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ABSTRACT 

Pollinator-mediated selection is a major driver of flower diversity in angiosperms. 

Recurring floral trait combinations (pollination syndromes) have been associated with 

convergent evolution in response to parallel selection pressures imposed by pollinators of 

the same functional group (e.g. hummingbirds). Shifts between functional groups (e.g. 

bees to hummingbirds) change selection regimes on flowers and ultimately lead to flower 

diversification and distinct pollination syndromes. Pollinator-mediated selection is not 

necessarily homogeneous across the flower. Traits involved in attracting pollinators (e.g. 

scent, colour, display size) may underlie different selection pressures than 

traits  mediating efficient pollen transfer (e.g. anther-stigma distance). The direct 

comparison of closely related plant taxa that have shifted functional pollinator groups has 

great power in elucidating how selection affects floral diversification, trait functioning 

and angiosperm evolution in general. Nevertheless, relatively few study groups exist 

where pollinator shifts and floral trait change have been explored across 

macroevolutionary scales. 

It was the aim of my PhD project to work towards establishing the Melastomataceae tribe 

Merianieae as a new model system for the study of floral evolution and pollinator-

mediated selection. Merianieae occur in the Neotropics with their centre of diversity in 

the tropical Andes. At the level of Melastomataceae as a whole, the vast majority (ca. 

98%) of species is pollinated by buzzing bees but literature suggested occasional shifts to 

vertebrate pollination. I combined extensive fieldwork in Ecuador and Costa Rica with 

detailed morphological and structural assessments of flowers of 61 Merianieae species 

and multivariate statistics to characterize pollination syndromes in the tribe. Together 

Merianieae 

phylogeny, which allowed tracing pollinator shifts and floral evolution in the group.  

I found that buzz-pollination by bees, with a pollen reward and vibratile pollen release, is 

the ancestral and most widespread pollination syndrome -

syndrome has been destabilized repeatedly and multiple independent shifts into two novel 

vertebrate pollination syndromes have occurred. The new -  syndrome is 

-

combinations of different diurnal (hummingbirds, flowerpiercers) and nocturnal (bats, 

rodents) functional pollinator groups. The is characterized by an 
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and associated food-body rewards. I 

could further demonstrate that floral evolution happened via coordinated changes of 

functionally related traits (modules), even across floral organ categories (whorls). Fit with 

the different functional pollinator groups was apparently optimized in each syndrome 

independently. Given the prevalence of buzz-pollination in Merianieae and 

Melastomataceae, I hypothesize that the high levels of floral modularity detected in the 

-

of distinct functional floral modules possibly enhanced their flexibility to respond to 

slightly different selection pressures imposed by the large diversity of bees capable of 

buzz-pollination. This may have -

ateau. 

My results exemplify the great need of basic fieldwork, particularly in the notoriously 

understudied biodiversity hotspots of our planet such as the tropical Andes, to understand 

the natural history of its organisms. Among other things, I have documented rodent 

pollination in Merianieae, which is extremely rare outside of South Africa. Rodent 

pollinated Merianieae release a scent compound otherwise only known from mammal 

pollinated South African plants from another order (Malvales, as opposed to Myrtales 

where Melastomataceae belong to), and hence opens up new questions on convergent 

evolution of a compound apparently involved in the communication between plants and 

mammals. Exploratory fieldwork, which forms the basis of this project, may hence help 

to generate the potential for new ideas, hypotheses and concepts for future research and 

conservation. 
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ZUSAMMENFASSUNG 

unterschiedliche Best Merkmalskombinationen -

gruppen (z.B. von Bienen zu Kolibris) gehen Hand in Hand mit 

Merkmale 

unterliegen aller Wahrscheinlichkeit nach anderen 

 (Passform mit dem 

Allgemeinen beeinflusst, ist der 

aufschlussreich. Nichtsdestotrotz gibt es nur relativ wenige Pflanzengruppen, wo der Einfluss 

makroevolutiver Ebene getestet wurde. 

- -

biologische Charakterisierung der Tribus Merianieae (Melastomataceae), die im Weiteren als 

Neotropen vor und sind im tropischen Teil der 

dieser Familie werden durch Bienen buzz-pollinated), doch in der 

Literatur finden sich auch einzelne  zu Vertebraten. Um 

, verband ich umfassende 

Feldarbeiten in Ekuador und Costa Rica mit einer detaillierten morphologischen und 

s

Michelangeli er Merianieae, die es mir erlaubte, 

einen 

Kontext zu setzen. 

Vibrationsb

ubungssystem in den 

 Ich 

habe  
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je einer tag- und einer nachtaktiven (z.B. 

entstanden und einer neuer Mechanismus der Pollenfreisetzung hat sich entwickelt, den ich 

-syndrom ist ein 

Sperlingsvogelsyndrom mit einem komplexen Blasebalg-mechanismus zur Pollenfreisetzung 

- ie von den 

Stau

ine 

-prozess ies hat 

verschiedene Organkategorien hinweg Bestand

dieser 

funktionellen Module erreicht. Ich stelle die Hypothese auf, dass die 

dieser funktionellen Module 

 

funktioneller Module 

 

Vibrationsb

zu erwarten

(adaptive plateau)  

Meine Ergebnisse zeigen die Notwendigkeit und den wissenschaftlichen Wert von 

grundlegender, beschreibender Feldarbeit, vor allem in den nach wie vor unzureichend 

beispielsweise den tropischen Anden. Ich 

bislang nur sehr selten d

spezielle Duftstoffe, die sonst lefanten-

Pflanze aus einer andern Ordnung (Malvales, im Gegensatz zu Myrtales, zu denen 

konvergente Evolution von Duftstoffen, die in der Kommunikation zwischen Pflanzen und 

Grundlage zur Entwicklung 

Forschungsfragen und den Naturschutz. 
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1. INTRODUCTION 

 

SETTING THE FRAME  BACKGROUND 

 

This doctoral thesis is part of a larger project on pollinator shifts and floral evolution in 

the Merianieae (Melastomataceae) initiated  (PhD supervisor), 

Darin Penneys (international collaborator) and myself. The work we have accomplished 

so far provides a solid baseline of knowledge on the natural history, in particular the 

pollination biology, of the group. Merianieae belong 

family (dos Santos et al. 2012). As in many other tropical lineages, however, 

biology is poorly understood and broad generalizations for hundreds of species are based 

on a handful of studied taxa only. As of the year 2012, for example, pollinators had only 

been observed in seven of the approximately 300 species of the tribe (ca. 2%; Renner 

1989, Vogel 1988). It was our collaborator Darin Penneys who suggested investigating 

the pollination biology of the Merianieae genus Axinaea. Our discovery of a novel 

passerine pollination system in Axinaea (

publication: Dellinger et al. 2014), together with bee, hummingbird and bat pollination 

documented in the literature (Renner 1989), rendered Merianieae an excellent system for 

studying drivers and consequences of pollinator shifts. We take a broad, comparative 

approach with the aim of integrating microevolutionary (ecological) patterns into a 

macroevolutionary (phylogenetic) framework to better understand the role of pollinator-

mediated selection on angiosperm diversification (Smith 2010, van der Niet et al. 2014). 

In the following chapters, I will first introduce the concepts and theories which underlie 

my PhD thesis. I will then spend some words on the field- and lab work I did, which 

consumed a la

number of invaluable people. The introductory sections are followed by three 

papers/manuscripts (one published, one under review, and one ready for submission), 

which make up the core of my dissertation work. I conclude the thesis by a general 

discussion. 

 

FLORAL EVOLUTION AND POLLINATION BIOLOGY 

 

Flowers are the defining structure of all angiosperms and represent an astounding 

diversity in structure, colour, reward and scent (Endress 1996, Kay et al. 2005, Specht & 
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Bartlett 2009, Sauquet et al. 2017). This diversity has largely been attributed to selection 

imposed by pollinating agents, and, to a lesser extent, by floral antagonists and abiotic 

factors (reviewed in Strauss & Whitall 2006, Harder & Johnson 2009, van der Niet et al. 

2014, Gervasi & Schiestl 2017, Campbell et al. 2018). Pollinator mediated floral 

diversification may arise through obligate co-evolutionary processes between flowers and 

pollinators, impressively exemplified by the tight relationships between figs and fig-

by different plant species, e.g. by pollen placement on different parts of 

body (e.g. Pedicularis, Huang & Shi 2013, Stewart & Dudash 2017). A third mechanism, 

common in many angiosperm radiations, are pollinator shifts (e.g. Kay et al. 2005, 

Whittall & Hodges 2007, Smith et al. 2008, Thomson & Wilson 2008, Lagomarsino et al. 

2016).  

The pollinator-shift model, conceptualized by Grant & Grant (1965) and Stebbins (1970), 

and formalized by Johnson (2006), proposes convergent floral adaptation (pollination 

syndromes, Delpino 1890, Faegri & van der Pijl 1979) to specific functional pollinator 

groups. Functional pollinator groups are defined as groups of pollinators selecting for the 

same floral phenotype, while different functional groups will select for different 

phenotypes (Fenster et al. 2004). Thus, per definition, shifts between functional pollinator 

groups (e.g. from bee to hummingbird) can ultimately be related to floral morphological 

diversification as they entail major changes in phenotypic selection regimes (Harder & 

Johnson 2009, van der Niet et al. 2014, Smith & Kriebel 2018). 

The pollination syndrome concept as a framework for structuring floral diversity in 

angiosperms has received considerable attention and stimulated controversial debate in 

recent years (e.g. Waser et al. 1996, Ollerton et al. 2009, Armbruster et al. 2011, Rosas-

Guerrero et al. 2014, Lagomarsino et al. 2017). Over-simplification of complex plant-

animal interactions and the lack of a unified terminology have been identified as major 

shortfalls of the concept (e.g. pollination biology pioneer Stefan Vogel refused to 

2017). At this point, it is essential to note that early authors like Stebbins were extremely 

cautious in formulating  syndromes  and their applicability. In his much-cited 

, which assumes 

removing and depositing 

pollen) pollinator. character 

the existence of secondary, less efficient pollinators, which are actually common in many 
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systems (Rosas-Guerrero et al. 2014). Most importantly, e of 

Stebbins direct studies of the functional relationships of particular 

 

(Stebbins 1970). Although almost 50 years have gone by and the field of pollination 

biology has matured, generalizations of pollination syndromes still need to be treated with 

care (Rosas-Guerrero et al. 2014). A classic and much investigated generalization is 

, unscented flowers (Faegri & van 

der Pijl 1979). Already Grant (1966) demonstrated that hummingbirds do not select for 

strategy against (less efficient) bee pollinators, which cannot see red (Lunau et al. 2011, 

Camargo et al. 2018). Also, colouration of co-occurring hummingbird pollinated flowers 

may be driven by interspecific competition rather than colour preferences (Muchhala et 

al. 2014). Still, a large number of hummingbird flowers are indeed red, but the 

evolutionary mechanisms leading to this hummingbird-red association are apparently 

manifold and not straightforward (Cronk & Ojeda 2008). On the one hand, these 

examples show the necessity of carefully re-reading the work of the founders of the field 

of pollination biology. On the other hand, they give an idea of the complexity of 

interactions and evolutionary processes which may generate floral diversity. 

At least two other factors have to be considered when thinking about floral evolution and 

pollinator evolutionary history and 

possible developmental and genetic constraints, which may limit the number of trait 

combinations that could possibly evolve (Campbell et al. 1994, Campbell 1996, Smith & 

Darwin recognized the importance of 

pressures, acting on different starting points, will ultimately generate different adaptive 

responses and outcomes (Stebbins 1950, Armbruster 2005). These ideas could be applied 

directly to flowers that have been ancestrally bee pollinated (starting point), and which 

have shifted to hummingbird pollination (a shift-directionality reported in many systems; 

Thomson & Wilson 2008), such as, for instance, Aquilegia, Costus, Ipomoea, Mimulus, 

Salvia and Silene. The overall resemblance of the hummingbird flowers across these 

systems is striking (hummingbird syndrome), but certain lineage-specific 

, e.g. five separate nectar spurs in Aquilegia, or radial symmetry in Ipomoea and 

Silene (as opposed to zygomorphy in many hummingbird pollinated flowers, Cronk & 

Ojeda 2008), were conserved. 
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The second factor which needs attention is that not all floral traits are affected equally by 

pollinator mediated selection (P -Barrales et al. 2014, Ordano et al. 

2008). Flowers are integrated structures where traits function in a coordinated manner to 

achieve pollinator attraction, deterrence of herbivores, transfer of pollen, and, to some 

extent, protection of fruits and seeds from predation (Murren 2002, Armbruster et al. 

2004, Ordano et al. 2008, Endress 2016). To further complicate matters, flowers are made 

up by distinct ontogenetic organ categories, generally the perianth (produced by one or 

more whorls/sets of organs), the androecium and the gynoecium (Endress 1994). In her 

pioneering work on correlation pleiades, Berg (1960) demonstrated the relative 

independence between vegetative and reproductive (floral) plant traits. Since then, a 

limited number of studies attempted to test whether flowers are integrated throughout, or 

whether they can be divided into modules, which can evolve relatively independently 

from each other (Armbruster et al. 2004, Armbruster et al. 2014, -Barrales et al. 

2014, Diggle 2014). While hypotheses on modularity and form evolution are well 

established in anthropology and zoology, patterns in plants remain unclear and have 

rarely been tested at a macroevolutionary scale ( -Vieyra et al. 

2006, Fenster et al. 2009, Diggle 2014, Esteve-Altava 2016). Some authors indeed found 

s, which correspond to ontogenetic organ 

categories (e.g. Helleborus, Herrera et al. 2002). The majority of studies, however, has 

, which span different organ categories and are united by 

shared function, most likely driven by pollinator mediated selection ( -Vieyra et al. 

2006, Rosas-Guerrero et al. 2011, Esteve-Altava 2016). For example, flowers could be 

partitioned into two functional modules, one module comprising traits involved in 

t ) and the second module comprising traits 

). Both the type and 

strength of selection on these modules are likely different, however (Armbruster et al. 

-Vieyra et al. 2006, Strauss & Whitall 2006, Rosas-Guerrero et al. 2011). 

/modules generally the first, coarse filters that determine which 

animals are attracted to a given flower (Thomson & Wilson 2008). These traits may 

hence underlie conflicting selection regimes, including attraction of pollinators and 

deterrence of herbivores or less efficient pollinators (Armbruster et al. 2005, Camargo et 

al. 2018 /modules -tuning between 

flower and pollinator and are thought to evolve under strong directional or stabilizing 
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selection (B -Vieyra et al. 2006, Thomson & Wilson 2008, Rosas-Guerrero et al. 

2011). 

 

POLLINATOR SHIFTS AND THE NEOTROPICS 

 

Pollinator efficiency is defined as the product of pollinator quantity (visitation rate) and 

quality ( ) and has been proposed as 

the main trigger of pollinator shifts (Thomson & Wilson 2008). Generally, stabilizing 

selection will act in the present pollination system, balancing a plant species on the 

 fitness (siring success and seed set, 

Armbruster et al. 2009). For a pollinator shift to occur, this stabilizing selection has to be 

overcome. Traditional concepts envision a scenario where different populations of a plant 

species experience slightly different selection regimes due to differences in the 

geographic distribution mosaic of pollinators ( - Johnson 2006). 

This will 

noteworthy differentiation among populations. They are, however, not comparable to the 

pronounced flower trait changes occurring with shifts between distinct functional 

pollinator groups (Thomson & Wilson 2008). Shifts in functional pollinator groups will 

most likely result in highly differentiated floral phenotypes which are optimized to attract 

and fit to the new functional pollinator group. More recently, attempts have been made to 

identify the mechanisms of the pollinator shift process. Thomson & Wilson (2008) 

proposed a scenario where an extrinsic environmental factor first decreases the visitation 

frequency of the ancestral (most efficient) pollinator. Pollination services by a second 

(possibly previously less efficient) pollinator may hence become more important. If this 

situation persists long enough, floral traits may gradually respond to selection by the 

second pollinator with increased attractiveness and optimization of conspecific pollen 

delivery (Toon et al. 2014). As a side note, the appearance of an alien (e.g. invasive) 

pollinator in the modern, human-altered world, could also trigger such a pollinator shift 

(Medel et al. 2018). 

Pollinator shifts have occurred across the globe. Some relatively well studied systems are 

found in the South African flora (Vogel 1954, Johnson 2010) and the Neotropics (e.g. 

Costus (Costaceae), Kay et al. 2005; Iochroma (Solanaceae), Smith et al. 2008; 

Lobelioideae (Campanulaceae), Lagomarsino et al. 2016; Gesneriaceae, Serrano-Serrano 

et al. 2017; Salvia (Lamiaceae), Fragoso-  In the above-mentioned 
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Neotropical lineages, a strong association between shifts from bee to vertebrate 

(predominantly hummingbird) pollination and growth at medium to high elevations is 

apparent (less clear in Costus). Reduced efficiency of bee pollinators under adverse 

weather conditions at high elevations has been hypothesized as a major cause of this 

pattern (Cruden 1972). While bees are sensitive to lower temperatures, strong winds and 

rain common in tropical montane ecosystems (e.g. cloud forests), vertebrates are less 

impeded by these conditions. Most of the studies which have tried to trace pollinator 

shifts on dated phylogenies found relatively recent origins of these shifts, coinciding with 

the Andean uplift and (in some cases) with hummingbird diversification (Kay et al. 2005, 

Tripp and McDade 2013; Givnish et al. 2014; Roalson and Roberts, 2016; Serrano-

Serrano et al. 2017; Tripp and Tsai 2017, Lagomarsino et al. 2016). Thus, the pollinator 

shift scenario envisioned by Thomson & Wilson (2008), where an extrinsic 

environmental factor changes visitation frequencies, seems plausible. If plant lineages 

tracked and colonized the new habitats gradually developing with the Andean uplift, they 

potentially did not only move from their ancestral abiotic niches, but also moved away 

from habitats where bees are most efficient pollinators (e.g. tropical lowland rainforests). 

Migration into the new montane habitats may have destabilized the bee pollination 

systems in some instances and triggered shifts to vertebrate pollination. 

 

POLLINATION BIOLOGY AND FLORAL MORPHOLOGY IN MELASTOMATACEAE 

 

With approximately 5000 species, Melastomataceae are the seventh largest plant family 

(dos Santos et al. 2012) and pantropically distributed, with their major centre of diversity 

in the Neotropics (70% of species, Veranso-Libalah et al. 2017). Acrodromal leaf 

venation and the loss of an endothecium functional in the anther dehiscence are two 

characters shared by the New World Melastomataceae (Clausing & Renner 2001). A 

hypothesis proposed by Clausing & Renner (2001) states that the loss of a functional 

endothecium preceded another character found in the majority of Melastomataceae: 

poricidal anther dehiscence. Poricidal anther dehiscence is the crucial morphological 

character related to the pollination system prevalent in the family: buzz-pollination by 

bees. Buzz-pollination is a functionally highly specialized pollination system, in which 

bees apply high-frequency vibrations to stamens in order to extract pollen from the 

tubular anthers (Buchmann 1983). Buzz-pollination has evolved repeatedly across 
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angiosperms and is found in approximately 8-10% of species representing at least 72 

families (Cardinal et al. 2018). The diversity of bees exhibiting the buzzing behaviour is 

equally scattered across the bee phylogenetic tree and found in an at least 74 bee genera 

(de Luca & Vallejo-  

In Melastomataceae, buzz-pollination is the most common pollination system and has 

been estimated to occur in about 98% of species (Renner 1989). The prevalence of this 

pollination system has been related to exceptional evolutionary success and described as 

y is wandering upon (Macior 1971, Berger et al. 2016, 

Reginato & Michelangeli 2016). In the remaining 2% of species, however, the adaptive 

plateau has apparently been de-stabilized and pollinator shifts have occurred. These shifts 

include shifts to other insect pollinators (e.g. flies, wasps) or vertebrates (hummingbirds, 

passerine birds, bats, rodents; Lumer 1980; Renner 1989; Vogel 1997; Dellinger et al. 

2014; Brito et al. 2017). Up to now, pollinator shifts have only been documented in four 

tribes of New World melastomes and not in the Old World (Renner 1989). In three of 

these tribes (Blakeae, Merianieae, Tibouchineae), pollinator shifts show a strict 

association to growth at higher elevations, and all of these shifts are shifts to vertebrate 

pollinators (Renner 1989, Varassin 2008). Also in the fourth tribe (Miconieae), shifts to 

vertebrate pollinators are related to higher elevations while some lowland species have 

apparently shifted towards more generalized insect pollination systems (Renner 1989, 

Brito et al. 2017). In all species which have undergone pollinator shifts, new reward types 

have evolved (Varassin et al. 2008, Dellinger et al. 2014). While pollen is the only reward 

in the buzz-bee pollinated species, most shifted species offer nectar as a reward and a 

small group of species in the Merianieae has evolved a food-body reward (Dellinger et al. 

2014). 

With the clear dominance of bee pollination, the repeated shifts to different pollination 

strategies, and the diversity in species numbers and colonized habitats, Melastomataceae 

offer an ideal system for studying longstanding questions of angiosperm evolution and 

floral diversification. 

 

AIMS AND RESEARCH OUTLINE 

 

It is the aim of my PhD thesis to establish a broad and thorough understanding of the 

pollination biology and floral evolution in the Melastomataceae tribe Merianieae in order 

to develop a new model system for the study of pollinator shifts in the tropical Andes. 
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species rich biodiversity hotspot, yet very little is 

known about the natural history of the species making up this diversity (Myers et al. 

2000). Thus, my project focused on increasing the number of Merianieae species with 

documented pollinators and understanding the pollination process by extensive fieldwork 

and comparative experiments. In addition, detailed structural studies on flowers across a 

wide taxonomic sampling of the tribe are aimed at providing insights into patterns of 

floral evolution. 

, and thanks to the efforts made by my collaborators 

er a first phylogeny of 

150 Merianieae species (ca. 50% of the tribe). This phylogeny allows to trace pollinator 

shifts and floral evolution through evolutionary time and provides, next to my work on 

pollination systems, the second important pillar for exciting future research in the group. 

 

Chapter I presents the essential results from my attempts of organizing and understanding 

flower morphological diversity in Merianieae. I employed the pollination syndrome 

concept to test whether it is possible to define distinct syndromes in Merainieae and 

whether they are useful in predicting pollinators for species where pollinators are yet 

unknown. Indeed, I detected three distinct pollination syndromes - -

 in the tribe. They are, however, not characterized by 

traditional syndrome traits but rather by two specific character complexes, the mechanism 

of pollen expulsion and the reward type. Extensive fieldwork to increase pollinator 

observations and structural work on flowers of 61 species form the data basis for this 

study. 

 

In Chapter II, I focus on one of the three detected pollination syndromes, namely the 

-

the field are visited both by a diurnal (hummingbirds or flowerpiercers) and by a 

nocturnal (bats or rodents) functional pollinator group. I explore whether both diurnal and 

nocturnal visitors actually are efficient pollinators and whether nectar and scent traits 

show adaptations to either functional group. I find relative equality in terms of 

effectiveness of both pollinator groups in each species. Nectar traits mostly follow 

documented bird pollinator preferences while scent profiles indicate some adaptation to 

noct - of 

Merianieae is apparently  
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Finally, in Chapter III, I explore floral evolution by testing competing hypotheses on 

floral modularity, including hypotheses on floral ontogenetic modules (organ categories) 

and pollination-related functional modules. All hypotheses are tested both within 

syndromes and across the phylogeny and are based on geometric morphometric 

assessments of 3D-models of flowers produced by High-Resolution X-ray Computed 

Tomography of flowers. I find significant shifts in floral modularity with pollinator shifts 

and strong support for function driving floral modularity patterns rather than ontogeny. 

Very high degrees of -

these species could remain on 

small changes in selection regimes. High levels of modularity can also explain how 

Merianieae could shift from the functionally highly sp - to 

the vertebrate pollination syndromes. 
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2. FIELDWORK AND LAB EXPERIENCE 

 

FIELDWORK IN ECUADOR AND COSTA RICA 

 

In order to increase the number of species with documented pollinators in Merianieae, to 

carry out pollination experiments, and to collect more flower material, I conducted five 

fieldtrips to Latin America between 2015 and 2018 (Table 1). These trips consisted of 

longer stays at different research stations to carry out pollination experiments and 

observations, and shorter stays in various nature reserves to collect additional species 

(Table 2). For pollinator observations, I used video cameras both during day- and night 

time or directly observed flowers myself. In seven species (two bee pollinated, three 

pollinated by mixed assemblages of diurnal and nocturnal vertebrates, two passerine 

pollinated), I conducted pollination experiments and mostly focused on understanding 

pollen transfer efficiency in the different pollination systems. I presented flowers to 

collected styles and stamens separately for later pollen counting. Thus, I could assess 

whether the different functional pollinator groups differed in their efficiency in 

transferring pollen. In addition, I checked nectar availability and measured nectar 

concentration in nectar producing species using refractometers. In the 2017 fieldtrip, I 

collected nectar in capillary tubes for later analyses of sugar composition and my field 

assistant Lisa Scheer collected scent & 

 2005). Two master students, Silvia Artuso and Lisa Scheer, assisted during 

fieldwork in Ecuador in 2016 and 2017, respectively. Also, my local collaborator Diana 

-  joined on several expeditions during the two Ecuador fieldtrips and 

shared her invaluable knowledge on Melastomataceae with me. 

 
Table 1: Fieldtrips undertaken to Latin America. 
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Table 2: Research stations, National Parks, and nature reserves visited during fieldtrips. 
 

 
 
LAB WORK 

 

Besides the flower material I collected in the field myself, the majority of material came 

from three collaborators, Darin Penneys (University of North Carolina-Wilmington), 

Frank Almeda (California Academy of Sciences)  (New York 

Botanical Garden). This material had been collected on various sampling trips they had 

undertaken in previous years. Without their contributions, I would never have reached the 

broad sampling across the major Merianieae clades and throughout their geographical 

distribution. 

 

In order to compile the large comparative dataset for 61 species presented in Chapter I, I 

mostly employed scanning electron microscopy and light microscopy on petals, stamens 

and gynoecia of all species. In addition, and most important for Chapter III, I also 

scanned flowers of these species using the High-Resolution X-ray Computed 

Tomography Scanner available at our department at the University of Vienna. 
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I produced results presented in Chapter II by counting pollen grains on stigmas using 

fluorescence microscopy

our master student Lisa Scheer used Gas-Chromatography-Light-Spectrometry (GC-MS) 

to analyse scents collected in the field by Lisa and myself. Raimund Tenhaken 

(University of Salzburg) processed nectar collections using High-Performance Liquid 

Chromatography. 

 

My collaborator Darin Penneys has produced a large seven-marker phylogeny of 

Melastomataceae over the past years and shared sequence data for Merianieae with me. In 

order to complete the sampling for all species which I had included in the floral 

n Michelangeli 

to travel to the New York Botanical Garden to do the sequencing for the missing species 

in October 2017. 

 

In addition, I have gained training in Next Generation Sequencing methods with my 

collaborator Ovidiu Paun (University of Vienna), working on the population genomics of 

seven selected Merianieae species. I am currently analysing the data from these studies 

and will present the results elsewhere. 

 

 

Details on field experiments and lab work are given in Chapter I to III. 
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3. CHAPTER I: BEYOND BUZZ-POLLINATION  DEPARTURES FROM AN ADAPTIVE 

PLATEAU LEAD TO NEW POLLINATION SYNDROMES 
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Abstract 

 

Floral adaptation to a single most effective functional pollinator group leads to 

specialized pollination syndromes. However, adaptations allowing for pollination by two 

functional groups (bimodal pollination systems) remain a conundrum rarely investigated. 

We tested if floral scent and nectar traits of species visited by two functional pollinator 

groups indicate specialization on either one of the two or (intermediate) bimodal systems. 

We studied pollination biology in four species of Meriania (Melastomataceae) in the 

Ecuadorian Andes. Pollinator observations and exclusion experiments showed that each 

species was effectively pollinated by two functional groups (hummingbirds/bats; 

hummingbirds/rodents; flowerpiercers/rodents), nectar composition followed known bird 

preferences and scent profiles gave mixed support for specialization on bats and rodents. 

Our results suggest that nectar rewarding Meriania species have evolved stable bimodal 

pollination strategies and lack adaptation to a single functional pollinator group. The 

discovery of rodent pollination is particularly important given its rarity outside of South 

Africa. 
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Introduction 

Specialization in plant-pollinator interactions is regarded as an integral process in 

pollinator (Stebbins 1970, Fenster et al. 2004). Pollinator effectiveness is generally 

understood as the product of 

(efficiency in conspecific pollen transfer). These ideas are essential in the concept of 

pollination syndromes which assumes convergent floral evolution in adaptation to a 

specific (most effective) functional pollinator group (Faegri & van der Pijl 1979, Fenster 

et al. 2004, Rosas-Guerrero et al. 2014). Although specialization on the most effective 

pollinator is generally assumed, generalization by floral adaptation to relatively 

ineffective pollinators in addition to the most effective pollinator can evolve if this results 

in an overall fitness gain (Aigner 2001, 2006) and pollinator-mediated adaptive trade-offs 

are minimal (Muchhala 2007). Bimodal pollination systems, defined as systems 

effectively pollinated by two different functional groups and intermediate in adaptation 

between two pollination syndromes, are particularly interesting in the specialist-generalist 

continuum (Manning & Goldblatt 2005). While pollination of one species by two distinct 

functional pollinator groups has given grounds to doubt the concepts of pollination 

syndromes and specialization (e.g. Delphinium, Waser 1996), bimodal systems have also 

been interpreted as special cases of Tritoniopsis, Manning & 

Goldblatt 2005).  

Mixed pollination systems (with more than one functional pollinator group) often include 

, which functions as an additional secondary 

pollinator (Rosas-Guerrero et al. 2014). In the New World tropics, a small number of 

mixed hummingbird-bat systems has been described (e.g. Muchhala et al. 2008 and 

references therein, Amorim et al. 2013, Queiroz et al. 2016). Given obvious differences in 
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their morphology, activity patterns and sensory abilities, general hypotheses on floral 

adaptation to a single most effective functional pollinator group versus adaptation to two 

pollinator groups (possibly with adaptations to both groups) can be tested.  

Crucial features of (bimodal) hummingbird-bat-systems include both diurnal and 

nocturnal anthesis, attractor cues for and morphological fit with both pollinator groups 

and accessibility and continuous availability of nectar rewards (Muchhala et al. 2008). 

Studying nectar sugar composition can be particularly informative as comparative studies 

have found strong associations between relative sucrose content, pollinator group, and 

pollinator specificity (e.g. Baker & Baker 1983, Dupont et al. 2004, Johnson & Nicolson 

2008). Flowers pollinated by large bees, specialized nectar-feeding birds, and hawkmoths 

tend to present nectar rich in sucrose, while nectar of flowers pollinated by short tongued 

bees, flies, and generalist birds is mostly dominated by hexoses; bat-pollinated flowers in 

the New World have been found to be intermediate in sucrose and hexose levels (Baker et 

al. 1998, Johnson & Nicolson 2008, Abrahamczyk et al. 2017).  

While visual attractiveness is generally associated with diurnal pollination (e.g., red 

corollas in bird systems (Faegri & van der Pijl, 1979)), floral scent is regarded as 

important attractant particularly for nocturnally active pollinators and less important in 

diurnal bird pollination systems (Raguso et al. 2003, Dobson 2006; as well as deterrent, 

e.g., of herbivores). Similar to nectar sugar compositions, specific scent bouquets have 

been related to different functional pollinator groups in some plant lineages (Knudsen & 

Tollsten 1995, Dobson 2006, Knudsen et al. 2006).  

The plant family Melastomataceae (ca. 5000 sp.) is functionally specialized on bee-buzz 

pollination and characterized by nectar-less flowers, anthers opening by small apical 

pores, and pollen as sole reward (Buchmann 1983). However, nectar secretion and 

concomitant pollinator shifts from pollen-collecting bees to non-buzzing insects or 
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vertebrates have been documented in ca. 100 Neotropical Melastomataceae species 

scattered across four tribes (e.g. Lumer 1980, Wester et al. 2016, Kriebel & Zumbado 

2014, Brito et al. 2017, Vogel 19 -V. 2002, Lagerheim 1899). 

Although ambiguity remains as to where and how nectar is secreted (Stein & Tobe 1989, 

Varassin et al. 2008), the shift from pollen to nectar rewarding clearly opened up the 

specialized buzz-bee pollination syndrome to multiple functional pollinator groups (Brito 

et al., 2017, Dellinger et al. 2018). Despite this finding, a recent study on the 

Melastomataceae tribe Merianieae found support for classifying nectar secreting species 

all visited by different combinations of two functional pollinator groups (e.g. 

hummingbirds/bats, hummingbirds/rodents) into a single - syndrome 

(Dellinger et al., 2018). This syndrome is characterized by the shared interest in 

the nectar reward and their ability to cause pollen ejection via - , 

activated when they insert their mouthparts into the pendant, pseudo-campanulate 

corollas to take up nectar and thereby push against the thecae (Fig. 1A-D, I, J). It remains 

unclear, however, if - points toward truly bimodal 

systems with two equally effective pollinator groups or rather systems with a single most 

effective primary and an additional secondary pollinator group. In this study, we selected 

four Meriania species - to test differences in pollinator 

efficiency by assessing  (visitation rate)  (in terms of pollen 

deposition on stigmas) of diurnal and nocturnal pollinators. We demonstrate that nectar 

rewards are easily accessible to all functional pollinator groups involved and test whether 

nectar and scent composition show adaptations to a single pollinator group or adaptations 

for bimodal pollination systems. 
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Methods 

Taxon sampling and study design 

The four selected Meriania species stem from two independent shifts from ancestral 

buzz-bee pollination to alternative pollinators (shift 1: M. furvanthera, M. tomentosa; 

shift 2: M. aff. sanguinea, M. sanguinea; Dellinger et al., 2018). The exact taxonomic 

status of M. aff. sanguinea is unclear; this taxon occurs in an isolated population in 

Northern Ecuador while M. sanguinea is restricted to Southern Ecuador and Norther Peru 

(Wurdack 1967). The northern population has generally been treated as M. sanguinea, but 

given clear morphological and molecular differences (Dellinger et al., 2018), we treat it as 

separate taxon in this study.  

Meriania species are shrubs or treelets, mostly growing in small, isolated populations in 

montane rainforests (1.500 m  3.200 m) of the tropical Andes

biodiversity hotspot (Myers et al. 2000). Extensive field studies were conducted in 

Ecuador in Oct/Nov 2016 and 2017 (M. aff. sanguinea: Guanderas Reserve, M. 

furvanthera and M. sanguinea: Podocarpus National Park, M. tomentosa: Bellavista 

Reserve). We aimed at locating the maximum number of accessible flowering individuals 

along different trails at each forest site, the total sampling area spanning a minimum air-

line distance of 500 m at each site which should buffer known effects of small scale 

differences in pollinator activity (e.g. Akter et al. 2017; number of individuals studied: M. 

aff. sanguinea: 7, M. furvanthera: 3, M. sanguinea: 19, M. tomentosa 7; online appendix 

Table A1 for details). 

 

Pollinator  

To assess , flowers of multiple individuals (2-10) per species 

were monitored using video cameras (SONY Camcorder HDF-CX 190, Table A3 details 
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sample sizes). Cameras were placed on tripods approximately 2 m away from the plants 

and single inflorescences were filmed during daytime (06:00-18:00) and night-time 

(18:00-00:00). In each video, a minimum of three 30 minute intervals 

(beginning/middle/end of video) was replayed using the PlayMemoriesHome Sony 

software, yielding a total of 108 reviewed hours (Table A3). Floral visitors were scored as 

pollinators if their morphology fit with the flower and their behaviour could cause pollen 

ejection. Visitation rates were calculated as pollinator visit per flower per hour  (Table 

1). Most inflorescences presented more than one open flower so that it was possible to 

monitor multiple flowers simultaneously (yielding a total of more than 390 flower 

observation hours; see Muchhala et al. 2008 for similar approach). Pollinators were 

identified with the help of literature (Ridgely & Greenfield 2001, Tirira 2017). 

In order to understand the contribution to pollination of diurnal vs. nocturnal visitors 

, we manipulated the timing of flower exposure to visitors over a seven-day 

period in Meriania aff. sanguinea, M. sanguinea, and M. tomentosa (Table A1, A4; too 

few individuals with accessible flowers in M. furvanthera). In order to obtain virgin 

flowers for later exposure to either diurnal or nocturnal visitors, inflorescences were 

bagged using bridal veil (mesh density < 1 mm) either during day- (ca. 5:45 until 18:00) 

or night-time (ca. 18:00 until 5:45; Table A4 for details on sample sizes; total flower n = 

80) and exposed to visitors at the other time interval, respectively. From day one to four, 

consecutively opening flowers within each inflorescence were added to the exclusion 

trials; flowers opening on days 5-7 were not considered. After three days or nights of 

pollinator exposure (which also marks the end of the tyles were 

collected in 70% ethanol. We can rule out pollen deposition on stigmas by bagging/un-

bagging as pollen is retained within the poricidal anthers and major amounts that would 

significantly alter the outcome of the exclusion experiment are only released when 

85



 

pressure is applied to the thecae directly (but also see Table A5). Un-manipulated control 

flowers from inflorescences not used in exclusion experiments or neighbouring 

individuals (when not enough inflorescences were present on individuals used for 

exclusion trials, Table A5) were used to assess stigma pollen loads under natural 

conditions. In the lab, stigmas were cut from styles, placed into a drop of lactic acid on 

microscope slides, squashed with a coverslip to flatten out the tissue and viewed under a 

fluorescence microscope (Kearns & Inouye 1993). The entire squashed stigmatic area was 

measured at 10x magnification and pollen grains were counted at 20x (entire field of 

view) in three areas from the edge to the centre of the stigma. Pollen grain sizes of all 

species had been measured previously (17.3- ) and pollen grains of sizes different 

from those of Meriania were excluded from counting. Total pollen grain number was 

calculated by multiplying total stigma area by mean pollen grain number . For 

each species, a GLMM (Generalized Linear Mixed Effects Model) was used to test for 

differences between diurnal and nocturnal stigma pollen loads and between controls and 

exclusion trials, including plant individual as random effect (lmerTest package in R, 

Kutznetsova et al. 2017). 

 

Localization of nectaries 

In order to provide a better understanding of the evolution of nectar rewarding flowers 

from pollen rewarding ancestors in the family, we compared nectar secreting structures of 

the four study species plus six additional nectar secreting species from the two shifts 

(online appendix Table A2). Note that there is no underlying expectation related to nectar 

secreting strategies and the different mixed pollinator assemblages.Ethanol preserved 

floral material was studied with SEM (Scanning Electron Microscopy) or light 

microscopy to localize areas of nectar secretion. For SEM, hypanthia and stamens were 
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dehydrated over an ethanol series, transferred to acetone, critical point dried (CP 

Autosamdri-815), mounted on stubs, coated with gold using a Sputter Coater (SCD 050), 

and scanned in a JEOL JSM-6390 at 10 kV. For producing serial thin sections, material 

was dehydrated, infiltrated (Technovit 7100, hardener I) and embedded in 2-hydroxyethyl 

methacrylate (Technovit 7100, hardener II, Heraeus Kulzer, Wehrheim, Germany) and 

Sections were stained with 0.2%  Ruthenium red  0.5%  Toluidine (RT-stain). Images 

of selected sections were taken with a Nikon digital sight DS-Fi1 camera (Nikon 

Corporation, Tokyo, Japan) on an Olympus BX50 system microscope (Olympus Optical 

Corporation, Tokyo, Japan). 

 

Nectar collection and analyses 

To assess differences in nectar properties between day and night, flowers of any age were 

bagged in the early morning (5:30-7:00) or early evening (17:30-18:45) after removing all 

nectar, if present (Table A7). 

by the degree of petal spreading and anther reflexion to document nectar secretion 

through anthesis. Twelve hours after initial bagging, presence of nectar, volume and 

concentration were recorded. -capillaries and 

concentration measured by an Eclipse Refractometer 45-81 (Bellingham & Stanley). 

 per flower. A subset of 

flowers was re-bagged to assess nectar replenishment at 12 hour intervals (Table A7). For 

M. furvanthera, nectar volume could not be measured due to small sample sizes, 

concentration was measured from un-bagged flowers. Summary statistics were calculated 

for all species from all measurements and GLMMs were used to assess significant 

differences in nectar concentration and volume between day and night measurements in 
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M. tomentosa and M. sanguinea, setting treatment (day/night) as fixed factor and flower 

ID as random effect (M. aff. sanguinea excluded due to small n). A GLMM was run on 

all measurements on nectar concentration (n = 105) to assess significant differences 

between species and D/N, treating plant individual as random effect. 

10 at day/night sampling times was stored in 70% ethanol for sugar 

analyses using HPLC (a total of 87 samples, Table A7). Nectar sugar samples were dried 

in a vacuum concentrator centrifuge to remove ethanol and re- of 

water. For HPLC, an aliquot from each sample was further diluted 1:100 with water and 

analyzed on an ICS300 HPLC (Dionex /Thermo) using anion exchange chromatography 

coupled with pulsed amperometric detection (HPAEC-PAD). Sugars were separated on a 

CarboPac PA1 column (2x 250 mm separation column, 2x 50 mm guard column) using 

isocratic separation with 80 mM NaOH and a flow rate of 0.25 ml min-1. Authentic 

standards were separated for calibration to ensure proper quantification of each sugar. For 

each sample, the percentage of glucose, fructose, and sucrose was calculated for day and 

night (Baker & Baker 1982). Bray-Curtis dissimilarity matrices were calculated in R-

package vegan (Oksanen et al. 2018) and PERMANOVA was run with pairwise 

comparison and a Bonferroni correction to test for significant differences in nectar 

composition between species, day/night and individuals (pairwiseAdonis Martinez Arbizu 

(2017). Disparity in sugar composition was calculated (betadisper function) and ANOVA 

used to test for significant differences in disparity between species.  

 

Volatile collection and analyses 

Floral volatiles were collected in situ during day (6:00-8:00) and night (18:00-21:00) time 

; total n = 113, Table 3). Individual 

anthetic flowers (age and pollination status not considered) were enclosed in polyester 
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m; Toppits R , Germany) and volatiles were collected for 10 min-

30 min (depending on strength of perceived scent) through small adsorbent tubes (Varian 

Inc. ChromatoProbe quartz micro vials; length: 15mm, inner diameter: 2mm) using a 

membrane pump (G12/01 EB, Rietschle Thomas Inc., Puchheim, Germany; flow rate: 

200 ml/min). The tubes contained 1.5mg Tenax-TA (mesh 60 80) and 1.5mg Carbotrap 

B (mesh 20 40; both Supelco) fixed by glass wool plugs (Heiduk et al., 2015; Mitchell et 

al., 2015). Three scent samples of leaves at approximately 5 m distance from flowers 

were collected for each species as negative controls using the same method. Trapped 

volatiles were analyzed by GC-MS using an automatic thermal desorption (TD) system 

(TD-20, Shimadzu, Japan) coupled to a Shimadzu GC/MS-QP2010 Ultra equipped with a 

ZB-5 fused silica column (5% phenyl polysiloxane; 60 m, i.d. 0.25 mm, film thickness 

Samples were run with a split ratio of 1:1 and a consistent helium 

carrier gas flow of 1.5 ml/min, GC oven temperature was initially  followed by an 

increase of (held for 1 min), the 

spectra were taken at 70 eV (EI mode) from m/z 30 to 350. GC/MS data were processed 

using the GCMSolution package, Version 4.11 (Shimadzu Corporation 1999-2013). 

Compound identification was carried out using the ADAMS, ESSENTIALOILS-23P, 

FFNSC 2, and W9N11 databases, as well as a database generated from synthetic 

standards available at the Plant Ecology lab at the University of Salzburg. Only 

compounds not present in the negative controls (i.e. flower-specific compounds) were 

included in analyses. For quantitative analysis of VOCs, known amounts of 

monoterpenes, aliphatic, and aromatic compounds were injected into the GC/MS system 

and mean peak areas were used to determine the total amount of scent (see Etl et al. 

2016). Mann-Whitney U-tests were used to test for significant differences in scent release 

between day and night for each species separately. As for nectar composition, Bray-Curtis 
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dissimilarities were calculated on the relative amounts of compounds and two-way 

crossed PERMANOVAs run with species and daytime as factors. Relative scent 

compositions were visualized by NMDS (vegan) and stacked barplots. 

 

Results 

Visitor assemblages and visitation rates  

Each Meriania species was visited by one diurnally active functional pollinator group and 

a nocturnally active one (Table 1; hummingbirds (diurnal) and bats (nocturnal): M. aff. 

sanguinea, M. tomentosa; hummingbirds and rodents (nocturnal): M. sanguinea Video 1; 

flowerpiercers (diurnal) and rodents: M. furvanthera Video 2, 3). All flower visitors were 

foraging for nectar, which was taken up by inserting the head into the flower, thereby 

touching the thecae -

bats mostly hovered, flowerpiercers (passerine birds) and rodents perched. Rodents were 

observed running along branches and spent up to 10 seconds on a single flower to drink 

nectar. Wasps and lepidopterans were seen as occasional nectar robbers in all species. 

Only on a single sunny day, small bees were observed robbing pollen in M. sanguinea. 

The contribution to pollination likely is negligible as they could either not 

activate th -  (wasps, lepidopterans) or did not touch the stigmas 

due to their small body size (bees). From here onwards, the different pollinator 

assemblages are grouped as follows: HB (hummingbird/bat), HR (hummingbird/rodent) 

and FR (flowerpiercer/rodent). 

Visitation rates between diurnal and nocturnal functional pollinator groups differed 

considerably in all species, with higher diurnal visitation rates in M. aff. sanguinea, M. 

tomentosa (both HB) and M. sanguinea (HR, Table 1). In all species, both diurnal and 
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nocturnal visitors occasionally visited more than one flower if multiple flowers were open 

simultaneously (Table A3). 

 

Pollinator efficiency  

There were no significant differences in pollen deposition efficiency between diurnal and 

nocturnal functional pollinator groups in M. tomentosa: (HB: t-value 0.716, df = 27, p = 

0.48) and M. sanguinea (HR: t-value -0.343, df = 14, p = 0.737) but nocturnal stigmatic 

pollen loads were higher in M. aff. sanguinea (HB: t-value 3.038, df = 11, p = 0.01). 

Excluding either diurnal or nocturnal visitors did not significantly reduce total pollen 

loads compared to controls in M. tomentosa (HB) and M. sanguinea (HR) but in day 

samples of M. aff. sanguinea (HB, Table A6). 

 

Nectar secretion: location 

Stamens were detected as nectar secreting organs in all species. The exact location of 

nectar secretion differed between species and three main types were distinguished: a) 

secretion by dorsal filament ruptures along the entire length of the filament (Figure 1 E, 

F, online appendix Figure A1 A, B); b) secretion by small ruptures at the ventral side of 

the joint between filament and anther connective (online appendix Figure A1 E, F, G, H), 

both in a and b the ruptures are formed during anthesis; and c) secretion by porous tissue 

on the proximal lateral sides of the filament (Figure 1G, online appendix Figure A1 C, D), 

already present in pre-anthetic flowers (Table A2 for results on additional species). 

Accordingly, nectar droplets were found oozing out of dorsal filament ruptures (visible as 

dark necrotic cavities) in Meriania tomentosa (HB, Figure 1E, F, type a) but sitting at the 

filament-connective joint/upper part of the filament in M. furvanthera (FR, Figure 1G, 

type b and c) and M. aff. sanguinea (HB) and M. sanguinea (HR, type b). Regardless of 
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the exact site of secretion, nectar pooled between the stamens and petals and is freely 

accessible to all functional pollinator groups (Figure 1 I, J). 

 

Nectar secretion: timing and volume 

Nectar secretion started within the first six hours of anthesis in M. tomentosa, while it 

only started after approximately 24 hours in M. sanguinea and M. aff. sanguinea (online 

appendix Figure A2). Nectar was secreted throughout anthesis from the first secretion 

onwards and was replenished after removal. In all species, pollinators started visiting 

flowers at the beginning of anthesis even if there was no nectar present yet. Nectar 

volume was not significantly different between day and night (GLMM M. tomentosa 

(HB) t-value -1.82, df = 31, p = 0.08; M. sanguinea (HM) t-value -0.52, df = 28, p = 

0.61). 

 

Nectar concentration and sugar composition 

Nectar sugar concentration ranged Meriania aff. 

sanguinea, M. tomentosa (both HB) and M. sanguinea (HR) while it was significantly 

higher in M. furvanthera (FR; Table 2, Table A8). Only M. sanguinea 

showed significant differences in nectar concentration between day and night (GLMM: 

M. sanguinea (HM) t-value 3.56, df = 17, p < 0.01).  

Sugar composition differed significantly among species (F 114, df = 3 7, p=0.001, 

Table A9), with sucrose being predominant in M. tomentosa, M. aff. sanguinea (both HB) 

and M. sanguinea (HR) while hexoses were dominant in nectar of M. furvanthera (FR, 

Figure 3). M. furvanthera differed significantly from all other species (Table A10). 

Nectar sugar composition did not differ between day and night in any species or the 

interaction of species and day/night (Table A9). Variability of nectar composition differed 
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significantly between species (F = 6.53, df = 2, p < 0.01, Figure 3, online appendix Figure 

A3) and was significantly higher in M. tomentosa (HB) than in M. sanguinea (HR; Table 

A11). 

 

Scent composition 

Flowers of Meriania sanguinea (HR) released a strong solvent-like odour and flowers of 

M. tomentosa (HB) produced weak flowery odours at all times. No odour detectable by 

the human nose was noted on flowers of M. aff. sanguinea (HB) and M. furvanthera 

(FR). The GC/MS analyses revealed flower-specific components in all species, however. 

Independent of species and day-time, scent was detected only in half or less of the 

samples analyzed. In M. furvanthera only diurnal samples contained scents, whereas in 

the other species scent was detected in both diurnal and nocturnal samples (Table 3). 

Median total amounts of scent per flower per hour were significantly higher in day 

samples of M. tomentosa (W = 110, df = 20, p < 0.01) while differences were not 

significant in other species (Table A12). Scent profiles were significantly different 

between species (F = 10.8, df = 3, p < 0.001, Table A13). M. tomentosa (HB) was the 

only species where day and night scents differed significantly, M. sanguinea (HR) stood 

out as differing significantly from M. tomentosa (Table A14). Scent samples of M. 

sanguinea (HR) contained aliphatic compounds only, with most diurnal and all nocturnal 

samples containing only 1-Hexen-3-one. This compound was not detected in any other 

species. Scents of M. furvanthera (FR) also contained aliphatics while scents of M. 

tomentosa and M. aff. sanguinea (both HB) also contained terpenoids like Sabinene and 

Delta-3-Carene and unknown compounds (Fig. 4, Fig. A4).  
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Discussion 

- ome in 

Merianieae comprises multiple bimodal pollination systems where different functional 

pollinator groups can act as equally effective pollinators. These systems overlap in their 

main traits, e.g. often reddish flowers, day and night availability of nectar, easy reward 

access by widely open pseudo-campanulate corollas, staminal nectar release and nectar 

aggregation beneath the stamens, common pollen expulsion mechanism (Dellinger et al., 

2018). On a finer scale, certain differences in adaptation to the distinct functional 

pollinator groups become apparent: nectar sugar composition follows typical diurnal bird 

pollinator preferences (Johnson & Nicolson 2008) and scent profiles partially show 

adaptations to the different nocturnal pollinators.  

Our finding of effective rodent pollination in M. sanguinea and M. furvanthera is 

particularly interesting given the rarity of documented cases of rodent pollination in 

general, and especially in the New World (e.g. Melastomataceae, Lumer 1980; 

Loasaceae, Cocucci & S with 

rodent pollination show modifications in their inflorescence architecture (short-pedicelled 

flowers in leaf axils in M. furvanthera, Figure 1B) or growth form (procumbent habit of 

M. sanguinea, Figure 1C), which facilitate access to flowers by perching pollinators. This 

is in contrast to flowers protruding on long inflorescence stalks in M. tomentosa and M. 

aff. sanguinea (Figure 1A), which are only visited by pollinators capable of hovering 

while drinking nectar (HB). Although rodent visitation rates were ten times lower than 

hummingbird visitation rates in M. sanguinea (Table 1), rodents contributed substantially 

to pollen deposition on stigmas, and hence must be considered as legitimate pollinators. 

Likewise, hummingbirds were more frequent visitors than bats in M. tomentosa and M. 

aff. sanguinea, but deposited the same or lower amounts of pollen. It is possible that the 
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relatively small experimental sample sizes have reduced the power of detecting 

significant differences between the diurnal and nocturnal pollinators in M. sanguinea and 

M. tomentosa. Interestingly, excluding either pollinator group did not significantly reduce 

stigma pollen loads as compared to open controls in these two species. This merits further 

investigation as it could indicate that each plant species could successfully reproduce if 

visited by one pollinator group only. In M. aff. sanguinea, bats seemed more effective 

pollinators than hummingbirds. However, there are clearly more aspects to pollinator 

ifferences between pollinators also encompass differences in the 

efficiency of removing pollen that then gets dep

deposited pollen (e.g. amount of heterospecific pollen, see Morales et al. 2008, Queiroz et 

al. 2015) as well as genetic compatibility/viability of deposited pollen (e.g. self-/outcross 

pollen and consequently fitness 

experiments in M. sanguinea and M. tomentosa showed self-compatibility (Dellinger, 

unpublished data). Thus, more fine grained assessments of stigmatic pollen loads could 

bring out subtle quality differences between the different pollinator groups in the future. 

 

Our study detects the stamens as nectar secreting organs which contradicts findings on 

hypanthial nectar secretion in Merianieae (Varassin et al. 2008, but also see Stein & Tobe 

1989). Although the exact location of nectar secretion is variable, the systems are overall 

similar in having unspecialized staminal nectaries with direct connection to the phloem. 

Possibly, the pronounced stamen movement in early stages of anthesis (Fig. 1H-J) leads 

to high pressure in the tissue which causes tissue rupture and phloem sap leakage (Vogel 

1997, de la Barrera & Nobel 2004). Generally, invertases can change sucrose rich phloem 

composition in the nectary (Nicholson 2001) and plants have been found to even be 
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capable of changing their nectar composition between day and night (e.g. in Inga sessilis, 

Amorim et al. 2013). In the Meriania species studied here, nectar sugar composition did 

not change between day and night and sugar compositions corresponded to preferences 

described for bird pollinators (Johnson & Nicolson 2008), with a clear differentiation 

between specialized nectar feeders (hummingbirds, sucrose rich: M. tomentosa, M. aff. 

sanguinea, M. sanguinea) and more generalist nectar feeders (flowerpiercers, hexose-rich 

in M. furvanthera, Figure 3). The hexose-rich nectar of M. furvanthera, however, 

indicates the presence of nectary invertases despite the unspecialized nectar leakage (de la 

Barrera & Nobel 2004; also see Dellinger et al., 2014 for hexose-rich food bodies in 

closely related passerine pollinated Axinaea). The origin of the large variability in nectar 

sugar composition in M. tomentosa remains unknown, but could be interpreted as a means 

of meeting both hummingbird and bat preferences (Abrahamczyk et al. 2017). 

Contrary to our expectation of increased floral scent release during nighttime as 

adaptation to bat and rodent attraction (Dobson 2006), nocturnal scents were not 

significantly stronger or even weaker in M. tomentosa (HB). At the level of scent classes, 

M. tomentosa and M. aff. sanguinea (both HB) released higher amounts of terpenoids, 

known to be important in bat pollination, while aliphatics were dominant in rodent 

pollinated M. sanguinea and M. furvanthera (Fig. A4, Knudsen et al. 1995, Pettersson et 

al. 2004, Dobson et al. 2006). M. sanguinea is particularly interesting in this context: 1-

Hexen-3-one (mostly confined to nocturnal scent samples) is only known as flower scent 

from Cytinus visseri (Cytinaceae, Malvales), a parasitic South African plant pollinated by 

rodents and shrews (Johnson et al. 2010). Curiously, 1-Hexen-3-one worked as a repellent 

when tested alone in a pollinator behavioural assay, but had no negative effects when 

tested in combination with the strong attractant 3-Hexanone, also released by C. visseri 

(Johnson et al. 2011). In M. sanguinea, however, 3-Hexanone was only detected during 
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daytime when rodents are not active. Thus, the role of 1-Hexen-3-one in attraction of 

pollinators in M. sanguinea remains equivocal. At the larger scale, however, the 

simultaneous occurrence of 1-Hexen-3-one in plants of different orders (Myrtales, 

Malvales) and continents (South America, Africa) points towards convergence in the 

evolution of this compound to communicate with ground dwelling mammals. Given the 

lack of detectible scent compounds at night in M. furvanthera, it remains unclear how this 

species attracts its mammal pollinators. Interestingly, these results are in line with a study 

reporting lack of floral scent in other Melastomataceae species (genus Blakea) for which 

rodent visitation has been reported (Lumer 1980, Wester et al. 2016). Furthermore, it is 

notable that all four Meriania taxa released scents during daytime (Table 3). In traditional 

pollination syndrome theory,  flowers are usually brightly colored but scentless 

(Dobson et al. 2006). More recent studies, however, indicate that birds use olfactory cues 

in addition to vision when foraging (Kessler and Baldwin 2007). 

Taken together, our results support the view that Meriania species, summarized into a 

- pollination syndrome, indeed represent bimodal pollination systems 

with adaptations to different functional pollinator groups. While studies on nectar 

secreting Melastomataceae from other tribes (e.g. Miconieae) report an increased 

-

2005). Such bimodal systems have been considered as labile, possibly representing 

evolutionary transitions between distinct pollination syndromes (Manning & Goldblatt 

2005). Given the ancestral buzz-bee pollination syndrome in Merianieae, one could 

expect such transitions between (ancestral) bees and a (derived) vertebrate pollinator, or 

further transitions between two functional vertebrate pollinators (e.g. hummingbird to bat; 

Rosas-Guerrero et al. 2014). Alternatively, bimodal pollination systems in Meriania 
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could have arisen without prior specialization on one new functional group, but actually 

represent stable systems adapted to exploit two complementary groups of pollinators. 

This scenario seems plausible in Meriania given the lack of bee pollinators -

and the fact that there is, to date, no nectar secreting Meriania 

species known to be pollinated by only one type of vertebrate pollinator (either 

hummingbirds, flowerpiercers, bats or rodents). The repeated independent origin of 

different bimodal systems (shift 1: M. tomentosa (HB), M. furvanthera (FR); shift 2: M. 

aff. sanguinea (HB), M. sanguinea -

pollination syndrome further supports the idea of a stable pollination strategy. The 

direction of transitions within the bimodal systems (e.g. from HB to FR or from FR to 

HB), however, remains unclear and awaits more detailed phylogenetic comparative 

analyses. 

 

Literature 

Keller, F., Schwerdtfeger, M., and A. M. Humphreys. 2017. Pollinator adaptation and 

the evolution of floral nectar sugar composition. Journal of Evolutionary Biology 

30:112-127. 

Aigner, P. A. 2001. Optimality modelling and fitness trade-offs: When should plants 

become pollinator specialists? Oikos 95:177-184. 

Aigner, P. A. 2006. The evolution of specialized floral phenotypes in a fine-grained 

environment. Pages 23-46 in N. M. Waser, J. Ollerton, eds. Plant-pollinator 

interactions: from specialization to generalization. University of Chicago Press, 

Chicago, IL. 

98



 

Akter, A., Biella P., and J. Klecka. 2017. Effects of small-scale clustering of flowers on 

pollinator foraging behaviour and flower visitation rate. PLoS ONE 12: e0187976. 

Amorim, F. W., Galetto, L., and M. Sazima. 2013. Beyond the pollination syndrome: 

nectar ecology and the role of diurnal and nocturnal pollinators in the reproductive 

success of Inga sessilis (Fabaceae). Plant Biology 15:317-327. 

Baker, H. G., and I. Baker. 1983. Floral nectar sugar constituents in relation to pollinator 

type. Pages 126-152 in C. E. Jones, R. J. Little, eds. Handbook of Experimental 

Pollination Biology. Van Nostrand Reinold Company, Inc., New York, NY. 

Baker, H. G., Baker, I., and S. A. Hodges. 1998. Sugar composition of nectars and fruits 

consumed by birds and bats in the tropics and subtropics. Biotropica 30:559-586. 

Brito, V. L. G., Rech, A. R., Ollerton, J., and M. Sazima. 2017. Nectar production, 

reproductive success and the evolution of generalised pollination within a specialised 

pollen-rewarding plant family: a case study using Miconia theizans. Plant Systematics 

and Evolution 303:709-718. 

Buchmann, S. L. 1983. Buzz pollination in angiosperms. Pages 73-113 in C. E. Jones, R. 

J. Little, eds. Handbook of Experimental Pollination Biology. Van Nostrand Reinold 

Company, Inc., New York, NY. 

-

Tinoco. 2017. First record of flower visitation by a rodent in Neotropical Proteaceae, 

Oreocallis grandiflora. Journal of Tropical Ecology 33:174-177. 

Cajophora 

coronata (Loasaceae). Plant Systematics and Evolution 211:113-128. 

Dellinger, A.S., Penneys, D.S., Staedler, Y.M., Fragner, L., Weckwerth, W., 

A specialized bird pollination system with a bellows 

99



 

mechanism for pollen transfer and staminal food body rewards. Current biology 

24:1615-1619. 

Dellinger - ., 

Almeda, F., Michelangeli, F. A., Staedler, Y., Armbruster, W. S., and J. 

2018. Beyond buzz-pollination  departures from an adaptive plateau 

lead to new pollination syndromes. New Phytologist. 

De la Barrera, E., and P. S. Nobel. 2004. Nectar. Properties, floral aspects, and 

speculations on origin. TRENDS I Plant Science 9: 65-69. 

Dobson, H. E. M. 2006. Relationship between floral fragrance composition and type of 

pollinator. Pages 147-198 in N. Dudareva, E. Pichersky, eds. Biology of Floral Scent. 

CRC Press, Boca Raton. 

2016. Nocturnal Plant 

Bugs Use cis-Jasmone to Locate Inflorescences of an Araceae as Feeding and Mating 

Site. Journal of Chemical Ecology 42:300-304. 

Faegri, K., and L. van der Pijl. 1989. The principles of pollination ecology. Pergamon 

Press, Oxford. 

Fenster, C. B., Armbruster, W. S., Wilson, P., Dudash, M. R., and J. D. Thomson. 2004. 

Pollination Syndromes and Floral Specialization. Annual Review of Ecology, 

Evolution, and Systematics 35:375-403. 

Johnson, S. D., and S. W. Nicolson. 2008. Evolutionary associations between nectar 

properties and specificity in bird pollination systems. Biology Letters 4:49-52.  

Johnson, S. D., Burgoyne, P. M., Harder, L. D., and 

lured by the scent of a parasitic plant. Proceedings of the Royal Society B: Biological 

Sciences 278:2303-2310. 

100



 

Johnson, C. M., and A. Pauw. 2014. Adaptation for rodent pollination in Leucospermum 

arenarium (Proteaceae) despite rapid pollen loss during grooming. Annals of Botany 

113:931-938. 

Kearns, C. A., and D. W. Inouye. 1993. Techniques for Pollination Biologists. University 

Press of Colorado, Colorado. 

Kessler, D., and I. T. Baldwin. 2007. Making sense of nectar scents: the effects of nectar 

secondary metabolites on floral visitors of Nicotiana attenuata. The Plant Journal:840-

854. 

Knudsen, J. T., and L. Tollsten. 1995. Floral scent in bat-pollinated plants - a case of 

convergent evolution. Botanical Journal of the Linnean Society 119:45-57. 

Distribution of Floral Scent. The Botanical Review 72:1-120. 

Kriebel, R., and M. A. Zumbado. 2014. New reports of generalist insect visitation to 

flowers of species of Miconia (Miconieae: Melastomataceae) and their evolutionary 

implications. Brittonia 66:396-404. 

al Software, *82*(13), pp. 

1-26. 

Lumer, C. 1980. Rodent Pollination of Blakea (Melastomataceae) in a Costa Rican Cloud 

Forest. Brittonia 32:512-517. 

Manning, J. C., and P. Goldblatt. 2005. Radiation of Pollination Systems in the Cape 

Genus Tritoniopsis (Iridaceae: Crocoideae) and the Development of Bimodal 

Pollination Strategies. International Journal of Plant Sciences 166:459-474. 

101



 

Martinez Arbizu, P. 2017. pairwiseAdonis: Pairwise multilevel comparison using adonis. 

R package version 0.0.1. 

Morales, C. L., and A. Traveset. 2008. Interspecific Pollen Transfer: Magnitude, 

Prevalence and Consequences for Plant Fitness. Critical Reviews in Plant Sciences 

27:221-238. 

Muchhala, N., and J.-V. Pablo. 2002. Flower Visitation by Bats in Cloud Forests of 

Western Ecuador. Biotropica 34:387-395. 

Muchhala, N. 2007. Adaptive trade-off in floral morphology mediates specialization for 

flowers pollinated by bats and hummingbirds. The American Naturalist 169:494-504. 

Muchhala, N., Caiza, A., Vizuete, J. C., and J. D. Thomson. 2009. A generalized 

pollination system in the tropics: bats, birds and Aphelandra acanthus. Annals of 

Botany 103:1481-1487. 

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Fonseca, G. A. B., and J. Kent. 2000. 

Biodiversity hotspots for conservation priorities. Nature 403:853-858. 

Nicolson, S. W. 2001. Pollination by passerine birds: why are the nectars so dilute? 

Comparative Biochemistry and Physiology B 131: 645-652. 

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., 

Minchin, P. R., O'Hara, R. B., Simpson, L. G., Solymos, P., Stevens, M. H. H., Szoecs, 

E., and H. Wagner. 2018. Vegan: Community Ecology Package. R Package Version. 

Pettersson, S., Eryk, F., and J. T. Knudsen. 2004. Floral scent of bat-pollinated species: 

West Africa vs. the New World. Biological Journal of the Linnean Society 82:161-

168. 

102



 

Queiroz, J. A., Quirino, Z. G. M., and I. C. Machado. 2015. Floral traits driving 

reproductive isolation of two co-flowering taxa that share vertebrate pollinators. 

Annals of Botany PLANTS 7. 

Queiroz, J. A., Quirino, Z. G. M., Lopes, A. V., and I. C. Machado. 2016. Vertebrate 

mixed pollination system in Encholirium spectabile: A bromeliad pollinated by bats, 

opossum and hummingbirds in a tropical dry forest. Journal of Arid Environments 

125:21-30. 

Raguso, R. A., Levin, R. A., Foose, S. E., Holmberg, M. W., and L. A. McDade. 2003. 

Nicotiana. 

Phytochemistry 63:265-284. 

Renner, S. S. 1989. A survey of reproductive biology in Neotropical Melastomataceae 

and Memecylaceae. Annals of the Missouri Botanical Garden 50:496-518. 

Ridgely, R. S., and P. J. Greenfield. 2001. The Birds of Ecuador: Field Guide. Cornell 

University Press, Ithaca, NY. 

Rosas-Guerrero, V., Aguilar, - -

Mikel, M., Bastida, J. M., and M. Quesada. 2014. A quantitative review of pollination 

syndromes: do floral traits predict effective pollinators? Ecology Letters 17:388-400. 

Stebbins, G. L. 1970. Adaptive Radiation of Reproductive Characteristics in 

Angiosperms, I: Pollination Mechanisms. Annual Review of Ecology and Systematics 

1:307-326. 

Stein, B. A., and H. Tobe. 1989. Floral Nectaries in Melastomataceae and Their 

Systematic and Evolutionary Implications. Annals of the Missouri Botanical Garden 

76:519-531. 

Thomson, J. D. 2003. When is it mutualism? The American Naturalist 162:S1-S9. 

103



 

Blanco, Quito. 

Varassin, I. G., Penneys, D. S., and F. A. Michelangeli. 2008. Comparative Anatomy and 

Morphology of Nectar-producing Melastomataceae. Annals of Botany 102:899-909. 

Vogel, S. 1997. Remarkable nectaries: structure, ecology, organophyletic perspectives I. 

Substitutive nectaries. Flora 192:305-333. 

Waser, N. M., Chittka, L., Price, M. V., Williams, N. M., and J. Ollerton. 1996. 

Generalization in Pollination Systems, and Why it Matters. Ecology 77:1043-1060. 

Waser, N. M., and J. Ollerton. 2006. Plant-pollinator interactions: from specialization to 

generalization. University of Chicago Press, Chicago, IL. 

Wester, P., Filla, M., and K. Lunau. 2016 Floral scent and flower visitors of three green-

flowered Costa Rican and Panamanian Blakea species (Melastomataceae) indicate 

birds rather than rodents as pollinators. Plant Ecology and Evolution 149:319-328. 

Wurdack, J. J. 1967. Meriania sanguinea. Memoirs of the New York Botanical Garden 

16:4. 

104



 

 

Figure 1. Inflorescences, flowers and nectar secretion in Meriania -

. A) M. tomentosa with protruding inflorescence and Flame-throated 

Sunangel visiting a flower. B) M. furvanthera with flowers arranged in a simple 

dichasium allowing flowerpiercers and rodents to perch close to flowers. C) Multi-

flowered inflorescence on a procumbent branch of M. sanguinea, allowing access for 

hummingbirds and rodents; arrowheads indicate site of nectar aggregation. D) Fully 

anthetic flower of M. tomentosa with reflexed stamens, pores and stigma positioned at 

corolla opening; arrowheads indicate location of nectar aggregation. E) M. tomentosa, 

anthetic flower seen from the side with petals partly removed, showing dorsal side of 

filaments with ruptures secreting nectar (arrowhead). F) Nectar drop (arrowhead) on 

filament ruptures in M. tomentosa (type a). G) Stamens of M. furvanthera with nectar 
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visible on ventral side of filament-connective joint (arrowheads). H) Generalized 

schematic drawing of a Meriania flower at the beginning of anthesis; stamen is bent with 

anther tip pointing towards the style base, no nectar secretion yet. I) Schematic drawing 

of an anthetic M. tomentosa flower, stamens are erect with the anther tip and the pore 

close to the stigma, nectar-secreting filament ruptures are indicated (type a), shaded area 

indicates position of nectar aggregation on corolla. J) Schematic drawing of an anthetic 

M. sanguinea flower, stamens are erect and the anthers are distinctly curved, anther tip is 

close to the stigma, arrowhead indicates location of nectar secretion on ventral side of 

filament-connective joint (type b), shaded area indicates position of nectar aggregation on 

corolla. h = hypanthium, c = corolla, s = style, f = filament, p = pore. 

 

 

Figure 2. Boxplot showing pollen deposition loads on stigmas of pollinator exclusion 

experiments in Meriania: open flower access (light grey), day access only (white), and 
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night access only (dark grey); no significant differences in M. tomentosa (HB), and M. 

sanguinea (HR); control and night pollen loads significantly higher in M. aff. sanguinea 

(HB). 

 

 

Figure 3. Triangle plot showing relative nectar sugar composition of day-nectar (unfilled 

symbols) and night-nectar (filled symbols) in the four Meriania species. Note the clear 

separation following bird pollinator preferences: sucrose prevalence in hummingbird-

pollinated M. sanguinea, M. aff. sanguinea and M. tomentosa and hexose dominance in 

flowerpiercer pollinated M. furvanthera. Black symbols present species means (white fill 

 day, black fill  night); Suc  sucrose, Glc  glucose, Frc - fructose. 

 

107



 

 

Figure 4. Non-metric multidimensional scaling (NMDS), based on a Bray-Curtis dissimilarity 

matrix to display semi-quantitative differences in day and night scent profiles of the four 

Meriania species. The stress value of 0.018 indicates a good representation of the observed 

similarities among scent samples. The six compounds correlating best with the coordinates are 

given. 
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Video 1. Thomasomys sp. visiting a flower of M. sanguinea and drinking nectar. Note 

deep head insertion of rodent into the flower and the long duration of rodent visit. 

 

Video 2. Rodent visiting multiple flowers of M. furvanthera to forage on nectar. 

 

Video 3. Passerine (Masked Flowerpiercer) visiting flowers of M. furvanthera for nectar 

uptake. 

 

 

 
Table 1. Pollinator assemblages and visitation rates per flower per hour of the four 

Meriania species and total number of flower observation hours in brackets (for details see 

online appendix Table A3). Pollinator group: HB  hummingbird/bat, HR  

hummingbird/rodent, FR  flowerpiercer/rodent. 
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Table 2. Nectar volume, sugar content and mean relative sugar proportions in day and 

night samples of the four Meriania species. N  measured after night, D  measured after 

day. Details on sample sizes are given in online appendix Table A7. 
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Table A3. Details on video observations for the four Meriania species. Below each 
species name, the total number of monitored individuals is given. Each line corresponds 
to a single video, sorted by day (D) or night (N), the number of flowers filmed in each 
video, the number of hours reviewed in each video (the number in brackets is the total 
amount of flower hours reviewed), the total number of flower visits within the reviewed 
time, the total number of visits to the plant plus information of how many of these visits 
were to more than one flower. At the end of each species section, sums are given. Note 
that in five videos, less than three 30 minute intervals were reviewed; we stopped 
reviewing when heavy rainfalls or storm prevented clear vision. 

species treatment 
no 

flowers 
filmed 

no hrs 
reviewed 

total no 
flower 
visits 

total no 
plant visits 

cases of 
multiple 
flower 
visits 

% of 
multiple 
flower 
visits 

M. furvanthera D 4 4 (16) 12 2 2 100 
Individuals: 2 D 13 6 (78) 1 1 0 0 

N 2 3.8 (7.6) 1 1 0 0 
N 12 3 (36) 19 2 2 100 

sum D 17 10 (94) 9 2 1 
  N 14 6.8 (43.6) 20 3 2   

M. aff. 
sanguinea 

D 3 2 (6) 4 1 
1 100 

Individuals: 6 D 7 2.5 (17.5) 33 10 10 100 
D 2 5 (10) 27 19 5 26 
D 3 2.5 (7.5) 8 2 2 100 
D 6 1.5 (9) 13 6 6 100 
N 7 3.6 (25.2) 26 14 3 21 
N 5 2.6 (13) 3 5 0 0 
N 2 3 (6) 11 9 2 22 
N 1 1 (1) 0 0 -   

sum D 20 13.5 (50) 85 34 20 
  N 15 10.2 (45.2) 40 20 5   

M. sanguinea D 3 1.5 (4.5) 5 2 2 100 
Individuals: 10 D 3 0.5 (1.5) 2 1 1 100 

D 2 2 (4) 0 0 - 
D 3 2 (6) 1 1 0 0 
D 2 2 (4) 2 1 1 100 
D 1 1.5 (1.5) 0 0 - 
D 2 2.5 (5) 0 0 - 
D 3 2 (6) 3 1 1 100 
D 7 1.5 (10.5) 0 0 - 
D 3 3 (9) 0 0 - 
N 1 1.5 (1.5) 0 0 - 
N 3 1 (3) 0 0 - 
N 5 6 (30) 1 1 0 0 
N 1 4 (4) 0 0 - 
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N 1 4.8 (4.8) 0 0 - 
N 1 4.5 (4.5) 1 1 - 
N 8 1.8 (14.4) 0 0 -   

sum D 29 18.5 (52) 13 6 5 
  N 20 24.1 (63.7) 2 2 0   

M. tomentosa D 1 1 (1) 9 9 - 
Individuals: 7 D 2 2 (4) 15 8 7 88 

D 3 1.5 (4.5) 15 6 5 83 
D 2 1.5 (3) 17 9 4 44 
D 1 2 (2) 9 9 - 
D 1 1 (1) 3 3 - 
D 2 2 (4) 2 0 - 
D 2 2 (4) 2 1 1 100 
N 2 2 (4) 1 1 0 0 
N 3 2 (4.5) 9 3 1 33 
N 1 2 (2) 4 4 - 
N 3 2 (6) 1 1 0 0 
N 2 2 (4) 0 0 -   

sum D 14 13 (23.5) 75 45 17 
  N 11 10 (20.5) 15 9 1   
 
 
 
D  
 
Table A4. Details on sample sizes in the exclusion experiment on pollen deposition by 
the different diurnal and nocturnal functional pollinator groups for M. aff. sanguinea, M. 
sanguinea and M. tomentosa. In M. aff. sanguinea and M. tomentosa some individuals 
presented multiple inflorescences, while M. sanguinea individuals only presented one 
multi-flowered inflorescence; column heading: c  controls, un-manipulated flowers 
exposed to pollinators for three days; D  flowers bagged during night time, allowing 
visits of diurnal pollinator only; N  flowers bagged during daytime, allowing visits of 
nocturnal pollinators only). 
 

species plant ID 
inflos per treatment 

per plant 
flowers per 

treatment per plant 

c D N c D N 

Meriania aff. sanguinea 1 2 1 1 4 3 3 

2 0 1 0 0 1 0 

3 1 0 0 1 0 0 

4 1 1 2 3 3 5 

5 0 1 0 0 1 0 

6 1 0 1 1 0 2 

7 1 0 0 1 0 0 

sum 7 6 4 4 10 8 10 

Meriania sanguinea 1 - - - 2 3 0 
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2 - - - 0 0 3 

3 - - - 0 2 0 

4 - - - 1 0 5 

5 - - - 1 0 0 

6 - - - 0 2 0 

7 - - - 0 1 0 

8 - - - 2 0 0 

9 - - - 0 2 0 

10 - - - 0 0 1 

11 - - - 0 0 1 

12 - - - 0 0 2 

13 - - - 0 5 0 

14 - - - 0 7 0 

15 - - - 1 0 1 

16 - - - 2 0 3 

17 - - - 4 0 1 

18 - - - 0 0 1 

19 - - - 2 0 0 

sum 19 - - - 15 22 18 

Meriania tomentosa 1 1 2 1 1 3 2 

2 2 0 4 4 0 7 

3 0 0 1 0 0 2 

4 1 6 2 1 7 3 

5 0 1 0 0 2 0 

6 0 1 1 0 2 2 

7 1 0 0 3 0 0 

sum 7 7 10 9 9 14 16 

 
 
Table A5. Median number of pollen grains on stigmas summed up for D+N treatments 
(D+N pollen) in comparison to un-manipulated flowers (control pollen) for each species. 
These values indicate that accidental pollen deposition on stigmas by bagging/unbagging 
flowers, although highly unlikely given the strict pollen dosing by poricidal anthers, 
should be ruled out and did not affect experimental outcome. 
 

species 
median 

D+N pollen 
median 

control pollen 

M. aff. sanguinea 3542 4650 

M. sanguinea 331 569 

M. tomentosa 6301 5736 
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Table A6. Results of GLMMs on differences in stigmatic pollen loads of controls versus 
exclusion trials for the three species, treating individual ID as random effect. 
 
species t-value df p 

M. aff. sanguinea D -3.262 20 0.004 

M. aff. sanguinea N -1.762 18 0.094 

M. sanguinea D -1.45 50 0.153 

M. sanguinea N -0.64 50 0.525 

M. tomentosa D -0.538 35 0.594 

M. tomentosa N 0.11 35 0.913 

 
 
Details on nectar measurements 
 
Table A7. Number of flowers for the nectar measurements of Meriania species. N  
measurements taken at sunrise after nights (night nectar), D  measurements taken at 
sunset after days (day nectar). Sample sizes for measures of nectar sugar concentrations 
(BRIX, measured with a refractometer), total nectar volume (measured after 12h bagging 
of flowers), and sample sizes for nectar analyses by HPLC are given. For M. sanguinea 
and M. tomentosa, some flowers were re-bagged after the first measurement to assess if 
nectar was replenished; the number of re-bagged flowers are given in brackets. 
 

species 
no flowers 

concentration 
(remeasure) 

no flowers volume 
(remeasure) 

no flowers sugar 
types 

N D N D N D 

Meriania aff. sanguinea 15 5 24 9 4 2 

Meriania furvanthera 7 3 - - 5 5 

Meriania sanguinea 16 (5) 14 (7) 23 (11) 19 (8) 14 14 

Meriania tomentosa 22 (11) 23 (10) 20 (12) 
28 

(12) 
22 21 

 
 
Table A8. Results from generalized linear mixed-effects model on nectar concentration 
between species and day/night and interaction of factors, treating plant ID as random 
effect. Comparisons of species against M. furvanthera
against N  night nectar. 
 
Factor estimate t-value p-value 
M. sanguinea -4.396 -2.577 0.012 
M. aff. sanguinea -3.533 -2.06 0.042 
M. tomentosa -3.152 -1.889 0.619 
N: M. furvathera 2.952 1.578 0.118 
N: M. sanguinea 2.952 2.69 0.008 
N: M. aff. sanguinea 1.300 0.928 0.355 
N: M. tomentosa 0.253 0.313 0.755 
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Table A9. Summary table for PERMANOVA results on relative nectar sugar 
composition of between Meriania species, day/night and individuals. 

Factor d.f. F  p-value 
Species 3 114.7 0.787 0.001 
Species*Daytime 4 0.687 0.006 0.593 
Species*Individual 21 1.533 0.074 0.125 

Table A10. Posthoc tests of PERMANOVA (table A9) on differences in nectar sugar 
composition between species. As daytime and individual did not result as significant, 
these factors were dropped from post hoc analyses. 

pairs F.Model R2 p.value p.adjusted 

Meriania furvanthera vs Meriania aff. sanguinea 615.74 0.9778 0.001 0.006 

Meriania furvanthera vs Meriania tomentosa 146.46 0.7417 0.001 0.006 

Meriania furvanthera vs Meriania sanguinea 2157.09 0.9835 0.001 0.006 

Meriania aff. sanguinea vs Meriania tomentosa 2.86 0.0574 0.068 0.408 

Meriania aff. sanguinea vs Meriania sanguinea 1.54 0.0458 0.195 1.0 

Meriania tomentosa vs Meriania sanguinea 10.35 0.131 0.003 0.018 

 
Table A11. Bonferroni-adjusted p-values from pairwise species comparison by 
TukeyHSD test on significant differences in variability in nectar sugar composition. M. 
tomentosa (HB) was significantly more variable than M. sanguinea (HM) but not M. 
furvanthera (FR). 

pairs p adj 

Meriania sanguinea-Meriania furvanthera 0.569 

Meriania tomentosa-Meriania furvanthera 0.339 

Meriania tomentosa-Meriania sanguinea 0.002 
 
 
 
Details on scent analyses 
 
Table A12. Summary table for differences in hourly scent release between day and night 
for M. aff. sagnuinea, M. sanguinea and M. tomentosa; Mann-Whitney U-tests (data not 
normally distributed as tested by Shapiro test). No test was run for M. furvanthera as only 
diurnal samples contained compounds.  
 
species W df p 

M. aff. sanguinea 0 3 0.2 

M. sanguinea 38 17 0.604 

M. tomentosa 110 20 <0.01 
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Table A13. Summary table for PERMANOVA on the relative odour composition of the 
four Meriania species between D/N. 
 
Factor d.f. F  p-value 
Species 3 10.844 0.3747 0.001 
Species*Daytime 3 4.427 0.1529 0.001 
 
 
 
Table A14. Posthoc tests of results from PERMANOVA (Table A12) on scent 
composition between species and day/night (D/N) with Bonferroni correction. 
 

pairs F.Model R2 p.value p.adjusted 

Maffsanguinea D vs Maffsanguinea N 0.836 0.218 0.5 1 

Maffsanguinea D vs Msanguinea D 5.531 0.335 0.005 0.105 

Maffsanguinea D vs Msanguinea N 21.280 0.680 0.004 0.084 

Maffsanguinea D vs Mtomentosa D 4.967 0.311 0.002 0.042 

Maffsanguinea D vs Mtomentosa N 2.652 0.169 0.022 0.462 

Maffsanguinea D vs Mfurvanthera D 1.491 0.332 0.4 1 

Maffsanguinea N vs Msanguinea D 5.610 0.359 0.013 0.273 

Maffsanguinea N vs Msanguinea N 47.010 0.839 0.02 0.42 

Maffsanguinea N vs Mtomentosa D 4.982 0.333 0.018 0.378 

Maffsanguinea N vs Mtomentosa N 2.741 0.186 0.021 0.441 

Maffsanguinea N vs Mfurvanthera D 1.814 0.476 0.333 1 

Msanguinea D vs Msanguinea N 2.934 0.147 0.097 1 

Msanguinea D vs Mtomentosa D 14.045 0.438 0.001 0.021 

Msanguinea D vs Mtomentosa N 9.543 0.323 0.001 0.021 

Msanguinea D vs Mfurvanthera D 3.437 0.256 0.05 1 

Msanguinea N vs Mtomentosa D 28.920 0.630 0.001 0.021 

Msanguinea N vs Mtomentosa N 17.122 0.474 0.001 0.021 

Msanguinea N vs Mfurvanthera D 19.279 0.682 0.017 0.357 

Mtomentosa D vs Mtomentosa N 8.201 0.291 0.001 0.021 

Mtomentosa D vs Mfurvanthera D 3.465 0.257 0.031 0.651 

Mtomentosa N vs Mfurvanthera D 1.895 0.136 0.083 1 
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Figure A1. SEM and light microscope images and microtome sections of Meriania 
stamens. A) Type a: dorsal filament ruptures of old stamen of M. phlomoides. B) Type a: 
longitudinal section of medial part of filament showing dorsal rupture reaching vascular 
bundle in old stamen of M. tomentosa. allowing phloem sap to ooze out. 
c: stamen of M. furvanthera with porous tissue at lateral distal part of filament and ventral 
side of connective (arrows). . M. loxensis 
with rupture at ventral filament-connective joint (arrow). 1mm. F) Type b: detail of E. 
1mm. G) Type b: small rupture at ventral side of filament-connective joint in old stamen 
of M. sanguinea. 100m. H) Type b: longitudinal section of rupture at ventral filament-
connective joint reaching vascular bundle in M. costata. allowing phloem sap to ooze out. 

M. pichinchensis. 1mm. J) 
Strongly sculptured appendage of anther connective of M. tetragona. 
stomata on appendage (arrow) of M. sanguinea. 
appendage of M. tetragona.  anther. app  appendage. fil  filament. vb  
vascular bundle.  
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Figure A2. Total nectar volume (after 12 hours of bagging) secreted by first day flowers 
(first. <24h). second day flowers (second. 24h-48h) and flowers older than that (old. 
>48h) in M. sanguinea (hummingbird/rodent). M. tomentosa and M. aff. sanguinea (both 
hummingbird/bat). 
 
 
 
 

 
Figure A3. Variation in nectar sugar composition (Sucrose, Glucose, Fructose) calculated 
as distance to centroid in the four species M. aff. sanguinea. M. tomentosa (both HB), M. 
sanguinea (HR) and M. furvanthera (FR). 
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Figure A4. Diurnal (D) and nocturnal (N) scent profiles for the four different species; 
colours represent the main odour classes (Terpenoids  red tones. Aliphatics  blue tones; 
unknowns  grey), with compounds correlating best with the NMDS ordination analysis 
highlighted (see Fig. A4), M. aff. sanguinea and M. tomentosa HB, M. sanguinea HR, M. 
furvanthera FR. 
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Video A1. Thomasomys sp. visiting a flower of M. sanguinea and drinking nectar. Note 
deep head insertion of rodent into the flower and the long duration of rodent visit. 
 

 

Video A2. Rodent visiting multiple flowers of M. furvanthera to drink nectar. 
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Video A3. Passerine (Masked Flowerpiercer) visiting flowers of M. furvanthera for 
nectar uptake. 
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Abstract 

Modularity in organisms is shaped by genetic and developmental constraints and natural 

selection on functionally related traits. While hypotheses on shape evolution have been 

tested extensively in animals, patterns of modularity in plants remain severely 

understudied. Animal pollinated flowers are particularly interesting in this context as they 

comprise distinct developmental units (perianth organs, stamens, and carpels) and 

underlie strong selection by pollinators. We employ High Resolution X-ray Computed 

Tomography (HRXCT) and 3D geometric morphometrics to study the flowers of 33 

species with different pollinators to test five competing hypotheses on floral modularity at 

a macroevolutionary scale (tribe Merianieae, Melastomataceae). We find that pollinator 

mediated selection has led to the evolution of functional floral modules that span across 

floral developmental units. These functional modules differ significantly between species 

with different pollinators and are best explained by distinct floral adaptations to optimize 

fit to the different pollinators. We detect the strongest modularity in the functionally 

highly specialized ancestral buzz-bee pollination system of Merianieae and a decrease in 

modularity in species, which shifted to vertebrate pollination. Our results indicate that the 

high degree of modularity in the ancestral system may be the key to the adaptive success 

of buzz pollination in the group, making the system flexible to explore different areas on 

an . At the same time, this high degree of floral modularity may also 

have facilitated shifts to novel vertebrate pollination systems. 

 

Significance Statement 

Understanding the diversity of organismal shapes remains a major challenge in 

evolutionary biology. While various hypotheses have been tested in animals, patterns of 

modularity in plants remain largely unclear. We test competing hypotheses on 

developmental and functional modularity using 3D flower models in a clade of 

Neotropical angiosperms that is characterized by a broad diversity of pollination systems 

including bees, birds, bats, and rodents. We find that functional modules were apparently 

optimized in each pollination system independently and that floral modularity may be key 

to the adaptive success of our study group. Our work presents a novel approach to the 

study floral diversification by testing different modularity hypotheses at a 
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macroevolutionary scale and including species underlying different pollinator selection 

regimes.  
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Introduction 

Understanding the evolution of organismal shape is key to understanding diversity on 

Earth. The morphological structures of animals and plants are integrated to function as a 

whole, but parts of these structures may be modular and change relatively independently 

of each other (Olsen & Miller 1958, Klingenberg 2009, Esteve-Altava 2016, Klingenberg 

2014). The extent to which modularity is shaped by genetic and developmental 

constraints or results from natural selection on functionally related traits remains an open 

question in evolutionary biology (Lande 1979, Murren 2002, Armbruster et al. 2004, 

Cheverud 2004, Claverie & Patek 2013). While the study of modularity has a long 

tradition in anthropology and zoology (e.g. modularity of the cranium, human brain, 

mandibles, insect wings), comparatively little is known about patterns of modularity in 

plants (Berg 1960, Diggle 2014, Esteve-Altava 2016). This is surprising 

since plants, and particularly flowers, lend themselves to test competing hypotheses on 

modularity and the evolution of shape.  

Flowers, the defining structures of angiosperms (flowering plants), are made up of 

different developmental categories, i.e., the different organ types that are present in a 

typical flower organized in whorls, including sterile perianth organs (tepals, sepals, 

petals) and the fertile male (stamens) and female organs (carpels). The different organ 

whorls of a flower represent distinct developmental modules (Irish 2017). In order to 

achieve reproduction, these floral organs function in synorganization (Endress 1994, Kay 

et al. 2006, Specht & Bartlett 2009, Endress 2016, Sauquet et al. 2017). Particularly in 

animal pollinated plants (ca. 87.5% of angiosperms, Ollerton et al. 2011), flowers 

underlie strong selection by pollinators with organs (co-)functioning to achieve pollinator 

attraction and successful pollen transfer (Berg 1960, Murren 2002, Armbruster et al. 

2004, Alcantara et al. 2013, van der Niet et al. 2014; for discussion on selection by 

antagonistic and abiotic factors also see Strauss & Whitall 2006, Harder & Johnson 

2009). Thus, the evolution of flower shape is likely constrained by developmental and 

genetic linkage on the developmental modules (Herrera et al. 2002, summary of floral 

pleiotropy by Smith 2016), but pollinators could potentially select for alternative 

functional modules across developmental categories (e.g. Ordano et al. 2008, Rosas-

Guerrero et al. 2011, Armbruster et al. 2014, Baranzelli et al. 2014, ez-Barrales et al. 

2014, Fornoni et al. 2016). Such (partially overlapping) functional modules have been 

 showy 
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petals stamens and carpels) or mechanical 

fit- a module 

comprised of all floral organs involved in the monosymmetric construction of the flower; 

-Vieyra et al. 2006, Fenster et al. 2009, Rosas-Guerrero et al. 2011, Diggle et al. 

2014, Endress 2016, Esteve-Altava 2016, Chartier et al. 2017, Fig. 1). Generalizations on 

modularity prove to be difficult, however, as type and strength of selection are not 

necessarily uniform across the flower (e.g. corolla shape mediating attraction, fit to 

pollinators or avoidance of herbivores, Armbruster 1999, Strauss & Whitall 2006). 

Evolutionary modularity is defined as the interaction of genetic, developmental and 

functional modularity across macroevolutionary timescales (Claverie & Patek 2013, 

Klingenberg 2014). Congruency between functional and evolutionary modules has been 

found in vertebrates (Monteiro et al. 2005, Goswami & Polly 2010). In theory, such 

evolutionary modularity could increase rates of evolution and evolvability, as each 

module can potentially respond independently to selection (Claverie & Patek 2013, 

Diggle 2014, Felice & Goswami 2018, Larouche et al. 2018, Opedal 2018). In flowers, 

this should become particularly apparent in the comparison of closely related plant taxa 

that have repeatedly shifted functional pollinator groups. Functional pollinator groups are 

defined as groups of pollinators imposing similar selective pressures on flowers (Fenster 

1970, Johnson 2006). Thus, per definition, shifts in functional pollinator groups (e.g. from 

bee to hummingbird) result in changes in phenotypic selection regimes on flowers, and 

could translate to shifts in floral phenotype (Harder & Johnson 2009, van der Niet et al. 

2014, Smith & Kriebel 2018). To date, only few studies have assessed the impact of 

pollinator shifts on floral modularity. They suggest possible independent evolution of 

floral modules (e.g. corolla tube versus stamen/style length in Nicotiana, Bissell & Diggle 

2010), changes or loss in function of modules with pollinator shifts (e.g. corolla as 

landing platform in Schizanthus e through 

evolutionary time (Bignonieae, Alcantara et al. 2013). To our knowledge, this is the first 

study to test competing hypotheses of floral modularity using 3D landmark-based 

geometric morphometrics across a tribe of species pollinated by different functional 

pollinator groups to understand patterns of flower shape evolution. 

The tribe Merianieae (Melastomataceae) exhibits an extraordinary diversity of functional 

pollinator groups (bees, passerines, hummingbirds, bats and rodents) and repeated shifts 
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from bee to vertebrate pollination (Dellinger et al. 2018). All species have tubular anthers 

releasing pollen only by a small apical pore and when triggered by pollinators (Renner 

1989). Marked differences in pollen expulsion mechanisms have recently been identified 

as one of the major traits differentiating Merianieae into three pollination syndromes: 

- -  2018). Stamen 

appendages represent -  and 

-

eject pollen clouds; Dellinger et al. 2014), while they have 

- on by a salt-shaker 

mechanism when pressure is applied to the thecae by nectar foraging pollinators). The 

- in Merianieae 

and reflects an exceptional evolutionary success (an at the family level 

as ca. 98% of the 5000 Melastomataceae species are buzz pollinated (Renner 1989, 

Berger et al. 2015, Dellinger et al. 2018).  

We use 3D-geometric morphometrics on High Resolution X-ray Computed Tomography 

(HRXCT) scans of flowers of 33 Merianieae species and comparative phylogenetic 

methods to test five competing hypotheses on floral modularity and shape evolution in the 

three Merianieae pollination syndromes. We find significant restructuring of floral 

functional modularity with pollinator shifts across developmental categories and partial 

congruence between functional and evolutionary modularity. Pollinator shifts went along 

with significant changes in floral phenotypic optima in Merianieae. The high degrees of 

modularity through evolutionary time that we find for Merianieae possibly explain both 

the diversity of floral shapes of the adaptive buzz-bee pollination plateau  and the 

potential to evolve into new areas of shape space in connection with pollinator shifts. 

 

Results 

Testing hypotheses on floral modularity in Merianieae pollination syndromes 

We found significant differences in patterns of floral modularity between the three 

different pollination syndromes based on our geometric morphometric assessment (Fig. 1, 

-

only ones to show significant modularity in all five hypotheses, including the 

developmental hypothesis (Hyp. 1). We found no -
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-independence of corolla shape, stamen 

appendages and the pore/stigma complex (Table 1). 

syndrome, however, our analyses identify significant functional modularity as suggested 

by hypotheses 3 and 4, . In order to compare 

strengths of modularity among syndromes, we calculated effect sizes (z-scores, Adams & 

Collyer 2016). For each pollination syndrome, we found effect sizes to be highest for 

hypothesis 4 (corolla and stamen pores/stigma as one module) and second highest for the 

Merianieae-specific hypothesis 5 (Table 1). Accordingly, hypothesis 4 is the only one 

where the degree of modularity differed significantly among all three pollination 

syndromes (Table S5). Results are congruent with the resampled datasets (Table S6). 

We assessed model fit (EMMLi, Goswami & Finarelli 2016) in order to understand which 

of the five hypotheses of modularity fits the data best. An additional 0-hypothesis of no 

modularity was included in the test. The Merianieae-specific hypothesis 5, partitioning 

the flower into three independent functional modules -

-1360.7, posterior probability of Hyp. 5 > 97%; Fig. 1F). For the 

- 4, partitioning the flower into an 

attraction (appendages) and an efficiency (corolla shape, pore/stigma 

complex) resulted - -803.2, posterior probability of 

Hyp. 4 49.4%, Fig. 1E -591.8, posterior probability of Hyp. 4 68.5%, 

Fig. 1E -

syndrome. For both shifted syndromes, the Merianieae-specific modularity hypothesis 

(Hyp. 5) resulted as second best fit (Table S7). 

Evolutionary floral modularity in Merianieae 

In order to evaluate the relative evolutionary independence of floral modules, we tested 

the five modularity hypotheses (Fig. 1) in an evolutionary framework using a phylogeny 

of the 33 species included in this study. We found highest support for the three functional 

hypotheses indicating effects of pollinator mediated selection. The two hypotheses 

partitioning the flower into attraction and efficiency functional modules (Hyp. 3, 4), as 

well as the Merianieae-specific hypothesis (Hyp. 5), separating an attraction from a pollen 

expulsion and pollen transfer functional module, were significant across the phylogeny 

(Table 1). Neither the developmental hypothesis (Hyp. 1) nor the perianth vs. 

reproductive organ hypothesis (Hyp. 2) were supported (Table 1). These results indicate a 
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significant degree of modularity in Merianieae flowers that is apparently the result of 

pollinator mediated selection. Accordingly, the Merianieae-specific hypothesis proposing 

three independent floral functional modules (Hyp. 5) results as best fitting (AICc -1442.0) 

with more than 99% posterior probability (Table S7). 

In addition, our analyses show that the three floral functional modules of hypothesis 5 

evolve at significantly different rates of morphological evolution (under Brownian 

motion, R = 4.963, p = 0.001). Corolla shape apparently evolved at a significantly higher 

rate (sigma 6.56 x 10-4) than the pore/stigma complex (sigma 3.09 x 10-4) and the stamen 

appendages (sigma 1.32 x 10-4). 

Flower shape evolution in Merianieae 

To understand flower shape evolution in connection with pollinator shifts across 

Merianieae, we constructed a flower shape space using PCA (variation explained: PC1 

31.6 %, PC2 16.5 %). PC1, which captures differences in corolla shape ranging from 

reflexed open corollas to urceolate/pseudo-campanulate corollas, separates the -

syndrome flowers syndrome flowers (Fig. 3). 

PC2 separates the two shifted syndromes and describes differences of androecial 

arrangement ranging from geniculate stamens with pores close to the base of the style in 

the flower centre ( -

close to the stigma ( -   

Despite this clustering in relation to pollination syndrome rather than phylogenetic 

relatedness, there is a strong phylogenetic signal in the data, indicating that flowers of 

closely related taxa are more similar than expected by chance (Kmult 0.457, p = 0.001). 

We used the newly developed penalized likelihood framework (Clavel et al. 2018) to 

estimate the fit of four different models of evolution (Brownian motion (BM), Lambda, 

Early-burst (EB), Ornstein-Uhlenbeck (OU)) directly on the landmark data. We found the 

best fit with the OU model (lowest GIC, Table S9), which assumes evolution towards 

different phenotypic means as could be expected under selection mediated by different 

functional pollinator groups (Smith & Kriebel 2018). In order to test if these shifts in 

floral shape coincide with pollinator shifts, we estimated regime shifts on the phylogeny 

(l1ou, Khabbazian et al. 2016). As this method does not support highly multivariate 

landmark data, we estimated regime shifts on PC1 and PC2. We found support for three 

independent shifts, all of which coincide with pollinator shifts (Fig. 4, Figure S1). We 
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found no significant shift along the branch leading to M. inflata ( ) or 

along any of the clades with - . The model allowing for 

convergence in these shifts had - -37.0, pBIC 

- -42.1, Fig. S1, Table S10). This result did not change when we 

incorporated intraspecific phenotypic variability by resampling the shape data (66% best 

- Table S10, S11).  

These results are further supported by visualizing the shape space over evolutionary time 

(Video 1). While - lineages remain in theancestral area of shape 

space (possibly corresponding to ), the four lineages with vertebrate 

-

 

 

Discussion 

Pollinator shifts in Merianieae are clearly linked to significant shifts in patterns of floral 

modularity and mean floral phenotypic shape. Our analyses show that evolutionary floral 

modularity across Merianieae is best explained by a functional hypothesis partitioning the 

flower into three modules characteristic for this ancestrally buzz-pollinated group. 

Our assessment of five alternative hypotheses on floral modularity shows that pollinator 

mediated selection can generate functional modules across developmental modules (i.e. 

across floral whorls and organ types, defined in Hyp. 1). While studies on modularity in 

animals report similar importance of developmental and functional factors as source of 

modularity (29.8% and 27.1%, respectively, less importance of genes and environment; 

reviewed in Esteve-Altava 2016; Klingenberg et al. 2003, Goswami et al. 2009), 

modularity in plants it most often explained by function (38.2%) rather than development 

(14.7%; reviewed in Esteve-Altava 2016; Ordano et al. 2008, Rosas-Guerrero et al. 2011, 

but see e.g. Herrera et al. 2002 for support of developmental modules in flowers). Our 

results in Merianieae support the view that function is the most important factor 

structuring floral modularity. Pollinator shifts in Merianieae are accompanied by major 

changes in trait function (e.g. bees alight on flowers to buzz (vibrate) single stamens or 

entire androecia while hummingbirds hover in front of flowers to drink nectar; for details 

see Dellinger et al. 2014, 2018). It is thus difficult to partition all Merianieae flowers 
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literature (Hyp. 2-4, Rosas-Guerrero et al. 2011, Diggle et al. 2014, Esteve-Altava 2016).  

Instead, each syndrome was best characterized by a distinct functional modularity 

- - a 

functional modularity hypothesis specific to Merianieae (Hyp. 5) resulted as best fit 

across the entire phylogeny. Thus, our results are in line with other studies arguing that 

floral integration and modularity is likely too complex to consistently partition the floral 

traits into functional modules across clades (Armbruster 1999, Baranzelli et al. 2004). 

The colourful perianth, for example, is usually understood as 

However, the perianth may not only function in attracting pollinators but also in 

mediating flower and pollinator fit or in deterring less efficient pollinators or herbivores 

and, hence, may underlie conflicting selection pressures (Strauss & Whitall 2006). Also 

in Merianieae, the corolla underwent prominent changes in shape and function during 

pollinator shifts (summarized by PC1 in shape space). The function as a landing platform 

in many -  was lost with shifts to vertebrate pollination (see 

Schizanthus with shift to moth pollination). 

Instead, corollas apparently have acquired a novel  in that their 

urceolate or pseudo-campanulate shapes mediate the mechanical fit with the pollinators. 

This idea is supported by hypothesis 4 -

ape and 

the pore/stigma complex (Fig. 2C,D). 

Theory suggests that high degrees of modularity increase evolutionary adaptive potential 

(evolvability) in organisms through reduced pleiotropy (Wagner 1996, Claverie & Patek 

2013). Differences in evolutionary rates of the three floral modules that we found for 

Merianieae support this idea. Corolla shape evolved at a significantly higher rate (double 

to six-fold) than the other two Merianieae specific modules, which is particularly 

important in the light of pollinator shifts. Attraction traits (e.g. signalling and reward), 

acquiring novel pollinators, have been 

hypothesized to change first, followed by efficiency traits (Thomson & Wilson 2008, 

Opedal 2018). In Merianieae, reward type (pollen, nectar or food bodies) is a key trait in 

differentiating the different pollination syndromes and possibly was one of the first traits 

to change (Dellinger et al. 2018). Corolla shape apparently also responded relatively 

quickly to pollinator mediated selection, while stamen appendage position and the 

pore/stigma complex were more conserved. Our -
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, rendering the 

flower functionally monosymmetric (Fig. 3C; note that Merianieae flowers are not 

structurally monosymmetric, see SI Methods). This tight arrangement possibly represents 

an ancestral efficiency function of the appendage and pore/stigma module, which 

underlay relatively strong stabilizing selection to optimize bee pollinator fit on the 

stamens for buzzing -Vieyra et al. 2006, Opedal 

2018). Monosymmetry alone may not have been strong enough to assure efficient pollen 

transfer when Merianieae species underwent pollinator shifts, but was supplemented by 

changes in corolla shape -

floral rewards.  

Monosymmetry and floral tubes or nectar spurs have been identified as pre-adaptations to 

shifts from bee to bird pollination in many lineages (Kay et al. 2006, Cronk & Ojeda 

2008, Fenster et al. 2009 - Acacia or 

tube-less flowers in Loasaceae, Strelin et al. 2016). While functional monosymmetry is 

mainly expressed in the androecium of buzz-  (see above), they 

lack a floral tube. A crucial pre-adaptation facilitating pollinator shifts, however, may lie 

in the modular organization (bauplan) of Merianieae flowers and represent an 

evolutionary  (Stebbins 1970). It is striking that our analyses 

-

shifted syndromes (Table 1). This suggests that floral diversification in Merianieae started 

from an ancestrally three-modular system (best fit of Hyp. 5 -

With pollinator shifts, modularity patterns changed (best fit of Hyp. 4 -

e) and strength of modularity decreased significantly 

- (Table 1). The Merianieae lineages 

that underwent pollinator shifts did by no means evolve completely novel shapes. Their 

flowers rather represent different combinations of the modules that wre likely already 

- -

relatives. These modules include, for instance, the pseudo-campanulate corolla that is 

characteristic for the -  but is also present -

Adelobotrys. Another example are the reflexed stamens -

found in the - pollinated genus Graffenrieda. 

Thus, the new areas of shape space explored by the shifted syndromes mirror 
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combinations of floral traits and modules that have not been realized -

syndrome, but whose components were there.  

Taking this idea ahead, our findings suggest that the modular floral bauplan of Merianieae 

both may have allowed significant shifts in floral phenotype in response to changed 

selection regimes by pollinator shifts and at the same time may have enabled adaptive 

wandering on the - plateau. This may be particularly important 

considering an 

structure making the system functionally specialized on pollinators capable of triggering 

complex pollen release mechanisms (Buchmann 1983, Dellinger et al. 2018). Such high 

degrees of specialization have been related to evolutionary dead-ends in other systems 

(Tripp & Manos 2008), but is apparently not the case in Merianieae. Several other 

speciose plant lineages , including 

Malpighiaceae (Davis et al. 2014), Mimosa (Fabaceae, Barneby 1991), Croton 

(Euphorbiaceae, Webster 1993), Myrcia and Eugenia (Myrtaceae, Vasconcelos et al. 

2018) as well as the buzz-pollinated genus Solanum (Solanaceae, Symon 1979) and the 

Melastomataceae tribe Miconieae (Renner 1989, Reginato & Michelangeli 2016). In these 

systems, pollination strategies range from generalist (bee-)pollination (Myrcia, 

Vasconcelos et al. 2018, Miconia, de Brito et al. 2017) to specialized oil-flowers 

(Malpighiaceae, Davis et al. 2014) and buzz pollination (Solanum, Knapp 2010; 

Miconieae, Renner 1989). Testing w

facilitated by high floral modularity, allowing for considerable flexibility to accommodate 

changeable environmental conditions, or the result of stabilizing selection conserving 

floral integration patterns (Alcantara et al. 2013), provides a fruitful challenge for future 

investigations. 

In conclusion, our study exemplifies a novel approach to studying floral evolution by 

testing competing hypotheses on floral modularity at a macroevolutionary scale. We 

demonstrate that pollinator mediated selection can disrupt both patterns and degree of 

floral modularity. The high degree floral modularity detected in the ancestral pollination 

syndrome possibly explains how diversification could occur even in functionally highly 

specialized pollination system such as buzz-pollination. 
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Material and Methods 

Taxon sampling and pollination syndrome classification. Alcohol preserved floral 

material of 33 Merianieae species (ca 11% of Merianieae) was collected during various 

sampling trips to South and Central America, encompassing both the morphological and 

taxonomic diversity of the tribe (Supplementary Table S1). For 15 of the 33 species, 

pollinators are documented and include bees (seven species), passerines (three species) 

and mixed assemblages of hummingbirds, bats, rodents and/or flowerpiercers (five 

species, Dellinger et al. 2018). For the 18 species with unknown pollinators included in 

this study, the syndrome classification of Dellinger et al. (2018) was used, resulting in a 

- -

syndrome species. 

Phylogeny and ancestral pollination syndromes. Our analyses of evolutionary 

modularity and flower shape evolution are based on a recently developed phylogeny 

which includes 150 tips (Dellinger et al., 2018). Bayesian Analyses were performed in 

BEAST2 (v2.5.0, Drummond & Bouckaert 2014) under a seven partition scheme (best fit; 

SI Methods for details). Based on previous analyses across the Melastomataceae, 

calibrated with fossils across the Myrtales, we fixed the age of the Merianieae at 29.25 

MY and ran three independent analyses of 60 million generations each (20% burn-in). We 

combined the stable posterior distributions with LogCombiner v2.5.0 (Rambourt & 

Drummond 2018a) and summarized the maximum clade credibility tree (MCC-tree) with 

TreeAnnotator v2.5.0 (Rambourt & Drommond 2018b). The phylogeny was then pruned 

to only include the 33 tips present in the current study using drop.tips (PHYTOOLS, 

Revell 2012). Ancestral pollination syndromes were reconstructed using ML methods 

- -rates-  tested, function ace in APE; Paradis et al. 

2004) and the - model selected by a likelihood-ratio test (Table S8). 

Stochastic character mapping (1000 iterations) with the empirical Bayes method was then 

run on the -  to validate ML estimation (make.simmap PHYTOOLS; 

Revell 2012). 

HRXCT scanning, 3D-models, landmarking. 147 flowers (a mean of four flowers per 

species) were prepared for HRX-CT scanning by putting them into a contrasting agent for 

four weeks (1% Phosphotungstic Acid (PTA)  70% EtOH, Supplementary Table S1, 

Staedler et al. 2013, Staedler et al. 2017). Fully contrasted flowers were mounted in 
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plastic cups (Semadeni Plastics Group) and stabilized by acrylic-pillow foam to prevent 

movement during the scanning process. Samples were HRX-CT scanned using the Xradia 

MicroXCT-200 system, raw scan data has been deposited on the open source platform 

Phaidra (https://phaidra.univie.ac.at/). Three-D models of flowers were reconstructed 

(XMReconstructor XRadia Inc.) and 37 landmarks placed (AMIRA 5.5.0) to capture 

aspects of flower shape possibly under pollinator mediated selection (Figure 1A, Table 

S1). All landmarks were placed by SA in order to minimize variation due to observer 

error (SI Methods).  

All subsequent data analyses were performed in R (R Core Team 2018). Generalized 

Procrustes superimposition of landmarks was performed in GEOMORPH (Adams & 

-Castillo 2013) to remove variation in position, orientation and size (e.g. 

Bookstein 1991, Mitteroecker & Gunz 2009). The mean floral shape of each species was 

calculated and shape space visualized by Principal Component Analyses (PCA). Shape 

change along PC1 and PC2 was visualized by wireframes. To incorporate aspects of 

intraspecific variability, 100 resample datasets were constructed where species with more 

than one specimen available were resampled at random and results were compared with 

results from analyses on mean shape. 

Modularity analyses. We explored five different hypotheses on floral modularity (Figure 

1, Table S4), including a developmental hypothesis (Hyp. 1), three functional hypotheses 

derived from the literature (Hyp. 2-4) and a hypothesis specifically designed to capture 

trait functioning in Merianieae (Hyp. 5). 

The covariance ratio (CR) was chosen as metric to test the five modularity hypotheses as 

it generates robust results even with small and variable sample sizes (Adams 2016). The 

five hypotheses were tested for each pollination syndrome separately but on joint 

Procrustes fitted landmark coordinates using the function test.modularity (GEOMORPH) 

with 1000 random permutations. For assessing evolutionary modularity, CR coefficients 

were calculated for all species together while accounting for phylogenetic relatedness 

using the function phylo.modularity (GEOMORPH). 

As summary measures of trait correlation are sensitive to various attributes of the data, 

they cannot be readily compared between different groups (Adams 2016, Bookstein 2016) 

such as, for instance, the three different pollination syndromes considered here. We thus 

extend the approach of Adams & Collyer (2016; developed for the Partial Least Squares 
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correlation coefficient) to calculate effect sizes (z-scores) to statistically evaluate the 

strengths of modularity between the three different pollination syndromes (see SI 

Methods for details). Two-sample tests were performed to assess if degrees of modularity 

differed significantly between pollination syndromes. 

To assess the fit of the five competing modularity hypotheses, we used the maximum-

likelihood approach proposed by Goswami & Finarelli (2016) using the function EMMLi 

(EMMLi; Goswami & Finarelli 2016, SI Methods). An additional null-model of no 

modularity was included. 

For the best-fit hypothesis of three floral modules (Hyp. 5), we tested whether these 

modules evolved at different rates using the compare.multi.evol.rates function under 

Brownian motion (GEOMORPH). 

Flower shape evolution. We calculated phylogenetic signal in flower shape on the 

landmark data by the Kmult statistic, specifically designed for multivariate data (Adams 

2014). We then assessed the fit of four different evolutionary models (Brownian motion 

(BM), lambda, Early Burst (EB), Ornstein-Uhlenbeck (OU)) to the landmark data using 

the newly developed penalized likelihood framework (Clavel et al. 2018). Based on the 

clear clustering of the three different pollination syndromes in shape space (assessed by 

PCA), we used PC1 and PC2 to visualize flower shape change on the phylogeny by 

constructing a traitgram (PHYTOOLS). We then modelled trait evolution (PC1-2) under 

an Ornstein-Uhlenbeck (OU) process (Hansen 1997) to screen for different phenotypic 

optima within Merianieae using the l1ou R-package (Khabbazian et al. 2016). We used a 

LASSO (Least Absolute Shrinkage and Selection Operator) procedure (Tibshirani 1996) 

to estimate shifts in phenotypic optima from the data without an a-priori definition of 

where regime shifts may have occurred (estimate_shift_configuration function, 

hifts-

estimate_convergent_regimes function (L1OU). We evaluated model fit using the 

phylogenetic Bayesian information criterion (pBIC) and calculated weights (aicw from 

GEIGER, Pennell et al. 2014). 

Finally, morphospace evolution through time was reconstructed on PC1 and PC2 using 

the evomorphospace function (EVOMAP, Smaers & Mongle 2018). Ancestral character 

branches were 

coloured according to the estimation of ancestral pollination systems (Fig. 2A, Fig. 3A). 
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Figure 1. Flower landmark configuration and the five alternative hypotheses on floral 
modularity tested in Merianieae, visualized on an HRX-CT scan of a flower of Axinaea 
costaricensis  Colour patterns represent the different hypothesized 
modules. (A) The 37 landmarks placed on Merianieae flowers: 1-10  appendage tips, 11-20  
appendage base, 21-30  stamen pores, 31  base of style, 32  stigma, 33-37  petal tips. (B) 
Hyp. 1: developmental modules (four organ whorls including the petal whorl in purple, the 
alternipetalous stamens whorl in orange, the alternisepalous stamens whorl in yellow, and the 
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carpel whorl in green; the sepals are not landmarked as they are not involved in pollination). (C) 
Hyp. 2:  in purple in yellow (Esteve-Altava 2016). 
(D) Hyp. 3: corolla and appendages) in purple 
(pores/stigma) in yellow (Diggle 2014). (E) Hyp. 4: 

appendages only) yellow corolla, pore/stigma) in purple 
(Diggle 2014). (F) Hyp. 5: Merianieae specific modules corolla  in purple

appendages) in yellow, and pore/stigma) in green. 

 

 

Figure 2. Reconstruction of ancestral pollination syndromes in Merianieae and best-fit 
modularity hypothesis for each pollination syndrome. (A) MCC-tree of Merianieae with 
ancestral reconstruction of pollination syndromes showing that - is ancestral 

-vertebrate
independently. - Meriania hernandoi with 
modularity hypothesis 5 (module 1: corolla in purple, module 2: appendages in yellow, module 3: 
pores/stigma in green - M. tomentosa with modularity 
hypothesis 4 (module 1: corolla in purple, pore/stigma, module 2: appendages in yellow). (D) 

Axinaea costaricensis with modularity hypothesis 4 colour-coded 
as in (D). 
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Figure 3. Phylomorphospace of Merianieae and floral shape change on PC1 and PC2. (A) 
PCA of mean flower shape of 33 Merianieae species with the three pollination syndromes 
occupying different areas of shape space. (B) Flower shape change (lateral view) along PC1 and 
PC2, visualized by wireframes. (C) Flower shape change (frontal view) along PC1 and PC2, 
visualized by wireframes. HRX-CT scanned flower of A. costaricensis is shown to facilitate 
interpretation of wireframes. Wireframe colouration follows floral organ categories (Hyp. 1): 
purple  petals, yellow/orange  the two different stamen whorls, green  gynoecium (as in Fig. 
1B). 
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Figure 4. Traitgram showing floral shape evolution as summarized by PC1 through 24.95 
million years. The three coloured lineages show significant shifts in floral phenotypic optima as 
estimated by Ornstein-Uhlenbeck models; grey branches indicated lineages that remained within 
the same phenotypic optimum (adaptive plateau). To indicate pollination syndromes of extant 
taxa, species names and flower image numbers -  blue, 

-   ocher. Flowers of extant taxa exemplify Merianieae 
floral diversity: 1) Graffenrieda weddellii, 2) Meriania mexieae, 3) M. drakei, 4) G. cucullata, 5) 
M. inflata, 6) Adelobotrys adscendens, 7) M. aurata, 8) M. radula, 9) Axinaea confusa, 10) M. 
loxensis, 11) A. affinis. 

 

Table 1. Results from the five different hypotheses on modularity (Fig. 3) for the three 
pollination syndromes. Highest degrees of modularity are present -

-
3, 4 and 

5. CR  Covariance Ratio, p  p-value <0.05 indicates significantly smaller CR than expected 
when no modularity is present, Z  effect sizes of CR. 
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Supplementary Information Text 

1. Methods 

1.1. Landmark placement 

37 landmarks were selected under the criteria of homology and repeatability (ability to 
accurately locate homologous landmark position in different specimens) to capture 
patterns of floral shape variation in the three different pollination syndromes. Landmarks 
were placed as follows: five on the typical notch on the petal tips, one at the base of the 
style (on top of the syncarpous ovary, not visible in Figure 1a), ten on the stamen 
appendage tip, ten on the base of the stamen appendages, ten on the anther pores, one on 
the stigma. All landmarks were placed by SA in order to minimize variation due to 
observer inconsistencies. 

1.2. Estimation of missing landmarks 

In 78 of the 147 specimens used for analyses, all landmarks could be placed accurately 
without problems. The remaining 69 specimens showed minor damages due to handling 
and transport or damage by herbivores or pollen thieves (e.g. broken tip of one petal, 
broken style tip, broken stamen or stamen tip chewed up by Trigona bees (pollen 
thieves)) so that one to maximally ten landmarks could not be placed. Most geometric 
morphometric analyses require the placement of exactly the same number of homologous 
landmarks in all specimens and are intolerant of missing data (Arbour & Brown 2014). 
Our dataset includes a number of rare taxa collected at sites with difficult access all over 
South America and excluding those from our analyses would have greatly reduced the 
breadth (in terms of taxonomic and morphological diversity) of our study. We thus chose 
to estimate missing landmarks for the 69 specimens in questions, following methods 
developed by Arbour & Brown (2014). For these specimens, the missing landmarks were 
estimated by four different landmark estimation techniques (Baysian PCA (BPCA), mean 
substitution (MS), thin-plate spline interpolation (TPS) and least-squares regression 
(REG)) using the R-
comparison of estimation techniques; J. Arbour provided updated R scripts to run TPS in 

landmarks were only estimated from specimens most similar to the specimen for which 
landmarks should be estimated (Neeser et al. 2009). Thus, the dataset of the 78 intact 
specimens was divided into six subsets for estimation (first column Table S2). For each of 
the subsets, a test run was performed by randomly removing one to ten landmarks in one 
individual 50 times and estimating the missing landmarks. Each estimated set was 
Procrustes fitted, a PCA was performed and using the function protest() from the R-

-coordinates (first two axes) of the estimated subset and the intact 
subset were compared to test if the estimation procedure significantly altered relative 
morphospace occupation patterns. In addition, T- and F-tests were used to test for 
significant alteration of each landmark position between the estimated and the intact set in 
all 50 runs. All estimation techniques gave PCA results that were significantly correlated 
to the respective intact subset but the four techniques differed in the quality of single 
landmark estimation (Table S3) with MS and REG performing worst. TPS was chosen as 
method to estimate landmarks in all 69 specimens. In order to keep possible errors due to 
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missing data small, each specimen with missing data was estimated separately with its 
respective subset. 

1.3. Notes on flower symmetry 

Although Merianieae flowers appear symmetric by the androecium (bilateral symmetry) 
on first glance, symmetry types are not straight forward (Savriami & Klingenberg 2011). 
Petals present rotational symmetry, while symmetry in the androecium is more complex. 
Moderate (difference in filament length between stamen whorls) to pronounced (two 
distinct sets of stamens) heteranthery is present in most species. Thus, the first stamen on 
the left side is not necessarily a symmetric copy of the last stamen on the right side. We 
thus refrained from employing procedures commonly usind in geometric morphometrics 
to remove effects of symmetry from the data. 

1.4. Procrustes fitting and shape space calculation 

All data analyses were performed in R (R Core Team 2018). Generalized Procrustes 
-

Castillo 2013) to remove variation in position, orientation and size (e.g. Bookstein 1991, 
Mitteroecker & Gunz 2009). The mean shape of each species was calculated and shape 
space visualized by Principal Component Analyses (PCA). In addition, 
phylomorphospaces were calculated using the phylomorphospace function in 
PHYTOOLS. Shape change along PC1 and PC2 was visualized by wireframes based on 
codes from http://rgriff23.github.io/2017/11/10/ plotting-shape-changes-geomorph.html. 
To incorporate aspects of intraspecific variability, 100 resample datasets were constructed 
where species with more than one specimen available were resampled at random and 
results were compared with results from analyses on mean shape. 

1.5. Testing hypotheses on modularity 

We explored five different hypotheses on floral modularity (Figure 1, Table S4) to 
understand whether pollinator shifts disrupted modularity patterns as could be expected 
under the pollinator-shifts model. Hypothesis 1 makes no assumption on floral functions 
but splits the flower into its developmental units, the petals, the two separate stamen 
whorls, and the style. Hypotheses 2-4 are based on the literature and are based on flower 
organ functioning. While hypothesis 2 (Fig. 1) partitions the flower into the petals vs 

can be difficult, two alternative hypotheses have been designed, Hyp. 3 classifying petals 
nto 

Finally, hypothesis 5 is based on specific trait functioning in Merianieae and partitions the 
-  syndrome) or guide 

-
-

the pore/stigma complex as unit of pollen placement and pickup. 

The covariance ratio (CR) was chosen as a metric to test the five modularity hypotheses 
as it generates robust results even with small and variable sample sizes (Adams 2016). 
The CR-metric determines the degree of modularity between pre-defined modules (from 
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our Hyp. 1-5) and estimates if they are significantly more modular than when landmarks 
are randomly re-assigned to modules (null-hypothesis of random trait association). The 
CR-coefficient ranges between 0 and positive values, smaller values indicate less 
covariation between partitions of data and hence modularity. Testing of the five 
modularity hypotheses was done for each pollination syndrome separately but on joint 
Procrustes fitted landmark coordinates using the function test.modularity (GEOMORPH). 
1000 random permutations were used to evaluate the statistical significance of the 
observed CR-coefficient. The CR-coefficients calculated on the mean shape per species 
were compared against the CR-coefficients of the 100 randomly resampled datasets to 
incorporate intraspecific variation. 

1.6. Evaluating the strength of modularity between syndromes. Summary measures of 
trait correlation are sensitive to various attributes of the data and hence cannot be readily 
compared between different groups (Adams 2016, Bookstein 2016) such as, for instance, 
the three different pollination syndromes considered here. Adams & Collyer (2016) 

-
correlation coefficient) where the rPLS is scaled by its permutation-based sampling 

samples). Calculating the effect size of the difference between two rPLS effect sizes 
allows for direct comparison of the strength of morphological integration across datasets 
(Adams & Collyer 2016). We extended this approach for the CR-coefficient in order to 
statistically evaluate the strengths of modularity between the three different pollination 
syndromes. Two-sample tests were performed to assess if levels of modularity differed 
significantly between pollination syndromes. 

1.7. Assessing evolutionary floral modularity. In order to understand if detected floral 
modules represent relatively independent units also in an evolutionary context, we tested 
the five different modularity hypotheses across the Merianieae phylogeny. The CR-
coefficient was calculated for all species together while accounting for phylogenetic 
relatedness using the function phylo.modularity (GEOMORPH). 

1.8. Selecting the best-fit hypothesis of floral modularity. The approaches outlined 
above allow for detection of modularity and an evaluation of the strength of modularity 
between the different pollination syndromes. However, they do not permit conclusions on 
which modularity hypothesis fits the data best. We thus used the maximum-likelihood 
approach proposed by Goswami & Finarelli (2016) to assess the fit of the five competing 
hypotheses. First, vector congruence coefficient correlation matrices were calculated on 
the Procrustes fitted landmark coordinates for each pollination syndrome separately, 
resulting in three 37x37 element matrices (Goswami 2006) using the dotcorr function 
(PALEOMORPH; Lucas & Goswami 2017). We then ran the function EMMLi (EMMLi; 
Goswami & Finarelli 2016) to detect the best fitting model for each pollination syndrome 
by comparing the finite-sample corrected Akaike Information Criterion (AICc). EMMLi 
allows for complex models with different correlation coefficients between and within 
hypothesized modules, so that a total of 15 different models were tested, including a 
model of no modularity. The same procedure was repeated for all species together to 
assess the best-fit modularity hypotheses across Merianieae. 
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1.9. Flower shape evolution. We calculated phylogenetic signal in flower shape on the 
landmark data by the Kmult 
and designed for multivariate data (Blomberg et al. 2003, Adams et al. 2014). We then 
assessed the fit of four different evolutionary models (Brownian motion (BM), Lambda, 
Early Burst (EB), Ornstein-Uhlenbeck (OU)) to the landmark data using the newly 
developed penalized likelihood framework for highly multivariate datasets (Clavel et al. 
2018). Based on the clear clustering of the three different pollination syndromes in shape 
space as assessed by PCA, we used PC1 and PC2 to visualize flower shape change on the 
phylogeny by constructing a traitgram (PHYTOOLS). We then modelled trait evolution 
(PC1-2) under an Ornstein-Uhlenbeck (OU) process (Hansen 1997) to screen for different 
phenotypic optima within Merianieae using the l1ou R-package (Khabbazian et al. 2016). 
We used a LASSO (Least Absolute Shrinkage and Selection Operator) procedure 
(Tibshirani 1996) to estimate shifts in phenotypic optima from the data without an a-
priori definition of where regime shifts may have occurred (estimate_shift_configuration 

-
the estimate_convergent_regimes function (L1OU). We evaluated model fit using the 
phylogenetic Bayesian information criterion (pBIC) and calculated weights (aicw from 
GEIGER, Pennell et al. 2014). 

Finally, morphospace evolution through time was reconstructed on PC1 and PC2 using 
the evomorphospace function (EVOMAP, Smears & Mongle 2018). Ancestral character 

syndromes were painted onto branches according to the estimation of ancestral 
pollination systems (Fig. 1a). 

1.10. Phylogeny and Dating. Bayesian analyses were performed in BEAST2 (v2.5.0) 
(Drummond & Bouckaert 2014), as implemented through the CIPRES portal 
(http://www.phylo.org/; Miller & al., 2010). The best partition scheme was determined 
with PartitionFinder 2 (Lanfear et al. 2016), using each loci as a separate probable 
partition, and in the case of the three coding genes, also allowing for each of the three 
codon positions to be considered a partition.  A seven partition scheme was found to be 
the best fit for the data (each locus as an independent partition, and in the case of ndhF, 
first codon position separate from second and third position). Each partition was assigned 
the GTR+  + i model of sequence evolution and the partitions were unlinked. Rate 
variation across branches was set as uncorrelated and log-normally distributed, and with 
tree prior set to the Yule process. Based on previous analyses across the 
Melastomataceae, calibrated with fossils across the Myrtales, we fixed the age of the 
Merianieae at 29.25 MY. (Michelangeli et al. Unpublished). We ran three independent 
analyses of 60 million generations each, sampling every 20,000 generations with a 20 % 
burn-in. Convergence was assessed using Tracer v.1.6 (Rambaut et al., 2014), and runs 
were considered satisfactory with effective sample size (ESS) values greater than 200. 
The stable posterior distributions of the independent runs were combined using 
LogCombiner v2.5.0 (Rambout & Drummond, 2018a) and a maximum clade credibility 
tree summarized with TreeAnnotator v2.5.0 (Rambout & Drummond, 2018b).  
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Supplementary Figures 

 

 

Figure S1. The three estimated shifts in phenotypic optima assessed on PC1 and PC2 
of Merianieae floral shape space on the MCC-tree. Significant shifts are indicated by 

-
pollination. The red colouration of two shifts indicates convergence in floral shape within 
the -
syndrome. Regime shifts were evaluated on PC1 and PC2, PC1 summarizes corolla shape 

- -campanulate corollas in the two 
vertebrate pollination syndromes. PC2 summarizes stamen arrangement, reflexed in the 

- -
illustrated by the different PC2 values between the two shifted syndromes. 
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Table S2: Number of intact and estimated specimens of each subset of specimens used 
for estimation and for each pollination syndrome. 

 

Table S3: Proportion of simulations where one or more landmarks differed 
significantly between the estimated and the intact set (T-test/F-test) for the four 
different estimation techniques. TPS was chosen to estimate landmarks in specimens with 
missing data. 

 

162



T
ab

le
 S

4.
 S

p
ec

if
ic

at
io

n
 o

f 
th

e 
fi

ve
 h

yp
ot

he
se

s 
of

 m
od

u
la

ri
ty

, l
an

d
m

ar
k

 p
ar

ti
ti

on
in

g,
 s

ou
rc

e 
of

 m
od

u
la

ri
ty

 h
yp

ot
h

es
is

 a
n

d
 

ex
p

ec
ta

ti
on

s 
fo

r 
th

e 
th

re
e 

d
if

fe
re

n
t 

p
ol

lin
at

io
n

 s
yn

d
ro

m
es

 in
 M

er
ia

n
ie

ae
. 

16
3



Supplementary Results 

Table S5. Pairwise comparison of effect sizes of the five hypotheses on floral 
modularity for the three different pollination syndromes. The lower off-diagonal 
values represent the pairwise differences in z-scores (effect sizes) of the CR coefficient, 
the upper off-diagonal gives their associated p-values (i.e. p<0.05 indicating a significant 
difference in modularity; significant p-values printed in italics). 

Table S6. Results from the five different hypotheses on modularity (Fig. 3) for the 
three pollination syndromes with the resampled dataset. Highest modularity was found 

- -
contrast to analyses on the mean shape, evolutionary modularity accounting for 
phylogenetic relatedness (colum
resampled dataset. CR  Covariance Ratio, p  p-value <0.05 indicates significantly 
smaller CR than expected when no modularity is present, Z  effect sizes of CR. 
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Table S7. Model parameters and log-likelihood fits for the five hypotheses of 
modularity (Hyp1-5) and a hypothesis of no modularity for all Merianieae species of 
this study (n=33) and the different pollination syndromes separately. The optimal model 
for each dataset is highlighted in bold. 
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Table S8. Best-fit model selection for estimation of ancestral pollination syndrome 
using ML methods.   all rates different model. 

 

Table S9. Comparison of fit of four different models of trait evolution on landmark 
data as assessed by GIC; estimated parameter values are given. 
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Table S10. Comparison of fit of the two different OU-models on PC1 and PC2 on 
shape means and best fit model for resampled trait datasets (% of best fit from 100 
runs). 

Table S11. Proportion of times a species was included in a regime shift for the 
resampled trait dataset. Note that with one exception (M. inflata) all species which have 

-
undergone a shift in phenotypic optimum as measured by PC1 and PC2. 
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Movie S1. Phylomorphospace of Merianieae flower shape (PC1 and PC2) through 
evolutionary time. Note the stasis of nodes in the central to right area of shape space 

-
-

shape space. Branches are coloured according to reconstructions of ancestral pollination 
-  -   yellow). 
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6. CONCLUDING DISCUSSION 

 

The tremendous diversity of angiosperm flowers has primarily evolved in response to 

pollinator mediated selection (Specht & Bartlett 2009, Sauquet et al. 2017, Campbell et 

al. 2018), and further evidence of strong pollinator mediated selection is provided in this 

thesis. In Chapters I to III, I showed how pollinator shifts have affected floral traits in 

Merianieae and that the bee-vertebrate directionality of pollinator shifts seems to hold 

true also in this group (Cronk & Ojeda 2008). Despite criticism on pollination syndromes 

(e.g. Ollerton et al. 2009), my results demonstrate the utility and continued applicability 

of the concept for a broad understanding of trait functioning in response to pollinator 

mediated selection in a plant group. Pollination syndromes as a tool for structuring 

diversity in a group may be particularly useful when floral traits specific to the group in 

question are considered. I found reduced power of traditional pollination syndrome 

characters such as colour and scent in differentiating syndromes in Merianieae (Faegri & 

van der Pijl 1979). Traits specific to Merianieae, however, namely the pollen expulsion 

mechanism and the reward type, were powerful in correctly classifying species into 

syndromes. In cases where information on these traits was not available, combinations of 

other characters such as the relative position of the stigma and the corolla opening or the 

presence of filament ruptures helped to differentiate syndromes.  

In my eyes, my results have important implications for the continued heuristic value of 

pollination syndromes. First, they serve as a tool to summarize multivariate floral trait 

responses to pollinators across speciose clades, for which pollinator observations in all 

species are not feasible. Many studies have focused on a limited set of traits to describe 

syndromes (Rosas-Guerrero et al. 2014), but, particularly when predicting pollinators, it 

may be advantageous to consider additional, group-specific traits. In particular, the 

impact of lineage history and th need to be taken into 

account. In Merianieae, the specialized poricidal anther st -

syndrome (as starting point) may have prevented evolution towards more traditional 

syndromes such as tubular hummingbird flowers. Clearly, poricidal anthers have been 

retained throughout pollinator shifts and entailed the evolution of alternative mechanisms 

of pollen expulsion. Trends towards traditional syndromes, such as a change in corolla 

shape to more closed forms (canalizing pollinator access) in shifted syndrome species, are 

apparent as well, however.  
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Second, as suggested by Stebbins (1970), generalizations should not be made without 

detailed investigations of the actual pollination biology of at least some species of the 

- ome, which I define in Chapter I and 

explore in more detail in Chapter II, exemplifies how misleading crude generalizations 

may be. Using Random Forest Analyses, I did not find any support for splitting the 

-

pollinators (hummingbirds and bats or hummingbirds and rodents or flowerpiercers and 

rodents). Only extensive fieldwork made me understand that all five species (M. aff. 

sanguinea, M. furvanthera, M. phlomoides, M. sanguinea, M. tomentosa) that I had the 

opportunity to study both during day- and night-time actually were pollinated by two 

functional pollinator groups each. It seems likely that species where I have only 

performed pollinator observations during daytime so far (e.g. M. radula, M. tetragona, M. 

costata) are also visited by additional nocturnal pollinators. In this context, the two Cuban 

species (M. albiflora, M. angustifolia) could be particularly interesting. My analyses 

placed them - their flowers exhibit strong 

heteranthery -  

Only fieldwork will clarify whether these species are possibly still visited by buzzing 

bees, in addition to vertebrates, or whether they have fully shifted towards vertebrate 

pollinators. 

- rather peculiar when viewed in traditional 

syndrome theory which assumes adaptation to a single most effective functional 

pollinator group (Faegri & van der Pijl 1979, Fenster et al. 2004). Syndrome theory does 

not negate the existence of secondary, albeit less efficient pollinator groups (Stebbins 

1970, Rosas-Guerrero et al. 2014). However, syndromes are also usually only defined on 

a single functional pollinator group. Furthermore, functional groups are largely based on 

however, renders this concept a lot more flexible. Although flowerpiercers, 

hummingbirds, bats and rodents are generally viewed as different functional groups, they 

should be considered as a single 

in Chapter II, these groups differ in their selection on certain floral traits such as nectar 

and scent given obvious differences in their sensory abilities and foraging preferences. 

These selection pressures are, however, not strong enough to move any of the 

- syndrome. 
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its shared interest in the nectar reward and 

capability of triggering the salt-shaker like pollen release mechanism. I propose that the 

- syndrome may represent a series of stable bimodal pollination systems 

that are actually specialized on simultaneously exploiting two traditional functional 

pollinator groups such as hummingbirds and bats or hummingbirds and rodents, 

respectively.  

Reports on truly bimodal systems are scarce in literature, a few examples come from 

South Africa (e.g. Iridaceae with butterflies and sunbirds, Manning & Goldblatt 2005) 

and South America (e.g. Bromeliaceae with hummingbirds and bees, Schmid et al. 2011). 

Detailed assessments of floral traits and pollen transfer efficiency are required to 

differentiate bimodal systems from systems with ancestral secondary pollinators, which 

may appear similar at first glance. In Merianieae, all functional pollinator groups clearly 

deposited large amounts of pollen on stigmas and nectar and scent showed mixed 

adaptations to either group. In their study on Aphelandra acanthus, Muchhala et al. 

(2008) showed that subtle differences, e.g. in the purity of deposited pollen, may exist 

between hummingbirds and bats visiting the same species. Such differences possibly also 

exist in Merianieae, despite clear adaptations to both pollinator groups. However, I do not 

rule out the existence of nectar secreting Merianieae species or populations visited by 

either only a diurnal or a nocturnal functional pollinator group. The discovery of such a 

species or population would enable me to tease apart effects of selection imposed by only 

 

Furthermore, it is important to differentiate bimodal systems from generalized pollination 

strategies, which usually involve more than just two functional pollinator groups. In the 

Melastomataceae tribe Miconieae (ca. 1500 sp), the evolution of nectar secretion in a few 

species has mostly led to generalization (Brito et al. 2016). These species have retained 

their open flower shape with easily accessible nectar and are visited by mixed 

assemblages of non-buzzing bees, wasps and flies. Interestingly, pollinator shifts in these 

species did also lead to changes in anther morphology, namely an enlargement of the 

anther pore (Goldenberg et al. 2008). Our continuously growing understanding of 

pollination strategies and flower trait functioning in different clades of the 

Melastomataceae may allow for rigorous testing of the evolutionary fine-tuning and 

-

family level in future. 
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My results of Chapter I and III clearly show that pollinator mediated selection does not 

act on single traits but affects multiple traits of the floral phenotype (Armbruster et al. 

2004, Ordano et al. 2008, Fenster et al. 2009). This is particularly relevant as many earlier 

studies focus on relatively few traits that can easily be coded for (e.g. colour, reward, size, 

Smith et al. 2008, Wilson et al. 2017), but may actually only provide relatively limited 

insights into how pollinator mediated selection affects flowers. The use of HRX-CT 

scanning enabled me to produce 3-D models of entire flowers and to assess the impact of 

pollinator mediated selection on floral shape. Until now, this method has been used 

relatively infrequently in studies on flower evolution, but provides an important advance 

in our understanding of the three-dimensional structure of flowers (e.g. Niet et al. 2010, 

Staedler et al. 2013, Wang et al. 2015).  

Given that pollination mechanisms are functionally relatively specialized in Merianieae, it 

is not surprising that I found functional aspects structuring floral phenotypes rather than 

developmental affinities (compare e.g. Esteve-Altava 2016). Most importantly, I found 

reduced floral modularity in species which have shifted to vertebrate pollination while the 

- The loss in 

modularity in shifted syndrome species may possibly be explained by changes in 

-  i.e. 

the fit between stamens, stigma and pollinator  is mostly mediated by arranging the bees 

along the median plane of the androecium (Renner 1989, own observations). In many 

species, bees bite into appendages to convey vibrations. In the two shifted syndromes, 

however, interactions with the pollinators have changed. In -

syndrome, stamen appendages are not involved in the pollen expulsion mechanism at all. 

Hence, fit cannot be mediated by optimizing the positioning of the appendages and the 

 and are removed from the flowers and 

consumed by the pollinating birds (Dellinger et al. 2014). My hypothesis is that the 

apparent change in corolla shape towards more campanulate forms with pollinator shifts 

was a new way of mediating fit with the larger vertebrate pollinators. The narrower 

entrance to the flower in the shifted syndromes constrains the directions from which 

vertebrates can insert their mouthparts into the flower (Muchhala 2007). This hypothesis 

is supported by the apparent union of corolla shape and the pore/stigma complex into one 

functional module in the two shifted syndromes. In the larger context, these findings 

make sense as tubular corollas are common in many bird pollinated plant lineages and 
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have even been identified as a pre-condition facilitating shifts to hummingbird pollination 

(e.g. Cronk & Ojeda 2008, Fenster et al. 2009). 

- that its high 

degree of modularity is key to the adaptive success of buzz pollination in Merianieae and 

possibly also at the family level. As mentioned in the introduction, the functional group of 

buzzing bees is very diverse (Cardinal et al. 2018). Hence, buzzing bees come in a variety 

of shapes, sizes and biophysical properties. The evolutionary flexibility (i.e. flexibility to 

respond to slightly different selection regimes) of the Merianieae flower possibly 

facilitates adaptive wandering to allow for small phenotypic changes to exploit this bee 

diversity (Reginato & Michelangeli 2016) -bee pollination 

in Merianieae is supported by my estimation of shifts in phenotypic optima using 

Ornstein-Uhlenbeck models. Despite the large floral diversity wi -

syndrome, there is no indication that these species have actually significantly shifted from 

their plateau. These findings open up many new questions on the relation between floral 

modularity and evolutionary potential (evolvability, Campbell et al. 2018, Opedal 2018) 

and may be applied to a variety of study systems or pollination strategies. 

 

To conclude, I think that my colleagues and I have contributed substantially to advancing 

our knowledge on the pollination biology of Merianieae and that I have met my target of 

clarifying basic patterns of floral evolution and pollinator mediated selection in the tribe. 

Our findings open many future avenues for more detailed experimental studies on drivers 

of pollinator shifts or for the analysis of relationships between pollinator shifts and 

biogeographic patterns in the tribe. Also, as indicated above, I hope that my combination 

of methods and ideas inspires and promotes novel research in pollination biology in other 

systems. 
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