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e Background and Aims Adaptation to different pollinators has been hypothesized as one of the main factors promot-
ing the formation of new species in the Cape region of South Africa. Other researchers favour alternative causes such
as shifts in edaphic preferences. Using a phylogenetic framework and taking into consideration the biogeographical
scenario explaining the distribution of the group as well as the distribution of pollinators, this study compares pollin-
ation strategies with substrate adaptations to develop hypotheses of the primary factors leading to speciation in
Lapeirousia (Iridaceae), a genus of corm-bearing geophytes well represented in the Cape and presenting an important
diversity of pollination syndromes and edaphic preferences.

e Methods Phylogenetic relationships are reconstructed within Lapeirousia using nuclear and plastid DNA sequence
data. State-of-the-art methods in biogeography, divergence time estimation, character optimization and diversifica-
tion rate assessments are used to examine the evolution of pollination syndromes and substrate shifts in the history of
the group. Based on the phylogenetic results, ecological factors are compared for nine sister species pairs in
Lapeirousia.

e Key Results Seventeen pollinator shifts and ten changes in substrate types were inferred during the evolution of the
genus Lapeirousia. Of the nine species pairs examined, all show divergence in pollination syndromes, while only four
pairs present different substrate types.

e Conclusions The available evidence points to a predominant influence of pollinator shifts over substrate types on the
speciation process within Lapeirousia, contrary to previous studies that favoured a more important role for edaphic
factors in these processes. This work also highlights the importance of biogeographical patterns in the study of pol-
lination syndromes.
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speciation.

INTRODUCTION

The role of pollinators in the diversification of angiosperms has
been highlighted and debated ever since Charles Darwin’s
seminal work on orchid pollination (Darwin, 1877; Stebbins,
1970; Crepet, 1984; Kay and Sargent, 2009; van der Niet and
Johnson, 2012). Many studies have focused on species (or
species complexes) with particular pollination syndromes or
with trait adaptations to different pollinators (floral morphology,
scent chemistry, phenology, etc.). Several examples of these
microevolutionary studies can be found in the pages of this
Special Issue (e.g. Boberg et al., 2014; de Jager and Ellis,
2014). On the other hand, macroevolutionary studies (i.e. evolu-
tion of pollination syndromes above the species level) using phy-
logenetics and comparative methods to, for example, estimate
correlations among floral traits and pollinators remain less
common, but are increasing (Smith, 2010). The influence of geo-
graphical variation in floral traits and in the availability of various
pollinators has been extensively explored at the microevolution-
ary level. However, the integration of biogeographical processes

in the study of pollination-driven speciation above the species
level is arare occurrence. In this study, we examine the contribu-
tion of pollination syndromes and substrate shifts on speciation
events in a group of African geophytes, the genus Lapeirousia,
by integrating a biogeographical dimension and taking into
account the distribution of pollinators.

The adaptation to different pollinators has been hypothesized
as one of the main factors promoting the formation of new
species in the Greater Cape Floristic Region (GCFR) of South
Africa (Johnson, 1996, 2010), a small area home to more than
9000 species of vascular plants of which about 70 % are
endemic (Goldblatt and Manning, 2002), and identified as one
of the planet’s 34 biodiversity hotspots (Mittermeier et al.,
2005). The presence of a large number of specialized pollination
systems in the GCFR has been perceived as supporting the im-
portance of pollinator-driven diversification in the evolutionary
history and diversification of this region (Johnson and Steiner,
2000, 2003; Johnson, 2010). In sub-Saharan representatives
of the family Iridaceae alone, no fewer than 17 different pol-
lination syndromes have been reported, with pollination by
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long-proboscid anthophorine bees assumed to be the ancestral
condition in most genera of the subfamily Crocoideae (if not for
the whole subfamily) with the other pollination systems derived
and having potentially evolved multiple times (Goldblatt and
Manning, 2006). Johnson (2010) identified five diversification
modes involving pollinators: (1) the divergent use of a pollinator
by various species such as the different placement of pollen on a
pollinator; (2) coevolution between pollinator and plant, such as
the covariation in floral tubes and the proboscid of pollinating
flies; (3) trait tracking in which a plant species (e.g. non-
rewarding) is required to follow the changes caused by the co-
evolutionary process in place between its pollinator and
another plant species; (4) mimicry of different model flowers
within a single species due to the presence of different pollinators
in parts of its range; and (5) pollination syndrome shifts. The last
mode is the main focus of the present study.

Until recently, Lapeirousia has been treated as comprising
two subgenera (subgenera Lapeirousia and Paniculatae) each
split in two sections (Goldblatt and Manning, 1990). A recent
molecular phylogenetic study has resulted in its dismemberment:
subgenus Paniculatae is now treated as three separate genera, the
largely tropical Psilosiphon, and the Cape Codonorhiza and
Schizorhiza (Goldblatt and Manning, 2014). Lapeirousia, now
narrowly circumscribed, includes 27 species: 24 of them
occur along the west coast and near-interior of southern Africa
while two of the three remaining species are widespread in
southern tropical Africa; the last is a narrow endemic of the
Upper Karoo in central southern Africa. Despite comprising a
relatively small number of species, Lapeirousia in its narrow
sense has a diverse range of specialized pollination strategies
(Goldblatt et al., 1995). These include large-bodied bees
(mainly Anthophorinae), both sphinx and settling moths, bee
flies (Bombyliidae), two separate guilds of long-proboscid flies
(families Tabanidae and Nemestrinidae) and even generalist
systems. This diversity of pollination syndromes is coupled to
anequally diverse floral morphology (e.g. symmetry, tepal orien-
tation and pigmentation, perianth tube length) and preference for
a range of substrate types (e.g. sand, clay, granite, shale). This
hypervariability in pollination and edaphic preferences makes
this group of attractive corm-bearing geophytes an ideal case
study for exploring various hypotheses about the causes of spe-
ciation in the mega-diverse winter-rainfall region of southern
Africa.

A phylogenetic analysis based on morphological characters
has shown that speciation in Lapeirousia was primarily allopatric
and that edaphic diversity played an important role in the diver-
sification of the genus (Goldblatt and Manning, 1996; Goldblatt
etal., 1995; Proches et al., 2006). These analyses also indicated
that large-bodied bee pollination was derived in the genus,
with long-proboscid fly pollination evolving repeatedly, result-
ing from ‘repeated entry into pre-existing pollination guilds’
(Goldblatt and Manning, 1996). Goldblatt and Manning (1996)
concluded that there was no evidence of pollinator-driven speci-
ation in Lapeirousia regardless of the great variability in floral
morphology in the genus.

Here, we present the first comprehensive phylogenetic ana-
lysis of Lapeirousia based on molecular DNA sequence data
from both the plastid and the nuclear genomes and with a near-
complete species sampling for the clade now recognized as the
genus Lapeirousia. Using this phylogenetic framework,
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combined with a biogeographical scenario, as well as character
optimization and diversification analyses, we compare pollin-
ation strategies with substrate adaptations to develop hypotheses
regarding the influence of pollination syndromes and edaphic
factors in speciation within the genus. Specifically, we address
the following topics: (1) the identity of the ancestral condition
of the pollination systems and substrate types in Lapeirousia
and its links with the biogeographical processes in the group,
as well as the distribution of pollinators, particularly the domin-
ant long-proboscid fly system; (2) the potential association of
pollination strategies and edaphic preferences with increases or
decreases in diversification rates; and (3) the predominance of
shifts in either pollination or substrate types associated with
species divergence. We are thus seeking evidence for the preva-
lence of either pollinator or substrate type shifts as triggers of spe-
ciation in Lapeirousia.

MATERIAL AND METHODS
Taxon sampling

Of the 27 species now assigned to Lapeirousia (Goldblatt and
Manning, 2014), 25 were sampled as part of this study with
only L. purpurea and L. kalahariensis missing. Three species
have subspecies: L. pyramidalis (both sampled, subsp. pyrami-
dalis and subsp. regalis), L. plicata (one sampled, subsp.
plicata; subsp. effurcata and subsp. foliosa not included) and
L. fabricii (one sampled, subsp. fabricii; subsp. purpurascens
and subsp. compressa not included). Eight of the 15 species
of Psilosiphon and six of the seven species of Codonorhiza,
as well as the monotypic genera Schizorhiza, Cyanixia and
Savannosiphon were also included in our analysis. The genus
Zygotritonia, thought to be closely related to Cyanixia
and Savannosiphon (Goldblatt and Manning, 2008), was not
included in the present study; amplification of the material
at hand remained unsuccessful. Outgroup taxa from other
members of tribe Watsonieae were selected based on the
results of a previous phylogenetic study of Iridaceae (Goldblatt
et al., 2008); these include Thereianthus racemosus, Watsonia
tabularis, Pillansia templemanii and Micranthus junceus.
Included species and associated voucher information are pro-
vided in Supplementary Data Table S1. Hereafter, we refer
to the clade corresponding to the ingroup comprising the
genera Lapeirousia, Cyanixia, Savannosiphon, Codonorhiza,
Schizorhiza and Psilosiphon (and most likely Zygotritonia) as
the ‘Lapeirousia clade’, while Lapeirousia is used to identify
what was previously Lapeirousia subgenus Lapeirousia
(Goldblatt and Manning, 2014).

DNA sequencing

Total genomic DNA was extracted from 0-03—-0-3 g of silica
gel-dried plant material collected in the wild using a modified
version of the 2 x CTAB method (Doyle and Doyle, 1987) and
followed by a caesium chloride/ethidium bromide gradient
(155 gmL~ ") and a dialysis procedure, to yield material suitable
for long-term storage in the DNA & Tissue Collections at Royal
Botanic Gardens, Kew (http:/apps.kew.org/dnabank/homepage.
html).
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Phylogenetic relationships within the Lapeirousia clade were
reconstructed using 11 DNA markers, including ten plastid, of
which three are coding (matK, ndhJ, ycf5), two are introns
(rpll6, trnL) and five are intergenic spacers (frnQ-5’-rpsl6,
trnL-trnF, ndhF-rpl32, rpl32-trnl, accD-psal). The nuclear
marker is the low-copy gene RPB2, coding for the RNA poly-
merase II subunit. Only a portion of the matK coding region
(about 850 bp in length) was amplified using primers XF and
5R (see www.kew.org/barcoding). Primers ¢ and f were general-
ly used to amplify the trnL intron and trnL-trnF spacer in one re-
action, but these regions were sometimes amplified separately
using primers ¢ and f in combination with primers e and d (all
primers from Taberlet et al., 1991). Primers for trnQ-5-rpsi6,
ndhF-rpl32, rpl32-trnL and accD-psal were obtained from
Shaw et al. (2007). Amplification of the rpll6 intron was
performed using primers designed by Shaw et al. (2005).
The coding regions ndhJ and ycf5 were amplified using
the primer pairs ndhJ-1F/ndhJ-4R and ycf5-1F/ycf5-4R, respect-
ively (see www.kew.org/barcoding). The nuclear RBP2 region
was amplified using a set of primers specifically designed
for Iridaceae (P. Rymer, Royal Botanic Garden, Sydney,
Australia, pers. comm.): RPB2-Irid-F (5'-GCACATATGGGGA
AAGAAGG) and RPB2-Irid-R (5'-TTATCCACCTGAGATGA
TTGCO).

The PCR amplifications for all plastid markers were con-
ducted in 25-pL reactions, using 22-5 pL of Reddy PCR
Master Mix (2-5mm MgCly; Thermo Fisher Scientific,
Waltham, MA, USA), 0-5 p.L of 0-4 % bovine serum albumin
(BSA), 0-5 pL of each primer (100 ng }LL_I) and 3 pL of tem-
plate DNA. PCR conditions were as follows: initial denaturation
at 80 °C for 5 min, followed by 35 cycles of 1 minat95 °C, 1 min
at 50 °C and 5 min at 65 °C, ending with a single final elongation
of 4 min at 65 °C. The RBP2 marker was amplified using the fol-
lowing protocol: 1-5 pL of 50 mm MgCl,, 2 pL of 0-4 % BSA,
0-5 wl ANTP (10 wm), 0-75 pL of each primer (100 ng wL™"),
0-8 L dimethyl sulfoxide (DMSO), 1-5 pnL of template DNA,
2-5 units of Taq polymerase (Promega, Southampton, UK),
and completed to a 20- L volume reaction with water. PCR con-
ditions were as follows: initial denaturation at 94 °C for 4 min,
followed by 35 cycles of 1 min at 94 °C, 1 min at 54 °C, 2 min
at 72 °C, ending with a single final elongation of 7 min at 72 °C.

PCR amplifications were performed on a 9700 GeneAmp
thermocycler (ABI, Warrington, UK) and resulting PCR
products were purified with the Nucleospin Extract IT kit
(Machery-Nagel, Diiren, Germany), following the manufac-
turer’s protocol. Cycle sequencing reactions were performed in
10-pL reactions using 1 wL of BigDye® Terminator cycle se-
quencing chemistry (v3.1) and the same primers as for PCR.
Complementary strands were sequenced on an ABI 3730 auto-
mated sequencer and then assembled; software base-calling
was verified using Sequencher 4-5 (Gene Codes Corp., Ann
Arbor, MI, USA). All DNA regions were aligned by eye in
PAUP* (version 4-0b10; Swofford, 2002). Sequences are avail-
able from GenBank (Table S1).

Phylogenetic reconstructions

A combined Bayesian analysis was performed using a
Markov-Chain Monte-Carlo (MCMC) approach, as implemen-
ted in MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) and
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following recommendations by Nylander et al. (2004). Two par-
titions were defined corresponding to the plastid and nuclear
genomes. Separate analyses of these partitions resulted in topo-
logically similar trees with no well-supported incongruence;
thus, only results from combined analyses are presented here
and used in subsequent analyses. Each partition was assigned
specific model parameters and the parameters were fully
unlinked (except the topology). The best-fit model of DNA sub-
stitution for each partition was determined using MrModeltest
2-2 (Nylander, 2004) and the Akaike Information Criterion
(Akaike, 1974). The General Time Reversible (GTR) model
with a proportion of invariable sites and a gamma shape to
account for rate heterogeneity among sites (GTR + I + G) was
chosen for the plastid data, while an HKY85 model with a
proportion of invariable sites was selected for the nuclear
RPB2 partition. Two Metropolis-coupled MCMCs with in-
cremental heating temperature of 0-2 were run for 10 million
generations, with the parameters and the resulting phylogenetic
trees being sampled every 1000 generations. The analysis
was repeated three times, starting with random trees and per-
formed on the Bioportal cluster at the University of Oslo
(www.bioportal.uio.no). The MCMC sampling was considered
sufficient when the effective sampling size (ESS) was higher
than 200, as verified with Tracer v1.5 (Rambaut and
Drummond, 2007). A burn-in period of one million generations
per run was applied and the remaining trees were used to recon-
struct an ‘allcompat’ consensus tree with posterior probabilities
(PP) for each node.

Divergence time estimates were obtained using the Bayesian
inference approach implemented in the package BEAST
v.1.5.4 (Drummond and Rambaut, 2007), applying the same par-
tition delimitation and evolutionary models as those used for the
MrBayes analysis. We used an uncorrelated relaxed molecular
clock with alognormal distribution of rates and a Yule speciation
model. The analysis was run on the Bioportal cluster (University
of Oslo; www.bioportal.uio.no) for 20 million generations, sam-
pling one tree every 1000 generations. Parameter convergence
was confirmed following the same approach as in the MrBayes
analysis (see above). Following a burn-in period of two million
generations, a maximum clade credibility tree with median
branch lengths and 95 % highest posterior density (HPD)
interval on nodes was reconstructed using TreeAnnotator 1.5.4
(Drummond and Rambaut, 2007).

Calibration of the tree to obtain absolute age estimates was not
possible for this group. No reliable fossils have been described
for Iridaceae before the Miocene and only a few pollen records
have been reported, all of uncertain assignation or assigned to
other clades of Iridaceae, too distant from Watsonieae to be
useful in the present study (Goldblatt e al., 2008). The only
option remaining is to use secondary calibration points,
but these have additional problems making them unattractive
for our purpose (Forest, 2009; Graur and Martin, 2004).
Nevertheless, an ultrametric tree was required for subsequent
analyses and thus we assigned a value of 1-0 to the root of the
Lapeirousia clade using a uniform prior.

Biogeographical analyses

Geographical areas were defined based on the current taxa dis-
tributions and areas as characterized by Linder ef al. (2012) and
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Born et al. (2007) for the GCFR. We recognize six areas: (A)
GCFR, (B) Southern African Region, (C) Zambezian Region,
(D) Ethiopian/Somalian Region, (E) Sudanian/Sub-Saharan
Region and (F) Congolian Region (see Fig. 1).

The dispersal —extinction—cladogenesis (DEC) likelihood
model implemented in Lagrange v.2.0.1 (Ree et al., 2005; Ree
and Smith, 2008) was used to investigate the biogeographical
history of this clade (further details on this method are presented
in Buerki et al., 2011). The Lagrange analysis was performed on
the BEAST maximum clade credibility tree (excluding the out-
group taxa) with the maximum number of areas at nodes con-
strained to two. Ancestral area reconstructions for each node
were plotted on the BEAST tree using pie charts and the biogeo-
graphical scenario was produced using a collection of R scripts
following Buerki er al. (2012). This latter procedure (i.e. the
type and frequency of transition events between ancestral and
descendant nodes along the dated phylogenetic tree) was inferred
according to the Q matrix implemented in the DEC model (Ree
et al., 2005; Ree and Smith, 2008).

We assessed the effects of biogeography on the diversification
of this clade using the geographical state speciation and extinc-
tion model (GeoSSE) implemented in the R package diversitree
(FitzJohn, 2012). This method is an extension of the marginal
ancestral state reconstruction for discrete characters (BiSSE)
developed for biogeographical purposes (Goldberg et al.,
2011). The GeoSSE method was applied separately on the
whole Lapeirousia clade and on Lapeirousia itself. The
BEAST maximum clade credibility tree was used because
these methods require an ultrametric fully bifurcated tree. Only
the patterns of diversification between the GCFR and the other
areas were investigated. This method simultaneously features
the characteristics of the constant-rates birth—death model with
a three-state Markov model and allows the estimation of region-
dependant rates of speciation, extinction and range evolution
(Goldberg et al., 2011). Seven parameters can be estimated by
the model: speciation within regions A (sA) and B (sB), between-
region speciation (sAB), extinction from regions A (xA) and B
(xB), dispersal from A to B (dA) and dispersal from B to A
(dB) (see fig. 1 in Goldberg et al., 2011). Maximum-likelihood
(ML) parameter estimation and model comparison were con-
ducted followed by Bayesian parameter estimation through
MCMC (as done in Buerki et al., 2012). To reduce the complex-
ity of the analysis, two GeoSSE models — the full model and the
model without between-region speciation (sAB) — were esti-
mated under an ML framework and compared using a likelihood
ratio test as implemented in diversitree (FitzJohn, 2012). For all
analyses, the model without sAB constantly fitted the data better,
suggesting that there are regional differences in diversification.
Subsequently, an MCMC approach was used to perform a
Bayesian analysis based on the six-parameter GeoSSE model.
ML rate estimates were used as priors to seed the MCMC ana-
lysis. The MCMC was run for 10 000 generations and posterior
probability distributions for the GeoSSE parameters were
summarized using the function profiles.plot implemented in
diversitree.

The specimen records of long-proboscid flies (families
Nemestrinidae and Tabanidae), the ancestral state for the genus
(see below), were mapped over the species richness of
Lapeirousia. Biogeographical data for South African species
of Lapeirousia was extracted from the PRECIS plant database
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(Computerised Information System of the National Herbarium
in Pretoria, PRE; Germishuizen and Meyer, 2003). The database
comprises over 1-7 million geo-referenced specimen records for
over 22 000 plant taxa. Species distribution data for the two long-
proboscid fly families (Nemestrinidae and Tabanidae) that are
associated with pollination of Lapeirousia were extracted from
taxonomic revisions (Usher, 1972; Barraclough, 2006) and spe-
cimen records housed in the Iziko Museum (Cape Town, South
Africa), Natal Museum (Pietermaritzburg, South Africa) and
the Durban Natural Science Museum (Durban, South Africa).
These museums are the three main repositories of long-
proboscid fly material. For Nemestrinidae, locality data for the
genera Prosoeca Schiner (P. peringueyi Lichtwardt; P. sp.
nov.; Manning and Goldblatt, 1996) and Moegistorhynchus
Macquart (M. braunsi Bequaert; M. brevirostris Wiedemann;
M. longirostris Wiedemann) were extracted and mapped. For
Tabanidae, locality data for the genus Philoliche Hardwicke
(P. rostrata Linnaeus; P. gulosa Wiedemann) were extracted
and mapped.

Optimization of pollinator and substrate types

For each species of Lapeirousia, we scored the associated pol-
linator and substrate type(s) and reconstructed the ancestral char-
acter using the ML method implemented in the R package ape
and the function ace, by setting the type argument to discrete
(Paradis et al., 2004). Information on pollinator and substrate
types (observed and inferred) for pollinator types was compiled
from the literature and complemented by field observation and
expertise of the group (see Table 1 for details). This analysis
was performed only on Lapeirousia as the information for the
other genera of the Lapeirousia clade is incomplete. The ances-
tral reconstructions were performed on the BEAST maximum
clade credibility tree and results were displayed on the tree
using the ‘thermo’ argument from the nodelabels function in
ape (Paradis et al., 2004). Four pollinator types were defined
and scored: (1) large-bodied bee, (2) sphingid moth (Sphingidae),
(3) long-proboscid fly (including Tabanidae and Nemestrinidae)
and (4) generalist. The long-proboscid fly families Tabanidae and
Nemestrinidae are considered as different pollinator guilds
(Goldblatt and Manning, 2006) and we adopt this view here, al-
though we scored them as a single syndrome in the present study,
as the ML optimization method does not allow the use of poly-
morphic characters. The distinction between the Tabanidae
and Nemestrinidae is made clear in Fig. 3. Two other pollinator
types are recorded in Lapeirousia, bee flies (Bombyliidae) and
settling moths; these are each found in only one species and in
combination with one of the four pollinator types scored (see
above). As mentioned above, the ML method employed to opti-
mize pollinator and substrate types does not allow the use of poly-
morphism, and thus we removed bee fly and settling moth
syndromes from the reconstruction. The five substrate types
used were defined as follows: (1) sand, (2) clay, (3) quartzite,
(4) granite and (5) shale. We also accounted for polymorphism
in substrate preference by including two states consisting of
two of the above types: (6) sand/granite and (7) sand/clay. The
shifts in pollinator and substrate types were mapped onto a
lineage-through-time (LTT) plot obtained using the maximum
credibility clade tree from BEAST and the R package ape
(Paradis et al., 2004). A shift in either substrate or pollination
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TaBLE 1. Pollinator types, substrate types, phenology and distribution for each species included in the phylogenetic analysis of the
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Lapeirousia clade and used in the optimization analyses

Species Pollinator type Substrate type Distribution
Codonorhiza azurea Apidae (1) Granite (3,4) GCFR
Codonorhiza corymbosa Generalist (1) Granite (3,4) GCFR
Codonorhiza elandsmontana Tabanidae (3) Sand (3) GCFR
Codonorhiza falcata Apidae/Tabanidae/Nemestrinidae Sandstone (4) GCFR

(3.6)
Codonorhiza fastigiata - Clay/Sandstone GCFR

(CXD)

Codonorhiza micrantha Settling moth (1,3,6) Sandstone (4) GCFR
Cyanixia socotrana - - Ethiopian—Somalian Region
Lapeirousia anceps Tabanidae/Nemestrinidae (1,8) Sand (2,3,4) GCFR
Lapeirousia angustifolia Generalist (3) Clay (3) GCFR
Lapeirousia arenicola Tabanidae (1,3,6) Sand (2,4) GCFR
Lapeirousia barklyi Apidae (1) Sand (2,4) GCFR
Lapeirousia caudata Sphingidae (3,5) Sand (5) Southern African & Zambezian Regions
Lapeirousia divaricata Generalist (1) Sand (4) GCFR
Lapeirousia dolomitica Nemestrinidae (2) Quartzite (3) GCFR
Lapeirousia exilis Apidae/Bombyliidae (1) Sand (2,4) GCFR
Lapeirousia fabricii subsp fabricii Tabanidae/Nemestrinidae (1) Sand/Granite (3) GCFR
Lapeirousia jacquinii Nemestrinidae (1) Sand (2,4) GCFR
Lapeirousia kamiesmontana Nemestrinidae (3) Granite (3) GCFR
Lapeirousia lewisiana Nemestrinidae (1) Granite (3) GCFR
Lapeirousia littoralis Sphingidae (3,5) Sand (5) GCFR & Southern African Region
Lapeirousia macrospatha Nemestrinidae (1) Sand (3) GCFR
Lapeirousia montana Generalist (1) Clay (4) GCFR
Lapeirousia odoratissima Sphingidae (5) Sand (5) Southern African & Zambezian Regions
Lapeirousia oreogena Nemestrinidae (1) Clay (2,4) GCFR
Lapeirousia plicata susp. plicata Generalist (1) Clay (3.,4) GCFR & Southern African Region
Lapeirousia pyramidalis subsp. Sphingidae (1,7) Clay (7) GCFR
pyramidalis
Lapeirousia pyramidalis subsp. regalis Nemestrinidae (1,7) Sand (7) GCFR
Lapeirousia silenoides Nemestrinidae (1) Granite (2,4) GCFR
Lapeirousia simulans Tabanidae (6) Sand (7) GCFR
Lapeirousia spinosa Apidae/Settling moth (7) Sand/Clay (7) GCFR
Lapeirousia tenuis Apidae (6) Clay (7) GCFR
Lapeirousia verecunda Tabanidae/Nemestrinidae (1) Shale (2,4) GCFR
Lapeirousia violacea Nemestrinidae (1) Sand (2,4) GCFR
Psilosiphon abyssinicus Generalist (5) - Ethiopian—Somalian Region
Psilosiphon avasmontanus Apidae (5) - Southern African Region
Psilosiphon coeruleus Apidae (3) - Southern African & Zambezian Regions
Psilosiphon erythranthus Generalist (5) - Zambezian & Saharan-Sudanian Regions
Psilosiphon otaviensis Tabanidae/Nemestrinidae? (5) - Southern African Region
Psilosiphon rivularis Apidae (5) Granite (5) Southern African & Zambezian Regions
Psilosiphon sandersonii Generalist (5) - Southern African Region

Psilosiphon schimperi

Savannosiphon euryphyllus
Schizorhiza neglecta
Outgroups

Micranthus junceus
Pillansia templemanii
Therianthus racemosus
Watsonia tabularis

Sphingidae (5)

Sphingidae (3; inferred)
Generalist (3)

Sandstone (3)

Southern African, Zambezian, Ethiopian—Somalian

& Saharan—Sudanian Regions
Zambezian & Congolian Regions
GCFR

GCFR
GCFR
GCFR
GCFR and Southern African Region

References: (1) Goldblatt ez al. (1995); (2) Goldblatt and Manning (2014); (3) P. Goldblatt and J. C. Manning, pers. obs.; (4) Goldblatt (1972); (5) Goldblatt
(1990); (6) Goldblatt and Manning (2006); (7) Goldblatt and Manning (1994); (8) Pauw et al. (2008).

syndrome was recognized when a change occurred between a
state with a probability >0-5 and a different state with a probabil-
ity >0-5; these shifts can take place either between two nodes or
between a node and a tip.

For biogeography, we examined the effects of pollinator types
on the diversification of Lapeirousia using the multistate speci-
ation and extinction model (MUSSE), implemented in the R
package diversitree (FitzJohn, 2012). As for GeoSSE (see

above), this method is an extension of the marginal ancestral
state reconstruction for discrete characters (BiSSE) developed
to accommodate multiple state characters in diversification ana-
lyses (FitzJohn, 2010). Again, the BEAST maximum clade cred-
ibility tree was used because this method requires an ultrametric,
fully bifurcated tree. The same approach as presented for the
GeoSSE method was applied here, but the MCMC was run for
1000 generations. It was not possible to apply the same approach
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to examine the effect of substrate types on diversification rates, as
the number of states for substrate type is too high, which resulted
in the analysis failing to converge properly.

RESULTS

Phylogenetic relationships

The combined matrix comprises 8204 characters, of which 547
are potentially parsimony-informative (7-9 %; Table 2). The most
variable region in terms of potentially parsimony-informative
characters is the nuclear RBP2 (13-3 %), while the most variable
plastid region is the intergenic spacer ndhF-rpl32 (11-6 %;
Table 2). The phylogenetic analyses performed here produced
a generally well-supported topology. The genera Lapeirousia,
Psilosiphon and Codonorhiza are all well supported (PP = 1-0;
Fig. 1). Codonorhiza is retrieved as sister to the remainder
of the Lapeirousia clade, in which the monotypic genus
Schizorhiza is sister to a pair of clades, the first one formed by
Lapeirousia and the second formed by genera Savannosiphon
and Cyanixia, sister to Psilosiphon. Within Lapeirousia,
section Lapeirousia is paraphyletic, with three of its species
(L. littoralis, L. caudata and L. barklyi) retrieved as sister to
the rest of the genus, in which section Sophronia is sister to
section Chasmatocallis and the rest of section Lapeirousia.
The BEAST analysis produced an identical tree with very
similar posterior probabilities for each node, except for the rela-
tionship between L. silenoides and L. verecunda. In the BEAST
analysis, these two species are found as sister (Fig. 1), while in
the MrBayes analysis L. silenoides is sister to a clade comprising
L. verecunda and five other taxa (Supplementary Data Fig. S1).
In both cases, these relationships are not well supported, al-
though the sister relationship of these two species is slightly
better supported in the BEAST analysis. We used the dated
tree obtained from BEAST in subsequent analyses, and thus con-
sider L. silenoides and L. verecunda as sister species in the fol-
lowing discussion.

Biogeographical analyses

The biogeographical scenario is represented on the BEAST
maximum clade credibility tree using pie charts and by specify-
ing on which branches/nodes each biogeographical event occurs
(Fig. 1A), with the inferred dispersal events displayed on a map
depicting the area circumscription used in the analysis (Fig. 1B).
The biogeographical patterns observed in the Lapeirousia clade
are explained using 16 dispersal events, one extinction, four per-
ipheral isolations and three vicariance events (Fig. 1A, B). This
analysis indicates that the Lapeirousia clade originated and was
always present in the GCFR (area A) and subsequently dispersed
elsewhere in Africa (areas B—F; Fig. 1). Most dispersal events
take place in the sister clade of Lapeirousia (ten events), which
has no species in the GCFR. Furthermore, the GCFR was not
recolonized by lineages that dispersed out of the GCFR (clades
A and B), a result supported by the null probability of dispersal
towards the GCFR, as inferred by the GeoSSE analysis (Fig. 2).

The biogeographical patterns within the clade sister to
Lapeirousia (comprising genera Savannosiphon, Cyanixia and
Psilosiphon) are shaped by peripheral isolation and vicariance
events in their early evolutionary history, followed by several

TABLE 2. Characteristics of the ten DNA regions used in the phylogenetic analysis of the Lapeirousia clade

ndhJ yefs rpll6 trnL-F trnQ-rpsl6 ndhF-rpl32 rpl32-trnL ACCD-psal RPB2 Combined

matK

8204
6914

663
512
360

944
804
731

1072

802
612
479

1177
1069

863
684
610

1072
1005
876

284
212
182

443
374
339

884
859
743

Aligned characters

783
620

Included characters
Constant characters
Variable characters

PPI characters

5828
1086
547 (79 %)

888
181
106 (99 %)

152
68 (13-3 %)

163
90 (11-5 %)

133
71 (11-6 %)

129
67 (67 %)

116
52 (6-1 %)

35 (44 %)

38 (56 %)

12 (5-7 %)

8 (94 %)

PPI, parsimony-informative characters; percentage of PPI characters in the total number of aligned characters is indicated in parentheses.
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GCFR and the other areas. The analysis was performed on the Lapeirousia clade (A) and genus Lapeirousia (B). Abbreviations: A = GCFR and B = outside the
GCFR, s = speciation, x = extinction, d = dispersal.

subsequent dispersals (Fig. 1). The first dispersal outside of the
GCFR occurred on the stem lineage of Lapeirousia and its
sister clade, followed by a peripheral isolation event where the
sister clade inherits only area B, whereas Lapeirousia remains
widespread in areas A and B. The most recent common ancestor
of extant Lapeirousia species had a widespread distribution in
areas A and B, where a peripheral isolation event resulted in
clade A being distributed in areas A and B and where the remain-
der of the genus (clades B, C and D) is restricted to the GCFR
(area A). Clade B then dispersed to area B and subsequently spe-
ciated by vicariance followed by two additional dispersals
(Fig. 1). Clades C and D remained restricted to the GCFR and,
within Lapeirousia, have more species restricted to the GCFR
than there are species found in this area in clades A and B, i.e.
clades that retain the widespread ancestral state have fewer
species than those found only in the GCFR.

The GeoSSE analyses indicate an increase of diversification
rates in the GCFR region compared with the remaining areas
(i.e. a higher rate of speciation was recorded in the GCFR, but
similar rates of extinction were found in this region and the rest
of Africa; Fig. 2A). This result is even more significant when
the analysis is conducted only on Lapeirousia (Fig. 2B). The
GeoSSE analyses confirmed the biogeographical scenario
obtained by the DEC model in inferring a very limited rate of dis-
persal to the GCFR (dA; Fig. 2).

Shifts in pollinator and substrate types

The ML optimization of pollinator types inferred the long-
proboscid fly type as the ancestral state for Lapeirousia
(Fig. 3A). Seventeen pollinator shifts are inferred during the

evolution of Lapeirousia. In the case of substrate types, the ana-
lysis recovered a smaller number of shifts (n = 10; Fig. 3B). The
shifts in pollinator and substrate types occurred mainly during the
second half of the evolutionary history of the group, found closer
to the terminals in the phylogenetic tree (Fig. 4). This could be
due to the larger number of branches towards the present, but
what is probably more relevant to the present argument is that
the number of shifts in pollination systems is higher than the
number of shifts in substrate types closer to the present
(Fig. 4). There are six simultaneous shifts of pollinators and
substrate, all assigned to the most recent common ancestors of
extant species (Figs 3 and 4). In five of these six cases, the
exact position of one or both shifts is ambiguous, potentially
taking place on one of two sister lineages (e.g. shifts in the
sister species pair L. simulans and L. lewisiana). In only one in-
stance, on the crown node of L. pyramidalis subsp. pyramidalis,
L. pyramidalis subsp. regalis and L. angustifolia, a shift was in-
ferred despite absence of achange occurring between a state with
a probability >0-5 and a different state with a probability >0-5
(seered asterisk in Fig. 3). None of the states inferred on this node
has a probability >0-5, but given the states observed in the three
species, a shift necessarily occurred on one of the two sister
lineages arising from this node (Fig. 3). Finally, the pollinator
MUSSE reconstruction inferred similar speciation rates for all
pollinator types, with the 95 % confidence intervals of speciation
rate densities for each state overlapping (Fig. 5).

DISCUSSION

Seventeen pollinator shifts and ten changes in substrate types
were inferred during the evolution of Lapeirousia. All nine
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sister species pairs examined within the genus show divergence
in pollination syndromes, while only four pairs are found on
different substrate types. This evidence alone points to a predom-
inantinfluence of pollinator shifts over substrate types on the spe-
ciation process within Lapeirousia, contrary to previous studies
that favoured a more important role for edaphic factors. The long-
proboscid fly pollination syndrome is the ancestral state in
Lapeirousia, an unusual result in itself. Furthermore, the inferred
distribution range on the crown node of Lapeirousia (i.e. GCFR)
coincides with the adoption of the long-proboscid fly pollination
system in this group and mirrors the foraging range of these

Forest et al. — Pollinator shifts in Lapeirousia

pollinators. These results demonstrate the importance of inte-
grating a biogeographical approach in studies of pollination syn-
dromes, while taking into account the distribution of pollinators.

A link between biogeography and ecological shifts

The biogeographical reconstruction performed on the
Lapeirousia clade revealed that the ancestral condition at the
root node of the group is the GCFR (area A), with subsequent dis-
persals northward (with no return southward) to the Southern
African region (area B), then the Zambezian region (area C)
and the other regions to the north, as defined for the purpose of
this study (Fig. 1). This northward migration scenario with an
origin in the GCFR has been postulated in several other plant
groups (e.g. Galley et al., 20006). Ten of the 16 dispersal events
inferred from the Lagrange analysis involve the Southern
Africa region (area B), of which seven are dispersals out of this
region to the Zambezian region (area C). This pattern indicates
that the GCFR, home to most of the diversity of Lapeirousia,
and Codonorhiza and Schizorhiza, is the source of dispersal
events rather than being a recipient. The GeoSSE analyses
performed on the Lapeirousia clade as a whole, and on
Lapeirousia alone, both show that speciation rates in the
GCFR are higher than in the other regions combined (i.e. the
rest of sub-Saharan Africa; Fig. 2), although more convincingly
in the case of the former. Extinctions and dispersal rates on the
other hand were similar between the GCFR and the rest of Africa.

Within Lapeirousia, for all species not restricted to the GCFR
(which are found in clades A and B), shifts in pollination
syndromes and substrate types are linked to vicariance and per-
ipheral isolation events (Figs 1 and 3). The shift from long-
proboscid fly to sphingid moth on the stem of clade A is asso-
ciated with a peripheral isolation event and remained widespread
between areas A and B (Fig. 1). A second peripheral isolation
event is associated with the shift from sphingid moth to bee pol-
lination on the terminal branch leading to L. barklyi, a species
restricted to the GCFR, whereas the sister species, L. caudata,
remains widespread in areas B and C. A vicariance event at the
crown node of clade B is linked to four ecological shifts, two
linked to pollinators and two to substrate types (Figs 1 and 3).
A shift from generalist to the more specialized long-proboscid
fly pollination syndrome on the terminal branch subtending
L. oreogena is not associated with a biogeographical event as
this species is restricted to the GCFR, where long-proboscid
flies mostly occur (Fig. 6). Contrary to clades C and D, which
are restricted to the GCFR and in which most species are polli-
nated by range-restricted long-proboscid flies, the dispersal
success of species from clades A and B is associated with pollin-
ator guilds of wider ranges (e.g. generalist, sphingid moths). The
most recent common ancestor of Lapeirousia is estimated as
having been pollinated by long-proboscid flies and, interestingly,
constrained to areas A and B where these pollinators are also
restricted.

The MUSSE analysis performed on the pollination systems
did not identify one (or more) of the strategies as associated
with high speciation rates (Fig. 5). Valente et al. (2012) found
increased diversification rates associated with derived pollin-
ation systems in Gladiolus (Iridaceae), i.e. not the predominant
(and ancestral) bee pollination syndrome. We found no such
increased diversification rates when we compared the ancestral
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long-proboscid fly pollination system in Lapeirousia with the
other systems (not shown), but the ML value for this pollinator
type is the highest of those examined (vertical lines in Fig. 5).
This indicates that the high diversification rates in Lapeirousia
are linked to its presence in the GCFR, but does not identify un-
equivocally a potential causal factor to explain these increased
diversification rates. The presence of a diversity of specialized
pollination syndromes (Johnson and Steiner, 2000, 2003)
rather than the shift to a particular system could, however, have
influenced the diversification rates. The macroevolutionary
history of species of Lapeirousia restricted to the GCFR (i.e.
clades C and D) could only be inferred here using ecological
shifts, without a biogeographical approach; this would be feas-
ible, however, using a biogeographical analysis of the GCFR at
a finer scale.

Pollination versus substrate shifts

The variety of pollinator guilds in the GCFR has unquestion-
ably contributed to the high plant diversity of this region
(Johnson, 1996, 2010), but evidence presented in many studies
indicates that substrate diversity may have had a greater impact
on plant diversity in general in the GCFR (e.g. Linder, 1985;
Linder and Vlok, 1991) while the pollinators would have had
a secondary role (e.g. Goldblatt and Manning, 1996, 2006).
Further supporting this claim is the fact that many of the
most species-rich groups in the GCFR (e.g. the Cape clades
of Linder, 2003) show limited or no variation in pollination
systems and have conserved floral morphology [e.g. Aspalathus

(Leguminosae), Agathosma (Rutaceae), Muraltia (Polygalaceae),
Phylica (Rhamnaceae), Oxalis (Oxalidaceae); Goldblatt and
Manning, 2006]. These groups, therefore, would have probably
been influenced more by the mosaic of soils and local climatic con-
ditions than the diversity of pollinator guilds. As shown by
Schnitzler et al. (2011), using a comparative analysis of four
groups with and without varied pollination syndromes, the diversity
of edaphic factors has played an important role in speciation in the
GCFR in all these groups. On the other hand, a sister-species pair
comparison in several Cape-centred groups revealed that more
species divergence was potentially associated with pollinator dif-
ferences than edaphic factors. These analyses were, however,
based on a relatively small sample and focused on orchid groups
(van der Niet and Johnson, 2009). Our study of Lapeirousia
seems to contradict many previous studies as the available evidence
points towards a greater involvement of pollinator shifts in speci-
ation in the genus than changes in edaphic preferences.

Our analysis shows that the ancestral pollination system in
genus Lapeirousia is long-proboscid flies and that other pollin-
ation strategies evolved subsequently, including that by large-
bodied bees (Fig. 3). This is an unusual pattern as previous
studies of GCFR groups with varied pollination systems show
that long-proboscid fly pollination is a derived syndrome evolv-
ing from large-bodied bee or generalist systems (Goldblatt and
Manning, 2006). One argument put forward to explain this situ-
ation is that once a species has evolved a flower with a long tube
adapted to long-proboscid flies or moth pollination, bees no
longer forage for nectar on these flowers and no longer visit
them (see van der Niet and Johnson, 2012; Whittall and
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Hodges, 2007). In Gladiolus and Babiana (also Iridaceae), one
pollination shift has been inferred for every five to six species
(Goldblatt and Manning, 2006). Valente et al. (2012) confirm
this estimate for Gladiolus, in which pollinator shifts have
taken place every 5-4 species (based on their ML optimization
of pollination systems onto a molecular phylogeny comprising
148 of the 265 species of the genus). In Lapeirousia, the presence
of 17 shifts in pollination systems results in one shift every 1.5
species, almost four times as much as that reported for
Babiana and Gladiolus. This is compiled by taking into
account as shifts cases in which species have two pollinators
(L. spinosa by bees and settling moths; L. exilis by large-bodied
bees and Bombyliidae; three species pollinated by both
Tabanidae and Nemestrinidae). One shift every 1.5 species is a
remarkably high frequency by all accounts and surpasses all esti-
mates presented to date.

Such a high rate of shift in pollination strategy could reason-
ably lead to the conclusion that speciation in this group of corm-
bearing monocots is tightly linked to pollination. The same ap-
proach (i.e. character optimization on the phylogenetic tree)
applied to substrate types reveals that edaphic factors also
show a relatively high number of shifts (n = 10), although less
than pollination syndromes (Fig. 3). The most likely interpret-
ation regarding substrate types is that Lapeirousia originated
on sandy substrates and then diversified multiple times to other
substrate types. With ten shifts in substrate types within the
genus, orone shiftevery 2.6 species, this suggests that pollination
syndromes and environmental factors both played an important
role in the diversification of the genus. Based on these observa-
tions alone, the available evidence points to a predominant influ-
ence of pollinator shifts on the speciation process within the
genus, but does not rule out the hypothesis previously put
forward that pollinator shifts would act more secondarily on
the speciation process, which would potentially be led by
edaphic preferences.

The LTT plot on Lapeirousia indicates that diversification
rates were relatively constant throughout its history (Fig. 4), con-
sistent with several other GCFR-centred groups (e.g. Linder,
2005; Schnitzler et al., 2011). The relative climatic stability of
the region in the past two million years has been identified as
one of the main factors responsible for these stable rates of diver-
sification, acombination of more or less constant speciation rates
coupled with low extinction rates (Cowling and Lombard, 2002).
Others, however, have shown that both speciation and extinction
rates are high in the GCFR (Buerki ez al., 2012), assigning these
high rates of extinction to the presence of large numbers of
narrow endemics in this region. When pollination and substrate
type shifts are mapped on the LTT, shifts in pollination strategies
appear slightly more concentrated towards the tips of the tree,
later in the evolutionary history of Lapeirousia, while shifts in
substrate types are more evenly distributed (histogram in
Fig. 4). Although this concentration of shifts towards the tips
may be caused by an increase in the available number of branches
where these shifts can occur, the number of shifts in pollination
syndromes remains higher than the number of shifts in substrate
types towards the tip of the tree. This concentration of pollination
shifts towards the terminals, and the more even distribution of
substrate type shifts, suggests that speciation may be triggered
primarily by edaphic factors throughout the history of the
genus and that reproductive isolation was achieved through
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shifts in pollination strategies later in the evolution of the
group, as postulated by Goldblatt and Manning (1996). These
authors concluded that speciation in Lapeirousia was either allo-
patric or resulting from microgeographical differentiation com-
bined with ecological diversification triggered by the diverse
substrate mosaic of the GCFR. They also found no evidence of
pollinator-driven speciation. However, our sister species pairs
comparisons provide evidence contradicting this conclusion.

A role for reinforcement in pollination shifts?

Two main competing hypotheses have been put forward to
explain the manner in which changes in pollination syndromes
take place and their influence in the speciation process (e.g.
Vander Niet et al.,2006): (1) reproductive isolation is an indirect
consequence of adaptation to different environmental settings
(e.g. Johnson, 1996); and (2) shifts in pollination systems take
place through reinforcement after secondary contact involving
newly formed species that diverged primarily on different sub-
strate types (e.g. Goldblatt and Manning, 2006). Using a com-
parative analysis of 41 sister species pairs from plant groups in
the GCFR, including Iridaceae, Van der Niet er al. (2006)
showed that pollination shifts are significantly linked to
changes in substrate types in sympatric sister species pairs,
while the contrary is evident for allopatric species pairs, i.e. no
significant connection between edaphic and pollination shifts.
The results of Van der Niet and colleagues provide support for
a role of reinforcement in pollination syndrome shifts, which is
also in accord with the conclusions of Goldblatt and Manning
(1996) for Lapeirousia.

We established that pollination shifts occurred several times
(n=17) in the evolutionary history of Lapeirousia, while
shifts in substrate types were less common (n = 10), at odds
with the conclusions of Goldblatt and Manning (1996) regarding
the importance of substrate in the speciation of this group. To
evaluate this further, we used a sister species pair comparison
for Lapeirousia and identified nine pairs in the phylogenetic
tree (Fig. 3; Table 3). The small sampling size is too limited to
justify the use of particular statistical tests (as in Van der Niet
et al., 20006) but, nevertheless, provides additional information
allowing us to elucidate this problem. All these nine pairs of
sister species present a shift in pollination systems, either a com-
prehensive change (e.g. L. arenicola pollinated by tabanid flies
and L. macrospatha by nemestrinid flies) or involving the adop-
tion of a second pollination syndrome by one of the two species
(e.g. L. tenuis is pollinated by bees, while L. spinosa is pollinated
by bees and settling months), but not all pairs present shifts in
substrate types (only four of the nine). For a given area in the
GCFR, the co-occurrence of different pollinators might be
more likely than the co-occurrence of different substrate types
(or vice versa), which would introduce a spatial bias in pollinator
versus substrate types. To our knowledge, this has not been
explored in any great detail and should be considered when
making inferences about shifts in pollination syndromes or sub-
strate types between sister species pairs. Of the nine pairs exam-
ined, six occur either in sympatry or in parapatry and only one of
these presents a clear divergence in substrate type (L. silenoides
occurs on granite, while L. verecunda is restricted to shale); the
other two cases involve the presence of one of the species on
two substrate types, one of which is the same as its sister. Thus,
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TABLE 3. Species pairs examined; these species pairs were determined using the phylogenetic tree produced by the Bayesian inference

(see Fig. 1)
Sister species pair Support Pollinator type Substrate type Phenology Distribution
Lapeirousia barklyi 10 Apidae Sand Sep-Oct Allopatric
Lapeirousia caudata Sphingidae Sand Dec—-Apr
Lapeirousia oreogena 1.0 Nemestrinidae Clay Aug-Sep Parapatric
Lapeirousia plicata subsp plicata Generalist Clay Jul-Sep
Lapeirousia divaricata 1.0 Generalist Sand Sep—Oct Parapatric
Lapeirousia jacquinii Nemestrinidae Sand Aug-Sep
Lapeirousia silenoides 0-67 Nemestrinidae Granite Jul-Aug Sympatric
Lapeirousia verecunda Tabanidae/Nemestrinidae Shale Aug-Sep
Lapeirousia angustifolia 092 Generalist Clay Jul-Sep Parapatric
Lapeirousia pyramidalis subsp. pyramidalis Sphingidae Clay Jul-Sep
Lapeirousia lewisiana 0-59 Nemestrinidae Granite Sep—Oct Allopatric
Lapeirousia simulans Tabanidae Sand Aug-Sep
Lapeirousia fabricii subsp. fabricii 036 Tabanidae/Nemestrinidae Sand / Granite Sep—Oct Sympatric
Lapeirousia kamiesmontana Nemestrinidae Granite Oct
Lapeirousia spinosa 1.0 Apidae/Settling moth Sand / Clay Aug-Sep Sympatric
Lapeirousia tenuis Apidae Clay Jul-Aug
Lapeirousia arenicola 0-99 Tabanidae Sand Aug-Sep Allopatric
Lapeirousia macrospatha Nemestrinidae Sand Sep—Oct

The type of distributions for each pair is based on field observations. Shifts in either pollinator or substrate types are marked in bold; non-overlapping
phenologies are also marked in bold. Support values for each sister species pair are provided (BEAST Bayesian posterior probabilities; see Fig. 2).

all species pairs in Lapeirousia that are sympatric (or parapatric)
have different pollinators while only half of them occur on differ-
ent substrate types, suggesting that shifts in pollination syndrome
are not often associated with shifts in substrate types in sympatric
(or parapatric) species. This is contrary to the conclusions of Van
der Niet ez al. (2006) and presents the possibility that pollination
shifts may have been more important than substrate shifts in spe-
ciation in Lapeirousia and that factors such as competition for
pollinators and phenological shifts may play a greater role
(Ollerton et al., 2003; Warren et al., 2011; Johnson et al.,
2012). However, of these nine sister species pairs, only one pre-
sents a clear difference in flowering time (L. barklyi flowers in
September and October, while L. caudata produces flowers
from December to April; these species have allopatric distribu-
tions). Moreover, all the sympatric or parapatric sister species
pairs have, to various extents, overlapping phenology. This situ-
ation indicates that phenological shifts are uncommon in
Lapeirousia. Finally, the absence in our sampling of two species
and three subspecies (see above) could possibly affect some of
the sister species pair comparisons, but given the dominance of
pollination syndrome shifts over substrate shifts in the nine
observed pairs, it is reasonable to assume that these potential
changes would not drastically alter the overall conclusions.

CONCLUSIONS

Comparative phylogenetic approaches, such as those used here,
provide an insight into the role that pollinators and other eco-
logical factors have on the speciation process. These methods
may also reveal general macroevolutionary patterns such as the
direction of the evolution of a particular feature and its possible
correlation with other ecological factors, but they have some lim-
itations when it comes to understanding the processes respon-
sible for these patterns. Investigations at the microevolutionary
scale (at the population level for example) are needed to

provide the necessary information regarding these evolutionary
processes (Johnson, 2010; Smith, 2010; Van der Niet and
Johnson, 2012). Many examples of this type of study are pre-
sented in this Special Issue (e.g. Peter and Johnson, 2014; Van
der Niet et al., 2014). The current study of genus Lapeirousia
reveals the general patterns in this group in terms of pollinator
shifts and edaphic preferences and provides some evidence for
the evolutionary processes involved in species divergence by
showing that speciation events appear more likely to be primarily
linked to shifts in pollination systems than substrate types for this
genus. The phylogenetic relationships within Lapeirousia
uncovered here will be crucial for the selection of species pairs
or species complexes that could be the target of more detailed
microevolutionary studies involving ecological and population
genetics tools.

The importance of combining studies of pollination syndromes
with a biogeographical approach, while taking into account the
distribution of pollinators, proved to be a useful tool to investigate
macroevolutionary processes. This was particularly well demon-
strated in the present study, where the unusual optimization of
long-proboscid fly pollination on the crown node of Lapeirousia
coincides with the biogeographical scenario inferring a distribu-
tion range corresponding to the one occupied by the long-
proboscid fly pollinators. Macroevolutionary studies making use
of a suite of phylogenetic approaches hold promising avenues
for our understanding of the processes that shape speciation.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: partitioned
nuclear and plastid Bayesian half-compatible consensus tree of
the Lapeirousia clade. Table S1: sampled species used in the
phylogenetic analysis of the Lapeirousia clade, including
voucher information and GenBank accession numbers.
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