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A B S T R A C T   

The species-rich flora of Madagascar is well known for a range of unusual floral ecologies. One example is 
Impatiens section Trimorphopetalum with its unique combination of floral traits: small, spur-less, cup- or lip- 
shaped, greenish or brownish flowers. So far no hypotheses on floral function or pollination of this peculiar 
group have been proposed. We analysed six reproductive traits in relation to pollination syndromes for 34 
Madagascan Impatiens species, including 18 species of section Trimorphopetalum plus six outgroup species, in a 
phylogenetic framework. Further, we present pollinator observations for one additional species of Trimophope-
talum. All pollination syndromes occurring in the African species are also present in Madagascan Impatiens. In 
addition, species of Trimorphopetalum represent two unique floral types, possibly corresponding to two different 
types of fly pollination. The evolution of these flower types corresponds to a strong decrease in nectar pro-
duction, flower display size, pollen grain and ovule number. Autogamy is found in one derived sub-clade of the 
otherwise largely pollinator-dependent Trimorphopetalum. We find evidence consistent with the evolution of 
brood-site deception and fungus mimicry in combination with fly pollination in one clade of Trimorphopetalum 
and the stepwise evolution of autogamy in the second clade. The evolution of these very different reproductive 
strategies may have been triggered by pollinator limitation in the dense, humid forest undergrowth of 
Madagascar.   

1. Introduction 

Madagascar, the world́s fourth largest island, was separated from 
Africa ~115-120 million years ago and from the Indian subcontinent 
~90-95 million years ago (Plummer and Belle, 1995). In relation to its 
size, it harbours one of the richest angiosperm floras in the world (>10, 
650 spp. on 587,295 km2) with an extremely high proportion of endemic 
species (>82 %; Callmander et al., 2011). Diversity is particularly high 
in the tropical rainforests of the mountain ranges along the eastern coast 
(Barthlott et al., 2005), with many species restricted to a single moun-
tain or valley (Goodman and Benstead, 2005). 

Most plant radiations on Madagascar are assumed to have occurred 

relatively recently, during the Miocene or Pliocene, when the climate 
became more humid (Buerki et al., 2013). The factors influencing the 
evolution of these radiations are diverse, including geographical isola-
tion with secondary contact pulses, small-scale eco-geographical isola-
tion based on strong climatic and topographical gradients, as well as 
habitat shifts (e.g. in elevation) and adaptation to shifting environ-
mental conditions (e.g. due to temperature changes; Wilmé et al., 2006; 
Gamisch et al., 2016). However, few data exist on the possible impact of 
biotic factors on the evolution of the Madagascan plant diversity, such as 
floral innovations and switches in pollination syndromes or reproduc-
tive strategies (Tosh et al., 2013; Gamisch et al., 2015; Andriananja-
manantsoa et al., 2016). 
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The geographical isolation of Madagascar predates the radiations of 
most major pollinator groups, such as bees, butterflies or nectar-feeding 
birds (Hines, 2008; Rasmussen and Cameron, 2010; Heikkilä et al., 
2012; Prum et al., 2015). These groups therefore had to colonize 
Madagascar by long distance dispersal, leading to a comparatively low 
diversity in most pollinator groups (Eardley et al., 2009; Hogan, 2011; 
Safford et al., 2013). This is probably one reason for the accumulation of 
unusual pollination systems on Madagascar, such as pollination by liz-
ards, bats or lemurs (Baum, 1995; Birkinshaw and Colquhoun, 1998; 
Taylor and Gardener, 2014; Gardner and Jasper, 2015). Additionally, 
pollination by generalist insects, especially flies (Ratsirarson and 
Silander, 1996; Armbruster and Baldwin, 1998; van der Cingel, 2001v; 
Farwig et al., 2004), and self-pollination commonly occurs (Gamisch 
et al., 2015). This general pattern is common on oceanic islands and 
small continental fragments all over the world and likely goes back to a 
combination of geographic isolation, pollinator limitation and coloni-
zation advantages of selfing species that are thus not reliant on polli-
nators and mating partners (Olesen and Jordano, 2002; Olesen and 
Valido, 2003; Grossenbacher et al., 2017). 

Reproductive traits of Madagascan Impatiens, the largest plant genus 
on the island with over 260 species (Abrahamczyk and Fischer, 2015), 
are largely unknown. Impatiens colonized Madagascar once from conti-
nental Africa in the early Pliocene (Janssens et al., 2009) and has since 
evolved a fascinating diversity of flower types (Fig. 1; Fischer and 
Rahelivololona, 2002; Fischer et al., 2003, 2017). Most Impatiens spe-
cies, including half of the Madagascan representatives, display archi-
tecturally diverse, but otherwise rather typical pentamerous, 
vividly-coloured flowers with a more or less prominent spur devel-
oped by the central sepal. These species are all nectar-producing and 
show orthodox pollination syndromes, such as bee, butterfly, moth or 
bird pollination (Abrahamczyk et al., 2017). They are found in a range of 
different, often more or less open, habitats, such as forest gaps (see 
habitat descriptions e.g. in Fischer and Rahelivololona, 2002; Fischer 
et al., 2003). 

The second half of the Madagascan Impatiens species (127 spp., 
section Trimorphopetalum) have spur-less flowers (Fig. S1). These species 
are restricted to permanently wet and deeply shaded habitats in the 
undergrowth of dense mountain rainforests, often growing in moss 

Fig. 1. Diversity of flower types of the Madagascan Impatiens clade; A–F species of section Trimorphopetalum with small, spur-less, greenish or reddish- to yellowish 
brown flowers; G–M typical vividly-coloured, spurred Impatiens species; A Impatiens silviana, B I. biophytoides, C I. rivularis, D I. ambanizanensis, E I. hammarbyoides, F 
I. fusciflora, G I. eriosperma, H I. rutenbergii, I I. max-huberi, K I. rudicaulis, L–M I. bisaccata; photos by E. Fischer. 
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cushions on rocks and fallen logs close to rivulets (see habitat de-
scriptions e.g. in Fischer and Rahelivololona, 2002; Fischer et al., 2003, 
2017). A few species with small, greenish, cup-shaped flowers produce 
minute amounts of nectar and are pollinated by flies and tiny bees 
(Erpenbach, 2006). However, the vast majority of the species in section 
Trimorphopetalum have small, reddish- to yellowish-brown flowers with 
more or less opened lips (Fischer and Rahelivololona, 2002; Fischer 
et al., 2003, 2017; Rahelivololona et al., 2018). These flowers are often 
provided with semitransparent petals and/or raised structures on the 
central sepal, resembling the surface structure of fungal fruiting bodies. 
Virtually nothing is known about these strikingly aberrant species – not 
about their reproductive traits or their evolution. However, their un-
usual flower shape and coloration is reminiscent of the flowers of some 
fly-pollinated, deceptive orchids and Aristolochiaceae showing 
brood-site mimicry, i.e. flowers mimicking e.g. fruiting bodies of fungi 
to attract flies that lay their eggs into this substrate (Vogel, 1978; 
Nishida et al., 2004; Tan et al., 2006). Vogel (1978) characterized this 
syndrome as typical for species growing on the floor of dense forests, 
where orthodox pollinators, such as bees or butterflies, are rare. 

The reproductive strategy of Impatiens as a whole can mostly be 
classified as pollinator-dependent (Lozada-Gobilard et al., 2018). 
Flowers are generally protandrous, but most species are partially 
self-compatible, permitting geitonogamous pollination (Loz-
ada-Gobilard et al., 2018). Some species are known to be facultatively 
cleistogamous (self-pollination in closed flowers) under unfavourable 
conditions, such as insufficient light (Schemske, 1978; Lozada-Gobilard 
et al., 2018). In contrast, a few predominantly cleistogamous species of 
Impatiens have been reported from the Madagascan rainforests, all from 
section Trimorphopetalum (Lozada-Gobilard et al., 2018). This is sur-
prising at first glance, since cleistogamous species are usually reported 
from dramatically different environments compared to where these 
species are found, such as early successional vegetation stages, or arc-
tic/alpine areas (Culley and Klooster, 2007). 

In this study, we reconstruct the evolution of several floral traits in 
the monophyletic Madagascan Impatiens clade. We provide new data on 
pollinators and floral traits, as well as a new phylogeny including all the 
study species, and analyse the potential role of pollinators in shaping 
floral trait variation. Finally, we discuss what evolutionary driver might 
be behind the unique flower ecology of section Trimorphopetalum. Spe-
cifically, we address the following questions:  

1 What is the pattern and mode of evolution of floral traits, including 
signalling, reward, and reproduction, in Madagascan Impatiens?  

2 Is there evidence for evolution of fly pollination, and does this 
represent a unique selective regime in Trimorphopetalum? 

We conclude by discussing how adaptation to a new ecological niche, 
the intensely shaded floor of the montane rainforest, may have triggered 
the evolution of unique pollination systems in Trimorphopetalum. 

2. Methods 

2.1. Sampling 

We analysed six floral traits for 34 Madagascan Impatiens species, 
representing all major clades, plus five closely related species from the 
African continent (Tables S1 and S2) and I. flaccida from Asia as out-
groups (Janssens et al., 2006-2008). Twelve species investigated in this 
study are currently being formally described and are therefore only 
informally named here. Due to the rarity of many Madagascan Impatiens 
species with extremely small distribution ranges and population sizes (e. 
g. Fischer and Rahelivololona, 2002; Fischer et al., 2003, 2017), data for 
most species were captured from single individuals or clones, cultivated 
in the pollinator-free greenhouses of Bonn University Botanic Gardens. 
Some data were also obtained from Abrahamczyk et al. (2017) and 
Lozada-Gobilard et al. (2018). 

2.2. Flower display size 

Flower display size, representing one aspect of floral signal, was 
measured as frontal and lateral display size from twelve flowers per 
species using a standardized protocol (Abrahamczyk et al., 2017): 
Flowers were photographed in frontal and lateral view beside a 1 cm2 

square as reference and the number of pixels of both objects were ana-
lysed using Adobe Photoshop CS6 (Adobe Systems Software Ireland Ltd) 
(Grosse-Veldmann et al., 2016). Based on the number of pixels of the 1 
cm2 square, the display area of the flower was calculated. 

2.3. Nectar volume 

Nectar volume was measured with calibrated microcapillaries 
(Hirschmann Laborgeräte) extracting the nectar of 25 flowers per spe-
cies. If the amount of nectar produced was too small to take it up with 
microcapillaries, the presence of nectar in three flowers per species was 
tested with glucose test strips (Medi-Test Glucose by Macherey-Nagel) 
by wetting the test strip with distilled water and wiping it over the 
central sepal. Glucose is recorded as present, if the tip of the test strip 
turned green in at least one flower per species. For statistical purposes, a 
nectar volume of 0.001 μl was arbitrarily assigned for these species. 

2.4. Pollen grain and ovule counts 

Twelve pre-anthetic flowers per species were used for counting 
pollen grains. After drying for ≥48 h, a mixture of 100 μl Glycerol and 
100 μl water was added to the anthers and the pollen was mechanically 
dislodged. For details on the procedure see Lozada-Gobilard et al. 
(2018). Subsequently, 20 μl of the pollen suspension was transferred 
into a Haemocytometer with a Fuchs-Rosenthal counting chamber 
containing a grid of 16 squares. Pollen grains were counted in five 
randomly chosen squares and the total number of pollen grains per 
flower was calculated based on these counts. Ovules were counted from 
twelve advanced female stage flowers for each species under a 
stereo-microscope. 

2.5. Self-pollination tests 

The methodology of Lozada-Gobilard et al. (2018) was used to 
analyse self-pollination ability. Basically, two treatments were applied: 
In the autonomous self-pollination test, 20 flowers per species were 
marked and then the number of flowers that developed into mature 
capsules under pollinator exclusion was recorded. In the active 
self-pollination test, pollen from male-phase flowers were transferred to 
ten female-phase flowers of the same individual or clone. Afterwards, 
the proportion of flowers that developed into mature capsules contain-
ing normally developed seeds was recorded. Capsules containing only 
malformed seeds were not counted. Based on the results of the experi-
ment two reproductive strategies were classified: autogamous (fruit set 
in the autogamous self-pollination test ≥50 %) and 
pollinator-dependent (fruit set <50 % in the autonomous 
self-pollination test). Species that almost exclusively developed fruits by 
cleistogamy and for which active self-pollination tests were therefore 
not possible, were categorized as autogamous. 

2.6. Pollination syndromes 

Information on pollination syndromes was mostly taken from Abra-
hamczyk et al. (2017). There, syndromes for 85 Impatiens species were 
categorised following cluster analysis of quantitative data for 13 traits of 
flower morphometry, signal and reward. After initial scoring, pollina-
tion syndromes were verified with independent pollinator observations. 
The present study includes 22 species for which the pollination syn-
drome was previously identified; for six of them, pollinator observations 
from the wild additionally exist in literature (Abrahamczyk et al., 2017). 
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Further, we here provide new pollinator observations for Impatiens riv-
ularis, which has not been studied before. Together, these 23 species 
include all the pollination syndromes represented in our data set and 
both sub-syndromes (greenish open flowers and brownish lip flowers) of 
section Trimorphopetalum. For the remaining 17 species studied here, but 
not included by Abrahamczyk et al. (2017), syndrome identity was 
assessed based on commonly accepted syndrome definitions (Fӕgri and 
van der Pijl, 1979; Fenster et al., 2004). In total, five pollination syn-
dromes were recognized in the present study: large bee, bird, butterfly, 
fly, and generalist (small bee and butterfly). 

2.7. Pollinator observations in Madagascar 

In October 2015 and September and October 2017 we observed 
pollinator activity and behaviour in all three known sub-populations of 
Impatiens rivularis (Fig. 1c) at the western slopes of the Masoala penin-
sula (700 m elevation) for 35 h over nine days. The three sub- 
populations grow on stones in and along three rivulets within a radius 
of a few hundred meters and together contain 60–100 individuals. 
Impatiens rivularis belongs to the fly pollination sub-syndrome for which 
no pollinator observations exist to date, and we consider it representa-
tive of the other species with similar flowers. The species has semi- 
transparent, yellowish-cream coloured, more or less open lip flowers 
with reddish-brown venation, which is especially prominent on the 
petal-like central sepal, where it emphasizes the three-dimensional, 
comb-like structure (Fischer et al., 2003). The flowers emit a distinct, 
fungus-like scent, especially in the morning. Observations were con-
ducted in dry weather conditions during the entire day (06:00–16:00) 
with a focus on the morning (06:00–12:00) when pollinator activity and 
flower scent intensity were highest. We caught all 11 morpho-species of 
pollinators observed coming in contact with the reproductive organs of 
the flowers. We preserved all insect individuals in alcohol for later 
identification, and the alcohol was checked for I. rivularis pollen under a 
raster electron microscope. All specimens were deposited at the 
Zoological Research Museum Alexander König in Bonn. 

2.8. Phylogenetic analysis 

Total genomic DNA from silica-dried leaf material was isolated using 
the optimized CTAB protocol for Impatiens (Janssens et al., 2006, 2008). 
Amplification of the nuclear genes ITS, ImpDEF1 and ImpDEF2, and the 
chloroplast atpB-rbcL spacer were conducted following White et al. 
(1990) and Janssens et al. (2006, 2007). A GeneAmp PCR system 9700 
(Applied Biosystems) was used for amplification reactions. Sequencing 
reactions were carried out by Macrogen, Inc. (Amsterdam, the 
Netherlands). All newly obtained sequences in this study were submitted 
to GenBank. 

Sequence assembly was carried out in Geneious v10.1 (Biomatters, 
New Zealand). MAFFT (Katoh et al., 2002), implemented in Geneious, 
was used for automated alignment with the following parameters 
(E-INS-i algorithm, 100PAM/k = 2 scoring matrix, 1.3 gap open penalty 
and 0.123 offset value). The automatically aligned dataset was manually 
optimized. jModelTest 2.1.4 (Posada, 2008) was used to select the 
best-fitting nucleotide substitution model for each dataset under the 
Akaike information criterion (AIC). The GTR + I+G model was the best 
fit for ImpDEF1, whereas the GTR + G model was the best substitution 
model for ITS, ImpDEF2 and atpB-rbcL. 

Possible phylogenetic conflicts between data matrices were visually 
inspected, by searching for conflicting relationships supported by a 
bootstrap support value ≥ 70 % (Johnson and Soltis, 1998; Pirie, 2015). 
For this, Maximum Likelihood (ML) trees of each data matrix were 
created using the RAxML search algorithm (Stamatakis et al., 2005) 
under the GTRGAMMA + I approximation of rate heterogeneity for 
ImpDEF1 and GTRGAMMA for ITS, ImpDEF2 and atpB-rbcL. 

No supported topological conflict was detected among individual 
gene trees (not shown); therefore, in order to conduct further floral 

evolution analyses, an ultrametric tree was obtained by analysing a 
combined, concatenated DNA matrix using BEAST 1.8.0 (Drummond 
and Rambaut, 2007). BEAUti was used to prepare the xml-file as input 
for the dating analysis in BEAST. A partitioned Bayesian MCMC analysis 
was performed using the Yule branching model and a relaxed lognormal 
clock. Data partitions were unlinked for the model of nucleotide evo-
lution, allowing different partitions to adopt different parameter values, 
according to the different models selected for each. The previously 
computed crown age estimate for the Afro-Madagascan Impatiens clade 
was used for calibration (with a normally distributed age prior with a 
mean age of, 4.1 million years (Ma) and a standard deviation of 0.5 Ma; 
Janssens et al., 2009). The analysis ran for 20 million generations and 
was sampled every 5000 generations. TRACER v.1.6 (Rambaut and 
Drummond, 2007) was used to evaluate the effective sampling size of 
the posteriors (which should be >200). A maximum clade credibility 
tree using a posterior probability limit of 0.5 was calculated using 
TreeAnnotator v.1.8.0. (Drummond and Rambaut, 2007). 

2.9. Ancestral state reconstruction 

Ancestral states for the species means of nectar volume, display size, 
pollen grain and ovule number, pollination syndrome and reproductive 
strategy were reconstructed as discrete characters with two to five 
states. State number and range were assigned depending on data vari-
ability per state to display the special flower characteristics of Trimor-
phopetalum. Ancestral states were reconstructed on the maximum clade 
credibility tree using ML in the “ape “package (Paradis, 2011) in R (R 
Development Core Team, 2017). The simplest equal-rates (ER) model 
was used for all traits because the likelihood of the all-rates-different 
(ARD) model was not significantly better. 

2.10. Ornstein-Uhlenbeck models of trait evolution 

A series of Ornstein-Uhlenbeck (OU) models of adaptive evolution 
(Hansen, 1997; Butler and King, 2004) was used to test for evidence that 
flower traits (nectar volume, display size, pollen grain and ovule 
numbers) are evolving toward different optimal values in species with 
different pollination syndromes. However, most pollination syndromes 
were represented by very small sample sizes (e.g. n = 1 for pollination by 
large bees and n = 3 for birds, see Fig. 2), precluding reliable modelling 
based on them. Therefore, we only tested the hypothesis that optimal 
trait values differ between fly-pollinated species and all other syndromes 
combined. All floral traits correlate positively with each other (not 
shown); however, the scatter around and different slopes of the regres-
sion lines can be biologically informative if, for example, each trait 
represents a different constituent of a floral syndrome that has not 
evolved instantaneously. Therefore, OU analyses were performed 
separately for each log-transformed variable on the maximum clade 
credibility tree. 

Another difficulty is that fly pollination was inferred to have arisen 
only once in Madagascan Impatiens, in the clade corresponding to section 
Trimorphopetalum (Fig. 2). This means that, even if we found support for 
a model in which fly-pollinated flowers were evolving toward signifi-
cantly different trait optima, it would be both conceptually and statis-
tically impossible to say that the pollination syndrome is the causal 
evolutionary driver – the floral differences could in fact be due to any 
number of factors that make Trimorphopetalum unique (Maddison and 
FitzJohn, 2015; Uyeda et al., 2018a). We therefore approached our 
question using two different sets of models. In the first set, we built OU 
models around the hypothesis that floral traits are evolving toward a 
unique optimum in fly-pollinated species, compared to the rest of the 
species in the clade. We call this the hypothesis-driven approach. These 
models have the advantage that not only trait optima may differ among 
putative selective regimes but also the rates of adaptive and stochastic 
change associated with each trait optimum (Beaulieu et al., 2012). In the 
second set of models, we allowed potential selective regimes governing 
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trait optima to be inferred from the data themselves. These models have 
the advantage that they are fitted in a Bayesian framework, providing a 
posterior set of statistically supported models rather than a single 
best-fitting one, while also allowing for the possibility to detect whether 
other, unmeasured factors might be governing shifts in floral trait op-
tima. We call this the free or data-driven approach (Uyeda and Harmon, 
2014). As no pollination syndromes were defined a priori in this 
approach, it also circumvents the potential circularity of using the same 
floral data to define pollination syndromes and test for selective regimes. 
Finally, we compared inferences under the two different approaches. 

The first set of models, used in the hypothesis-driven approach, was 
fitted using ML as implemented in the R package OUwie v. 1.50 
(Beaulieu and O’Meara, 2016). For these analyses, we compared the fit 
of Brownian Motion (BM; a random walk model with no trait optimum), 
a model with a single trait optimum shared across the entire clade 
(OU1), a model in which the mean trait optimum may differ between 
pollination syndromes (OUM) and models where the rate of stochastic 
change (OUMV), adaptive change (OUMA), or both (OUMVA), may also 
vary between pollination syndromes. Model fit was compared using 
AICc scores. Next, robustness of our results to phylogenetic uncertainty 
was tested by comparing model fit across a set of 1000 randomly 
selected trees from a set of 6000 post-burnin trees. 

The second set of models, used in the data-driven approach, was 
fitted in a Bayesian framework as implemented in the R package bayou 
v. 2.1.1 (Uyeda et al., 2018b). We performed MCMC sampling of the 
location, magnitude and number of shifts in trait optima and compared 
the fit of two models: a ‘constrained’ model, where putative selective 
optima were defined as fly-pollinated species versus the rest (as before), 
and a ‘free’ model, where all parameters were estimated from the data 
(see Fig. 3). The constrained model had one regime shift (k = 1), two 
regimes (ntheta = 2) and α and σ2 parameters sampled from a 
half-chaudy prior distribution with a scale = 1. The phenotypic optimum 
(θ) was sampled from a normally distributed prior with a standard de-
viation equivalent to twice the trait standard deviation. For the free 
model, the maximum number of regime shifts was set to 5 (kmax = 5) 
with a mean of the prior distribution around 2 (λ = 2) and with α, σ2 and 
θ priors defined as for the constrained model. All other priors were left at 
the default bayou settings. For each analysis, two independent MCMC 
chains of 2,000,000 generations were run, with convergence between 
runs determined using Gelman’s R. Both analyses converged immedi-
ately but 25 % of each run was removed as burnin to remove the slightly 
more variable posteriors of the initial generations. Model fit was 
compared using marginal likelihoods, calculated via 500,000 genera-
tions of the stepping-stone sampling approach, as implemented in 
bayou. These analyses were performed for floral display size only 
because this trait correlates with all other floral traits (not shown) and 
showed very similar results in the OUwie analyses, indicating that it 
carries the same evolutionary signal. 

Finally, tests of floral trait evolution with respect to reproductive 
strategy were attempted but these models were impossible to fit prop-
erly due to the low number of autogamous species included (n = 4), 
representing just two evolutionary events (two independent gains; see 
results, Fig. 2). 

3. Results 

3.1. Phylogeny 

For this study, seventeen Impatiens species from Madagascar were 
newly sequenced. In total 49 sequences of four markers were newly 
generated (Table S2). The aligned atpB-rbcL, ITS, ImpDEF1 and ImpDEF2 
matrices contained 779 bp, 662 bp, 478 bp and 1439 bp, respectively. In 
addition, the atpB-rbcL, ITS, ImpDEF1 and ImpDEF2 datasets consisted of 
53, 158, 77 and 425 variable characters, respectively. No indication of 
conflict between the different data matrices was found upon visual in-
spection (not shown), resulting in the concatenation of the chloroplast 

Fig. 2. Ancestral state reconstructions of (average per-flower) nectar volume, 
display size, pollen grain and ovule number, reproductive strategy as well as 
pollination syndrome for the Madagascan Impatiens clade based on the 
maximum clade credibility phylogeny (Figure S4). Tips without circles indicate 
missing data. Ancestral states were inferred using the equal-rates ML model. 
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and nuclear datasets for further analysis. The inferred ML and Bayesian 
phylogenies (Figs. S2 and S4, respectively) are congruent with a recently 
published phylogeny of the Madagascan Impatiens clade (Rahelivololona 
et al., 2018). The Madagascan Impatiens clade was inferred to split from 
its sister taxon 4.1 Ma and started radiating 3.8 Ma (Fig. S4). Section 
Trimorphopetalum was inferred to split from Impatiens baronii 2.5 Ma 
(HPD: 1.54–3.39 Ma) and started radiating 1.4 Ma (HPD: 1.05–2.51 Ma). 

3.2. Pollinator observations 

Flowers of I. rivularis were observed to be exclusively visited by seven 
species of flies from three families (Fig. S3; Table S3). We documented 
82 flower-pollinator interactions overall, 80 % of which involved rep-
resentatives of Phoridae, 12 % Drosophilidae and 8 % Dolichopodidae. 
The flies moved target-oriented into the centre of the flowers under the 
anther-ovary complex, where they stayed for one to six seconds, before 
leaving the flower. During these visits the flies touched the anther-ovary 
complexes and pollen could be observed on the thorax of some flies in 
the field. We also found single I. rivularis pollen grains in the alcohol of 
the tubes, in which the flies were stored. Due to the minute size of both 
flies and flowers, oviposition in the flowers could not be verified. Indi-
vidual flowers were observed to receive up to five visits per day. Polli-
nator movement between flowers could not be traced, due to their small 
body size (2− 3 mm) and rapid flight. All Phoridae flower visitors were 
female, whereas both sexes of Drosophilidae and Dolichopodidae visited 
the flowers. 

3.3. Floral trait variation and ancestral state reconstructions 

The early diverging Asian, African and Madagascan clades (Mada-
gascan Impatiens except Trimorphopetalum) represent Impatiens species 
with typical spurred, vividly-colored (red, pink, yellow, etc.) flowers 

(Fig. 1G–M) and various pollination syndromes, dominated by a but-
terfly syndrome (Fig. 2). Conversely, all species of the monophyletic 
section Trimorphopetalum exhibit spur-less, greenish or reddish- to 
yellowish brown flowers and a fly pollination syndrome (Fig. 1A–F). 

The ancestral state reconstructions showed that the species means of 
the four flower traits, nectar volume, flower display size and the number 
of pollen grains and ovules, strongly decrease in Trimorphopetalum 
(Fig. 2; Table S1): average per-flower nectar volumes ranged from 0.1 to 
45.3 μl in the spurred Impatiens species but was at best detectable as 
traces of glucose in Trimorphopetalum; average flower display size 
ranged from 1.1 to 11.9 cm2 in the spurred species and was generally 
smaller, 0.02–3.4 cm2, in Trimorphopetalum; the average number of 
pollen grains ranged from 54,700-615,745 in the spurred species but 
there were much fewer, 1,150-47,017, in Trimorphopetalum; and the 
average number of ovules ranged from 11.1 to 55.5 in the spurred 
species, with fewer ovules, 2.6–22.6, being counted for Trimorphopeta-
lum. For all four traits, a further reduction was inferred for the 
I. elatostemmoides sub-clade of Trimorphopetalum. 

3.4. Breeding system variation and experiments 

The ancestral state reconstruction suggests that autogamy evolved 
twice, once in the spurred species I. baroni and once in three species of 
the small, spur-less I. elatostemmoides sub-clade (in total in 10.5 % of the 
species investigated; Fig. 2; Table S1). However, the self-pollination 
tests showed that most Impatiens species (89.5 %), independent of 
flower type, are dependent on pollinator activity for seed production 
(Table S1). 

3.5. Ornstein-Uhlenbeck models of trait evolution 

We fitted two sets of trait evolution models in Madagascan Impatiens, 

Fig. 3. Inferred selective regimes in floral traits. Two shifts in 
selective regime of flower display size, indicated by the two largest 
circles, had some support in the free (data-driven) OU model: one 
leading to Trimorphopetalum plus I. baroni (p.p. = 0.8) and one 
leading to a small clade of autogamous species within Trimorpho-
petalum (p.p. = 0.9). These results suggest that flowers of species in 
these clades are evolving toward significantly different (smaller, 
Table S5) optimal floral sizes, compared to each other and the rest 
of Madagascan Impatiens. Other regime shifts were found in some 
models kept among the posterior set of models but these all had 
very low support (p.p. < 0.3; indicated by smaller circles; the three 
strongest supported shifts [three largest circles] correspond to 
those shown in figure S5). Branch colours denote the phylogenetic 
distribution of each inferred selective regime with the best 
support.   
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one hypothesis driven and one data driven: The first, hypotheses driven 
set, the OUwie analyses, found support for the hypothesis that fly 
pollination represents a different selective regime compared to other 
syndromes (defined according to the ancestral state reconstruction 
shown in Fig. 2). For all floral traits analysed, the two models that do not 
allow for different trait optima (i.e. selective regimes) for fly-pollinated 
species compared to the species with other pollination syndromes (the 
BM model with no trait optimum and the OU1 model with a single trait 
optimum shared by all species) could be rejected (ΔAICc ≥ 6.9, Table 1). 
For each trait, there were several best-fitting models (they were statis-
tically indistinguishable based on a ΔAICc cutoff of ≥ 3; Table 1) but 
these models all inferred a different trait optimum for fly-pollinated 
species compared to the rest of the species. The simplest model (i.e. 
with fewest parameters) that was within 3 AICc units of the overall best- 
fitting model, i.e., the OUM model for nectar volume and number of 
ovules and the OUMV model for display size and number of pollen grains 
(Table 1), was therefore selected for further exploration of the param-
eter estimates. 

Under each selected model, fly-pollinated species were inferred to be 
evolving toward a trait optimum of smaller flowers, with less nectar and 
fewer pollen grains and ovules than species with other syndromes 
(Table S4). In addition, the rate of change in floral size and pollen grains 
was inferred to be faster toward the fly-pollination optimum compared 
to for the other species. For all traits, there was a balance between 
adaptive and stochastic change, i.e., similar values estimated for α and 
σ2 parameters. The phylogenetic half-life, a measure of the time needed 
to reach the optimum trait value, was similar to the age of the clade 
overall. The phylogenetic half-life ranged from 0.4 to 2.2 million years 
(Ma) for the trait optima inferred for fly-pollinated species, compared to 
a crown or stem age estimate of 1.05–2.5 or 1.54–3.89 Ma, respectively 
(Table S4, Fig. S4). This is generally interpreted as a signature of a strong 
adaptive process, resulting in the floral trait optimum being reached 
within the timeframe of the evolution of the clade. 

These findings are robust to phylogenetic uncertainty (Table 2): the 
BM and OU1 models were rejected in 99–100 % of the 1000 trees ana-
lysed for each floral trait. Support for individual multi-optima models 
again varied among trees and depending on the floral trait in question 
but was generally highest for the more complex models (OUMA, OUMV, 
OUMVA). These results confirm that even though the details of the 
inferred process involved varies among the trees and traits analysed, the 
support for the hypothesis of fly pollination representing a unique se-
lective regime is not an artefact of the single tree used for our analyses. 

For the second set of models tested, the data-driven approach 
implemented using bayou, the constrained model was statistically 
indistinguishable from the free (data-driven) model (marginal likeli-
hoods -61.72 and -61.48, respectively, representing a Bayes factor of 

0.48). The free model found some support for two regime shifts, one 
leading to Trimorphopetalum plus I. baroni (posterior probability, p.p. =
0.8) and one leading to a small clade of autogamous species within this 
clade (p.p. = 0.9; Fig. 3). Several other regime shifts were also found but 
these were unsupported (Fig. 3). Under the model with two regime 
shifts, the inferred optimum median floral display size (θ) was 6.4 cm2 

for early diverging lineages of Impatiens, 0.9 cm2 for Trimorphopetalum 
plus I. baroni and 0.02 cm2 for a small, nested clade of autogamous 
species (Fig. S5, Table S5). The phylogenetic half-life inferred under this 
model was 2.3 or 2.4 Ma (one estimate for each MCMC chain), again 
suggesting an adaptive process operating within the timescale of the age 
of the clade. The stationary variance, an estimate of the balance between 
stochastic to adaptive change, was low (0.3), suggesting a strong 
adaptive process. Together, the results of the free model suggest a sys-
tem in which adaptive change is leading to consecutive evolution toward 
smaller flowers in Madagascan Impatiens, and especially in section Tri-
morphopetalum, thus corroborating the results of the constrained, 
hypothesis-driven models. 

4. Discussion 

The diverse Madagascan Impatiens clade (>260 spp.) goes back to a 
single ancestor that colonized the island during the Pliocene (Janssens 
et al., 2009). This clade represents not only all pollination syndromes 
known from Impatiens on the African mainland (Grey-Wilson, 1980; 
Abrahamczyk et al., 2017), but unique flower types as well. The floral 
diversity displayed by Madagascan Impatiens suggests rapid evolution of 
floral form and function in response to local pollinator assemblages since 
the mid Pliocene (Fig. S5). 

Section Trimorphopetalum, with its spur-less, greenish or brownish 
flowers, represents half of the Impatiens species on Madagascar and 
evolved in the early Pleistocene (Fig. S5). These species are character-
ized by unique combinations of floral types, coloration patterns, and a 
fly pollination syndrome: The greenish, cup-shaped flowers of the 
I. elatostemmoides sub-clade are pollinated by small, generalist flower- 
visiting insects that consume nectar (flies, ants, tiny bees; Erpenbach, 
2006). In contrast, the open-lipped flowers of the I. rivularis sub-clade 
resemble flowers of some brood-site-deceptive, fly-pollinated orchids 
(e.g. from the Pleurothallidinae) not only in flower shape and coloration 
but also in their characteristic fungus-like flower scent (Endara et al., 
2010; Cardoso-Gustavson et al., 2017). Our field observations for 
I. rivularis confirmed that this species is regularly and exclusively visited 
by a range of small flies (mostly female Phoridae but also Drosophilidae 
and Dolichopodidae, Table S3), which were observed to carry pollen. 
These groups of flies are known to deposit their eggs on the fruiting 
bodies of fungi (Tuno et al., 2019) and have been observed as pollinators 
of brood-site deceptive orchids and Aristolochiaceae (de Melo et al., 

Table 1 
Model fit (difference in AICc, ΔAICc) for each model fitted using the R package 
OUwie (Beaulieu and O’Meara, 2016). We selected the model with the fewest 
parameters that was at least three AICc units better than the other models. The 
best model is marked in bold.  

Floral trait BM OU1 OUM OUMV OUMA OUMVA 

Nectar volume 25.7 28.1 0 2.4 2.1 5.1 
Display 

size 
42.6 38.1 24.0 2.1 4.9 0 

Number of pollen grains 29.1 26.2 6.1 0 0.53 1.9 
Number of ovules 7.3 6.9 2.7 0 1.7 1.8 

BM = Brownian motion, OU1 = single-optimum (θ) Ornstein-Uhlenbeck (OU) 
model, OUM = multiple-optimum OU model where trait optima (θ) may differ 
among fly-pollinated species and the rest; OUMV = as for OUM but here the rate 
of stochastic change (σ2) may also differ for fly-pollinated species compared to 
the rest; OUMA = as for OUM but here the strength of the adaptive pull (α) may 
also differ for fly-pollinated species compared to the rest; OUMVA = as for OUM 
but here both σ2 and α may also differ for fly-pollinated species compared to the 
rest. 

Table 2 
The percentage of trees (n = 1000) for which each model was selected, based on 
AICc scores. A dash (–) means that that model did not have the lowest AICc score 
on any tree.  

Floral trait BM OU1 OUM OUMV OUMA OUMVA 

Nectar volume – – 20 % 14 % 38 % 28 % 
Display 

size 
– – – 38 % 19 % 44 % 

Number of pollen grains – – – 35 % 19 % 47 % 
Number of ovules 1 % – 4 % 36 % 41 % 18 % 

BM = Brownian motion, OU1 = single-optimum (θ) Ornstein-Uhlenbeck (OU) 
model, OUM = multiple-optimum OU model where trait optima (θ) may differ 
among fly-pollinated species and the rest; OUMV = as for OUM but here the rate 
of stochastic change (σ2) may also differ for fly-pollinated species compared to 
the rest; OUMA = as for OUM but here the strength of the adaptive pull (α) may 
also differ for fly-pollinated species compared to the rest; OUMVA = as for OUM 
but here both σ2 and α may also differ for fly-pollinated species compared to the 
rest. 
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2011d; Johnson and Schiestl, 2016). Further, our autonomous 
self-pollination test revealed that I. rivularis and many other Trimor-
phopetalum species only set very few seeds in the absence of pollinators. 
Therefore, our results suggest that a sophisticated form of brood-site 
deception and fungus mimicry has evolved within Impatiens section 
Trimorphopetalum. 

We wanted to test statistically the idea that variation in floral traits 
really does differ significantly among fly-pollinated species and those 
with other pollination syndromes. The complication, however, is that 
the fly pollination syndrome has evolved only once within Madagascan 
Impatiens, at the crown node of Trimorphopetalum (Fig. 2). For singular 
evolutionary events, it is difficult to infer the cause of any associated 
trait differences in a comparative setting, which usually relies on mul-
tiple independent events resulting in the same pattern (Maddison and 
FitzJohn, 2015; Uyeda et al., 2018a). Therefore, we compared models 
where the fly pollination syndrome was defined as a putative unique 
selective regime with a model where no putative selective regime was 
defined a priori, instead being inferred directly from the data. The latter 
model allows for the influence of other putative (as yet unmeasured) 
factors on the striking floral variation in the group. 

The two types of models revealed similar patterns of floral evolution 
(Fig. 3, Tables 1, S4, S5), supporting the idea that floral traits in 
Madagascan Impatiens have converged on significantly different trait 
optima, with fly-pollinated flowers of Trimorphopetalum being smaller, 
with less nectar and fewer pollen grains and ovules, than the spurred, 
vividly-colored flowers of species with other pollination syndromes. 
Furthermore, the free (data-driven) model suggested that also the sister 
species of Trimorphopetalum, I. baroni, which is pollinated by small in-
sects, has converged on this trait optimum. Overall, these analyses 
revealed a pattern suggestive of a stepwise process whereby flowers 
have been getting consecutively smaller throughout the evolution of the 
clade, with the smallest flowers in the autogamous species. Thus, 
although our hypothesis was centred on a single evolutionary event, 
there was no signal in our data to suggest that other major drivers of 
floral evolution have been at play. 

Unfortunately, it was not possible to include other presumed close 
relatives of I. baroni, for example I. nomenyae (Rahelivololona et al., 
2018), in this study. These additional species could enlighten further 
details surrounding the evolution of small, low-reward flowers in the 
ancestors of I. baroni plus section Trimorphopetalum, which may have 
been the starting point for the evolution of fly pollination in this clade. 
During our experiments, we observed that flower size in I. baroni shows 
phenotypic plasticity depending on light conditions and that small 
flowers may lack spurs and only produce minimal amounts of nectar. 
Thus, this small-flowered species may prove to be an evolutionary link 
between the large flowered, spurred species and Trimorphopetalum; 
future studies with increased sample may resolve this. 

Now the question arises why these drastic evolutionary changes of 
flower traits happened. A plausible explanation lies in the peculiar 
habitat of Trimorphopetalum. In contrast to spurred Impatiens species, 
Trimorphopetalum is largely restricted to the moist and dark floor of 
dense, tropical (montane) rainforests (see habitat descriptions in, e.g., 
Fischer and Rahelivololona, 2002; Fischer et al., 2003, 2017) with low 
pollinator abundance and diversity (Vogel, 1978). Aberrant flowers with 
similar signalling as the species from Trimorphopetalum have been 
documented for other herbaceous plants in these kinds of habitats across 
the globe (Vogel, 1978). A second way herbs usually adapt to these 
habitats is the evolution of autogamy, including obligate cleistogamy 
(Vogel, 1978). We documented the evolution of autogamy in the Impa-
tiens elatostemmoides sub-clade, but only in three closely related species 
(Impatiens inaperta, I. aff. inaperta, I. hammarbyoides), with extremely 
small, cleistogamous flowers with extremely low numbers of pollen 
grains. 

In conclusion, we provide evidence consistent with the existence of 
two strategies for the evolution of brood-site mimicry and the loss of 
pollinator dependency. These adaptations may have evolved due to the 

special conditions in the montane rainforests of the generally pollinator- 
poor island of Madagascar and might be interpreted as the crucial steps 
that enabled the Madagascan Impatiens to occupy a new, largely empty 
ecological niche, which probably had a large impact on the evolution 
and diversification of the clade. 
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