrea clade took place at roughly the same time: in the Late Miocene during a
trend of global climate aridification. Climatic niches of woody and herbaceous genera from the Cape Floristic
Region overlap. There are only two genera with distinctly different climatic preferences: they are herbaceous and
occur outside of the Cape Floristic Region. Therefore, studied herbs have an overall climatic niche wider than their
woody cousins. Woody and herbaceous species do not differ in qualitative wood anatomy, which is more affected
by stem architecture and, probably, reproductive strategy than by habit.

Conclusions: Palaeodrought was likely a stimulus for the evolution of derived woodiness in the Lefebvrea clade,
supporting the cavitation theory. The concurrent evolution of short-lived annuals withering before summer
exemplifies an alternative solution to the same problem of drought-induced cavitation. Changes of the life form
were most likely neither spurred nor precluded by any qualitative wood traits, which in turn are more affected by
internode length and probably also reproductive strategy.
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Background
Angiosperms – unlike their closest extant relatives – are
very diverse in terms of life span (annuals to perennials),
reproductive strategy (monocarpic and polycarpic), and
the degree of woodiness (from species completely lacking
secondary growth to enormous trees with secondary
xylem meters thick). The habit of their most recent com-
mon ancestor remains obscure, but most likely it pos-
sessed a functional cambium producing a limited amount
of wood [1, 2]. This interpretation is in agreement with
the dark and disturbed hypothesis assuming that the first
angiosperms occupied constantly changing understorey of
the (sub) tropical forests [3]. In such an environment, a
shorter life span and smaller, quickly-developing body are
advantageous as they allow to complete life cycle in nar-
row intervals between sequent disturbances threatening
plant survival. The shortening of life span allows for de-
position of only a small amount of wood, but the opposite
is not mandatory: e.g., Salix arctica easily outlives arbores-
cent species, while producing only a fraction of wood they
do [4]. Indeed, the evolution from more woody ancestors
to less woody descendants has probably been the major
trend in the angiosperm evolution, resulting in numerous
herbaceous lineages able to occupy unstable niches hardly
available for their woodier relatives [5]. The evolution to-
wards herbaceousness, however, has not been the sole dir-
ection. A constant increase in the deposition of xylem
resulted in ancestrally (primarily) woody groups (e.g.,
Lauraceae), while other taxa – after a period of herba-
ceousness – reverted the trend and gave rise to woody de-
scendants: a phenomenon known as (phylogenetically)
derived or secondary woodiness [6]. Derived woodiness
evolved in multiple, distantly related lineages [6, 7], evi-
dencing that the ability to produce a significant amount of
wood is retained throughout the ‘herbaceous phase’ in
evolution. In fact, a complete cylinder of secondary xylem
develops in most non-monocot herbs making the distinc-
tion between herbaceous and woody taxa fuzzy [8, 9].
What prohibits non-monocot herbs from a complete

loss of functional cambium? First, it is possible that genes
regulating cambial activity show pleiotropic effects and
their complete loss would upset other plant functions
[10]. Second, minimal cambial activity may be indifferent
to overall plant fitness and, therefore, may not be counter-
selected. Irrespectively of the cause, this retention makes
angiosperms highly adaptable, allowing them to shift the
amount of produced wood in response to the current evo-
lutionary pressures and has been tapped as a likely key to
their success [2, 11]. Simultaneously, it is worth noting
that even a loss of genes preferentially expressed during
xylogenesis followed by a complete loss of cambial activity
does not necessarily preclude the evolution of a range of
life forms – from annual herbs to trees – as is evidenced
in monocots [12–14].

As mentioned above, a longer life span allows for (but
is not synonymous with) the production of a prominent
amount of wood. In fact, experimental studies with A.
thaliana showed that the prolongation of vegetative
growth by manual clipping of flowers or by knocking-
out genes responsible for the initiation of flowering leads
to an increased deposition of secondary xylem [15, 16].
The prolongation of life span is more likely in stable,
moderate environments, where a plant has higher
chances of completing its life cycle without encountering
seasonal droughts or freezing [11]. Such conditions often
prevail on (sub) tropical oceanic islands. Therefore, it is
reasonable to expect that herbs – after their arrival from
the mainland to such an island – will often prolong their
life spans and simultaneously increase the amount of
wood, resulting in derived woody descendants (in this
case named insular woody): a notion first proposed by
Carlquist and termed moderate climate theory [17].
Moreover, the oceanic islands are often devoid of large
herbivores, liberating newcomers from yet another detri-
mental factor observed on the mainland [18]. The condi-
tions similar to insular ones are also found on slopes of
high, tropical mountains. These sky islands have been
shown to boast a diversity of derived woody taxa [10,
19–21], supporting the role of stable, moderate climates
in the evolution from herbs to woody life forms.
However, a survey of the Canary Islands flora [7] ex-

posed that most of the derived woody taxa do not oc-
cupy moderate niches – jarring with the moderate
climate theory – but are rather confined to markedly
dry, lowland areas. One explanation for this apparent in-
congruence is that woodier taxa may be more resistant
to drought-induced embolism (also referred to as ‘cavita-
tion’: a formation of air bubbles in wood hindering water
transport and potentially leading to lower photosynthetic
rates) and therefore also better adapted to dry habitats
than their herbaceous relatives [22]. In fact, a compari-
son of embolism-resistance between insular woody
Argyranthemum (Asteraceae) and their herbaceous cous-
ins [23, 24], as well as among woodier and less woody
herbaceous crucifers [25, 26], showed that species and
specimens producing more wood are less prone to de-
veloping cavitation. The correlation between a higher
amount of wood and drought resistance is not, how-
ever, so straightforward. For example, derived woody
Rubiaceae occupy markedly variable habitats: from
very dry to noticeably wet [27], and some of them
simultaneously favour tropical upland areas [20],
while virtually all species of Balsaminaceae (herb-
aceous and derived woody) grow exclusively in wet
(to semi-aquatic) conditions [28]. Moreover, woodier
habits may not universally convey more embolism-
resistance: a broad comparison of herbaceous and
woody angiosperms showed that both groups have
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similar ranges of drought tolerance (this study was,
however, biased towards grasses) [29].
From the above, it becomes evident that derived

woodiness evolves in response to various – sometimes
antithetic – factors. Nevertheless, two main trends
emerge: (1) moderate climate (sometimes coupled with
the lack of large herbivores) liberates plants from sea-
sonality, allowing them to prolong their vegetative
growth and to benefit from reusable bodies [2, 30], and
(2) drought-induced embolism may be so detrimental
that natural selection favours more resistant and there-
fore woodier habits. These two explanations have been
preferred in recent years [2, 7, 21], but they are not the
only ones. Darwin proposed that insular woodiness re-
sults from fierce competition for access to light among
herbaceous newcomers [31]. Wallace, on the other hand,
stressed that longer-lived (and therefore woodier) habits
are advantageous in pollinator-scarce environments [32]:
perennial taxa have more time to interact with pollina-
tors, thereby avoiding the detrimental consequences of
selfing [33, 34].
The cases of derived woodiness have also been found

in Apioideae, which is the largest of four subfamilies
currently recognised within the family Apiaceae [35] (for
alternative circumscription treating members of subfam-
ily Saniculoideae as tribes within Apioideae see [36]).
Subfamily Apioideae is predominately a herbaceous
group, and its most recent common ancestor was also
most likely a herb [37–39]; therefore, all cases of woodi-
ness in this subfamily can be safely recognised as de-
rived. These are, however, not numerous. Markedly
woody habit dominates in mainly southern African tribe
Heteromorpheae [40], but otherwise it is restricted to
only a few species per clade: in the monotypic tribe Mar-
lothielleae from Namibia, predominantly Mediterranean
Bupleureae [41], Mesoamerican Arracacia clade of tribe
Selineae, insular species of carrots (Daucus, subtribe
Daucinae) from Macaronesia [42], mostly circum-
Mediterranean and northern African relatives of celery
(three species of shrubby Deverra are also found in
southern Africa; Apieae) [43, 44], sub-Saharan Lefebvrea
clade of Tordylieae [37, 38, 45–47], and also in few iso-
lated lineages of the tribes Selineae and Echinophoreae
(Angelica lignescens, Nirarathamnos asarifolius, Pycnocy-
cla spp., Xyloselinum spp.) [48, 49].
To date, the evolution of derived woodiness in Apioi-

deae has been studied in the Macaronesian carrots and
the Mediterranean and African Apieae [42, 43]. In the
first case, it was suggested that derived woodiness
evolved in response to moderate, aseasonal climate. In
woody Apieae, a selection for higher embolism-
resistance seems to be a more likely explanation. These
two cases further emphasise how different may be the
causes driving the onset of derived woodiness in related

clades. In the present study, we used the Lefebvrea clade
(Tordylieae, Apioideae, Apiaceae) to explicitly test for
the link between the evolution of derived woodiness and
climatic niche.
Tribe Tordylieae comprises three clades: mostly Eur-

asian Tordyliinae, Caucasus–Arabian Cymbocarpum
clade, and sub-Saharan Lefebvrea clade [50]. Most spe-
cies are herbaceous, while woody forms are found in two
genera of the Lefebvrea clade: Nanobubon (suffrutices
with woody subterranean stems) and Notobubon (shrub-
lets and shrubs, occasionally also medium-size trees) [37,
45, 46]. Using the Lefebvrea clade as a model, we
checked whether the evolution of woody habit is coupled
with a preference for any specific climatic niche (e.g.,
dry or moderate habitats) or whether the habit evolved
independently of the occupied niche. For this, we esti-
mated the time of derived woodiness onset and recon-
structed the ancestral habit (life span, reproductive
strategy, and life form). We used Raunkiaer’s [51] life
forms as a proxy for the degree of woodiness, reasoning
that bigger life forms (chamaephytes, phanerophytes)
usually require stronger mechanical support, and there-
fore are also more likely to deposit more wood than
their herbaceous – therophytic or hemicryptophytic –
relatives. This is the same approach we embraced in our
earlier research on derived woodiness in apioids as all
the studied species retained cambial activity [42, 43]. We
also examined secondary xylem anatomy of woody and
herbaceous representatives of Tordylieae (with a major
focus on the Lefebvrea clade) and woody outgroup (Pyc-
nocycla, tribe Echinophoreae) to assess if these two
habits differ in qualitative wood traits. Finally, we esti-
mated the climatic niches occupied by the genera of the
Lefebvrea clade. Within this clade, marked contrasts in
life form are at the generic level, while within the genera,
life forms are rather homogenous. In this way, we
assessed whether woody genera (Nanobubon, Notobu-
bon) show a preference for drier or more moderate habi-
tats than their herbaceous cousins.

Results
Phylogenetic relationships and the age of derived
woodiness
The phylogenetic relationships resolved with the max-
imum likelihood (ML) and Bayesian inference (BI) were
very similar and the three main clades of Tordylieae
were retrieved (Fig. 1). In the ML analysis, Lefebvrea was
a sister to the remaining genera of the Lefebvrea clade
(albeit with poor bootstrap support, BS = 40%; ML
phylogenetic tree is available online, see ‘Supplementary
information’ under this article). The remaining intergen-
eric relationships within this clade remained practically
unresolved (BS < 50%), except for Dasispermum and
Capnophyllum being sisters (BS = 91%). All genera were
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monophyletic with two exceptions: monospecific Scara-
boides was placed within Dasispermum (BS = 90%), and
Notobubon pearsonii did not group with its congeners
but was a sister to Cynorhiza typica (BS = 51%), the sole
representative of Cynorhiza in our study.
In the Bayesian 50% majority rule consensus tree

(Fig. 1), the intergeneric relationships within the

Lefebvrea clade were unresolved except for a sister re-
lationship between Dasispermum and Capnophyllum
(PP = 1.0). This clade was in turn a sister to Notobu-
bon (PP = 0.84). Similar to the ML tree, Scaraboides
manningii was resolved as a relative to Dasispermum,
and Notobubon pearsonii was sister to Cynorhiza
typica (PP = 1.0).

Fig. 1 A 50% majority rule consensus tree summarising Bayesian MCMC analyses of Tordylieae and outgroups using MrBayes. Scatter plot
represents correlation between median ages of corresponding nodes in primary (abscissa axis) and secondary (ordinate axis) calibrated trees.
Solid and dashed violet lines represent major axis with 95% confidence interval compared to the blue line expected under assumption of no
systematic bias in age estimations. A, B, and C are calibration points. Violet bars show 95% highest posterior density intervals for age distributions.
Crown ages of selected clades are provided and marked with blue (woody), green (herbaceous), or black (woody and herbaceous life forms) dots.
For clarity, only posterior probability values lower than 1.0 are shown. Woody (chamaephytic) species are in boldface, species considered for
wood anatomy are marked with asterisks. The time scale is in million years ago. Major clades are bracketed. CDN stands for
Capnophyllum–Dasispermum–Notobubon clade
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A systematic bias of the secondary divergence time es-
timates in comparison to primary calibration was negli-
gible as demonstrated by the 95% confidence interval for
the slope parameter of the major axis spanning 0.99–
1.23 (Fig. 1). The age of Tordylieae was resolved at 14.88
million years (My) with 95% highest posterior density
(HPD) interval of 17.64–12.24. The Lefebvrea clade orig-
inated 12.38 My ago (HPD: 14.93–9.89), and its crown
clade (i.e., excluding Afroligusticum, Lefebvrea, and Ste-
nosemis) was resolved as 10.96 My old (HPD: 13.29–
8.75). Nanobubon diversified (i.e., its crown age) 8.85
(HPD: 11.3–6.42) My ago. The most recent common an-
cestor of Capnophyllum, Dasispermum, and Notobubon
(hereafter termed CDN) lived 9.43 My ago (HPD: 11.63–
7.35), and these three genera subsequently diversified
(i.e., their crown ages): 0.96 (1.66–0.36), 4.53 (5.93–
3.24), and 8.49 (10.87–6.22) My ago, respectively.

Phylogenetic character mapping
The results of the ancestral states reconstruction need to
be interpreted with caution: although the life span, life
form, and reproductive strategy were estimated independ-
ently, they are biologically interrelated. Annuals can sur-
vive an unfavourable period as seeds (therophytes) or
seedlings (hemicryptophytes), but they are always mono-
carpic. Biennials are monocarpic hemicryptophytes. Per-
ennial taxa are mono- or polycarpic, and range from
hemicryptophytes, through chamaephytes to phanero-
phytes, but can never be therophytes. The applicability of
life history characters for taxonomic delineation within
the Lefebvrea clade was considered elsewhere [37, 38].
The ancestral states reconstructed with maximum par-

simony (MP) and ML approaches differed to various de-
grees as only the ML method considers branch lengths
(Fig. 2). Moreover, MP was carried out over a consensus
tree while for ML we employed a posterior sample of
180,000 ultrametric phylogenetic trees from the Bayesian
analysis. In our summary of ML results, we considered
how many times a given state was reconstructed in a
given node across a sample of posterior phylogenies
(percentage values in the second panel of Fig. 2), as well
as the relative support for each state (plots of the 95%
highest posterior density intervals in the second panel of
Fig. 2); when ML reconstruction differed from MP
method, we arbitrarily used MP as a decisive factor.
The most recent common ancestor of the Lefebvrea

clade (node A in Fig. 2) was reconstructed as a polycar-
pic, perennial hemicryptophyte. The most recent com-
mon ancestor of the crown group of this clade (node B)
retained the same reproductive strategy and life span,
but its life form can be interpreted in two ways. (1) It
evolved a bigger, chamaephytic habit, and such a com-
bination (i.e., polycarpic, perennial chamaephyte) was
subsequently ancestral for Nanobubon (node E), as well

as for CDN (node C in Fig. 2). This combination was
also retained in Notobubon (node F), while the most re-
cent common ancestor of Capnophyllum and Dasisper-
mum (node D) underwent a life span shortening
combined with the development of smaller body and a
reduction in the number of fruitings (i.e., monocarpic,
annual therophyte). Alternatively, (2) the most recent
common ancestor of the Lefebvrea clade crown group
(node B) and the most recent common ancestor of CDN
(node C) can be interpreted as polycarpic, perennial
hemicryptophytes (what is supported by hemicryptophy-
tic habit retained along most of the phylogeny backbone
in MP analysis). The descendants of CDN subsequently
took two, divergent evolutionary pathways: the ancestor
of Notobubon (node F) evolved chamaephytic habit,
while retaining polycarpic reproductive strategy and per-
ennial life span, and the most recent common ancestor
of Capnophyllum and Dasispermum (node D) under-
went a life span shortening and reduction in body size
arriving at monocarpic, annual therophyte. In this inter-
pretation, chamaephytes evolved at least twice, inde-
pendently: in Nanobubon and in Notobubon (and, if
paraphyly of Notobubon is confirmed, also in Notobubon
pearsonii).

General observations on wood anatomy in Tordylieae and
the outgroup
The detailed wood anatomical descriptions of the stud-
ied species (Additional file A3), as well as raw data
matrix with anatomical measurements are available on-
line, while general observations are provided below.
Our anatomical sampling included a wide range of

species: from short-lived therophytes to long-lived phan-
erophytes (Figs. 3, 4, 5 and 6). In three cases (a sample
of Dasispermum perennans #2231, Nanobubon hypo-
geum, and Scaraboides manningii), the sampled part
turned out to be a root rather than a stem (identified by
a lack of parenchymatous pith typical for stem; Figs. 3B
and 4C). Nevertheless, we decided to include them in
the present study as cambial activity in root is most
likely paralleled by the production of secondary xylem
also in the stem. Thus, even if wood traits observed in a
root do not allow to conclude on wood characters in
stems, they provide information whether secondary
growth is present in the studied species or (almost) com-
pletely lost.
The cambial activity was observed in all studied sam-

ples irrespectively of their habit or taxonomic relation-
ships (Figs. 3, 4, 5 and 6). In H. sphondylium (Fig. 3A),
the secondary growth was only initiated, while in the
remaining samples, a complete cylinder of secondary
xylem was present. It varied in width from less than 1
mm (e.g., Afrosciadium platycarpum, Capnophyllum lut-
zeyeri; Fig. 3C) to a few centimetres (particularly in
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Notobubon spp.; Fig. 5; Capnophyllum macrocarpum;
Fig. 4A). A distinction between fascicular and interfasci-
cular regions was observed in two genera – Afroscia-
dium and selected species of Notobubon – where it was
marked either by a higher concentration of vessels in
fascicular zones or a complete lack of vessels in interfas-
cicular regions. Qualitative wood traits were similar in
woody (Nanobubon, Notobubon, and the outgroup –
Pycnocycla; Fig. 3D, F) and herbaceous species (the
remaining taxa; Fig. 3A–C, E): both groups had wood
mostly diffuse-porous and vessels grouped in small clus-
ters and radial multiples with a low percentage of soli-
tary vessels (the least characteristic and the most
common vessel grouping in plants [52]). Vessel arrange-
ment was most often indistinct or (vague) radial – a
clear juvenile trait. In selected samples of longer-lived,
woodier species (Notobubon, Nanobubon, Pycnocycla), a
(vague) dendritic pattern was observed further from the
pith (Fig. 3D, F). This change from indistinct or radial
pattern to dendritic pattern most likely corresponds to a
transition from a juvenile to mature wood. Intervessel
pitting seems to be (at least weakly) associated with the
type of the background tissue: in stems with more abun-
dant axial parenchyma, scalariform pitting was more
common, while in stems with more fibres, alternate or
transitional forms were dominant.
The background tissue was composed either of fibres

or pervasive parenchyma. In most species, it was exclu-
sively fibrous (Figs. 5 and 6). In four samples (Afroscia-
dium magalismontanum, Cynorhiza typica, Ducrosia
flabellifolia, and a root sample of Nanobubon hypo-
geum), the background was exclusively parenchymatous
(Figs. 3B,E and 4D). In one species (Dasispermum suffru-
ticosum), the inner wood had parenchymatous back-
ground and the outer was fibrous (Fig. 4E–F).
Additionally, in Semenovia lasiocarpa (Fig. 4B), the
background was parenchymatous with patches of very
thick-walled fibres. The type of the background tissue
did not strictly correspond with the habit: stems of
woody Notobubon, Nanobubon, and Pycnocycla, and
most of the herbaceous species had a fibrous
background.

(C) Capnophyllum-Dasispermum-Notobubon

(D) Capnophyllum-Dasispermum

(E) Nanobubon
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(B) Lefebvrea crown clade
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Fig. 2 Evolution of life span, reproductive strategy, and life form
reconstructed for the entire phylogenetic tree using maximum
parsimony (branch colours; the first panel) and for its selected nodes
using maximum likelihood (plots and percentage values; the second
panel). Letters A–F correspond to the nodes which states were
reconstructed with ML and shown in the second panel. The plots
show 95% highest posterior density intervals of relative likelihood for
each state reconstructed in a given node. The percentage values are
numbers of times a given state was reconstructed in a given node
out of a sample of 180,000 phylogenetic trees from the Bayesian
analysis. Dashed line marks a branch for which MP returned three
equally likely states (therophyte, hemicryptophyte, chamaephyte)
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Axial parenchyma was difficult to distinguish in herb-
aceous plants and, in most cases, it was scanty paratra-
cheal, less often also (almost) vasicentric. Except for the
pervasive parenchyma forming the background tissue, it
never was very abundant. There are two types of rays:
medullary rays are commonly present in most species,
while rays of cambial origin are rare and difficult to dis-
tinguish from the background. In herbaceous plants,
they were clearly observed in few cases.

Comparison of the ecological niche between woody and
herbaceous taxa
Most representatives of the Lefebvrea clade occupy eco-
logical niches cooler and less dry than the mean of the
African climate space: this is well seen in Fig. 7, where
the beginning of the coordinate system (point 0,0 on the
plane spanned by the first two principal components)
represents the African climatic mean (834 mm of annual
precipitation, AP, and 23.8 °C of mean annual
temperature, MAT), while most of the taxa fall below
this value (i.e., have negative principal component
values).
The niches are similar among genera as evidenced by

a great degree of their overlapping (top panel in Fig. 7):
for most representatives, AP ranges ca. 600–1300mm,
and MAT is between ca. 15–19 °C. The only three clades
markedly different from the remainders are Afroligusti-
cum, Lefebvrea, and Scaraboides (Table 1). The first two
have broader niches tending to wetter and warmer con-
ditions. The niche of Afroligusticum is particularly dis-
tinct in its average AP (higher by 366–1313mm than
that of remaining representatives), while Lefebvrea typic-
ally occupies warmer sites (average MAT higher by 0.7–
6.4 °C than other genera; Additional file A4). On the
other hand, herbaceous Scaraboides is found in niches
drier by 208–1313mm in terms of average AP (the
greatest difference is between Scaraboides and Afroligus-
ticum), but its average MAT is approximately the same
as of other genera (Fig. 7, Additional file A4).
There is almost no difference between the two woody

genera, Nanobubon and Notobubon: their average MAT
is virtually the same and average AP is only slightly
higher for Notobubon (by 6–119 mm). Herbaceous gen-
era are also similar in their preferences for precipitation
and temperature (Table 1).
A comparison of woody (Nanobubon, Notobubon) and

herbaceous (the remainders) genera returns striking dif-
ferences only when the former ones are compared to
Afroligusticum and Lefebvrea (woody taxa occupy places
drier by ca. 40–800 mm of average AP and cooler by ca.
2–6 °C of average MAT), and Scaraboides (which grows
in places drier than woody genera by 393–682 mm of
average AP, but with similar average MAT ranges).
Otherwise, the niches of woody and herbaceous genera

are similar (Fig. 7): Notobubon is found in places with
similar or only slightly higher (by ≤141 mm) average AP
and cooler (by ca. 0.6–1.4 °C of average MAT) than its
herbaceous relatives, Capnophyllum and Dasispermum.
The same conclusions are drawn when Nanobubon is
compared with these two clades.
Generally, the observed climatic differences were

greater within the same habit type (e.g., between Afros-
ciadium and Capnophyllum; Table 1) than between
herbaceous and woody life forms (e.g., Capnophyllum
and Notobubon). Therefore, we found no evidence for a
preference of woody genera to occupy markedly drier
habitats than their herbaceous relatives. Simultaneously,
AP and MAT typical for the Lefebvrea clade crown
group imply avoidance of extreme temperatures and
preference for moderately wet sites. These preferences
are, however, shared by woody and herbaceous relatives.

Discussion
Climatic preferences of woody and herbaceous taxa
Taken together, herbaceous taxa in our study have a
broader niche than their woody cousins (Fig. 7), what is
congruent with patterns observed in other clades [53].
This, however, is mostly a result of three genera mark-
edly distinct from the rest: Afroligusticum, Lefebvrea,
and Scaraboides (Table 1). Climatic preferences of the
first two taxa – tending to wetter and warmer environ-
ments (Fig. 7) – reflect the fact that they do not share
geographic distribution with most of the Lefebvrea clade
representatives. Unlike their relatives that are mostly
confined to the Cape Floristic Region [54], these two
genera span from southern Africa to the Horn of Africa
occupying (sub) tropical environments [36, 37]. The
lower average MAT of Afroligusticum (especially in com-
parison to Lefebvrea of similar geographic distribution)
likely results from the fact that this genus grows in Afro-
montane grasslands and forest habitats [37]. Afroscia-
dium has geographic distribution similar to
Afroligusticum and Lefebvrea, but its niche was resolved
as similar to the genera from the Cape Floristic Region
(CFR; Fig. 7). This may point to its preference for more
moderate climate but it is likely to be an artefact as
Afrosciadium was represented in our study by only one
species (A. magalismontanum from southern-African
highveld) out of 18 congeners [36].
A comparison of two woody genera (Nanobubon and

Notobubon) shows that their climatic niches are very
similar (Fig. 7) and shared with closely related, herb-
aceous Capnophyllum and Dasispermum (Table 1).
Therefore, we found no evidence for distinct climatic
preferences of woody and herbaceous groups. To the
contrary, it can be concluded that all studied genera
from the Cape Floristic Region occupy similar, moder-
ately wet and cool habitats.
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Woodiness in the Cape Floristic Region
It is not clear how many times the chamaephytic habit
evolved in the Lefebvrea clade (Fig. 2), but the crown
ages of the two woody genera were estimated at 8.49
(10.87–6.22) and 8.85 (11.3–6.42) My ago, that is to the
Late Miocene. Unlike wet and mild climates of the Early
and Middle Miocene that culminated in the Mid-
Miocene Climatic Optimum (18–14 My ago), the Late
Miocene experienced a trend towards aridification and
high seasonality [55] with the advent of winter rains in
the south-western Cape. Simultaneously, most of the ra-
diations within the CFR likely took place sometime in
the Late Miocene or around Miocene/Pliocene boundary
(ca. 5.3 My ago), when the drying effect of the Benguela

current and general climate aridification advanced [54,
56]. Since arid conditions facilitate embolism formation
[22], the contemporaneity of climate drying and the evo-
lution of derived woodiness suggests that deposition of a
significant amount of xylem, at least in selected CFR
clades, may have evolved as a mean counteracting cavi-
tation. The studied genera Nanobubon and Notobubon
fit this scenario.
Interestingly, derived woodiness in other apioid tribes

also dates back to the Late Miocene: the arborescent
habit of the two carrots from Madeira originated some
7.77 (9.05–6.35) My ago, while shrubby Billburttia from
Madagascar and Deverra found mostly in northern Af-
rica were resolved as 9.0 (10.87–7.14) and 9.86 (11.66–

Fig. 3 An overview of wood diversity in Tordylieae (A-E) and outgroup (F) in transverse sections. A H. sphondylium: cambial activity is confined to
fascicular zone (within vascular bundles), where cambium-derived fibres are present, interfascicular zones are occupied by medullary rays. B
Nanobubon hypogeum: a section identified as a root due to the missing parenchymatous pith. Cambial activity is best evidenced by wide
secondary phloem; the background tissue consists exclusively of parenchyma. C Capnophyllum lutzeyeri: a continuous, very narrow cylinder of
secondary xylem that consists of fibrous background tissue and few vessel elements. D Notobubon pearsonii: a wide cylinder of fibrous secondary
xylem with five growth ring boundaries marked by change in vessel size and production of thick-walled fibres in latewood. E Ducrosia flabellifolia:
the outer part of secondary xylem with exclusively parenchymatous background tissue. F Pycnocycla nodiflora: fibrous secondary xylem with
growth ring boundaries marked by marginal parenchyma and vague dendritic disposition of vessels
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8.08) My old, respectively [42, 43]. Moreover, 80–90% of
the derived woody clades from various plant families in
the Canary Islands originated within the last 7 My [57].
All of these areas also experienced aridification further
supporting the link between the evolution of derived
woodiness and drought.

Herbaceousness in the Cape Floristic Region
It is not clear what was the life form of the last common
ancestor of Capnophyllum, Dasispermum, and Notobu-
bon (node C in Fig. 2): in ML analyses, chamaephyte
gained the most support but considering that the back-
bone of the tree was resolved with MP mostly as

hemicryptophyte, this habit is also probable. Irrespec-
tively of the precise reconstruction, both methods point
to subsequent life span shortening and reduction in body
size resulting in an annual therophyte as the last com-
mon ancestor of Capnophyllum and Dasispermum (node
D in Fig. 2). Interestingly, this shift must have occurred
sometime within (11.63–)9.43–6.26(− 4.92), i.e., at the
time of global aridification in the Late Miocene. There-
fore, it seems that derived woodiness and annual habit
in the Lefebvrea clade from the CFR might have evolved
as alternative solutions to the same problem of palaeo-
drought: whereas woody species would cope with aridifi-
cation through the cavitation-resistant body, the

Fig. 4 Wood diversity in selected representatives of Tordylieae Lefebvrea clade (A, C–F) and subtribe Tordyliinae (B). A Capnophyllum
macrocarpum (TS): a considerable amount of secondary xylem and inner, parenchymatous metaxylem (dashed line marks approximate boundary
between them). B Semenovia lasiocarpa (TS): outer portion of secondary xylem with a mixed, patchy type of the background tissue: distorted
pervasive parenchyma is dotted with patches of very thick-walled fibres (lower, left corner). The nature of very narrow cells between vessels is
unclear – they may be wide fibres or very narrow vessels. C Scaraboides manningii (TS): section through a root showing exclusively fibrous
background tissue. D Cynorhiza typica (TS): secondary xylem with almost exclusively parenchymatous background tissue: rare patches of thin-
walled fibres are encircled with dashed line (upper, right corner). E Dasispermum suffruticosum (TS): a considerable amount of secondary xylem:
the innermost parts of xylem are parenchymatous, while the rest is fibrous. Vessels are disposed indistinctly. F Dasispermum suffruticosum (RS):
transition from vessels with scalariform intervessel pitting (extreme left) to alternate intervessel pitting, axial parenchyma cannot be distinguished
from other cells. The bark is stained in violet
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herbaceous taxa would confine their life cycle to wetter
seasons, thus avoiding cavitation altogether. This is best
mirrored in Capnophyllum and Dasispermum phenology
as they germinate in wet winter, only to wither and die
by dry mid-summer [47, 58]. Today, almost 56% of the
CFR species are either shrubs or trees; the rest are
mostly geophytes [54], thus implying that woody (irre-
spectively of their ancestral or derived nature) and herb-
aceous habits are equally suited for periodically dry
conditions of the CFR.
It also needs to be borne in mind that the CFR is ex-

tremely diversified and embraces a number of distinct
vegetation types: from ericoid fynbos, through renoster-
veld dominated by members of Asteraceae, dry semi-
deserts, to coastal plains, and occasional forests [54, 55,

59]. Therefore, even though the woody and herbaceous
members of the Lefebvrea clade fall into a comparatively
narrow and often overlapping range of annual precipita-
tion (ca. 600–1300mm per year) and mean annual
temperature (ca. 15–19 °C), it does not necessarily mean
that they inhabit the same microhabitats. For this, how-
ever, a more fine-scale analysis is required, especially that
a coarse comparison of their habitats based on literature
does not return evident dissimilarities [38, 45–47, 58].

Wood anatomy of southern African umbellifers
Southern Africa harbours four distantly-related linages
of woody umbellifers: (1) Polemanniopsis and Stegano-
taenia (subfamily Saniculoideae [60]; sometimes treated
as tribe Steganotaeniae within Apioideae [36]), (2)

Fig. 5 Wood anatomy of selected Notobubon species. A Notobubon tenuifolium (TS): an indistinct growth ring boundary is present in the middle
of the photo, marked by layers of radially flattened fibres. B Notobubon capense (TS): three growth ring boundaries are present (two of them very
distinct), marked by change of fibres from moderately thick-walled in earlywood to thick-walled and very thick-walled in latewood, and also by
change in vessel diameter. Vessels are concentrated mostly in fascicular regions. C Notobubon striatum (TS): a diagonal to dendritic vessel
disposition, very thick-walled fibres, and paratracheal parenchyma in incomplete sheaths are well-marked in this species. D Notobubon pearsonii
(TLS): uni- and narrow multiseriate rays and intervessel alternate pitting typical of all Notobubon species. E Notobubon tenuifolium (RS): rays
composed of exclusively of procumbent (upper), and mixed types of cells (lower), vessel-ray pitting alternate. F Notobubon gummiferum (RS):
simple perforation plate and alternate to scalariform vessel-axial parenchyma pitting
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Anginon, Glia, Heteromorpha, Polemannia (‘Heteromor-
pha clade’, tribe Heteromorpheae, subfamily Apioideae
[40]), (3) Nanobubon and Notobubon (tribe Tordylieae,
subfamily Apioideae; this study), and (4) monospecific
Marlothiella from Namibia. Additionally, three shrubby
species of Deverra (tribe Apieae, subfamily Apioideae)
are found here, but this genus is predominately northern
African [43, 44].
Since quantitative wood traits are likely influenced pri-

marily by plant height, we focus here on qualitative
characteristics [61, 62]. Although restricted number of
available specimens prohibits far-fetched comparisons,
our results show that the Lefebvrea clade representatives
have wood similar to other southern African lineages,
despite of being only distantly related. All three clades

share a set of characters found commonly in woody
apioids (subfamily Apioideae) and saniculoids (subfamily
Saniculoideae), like exclusively simple perforation plates
and scanty paratracheal axial parenchyma. Growth ring
boundaries are either absent (in herbs, e.g., Afroscia-
dium) to present and distinct (often marked by marginal
parenchyma and radial flattening of fibres). Wood is
most often diffuse-porous, but in longer-lived species
with broader cylinder of secondary xylem (Nanobubon,
Notobubon in the present study; Anginon, Polemannia,
Heteromorpha of Heteromorpheae), a tendency towards
semi-ring-porosity is present. Solitary vessels are rare
and vessel groups are often disposed in radial or (vague)
dendritic pattern (the latter particularly in species with
broader xylem cylinder). Intervessel pitting ranges from

Fig. 6 Wood anatomy of selected Tordyliinae (A-E) and outgroup (F). A Stenosemis angustifolia (TS): exclusively fibrous background tissue
composed of moderately thick-walled fibres, wood diffuse-porous, only ray-like structures are bigger cells forming clear uniseriate, radial files. B P.
sativa (TS): diffuse-porous wood, vessels disposed in vague radial pattern, axial parenchyma scanty paratracheal, few multiseriate rays. C P. sativa
(TLS): uni- and multiseriate rays composed mostly of upright and square cells, simple perforation plates. D P. sativa (TLS): alternate intervessel
pitting with pits circular to oval, rounded and with slit-like to narrow lens-like apertures. E Ducrosia anethifolia (TS): background tissue composed
of thin-walled fibres, vessels disposed without clear pattern tending to radial. F Pycnocycla nodiflora (TLS): multiseriate and few uniseriate rays,
vessels with alternate intervessel pitting and simple perforation plates, scanty paratracheal axial parenchyma in strands (best seen along the first
vessel from the left)
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scalariform to alternate and multiple types can be ob-
served in the same species (and specimen). Interestingly,
among species examined for this study, helical thicken-
ings were observed in some species of Notobubon and
Stenosemis. This trait is also common in the ‘Heteromor-
pha’ clade [40] but is absent from its closely related
Malagasy Andriana [63]. Contrarily to earlier studied
linages, we observed that in the Lefebvrea clade wood
ground tissue is composed not only of moderately thick-
walled, usually non-septate fibres, but can undergo (at

least partial) parenchymatisation. We discuss this trait in
the next section.

Reproductive strategy and the ground tissue
Unlike most other wood traits in Tordylieae, the wood
ground tissue shows a wide variation and takes four dis-
tinct forms. On one extreme, it is entirely fibrous (e.g.,
Notobubon pearsonii; Fig. 3D), on the other, it consists
exclusively of parenchyma (e.g., Cynorhiza typica; Fig.
4D). Additionally, at least two distinct intermediate

Fig. 7 Plots representing climatic niches of the genera from the Lefebvrea clade. The abscissa axis shows the first primary component (numbers
without units) and the ordinate axis shows the second primary component. The axes were scaled to simultaneously represent change in annual
precipitation (AP; abscissa axis) and mean annual temperature (MAT; ordinate axis). Solid contour lines represent 75% of the maximum density
estimate for each genus. The top plot presents overlapping of the climatic niches occupied by the Lefebvrea clade genera, and smaller plots
below represent each genus separately. Colouring in both plots is the same and stands for a given genus. Woody genera are in boldface
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forms are found: zonal (with inner parenchymatous and
outer fibrous ground tissue, Dasispermum suffruticosum;
Fig. 4E) or patchy (ground tissue composed of paren-
chyma with clusters of fibres, Semenovia frigida; Fig.
4B).
In our earlier research [42, 43] on herbaceous and de-

rived woody apioids, we noticed that the entirely fibrous
ground tissue was typical for monocarpic taxa irrespec-
tively of their stem architecture, and for polycarpic ones
with long internodes, while polycarpic species with
shortened internodes (often having leaf rosettes) had
parenchymatous ground tissue. This was likely a re-
sponse to relaxed mechanical requirements of such habit
[42, 43]. In other words, the parenchymatisation of
ground tissue is seemingly associated with the shorten-
ing of internodes, but this effect is probably suppressed
by the shift of the shoot or entire plant to the flowering
phase presumably affected by the gibberellic acid [42,
64–66]. Since the monocarpic plants typically undergo
the shift earlier in their ontogenesis than the polycarpic
species, their wood is exclusively fibrous.
Among the species considered for wood anatomy in

the present study, the reproductive strategy of one spe-
cies (Dasispermum perennans) is not clear. The fibrous
ground tissue is the most common type: it occurs in 27
taxa (H. sphondylium with very limited secondary activ-
ity, root samples, and mentioned D. perennans were ex-
cluded). Eight of them are monocarpic (one,
Trigonosciadium viscidulum, has long internodes, while
the rest have shortened internodes). The remaining spe-
cies are polycarpic and have long internodes, except for
Afrosciadium platycarpum, which has shortened inter-
nodes. Five species (Afrosciadium magalismontanum,
Cynorhiza typica, Dasispermum suffruticosum, Ducrosia
flabellifolia, Semenovia lasiocarpa) have parenchyma-
tised wood: all of them are polycarpic and have short-
ened internodes. Although it must be borne in mind
that our sampling is scarce and typically based on one
specimen per species, the observed pattern is in good

agreement with our hypothesis supporting an inter-
dependence among wood parenchymatisation, internode
shortening and polycarpic reproductive strategy.

Conclusions
All examined Tordylieae members show cambial activity,
and wood anatomy is similar in both woody and herb-
aceous taxa. Wood ground tissue is either fibrous or at
least partially parenchymatised: the latter case is often
found in polycarpic species with shortened internodes.
Therefore, the evolution of derived woodiness in this
clade was neither constrained nor stipulated by any par-
ticular qualitative wood traits.
Except for the two genera (Afroligusticum, Lefebvrea),

which are distributed from southern Africa to the Horn
of Africa, all other members of the Lefebvrea clade share
similar climatic niches. This parallels their coexistence
in the Cape Floristic Region. The origin of the derived
woody habit dates back to the Late Miocene: a period of
marked climate aridification. The short-lived, annual
therophytes that die before the onset of sever summer
drought evolved at roughly the same time. This suggests
that both habits are alternative solutions to the problem
of drought-induced cavitation: herbaceous annuals avoid
cavitation altogether through adjustment in timing of
their life cycle, while woody taxa withstand it through
development of more embolism-resistant bodies.

Methods
Molecular analysis
We selected 94 molecular sequences of three markers:
nuclear-ribosomal DNA internal transcribed spacer
(nrDNA ITS), and plastid rpoC1, and rps16 introns.
They represented 53 species: eight species of Cymbocar-
pum clade, seven species of Tordyliineae, 35 species of
Lefebvrea clade, and three outgroups. Thirty-one se-
quences were newly obtained, and the rest was retrieved
from GenBank. In order to obtain the new sequences,
we followed the standard procedure described in detail

Table 1 Differences in annual precipitation (lower triangle) and mean annual temperature (upper triangle) between selected African
genera of Tordylieae. All comparisons are available online in Additional file A4

Afroligusticum Capnophyllum Dasispermum Nanobubon Notobubon Lefebvrea Scaraboides

Afroligusticum – 1.1–2.9 °C 1.2–3.1 °C 2.2–4.2 °C 2.1–4.0 °C 0.7–3.0 °C 1.2–4.0 °C

Capnophyllum 628–854mm – 0.0–0.4 °C 0.7–1.6 °C 0.7–1.4 °C 3.2–4.6 °C 0.0–1.7 °C

Dasispermum 543–750mm 27–162mm – 0.7–1.5 °C 0.6–1.2 °C 3.3–4.7 °C 0.0–1.5 °C

Nanobubon* 495–712mm 62–213mm 0–102mm – 0.0–0.6 °C 4.3–5.8 °C 0.0–1.8 °C

Notobubon* 564–768mm 10–141mm 0–64 mm 6–119mm – 4.2–5.6 °C 0.0–1.6 °C

Lefebvrea 366–597mm 175–345mm 95–235mm 44–200mm 116–253mm – 3.2–5.7 °C

Scaraboides 1029–1313 mm 311–549mm 417–633mm 454–682mm 393–618mm 570–810mm –

A comparison of 95% confidence intervals for absolute difference in average annual precipitation (lower triangle) and average mean annual temperature (upper
triangle) of selected herbaceous and woody genera from the Lefebvrea clade. The intervals were originally expressed in terms of PC1 and PC2 and then back-
projected onto AP and MAT dimensions of the bioclimatic space. Taxa with woody habit are marked with asterisks in the first column.
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in our earlier paper [43]. All newly generated sequences
were deposited in GenBank (Additional file A1).
Next, we adapted the analytical workflow as described

earlier [43]. In brief, we aligned the sequences using E-
INS-i algorithm implemented in MAFFT 7.271 [67],
manually trimmed primer and partial exon sequences
flanking the non-coding regions in Mesquite 3.51 [68],
and removed the ambiguously aligned position with the
‘automated1’ algorithm implemented in trimAl 1.2 [69].
Hierarchical clustering of the markers with Concaterpil-
lar 1.7.2 [70] resulted in the concatenation of all three
molecular markers, thus we did not detect any topo-
logical differences between these datasets; therefore, a
concatenated matrix was used in the subsequent ana-
lyses (the data matrix with molecular sequences is avail-
able online).

Phylogenetic inference and node calibration
Phylogenetic inference was carried out in two frame-
works: maximum likelihood paradigm and Bayesian in-
ference. In both cases, we started by using the BIC
metric implemented in the PartitionFinder2 [71] to
choose the optimal partitioning scheme and the nucleo-
tide substitution model. For both methods, the se-
quences were partitioned into ITS and pDNA. In ML as
implemented in RAxML, GTR + G model was assigned
to both partitions; in BI as implemented in MrBayes,
allowing more flexibility in model settings, SYM +G was
chosen for ITS, and GTR +G for pDNA. The ML phylo-
genetic estimation was carried out in RAxML 8.2.4 [72]
with branch support estimated based on 1000 rapid
bootstrap replicates (ML phylogenetic tree is available
online; Additional file A2).
The BI of phylogeny was performed simultaneously

with node calibration in MrBayes 3.2.6 [73]. We used
three secondary calibration points with posterior prob-
ability of 1.0 from an earlier study of subfamily Apioi-
deae [74]. For each of these nodes, the age posterior
distribution was evaluated based on a sample of 10,800
phylogenetic trees from that study using treeStat 1.10.0
[75]. Because the posterior distributions did not consid-
erably deviate from the normal distribution as assessed
by normal quantile-quantile plots, the calibration points
were defined as having normal distributions with mean
and standard deviation calculated based on the respect-
ive posterior samples. The chosen nodes were defined as
the last common ancestor of: (A) P. sativa and Zosima
orientalis (mean age 13.52 Mya with standard deviation
of 1.41); (B) Ducrosia assadii and Cymbocarpum wiede-
manii (9.86 Mya ± 1.64); (C) Dasispermum hispidum and
Capnophyllum macrocarpum (5.41 Mya ±1.03); (Fig. 1).
We specified the prior probability distribution of branch
lengths as uniform, and used the autocorrelated lognor-
mal distribution clock model (‘tk02’). Finally, we applied

a relatively non-informative prior assumption (normal
distribution with mean = 1, and standard deviation = 5)
concerning the base substitution rate of the tree, and set
the non-informative uniform prior probability distribu-
tion on the root age spanning the range 30–10 My ago
[74]. We performed the analysis in two simultaneous
runs for 100,000,000 generations each and sampled
every 1000 generations, with 25% of the initial samples
discarded as a burn-in prior to the calculation of the
summary statistics. The results were summarised in the
50% major rule consensus tree. The commands used to
perform Bayesian phylogenetic estimation with node
calibration are available online.

Character state evolution
We compiled the data matrix of the reproductive strat-
egy (A, monocarpic; B, polycarpic), life span (A, annual;
B, biennial; C, perennial), and life form (A, therophyte;
B, hemicryptophyte; C, chamaephyte; D, phanerophyte)
for all taxa included in the phylogeny estimation based
on the literature [36, 37, 45–47, 58], herbarium speci-
mens, and personal observations (data matrix is available
online, Additional file A1). Then, we reconstructed the
ancestral states of these traits with two approaches: max-
imum parsimony and maximum likelihood. For the MP,
we employed the 50% majority rule consensus tree from
our procedure described in the ‘Phylogenetic inference
and node calibration’ section, and the reconstruction
was implemented in Mesquite [68]. We chose unordered
(Fitch) parsimony for the reproductive strategy and life
form, and ordered (Wagner) parsimony for the life span
[42, 43].
The ML reconstruction was performed with the Multi-

State method implemented in BayesTraits 3.0.2 [76]. It
allows for the reconstruction of a discrete trait in pre-
defined nodes over multiple phylogenetic trees, thus ac-
commodating for the topological uncertainty of the
phylogeny. The software also accepts polymorphic states
accommodating for the state uncertainty and trait labil-
ity. For the ancestral states reconstruction, we took all
phylogenetic trees saved from the BI of the phylogeny
and used Tracer 1.7.1 [77] to assess when the stationary
state was achieved. Based on this, we discarded 10% of
the initial samples leaving 180,000 phylogenetic trees.
We subsequently used them for ancestral states recon-
struction in BayesTraits.
We defined the nodes of interest with AddTag and

AddNode commands. In the case of life span, we con-
strained the possibility of direct transitions between an-
nual and perennial character states reflecting the
assumption of ordered parsimony applied in earlier ana-
lyses. We summarised the results by counting how many
times a given state was resolved with the maximum like-
lihood in a given node over the 180,000 phylogenetic
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trees using rank function in R, and by plotting the 95%
highest posterior density intervals for all states in a given
node with geom_linerange and geom_point functions
from the ggplot package in R [78].
While the interpretation of MP results is straightforward,

the results of ML will benefit from additional comment.
When a trait in a given node is reconstructed with ML, the
results take form of a relative likelihood values for each of
the states (e.g., 0.7 for the state A vs. 0.3 for the state B). In
the case of an iterative reconstruction over multiple trees,
one receives multiple relative likelihoods values for each state
(they differ because the topology and/or branch lengths of
each tree are slightly different affecting the reconstruction).
To summarise these results, one can simply count how many
times a given state was selected over the other state (i.e., how
many times a given state ‘won’). However, it is possible that
even when the same state is reconstructed 100% times in a
given node, its relative likelihood may be only minimally
higher than the likelihood for the other state (e.g., 0.51 for
the state A vs. 0.49 for the state B). In other words, the num-
ber of winnings does not provide any information about how
strong the victory was. Therefore, while interpreting our re-
sults, we paid attention to the number of winnings (sum-
marised as percentage values in the second plate of Fig. 2)
and to the 95% highest posterior density intervals (presented
as plots in Fig. 2).

Wood anatomical analysis
We considered 39 species represented by 49 specimens
for wood anatomical characters. The samples were ob-
tained from herbarium collections (JRAU, NBG; acro-
nyms follow [79]), with the exception of H. sphondylium
#2059 and P. sativa #2056 that were gathered from the
wild and identified by Łukasz Banasiak (no collection
permissions were required). Voucher data for all speci-
mens are available online (Additional file A1). Our sam-
pling was primarily focused on the Lefebvrea clade (29
species, 37 specimens), but also included other Tordy-
lieae (seven species, seven specimens) and the woody
outgroup (Pycnocycla, Echinophoreae: three species, five
specimens). Wood samples were taken from the base of
the main stem or thick lateral branches of living speci-
mens or from the thickest, usually basal-most, part of
the preserved herbarium specimen. Fresh material was
immediately stored in 70% ethanol.
Samples were sectioned and stained following the

standard procedures described elsewhere [42]. Wood
anatomical characters were examined with light micros-
copy and wood descriptions followed the International
Association of Wood Anatomists’ list of microscopic fea-
tures for hardwood identification whenever possible
[52]. Although care was taken for the quantitative traits
to be assessed correctly, it should be kept in mind that
measuring certain traits in samples with very limited

secondary growth may be tricky: e.g., obtaining straight
tangential longitudinal sections necessary for correct es-
timation of ray number per mm may be impossible and
assessing the number of vessels per sq. mm may be
biased due to the clustered disposition of vessels in ju-
venile wood. Additionally, in herbaceous species, it was
often difficult to distinguish between very narrow vessels
and wider fibres – a problem also observed in other
clades [80] – and therefore tangential vessel diameters
may be somewhat underestimated. Length of the trache-
ary elements was measured after maceration as de-
scribed in [81].

Estimation of the ecological niche
We decided to perform the ecological niche estimation
at the generic level. This was dictated by a number of
reasons: (1) species distributions observed in the avail-
able databases represent their realized niches affected by
multitude of factors that are of no interest in the present
study (e.g., human activity, sampling bias); (2) if conge-
ners share at least moderate niche conservatism, aggre-
gating them and estimating the ecological niche at the
generic level will result in an estimation that is more
similar to the fundamental niche than to the realized
one. Finally, (3) the number of available, high quality oc-
currence data points for particular species was low, ren-
dering the estimation at species level unreliable.
All analysed data come from a spatial extent defined

by four pairs of coordinates (20.0 N 0.0E; 20.0 N 50.0E;
35.0S 0.0E, 35.0S 50.0E) covering the whole area, where
the Lefebvrea clade members naturally occur. For the
species included in the phylogenetic analysis, we re-
trieved from the GBIF only those specimen occurrences
that had radius of uncertainty ≤50 km [75]. The query
was executed using occ_search command from R pack-
age rgbif [77]. Next, we removed duplicated records mir-
rored from the SANBI Plants of southern Africa
database, which was accessed independently using online
tools [76]. In the subsequent analysis, each of the speci-
men occurrences was represented by a single, randomly-
chosen point from within the uncertainty radius. Then,
we retrieved the bioclimatic variables from the World-
Clim 2.1 database with 2.5 arc minute spatial resolution
[78] and performed the Primary Component Analysis
(PCA) on these variables for the full study extent to ac-
commodate for strong correlations between raw vari-
ables as some of them are calculated based on the
others. The PCA was executed with rasterPCA com-
mand from the raster package in R [79]. The two first
principal components (PC) explained 44.9 and 28.3% of
the total variance, respectively. The first principal com-
ponent (PC1) was positively correlated with higher
temperature seasonality and amplitude and negatively
correlated with isothermality and higher annual
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precipitation (AP). The second principal component
(PC2) was clearly positively correlated with mean annual
temperature (MAT; the results of PCA are available
online).
Next, we estimated the ecological niche of each genus

employing two-dimensional kernel density estimation,
where one dimension represented the first principal
component (PC1) and the other represented the second
principal component (PC2). This was done with MASS
package and visualised with ggplot2 package in R [71,
80]. We also calculated the 95% joint confidence inter-
vals for the difference of means in PC1 and PC2 between
pairs of each genera. This was performed with T3 pro-
cedure that is a generalised version of Tukey-Kramer
procedure [81] with DTK.test command in DTK package
[82]. Finally, to facilitate the interpretation, we back-
projected PC1 and PC2 onto the annual precipitation
(AP) and mean annual temperature (MAT) dimensions
of the bioclimatic space. AP and MAT constitute two
main descriptors of the climate that were strongly corre-
lated with the first two principal components in our ana-
lyses. The plots showing comparisons between all genera
are available online (Additional file A4).
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