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Summary 

 

Tropical forests harbour more than 50% of our worldôs biodiversity. Crucially, this biological 

diversity is under serious pressure due to anthropogenic factors such as forest degradation, land-

use, and climate changes. These factors alter tropical forest structure and threaten the 

persistence of native populations and communities. In order to successfully manage and 

conserve tropical forests and their affiliated species and ecosystem functions, we need a better 

understanding of the mechanisms that drive their structure and unparalleled diversity. In this 

context, the vertical stratification of tropical forest ecosystems as a key factor promoting 

tropical forest diversity came into focus. Plant and animal organisms inhabit a variety of niches 

along the vertical forest gradient. Communities of birds, bats, primates, and small non-flying 

mammals are vertically stratified in terms of species abundance, richness, and community 

composition. As many animal species from these taxa are important nectarivores and frugivores 

in tropical forests, the vertical structure of their communities likely induces differences among 

strata in the patterning of associated ecological processes such as pollination and seed dispersal. 

These mutualistic interactions are considered the backbone of ecological communities as they 

are ultimately linked to the organization, functioning, and integrity of ecosystems. However, 

our understanding of how interactions among plants and animals are structured across the 

vertical gradient is very limited. To date, the few studies examining patterns of vertical 

stratification in plantïanimal interactions are scarce and limited to plantïfrugivore interactions. 

Further, we know little about the drivers creating the potentially vertically stratified structure 

of interaction networks. Generally, resource availability and animalsô functional traits were 

considered as the most important drivers of network structure. Recently, the role of microbes 

as ñhidden playersò influencing mutualistic interactions also came into focus. Plants harbour a 

wide diversity of microbes on their internal and external tissues, rendering their interactions 

with animals a tripartite interaction among the plants, its microbes, and the animals. Yet, the 

roles animalsô functional traits and microbes as ñhidden playersò might play in structuring 

differences among strata in plantïanimal interactions are poorly understood. 

With this thesis, I aim to narrow these gaps by addressing the following questions: i) how 

pronounced are the patterns of vertical stratification in seed-dispersing vertebrate communities 

and their interactions with plants in tropical forests? ii) can patterns of vertical stratification in 

plantïanimal interactions reported elsewhere be generalized for a specific resource that is 

available across forest strata? More specifically, iii) do nectarivores and frugivores 

preferentially forage in a distinct vertical niche even if the same resource is available along the 
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entire vertical gradient and iv) if so, which drivers are causing the vertically stratified 

interaction structure? 

Chapter II is a literature review that summarizes current knowledge about the vertical 

stratification of vertebrate seed disperser communities and their resources in tropical forests, 

with particular emphasis on plantïseed disperser interactions and species networks. In Chapter 

III and IV , I used Marcgravia longifolia as a model species to study whether vertebrate 

nectarivore and frugivore communities feeding in a single liana species that flowers and fruits 

across forest strata show patterns of vertical stratification and which driving factors cause these 

patterns. I applied a network approach to assess differences in community composition and 

interaction frequency of nectarivores and frugivores among strata. Then, I examined whether 

animalsô functional traits, differences in environmental characteristics, or resource quantity and 

quality among strata, played an important role in determining the vertical foraging niche. 

Considering the role of microbes as important ñhidden playersò influencing plantïanimal 

interactions, in Chapter III , I further investigated if the bacteria communities inhabiting the 

nectar of M. longifolia show patterns of vertical stratification in terms of diversity and 

community composition. My work shows that i) vertical stratification is a key feature of tropical 

forests that shapes differences among strata in the patterning of plantïanimal interactions. This 

was manifested in differing interaction frequencies and mutual specialization among strata 

(Chapter II ). Further, I found ii) strong patterns of vertical stratification of plantïanimal 

interactions at a single plant species, which implies that their vertical structure is not primarily 

driven by differences in plant community composition among strata (Chapter III and IV ). I 

also demonstrated that iii) both studied mutualistic interactions differed among strata in terms 

of interaction frequency and community composition. Nectarivores and frugivores 

preferentially foraged in a distinct vertical niche, even though the same resource was available 

across strata (Chapter III and IV ). However, the drivers acting behind the vertically stratified 

structure of plantïfrugivore and plantïnectarivore interactions differed. I showed that iv) the 

strong vertical stratification of plantïfrugivore interactions was primarily driven by inherent 

preferences of animals for certain strata. Birdsô functional traits, such as their dietary 

dependence on fruit and their morphology, played an important role in determining their vertical 

foraging niche (Chapter III ). In contrast, plantïnectarivore interactions were mainly driven by 

variation in resource abundance among strata as well as competitive interactions among species 

of different hummingbird subfamilies. Further, the diversity of nectar-inhabiting bacteria 

differed among strata. Considering their role as ñhidden playersò influencing the interactions 

among plants and nectarivores, they might be a critical driver in structuring vertically stratified 
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plantïnectarivore interactions (Chapter IV ). Understanding the structure and drivers of 

vertically stratified nectarivore and frugivore communities and their interaction with plants is 

crucial to predict how vertically stratified tropical forests and their affiliated species and 

ecosystem functions will perform under global change.  
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Zusammenfassung 

Tropische Wälder beherbergen mehr als 50% der biologischen Vielfalt unserer Erde. Jedoch 

wird diese Vielfalt durch anthropogene Faktoren wie Waldabbau, Landnutzungs-, und 

Klimaveränderungen stark gefährdet. Diese Faktoren verändern die Struktur tropischer Wälder 

und bedrohen den Fortbestand ihrer Populationen und Gemeinschaften. Um tropische Wälder 

und die mit ihnen verbundenen Arten und Ökosystemfunktionen erfolgreich schützen und 

erhalten zu können, müssen wir die Mechanismen, die ihre Struktur und unvergleichliche 

Vielfalt bestimmen, besser verstehen. In diesem Zusammenhang rückte die vertikale 

Stratifizierung tropischer Waldökosysteme als Schlüsselfaktor für ihre Vielfalt in den Fokus. 

Pflanzen und Tiere bewohnen eine Vielzahl von Nischen entlang des vertikalen 

Waldgradienten. Die Artenvielfalt, Diversität und Artenzusammensetzung von Vogel-, 

Fledermaus-, Primaten-, und kleinen, nicht fliegenden Säugetiergemeinschaften sind vertikal 

stratifiziert. Da viele Tierarten dieser Taxa wichtige Nektarivore und Frugivore in tropischen 

Wäldern sind, führt die vertikale Struktur ihrer Gemeinschaften sehr wahrscheinlich zu, sich 

zwischen den Strata unterscheidenden Mustern damit verbundener ökologischer Prozesse wie 

Bestäubung und Samenausbreitung. Diese mutualistischen Interaktionen werden als das 

Rückgrat ökologischer Gemeinschaften angesehen, da sie grundlegend mit der Organisation, 

Funktionalität und Integrität von Ökosystemen verbunden sind. Unser Wissen darüber, wie die 

Interaktionen zwischen Pflanzen und Tieren über den vertikalen Gradienten hinweg strukturiert 

sind, ist jedoch sehr begrenzt. Bis heute sind die wenigen Studien, die Muster vertikaler 

Stratifizierung in den Interaktionen zwischen Pflanzen und Tieren untersuchen, selten und auf 

Pflanze-Frugivor-Interaktionen beschränkt. Zudem wissen wir wenig über die Faktoren, die die 

potentiell vertikal stratifizierte Struktur von Interaktionsnetzwerken beeinflussen. Generell 

wurden Ressourcenverfügbarkeit und die funktionellen Eigenschaften der Tiere als die 

wichtigsten Treiber der Struktur von Netzwerken angesehen. Kürzlich ist auch die Rolle von 

Mikroben als "versteckte Spieler", die mutualistische Interaktionen beeinflussen, in den Fokus 

gerückt. Pflanzen beherbergen eine große Vielfalt an Mikroben auf ihren inneren und äußeren 

Geweben, was ihre Interaktionen mit Tieren zu einer dreiteiligen Interaktion zwischen den 

Pflanzen, ihren Mikroben und den Tieren macht. Dennoch ist die Rolle der funktionellen 

Eigenschaften der Tiere und insbesondere der Mikroben als "versteckte Akteure" bei der 

Strukturierung vertikal stratifizierter Pflanze-Tier-Interaktionen nur unzureichend verstanden. 

Meine Arbeit ist ein Beitrag dazu, diese Lücken zu verringern. Ich habe mich dazu mit den 

folgenden Fragen beschäftigt: i) Wie ausgeprägt sind die Muster vertikaler Stratifizierung in 

samenausbreitenden Wirbeltiergemeinschaften und deren Interaktionen mit Pflanzen in 
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tropischen Wäldern? ii) Können bisher beobachtete Muster vertikaler Stratifizierung in Pflanze-

Tier-Interaktionen für eine bestimmte Ressource verallgemeinert werden, die über Waldstrata 

hinweg verfügbar ist? Genauer gesagt, iii) suchen Nektarivore und Frugivore bevorzugt in einer 

bestimmten vertikalen Nische nach Nahrung, auch wenn die gleiche Ressource entlang des 

gesamten vertikalen Gradienten verfügbar ist, und iv) wenn ja, welche Faktoren verursachen 

die vertikal stratifizierte Interaktionsstruktur? 

Kapitel II  ist eine Literaturübersicht, die das aktuelle Wissen über die vertikale Stratifizierung 

von Wirbeltier-Samenausbreitergemeinschaften und deren Ressourcen in tropischen Wäldern 

zusammenfasst, mit besonderem Schwerpunkt auf Pflanze-Samenausbreiter-Interaktionen und 

Artennetzwerken. In Kapitel III und IV  habe ich Marcgravia longifolia als Modellart 

verwendet, um zu untersuchen, ob Nektarivor-, und -Frugivorgemeinschaften, die sich von 

einer einzigen Lianenart ernähren, die über alle Waldstrata hinweg blüht und Früchte trägt, 

Muster vertikaler Stratifizierung zeigen und welche treibenden Faktoren diese Muster 

verursachen. Ich wandte eine Netzwerkanalyse an, um Unterschiede in der Zusammensetzung 

der Gemeinschaften und der Interaktionshäufigkeiten von Nektarivoren und Frugivoren 

zwischen den Strata zu quantifizieren. Anschließend untersuchte ich, ob funktionelle 

Eigenschaften der Tiere, Unterschiede zwischen den Strata in den Umwelteigenschaften oder 

in der Quantität und Qualität der Ressourcen eine wichtige Rolle bei der Festlegung der 

vertikalen Nische spielen. In Anbetracht der Rolle der Mikroben als wichtige "versteckte 

Akteure", welche die Interaktionen zwischen Pflanzen und Tieren beeinflussen, habe ich in 

Kapitel III  weiter untersucht, ob die Bakteriengemeinschaften, die den Nektar von M. 

longifolia bewohnen, Muster vertikaler Stratifizierung in Bezug auf Vielfalt und 

Gemeinschaftszusammensetzung zeigen. Meine Arbeit zeigt, dass i) vertikale Stratifizierung 

ein Schlüsselmerkmal tropischer Wälder ist, welches Unterschiede zwischen den Strata in der 

Gestaltung der Interaktionen zwischen Pflanzen und Tieren beeinflusst. Dies manifestierte sich 

in unterschiedlichen Interaktionshäufigkeiten und gegenseitiger Spezialisierung zwischen den 

Strata (Kapitel II ). Weiterhin fand ich ii) starke Muster vertikaler Stratifizierung von Pflanze-

Tier-Interaktionen bei einer einzelnen Pflanzenart, was impliziert, dass ihre vertikale Struktur 

nicht primär durch Unterschiede in der Zusammensetzung der Pflanzengemeinschaften 

zwischen den Strata bestimmt wird (Kapitel III und IV ). Ich habe auch gezeigt, dass iii) beide 

untersuchten mutualistischen Interaktionen sich zwischen den Strata unterscheiden in Bezug 

auf die Interaktionshäufigkeit und die Zusammensetzung der Gemeinschaften. Nektarivore und 

Frugivore suchten bevorzugt in einer bestimmten vertikalen Nische nach Nahrung, obwohl die 

gleiche Ressource in allen Strata verfügbar war (Kapitel III und IV ). Die Treiber, die hinter 
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der vertikal stratifizierten Struktur der Pflanze-Frugivor- und Pflanze-Nektarivor-Interaktionen 

stehen, waren jedoch unterschiedlich. Ich zeigte, dass iv) die starke vertikale Stratifizierung der 

Pflanze-Frugivor-Interaktionen in erster Linie durch inhärente Präferenzen der Tiere für 

bestimmte Strata angetrieben wurde. Die funktionellen Eigenschaften der Vögel, wie ihre 

Nahrungsspezialisierung auf Früchte und ihre Morphologie, spielten eine wichtige Rolle bei 

der Festlegung ihrer vertikalen Futternische (Kapitel III ). Im Gegensatz dazu wurden die 

Interaktionen zwischen Pflanzen und Nektarivoren hauptsächlich durch Variationen in der 

Ressourcenabundanz zwischen den Strata sowie durch Konkurrenz zwischen den Arten 

verschiedener Kolibri Unterfamilien bestimmt. Außerdem unterschied sich die Vielfalt der 

nektarbewohnenden Bakterien zwischen den Strata. In Anbetracht ihrer Rolle als "versteckte 

Akteure", welche die Interaktionen zwischen Pflanzen und Nektarivoren beeinflussen, könnten 

sie ein entscheidender Faktor bei der Strukturierung vertikal stratifizierter Pflanze-Nektarivor-

Interaktionen sein (Kapitel IV ). Das Verständnis der Struktur und der Treiber vertikal 

stratifizierter Nektarivor- und Frugivorgemeinschaften und ihrer Interaktion mit Pflanzen ist 

entscheidend für die Vorhersage, wie sich vertikal stratifizierte tropische Wälder und die mit 

ihnen verbundenen Arten und Ökosystemfunktionen unter dem globalen Wandel verhalten 

werden.  
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Tropical forests and the threat of global change 

Humanity has long been monopolizing our planet (Vitousek et al. 1997). The immense growth 

of the human population combined with the industrial and economic development and ongoing 

globalization are causing profound alterations of the Earth system, which are now referred to 

as ñglobal changeò (Vitousek et al. 1997; MEA 2005). The impact of global change on earth`s 

biodiversity is alarming. Tropical forests, harbouring more than 50% of the world`s species, 

have conventionally been considered to represent a natural and pristine state. However, 

nowadays they are susceptible to anthropogenic factors such as forest degradation, land-use, 

and climate changes (Lewis et al. 2004). These factors alter forest structure and constitute 

serious threats to the biological diversity of the tropics (Lewis et al. 2004; Tylianakis et al. 

2008). Thus, they are also of high social and ecological relevance, since biodiversity is directly 

connected to ecosystem functioning and provides essential ecosystem services to humans 

(Costanza et al. 1997; Hooper et al. 2005). It is evident that in order to successfully manage and 

conserve tropical forests and the ecosystem services they provide to the world, we need a better-

resolved understanding of the mechanisms that drive the structure and the unparalleled diversity 

in tropical forests. In this context, the vertical stratification of tropical forest ecosystems as a 

key factor promoting tropical forest diversity came into the focus of research. 

 

Vertical stratification as a guiding principle in  forest ecosystems 

In forest ecology, the vertical organization of structures, microclimate, and biota has been a 

recurring topic in research and ecosystem description since the 1950s (Allee et al. 1949; 

Richards 1952; Geiger 1965; Smith 1973; Bongers 2001). In general, the term ñstratificationò 

is used to describe phenomena that are distinct but closely related and interconnected (Smith 

1973). Vertical stratification may refer to the vertical layering of microclimate, leaf mass, food 

resources, or animal communities. Perceiving it as a basic concept in plant and animal 

communities, Allee et al. (1949) described the vertical stratification of forest ecosystems as 

following: 

 

ñA patent feature of this orderly arrangement of organisms within the community is its 

stratification. Since each stratum occupies a definite horizontal or vertical portion of the 

community, the general forest climate is subject to stratal modification, and each stratum may 

be said to have its own microclimate. This being so, each stratum has its own stratal population 

of resident organisms. The more perfect their structural and functional adjustment, the less able 
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are they to live in other strata. Such organisms are stratal indices. We find that these 

communities typically have six basic vertical laminations. Any of the first five strata may be 

substratified. This is increasingly true as one proceeds from pioneer to climax communities. 

For example, the equatorial rain forest may have several strata of trees with several developed 

canopies (Allee et al. 1949, p.478-482).ò 

 

The six typical vertical strata of forest communities are: soil, forest floor, herbaceous, shrub, 

tree, and emergent layers. The microenvironmental differences among these strata, such as 

temperature, light, humidity, and wind are determined by the forests plant species composition 

and three-dimensional structure (Geiger 1965; Parker 1995). Vertical climatic gradients within 

forests are more pronounced than those defined by latitude and elevation. Climate may vary by 

as much as 4°C and 10% humidity along a 20 - 30 m vertical forest gradient, which is equivalent 

to over 400 m in altitude and hundreds of kilometres in latitude (Scheffers et al. 2013). In 

general, the climate of the upper canopy shows more extreme circadian climatic variations than 

the lower layers. For instance, in a tropical lowland rainforest in Costa Rica, the canopy 

temperature ranged from 20.5°C to 27°C and the vapour pressure deficit from 0.3 to 0.9 kPa, 

whereas vapour pressure deficit in the understorey was stable around 0.2 kPa and temperature 

only ranged from 22°C to 25°C (Fetcher et al. 1985). Microclimatic profiles, light quality, and 

light quantity are influenced by forest type and structure (Shaw 2004). Evergreen forests, for 

example, allow less light through the canopy than deciduous hardwoods influencing forest floor 

biota and lower canopy environments (Kato and Yamamoto 2002). In tropical dry forests and 

submontane evergreen forests, foliage has the highest density in the canopy and understorey, 

whereas the midstorey is more open (Terborgh and Weske 1969; Pearson 1971; Terborgh 

1980). Typical tree structures that are vertically organized are leaves, reproductive parts, trunks, 

branches, butts, roots, and dead wood (Shaw 2004). For instance, in different types of temperate 

and tropical forests, flowers and fruits show higher abundance in the canopy, while tree trunks 

and dead leaves dominate under- and midstorey levels (Terborgh 1980; Marra and Remsen 

1997). 

Just as Allee et al. (1949) already highlighted the exceptionality of tropical forests, their 

diversity and structural complexity renders them particularly interesting for the study of 

vertically stratified ecological communities. Their canopies can reach heights over 50 m, 

spanning from the lowest herbs to the emergent layers (Richards 1952). Their complex structure 

and the diversity of microenvironments along the vertical gradient provide ample opportunities 

for niche diversification (Ozanne et al. 2003). That is also why vertical stratification has been 
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considered a pivotal factor shaping the species richness and diversity of tropical forests (Wright 

2002; Condit et al. 2002; Ozanne et al. 2003; Pennington and Dick 2010; Sedio et al. 2012).  

 

Importance of vertebrate pollinators and seed dispersers in tropical forests 

The vertical pattern of microenvironmental conditions within tropical forests is crucial as it 

affects the distribution of forest biota, behavior of vertebrates, and numerous other ecosystem 

functions and services (Shaw 2004). For instance, many studies have already observed patterns 

of vertical stratification for birds, bats, primates, and non-flying small mammals in terms of 

species abundance, richness, diversity, and community composition (Buchanan-Smith et al. 

2000; Kalko and Handley 2001; Chmel et al. 2016; Gregorin et al. 2017). In Neotropical 

rainforests, these vertebrates are among the key pollinators and seed dispersers (Fleming 1993; 

Fleming and Estrada 1993; Fleming and Muchhala 2008; Fleming and Kress 2013). Pollination 

and seed dispersal of plants by animals are two of the most eminent mutualistic interactions and 

profoundly contribute to the stability and persistence of ecosystems and associated services 

(Bascompte and Jordano 2007; Thébault and Fontaine 2010). The global percentage of 

angiosperms pollinated by animals is about 88%, with an even higher proportion in the tropics 

(Ollerton et al. 2011). Plants benefit from pollination by vertebrates in multiple ways as 

nectarivorous birds and bats are reliable visitors that carry pollen loads over large distances and 

thus often exceed insects in promoting outcrossing (Fleming et al. 2009). Equally, the 

dependence of plants on animals as seed dispersal vectors is especially high in tropical regions, 

where up to 90% of woody plants produce fleshy fruits that are consumed and their seeds 

dispersed by animals (Howe and Smallwood 1982; Jordano 2000; Lobova et al. 2009). 

Sekercioglu (2006) suggested that birds disperse the seeds of more than 70% of the woody 

plants bearing fleshy fruits in the tropics. Furthermore, seed dispersal by primates has been 

associated with the maintenance of tropical rainforest diversity (Link and Di Fiore 2006). In 

highly disrupted forests, frugivorous bats are the most important seed dispersers since 

fragments are better reached by bats than by birds and primates, due to the lack of appropriate 

perching and nesting sites (Medellin and Gaona 1999; Muscarella and Fleming 2007; Melo et 

al. 2009, but see Farwig et al. 2006). Besides maintaining ecosystem functioning, both animal 

pollination and seed dispersal contribute to crucial ecosystem services including the 

maintenance of plant diversity, which forms the foundation for survival and sustainability 

(Sekercioglu 2006). Since plant and vertebrate communities show vertical stratification, it is 

plausible to assume differences among strata in the patterning of plantïanimal interactions such 

as pollination and seed dispersal. However, actual studies investigating the vertical stratification 
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of essential species interactions such as pollination and seed dispersal are still very rare. 

Crucially, they can improve the understanding of underlying abiotic and biotic factors 

structuring diversity at a finer scale. Further, they can provide a more detailed picture of vertical 

patterns exhibited by forest biota and the effects on species habitat preferences, resource use, 

and spatial movement. 

 

Quantifying differences among strata in plantïanimal interactions 

To understand how species communities are structured, network approaches have received 

growing attention (Bascompte and Jordano 2007). Species interaction networks describe how 

different pairs of species (for instance plants and animals) directly interact with one another, 

incorporating species identity and interaction frequency (Grass 2013). Interaction frequencies 

can be quantified as animal visitation or feeding rates on plants, such as the visitation rate of 

nectarivores or the feeding rate of frugivores. One has to keep in mind that visitation or feeding 

rate do not always reflect effective pollination or seed dispersal (Alarcón 2010; Schupp et al. 

2010; King et al. 2013) but, nevertheless, they are good estimates of the effect that animal 

mutualists have on plants and vice versa (Vázquez et al. 2005, 2012). Utilizing quantitative 

information on interaction frequencies, different indices describing the structure of interaction 

networks have been developed. These indices estimate, for instance, the overall network 

specialization, as well as the degree of specialization of one interaction partner on the other 

(Bascompte et al. 2006; Blüthgen et al. 2006). The use of these quantitative information and 

indices can improve our understanding of differences in the structure of plantïanimal 

interactions among strata. Schleuning et al. (2011) showed that the degree of specialization in 

a plantïfrugivore network in a Kenyan rainforest was vertically stratified. The canopy network 

was composed of strong interaction links and generalized associations, whereas the understorey 

was characterized by weaker links and more specialized associations (Schleuning et al. 2011). 

To date, however, there are only few studies investigating the vertical stratification of plantï

frugivore interactions and, to my knowledge, no study so far has examined the vertical 

stratification of interactions among plants and vertebrate nectarivores. 

 

Determining drivers of differing network structure among strata 

Besides understanding how species communities are structured, identifying the drivers that act 

behind this structure and shape community compositions became a focal point of research. 

Ecologists have long debated whether species communities are randomly assembled or are 
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shaped by internal or external factors such as competitive and environmental filtering 

(MacArthur and Levins 1967). There is increasing evidence against the traditional belief that 

species within a trophic level are ecologically identical and that filtering processes do not play 

a role in structuring species communities (Hubbell 2001). A growing number of studies show 

that environmental filtering and competitive interactions among species drive community 

assemblage. For instance, resource availability is considered as one of the most important 

drivers of network structure (Vázquez, Blüthgen, et al. 2009; Vázquez, Chacoff, and Cagnolo 

2009). Further, functional traits of species have been shown to mediate these structuring forces 

(MacArthur and Levins 1967; Cornwell et al. 2006; Mouillot et al. 2013). Thus, functional 

species traits likely determine interactions among different interaction partners and thus also 

influence the structure of interaction networks. Further, the diversity of functional traits within 

species communities and the variation in their niche space distribution is positively linked to 

ecosystem functioning and stability (Tilman and Downing 1994; Hooper et al. 2005; Loreau 

and de Mazancourt 2013). This effect has been attributed to species` different functional roles 

in ecological communities, which can be ecologically complementary or redundant (Díaz and 

Cabido 2001; Blüthgen and Klein 2011). Vertical stratification seems to play an important role 

in the diversification of plant and animal traits and thereby in structuring mutualistic 

interactions. For instance, plant height affects animals that have preferences for particular forest 

strata (Bender et al. 2018). In turn, the wing shape of avian frugivores is strongly related to 

plant height (Bender et al. 2018). Shanahan and Compton (2001) reported trait-mediated 

vertical stratification in the dispersal of various Ficus species. The small fruits of understorey 

trees were mainly consumed by small non-flying mammals and bulbuls, whereas the larger figs 

of the canopy attracted a more diverse assemblage of large-bodied bird and mammal species. 

Yet, the role of functional traits in structuring the vertical stratification of plantïanimal 

interactions is still poorly understood. 

Lastly, when studying drivers of species network structure, ñhidden playersò influencing 

mutualistic interactions entered the picture. In recent research, plants are increasingly no longer 

considered as standalone entities, but as a holobiont, which they form together with the wide 

diversity of microorganisms inhabiting their internal and external tissues (Vandenkoornhuyse 

et al. 2015). The plant holobiont concept also requires a novel perception of plantïanimal 

interactions, rendering it a tripartite interaction among plants, its microbes, and animals. For 

instance, the diverse and abundant microbes inhabiting the nectar of flowering plants can 

influence plantïnectarivore interactions, since microbial metabolic activity modifies nectar 

sugar concentration, composition, and scent (Pozo et al. 2011; Vannette et al. 2013). As these 
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nectar traits are key mediators in the interaction among plants and nectarivores, these changes 

can also affect the behaviour of nectarivores. So far, the concept of the holobiont and the role 

that ñhidden playersò play in plantïanimal interactions, including whether they might further 

contribute to differences in community structure among strata, is not well-studied. 

 

Marcgravia longifolia as an ideal model species to study vertical stratification 

To date, the few studies investigating vertical stratification of plantïanimal interactions focused 

on plant communities where each plant species presented flowers or fruits within a single 

stratum. However, in these studies, species and stratum are partially confounding variables. 

Yet, there are some plant species, most of them cauliflorous, that present flowers and fruits over 

more than one stratum. The Neotropical liana Marcgravia longifolia (Marcgraviaceae) is an 

ideal model species for examining patterns of vertical stratification in pollinator and seed 

disperser communities because it provides inflorescences and infructescences from the 

understorey to the canopy. Marcgravia longifolia is a woody liana species only known from 

western Amazonia (Tropicos 2020). It produces long pedunculate and flagelliflorous 

inflorescences arising from the unbranched stem of the liana all the way from ground level up 

to the canopy, which is an extremely rare phenomenon within the Marcgraviaceae and for plants 

in general. Foliage, on the contrary, is only produced in the canopy. Within each inflorescence 

20-25 fertile flowers are arranged in a circle around 3-6 saccate and sessile nectaries whose 

openings are positioned just below their point of attachment (Figure 1). Flowers point 

downwards and only open after dusk by shedding the cap-like calyptra revealing a ring of 

ephemeral white stamen, which are shed before daybreak (Tirado Herrera et al. 2003). The 

anthesis of any given inflorescence takes place within 2-5 nights and nectar is produced 

exclusively in the nectaries, starting on the day before and lasting until about 1-2 days after 

anthesis (Willems 2016, Thiel et al. in preparation). Bats, opossums, and hummingbirds seem 

to be the most important pollinators of the few Marcgravia species that have been studied in 

detail (Tschapka and Helversen 1999; Tschapka and Dressler 2002).  
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During field observations, hummingbirds have frequently been observed at inflorescences of 

M. longifolia during day time and they approach the nectaries from above the peduncles so that 

no contact is made with the reproductive parts of the flower. Therefore, hummingbirds only act 

as nectar thieves at M. longifolia, but nocturnal nectarivores seem to be the most important 

pollinators of M. longifolia (personal observations). Fruits of M. longifolia are of bright red 

colour and contain hundreds of seeds with a diameter of ca. 0.06 cm (Tirado Herrera et al. 

2003). The individuals produce a large number of fruits (Paciência 2014) and compared to other 

fruits at the study site, M. longifolia fruits have a high content of sugar, lipids, and proteins 

(Ripperger et al. 2014). They are consumed by a large assemblage of diurnal bird and diurnal 

and nocturnal mammal species (Tirado Herrera et al. 2003; Ripperger et al. 2014; Willems 

2016, Thiel et al. in preparation). Inflorescences and infructescences are produced throughout 

the year, but with a clear fruiting peak from October to December (Tirado Herrera et al. 2003; 

Paciência 2014). Flower and fruit production throughout the ñdry seasonò (when other 

resources are rare), high resource abundance, nutritional content, and the large number of 

visitors suggest that it represents a seasonally (and locally) important resource (Paciência 2014). 

 

 

 

 

Figure 1: Inflorescence of M. longifolia with some open flowers, flowers still being 

enclosed by the cap-like calyptra, and already withered flowers. Downfacing flowers 

are arranged in a dense circle surrounding the six nectary cups (© Katrin Heer 2018). 
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Variability of data quality among taxa 

By offering flowers and fruits across the vertical gradient, M. longifolia attracts a broad 

spectrum of different animal species as pollinators and seed dispersers. Investigating different 

groups of animals across vertical strata is accompanied by certain challenges. Due to different 

taxon-specific characteristics and behavioural patterns, different sampling methods need to be 

used, which results in varying data quality among groups. For birds, focal observations from 

the ground lead to reliable and large data sets and allow the identification of individual species. 

By contrast, for nocturnally active bats, small sample size is a common problem (Kalko and 

Handley 2001). In order to investigate these species, capturing devices such as mist nets and 

automatic wildlife cameras need to be installed at varying heights in the forest. Therefore, the 

trees have to be accessible, for example with rope climbing equipment. Difficulties in the 

placement and configuration of these devices complicate the achievement of large and reliable 

sample sizes and in many cases allow sampling of only a part of the local fauna rather than the 

entire vertical gradient. Further, nocturnal recordings often only provide data on visitation rates 

but do not allow for species-level identification. A number of recent methodological advances 

allowing increased access to the canopy of tropical forests (Nakamura et al. 2017) and 

technological improvements in monitoring systems (Gottwald et al. 2019; Ripperger et al. 2020) 

are promising and will soon enable the collection of highly resolved data across forest strata. 

 

Study site 

I conducted my studies at the Estación Biológica Quebrada Blanco in north-eastern Peruvian 

Amazonia (4°21´S 73°09`W), which is bounded by the rivers Amazon/ Ucayali to the north and 

west and Yavarí to the east. The region includes large stretches of remaining little or 

undisturbed lowland rainforest with a very high biodiversity (te Steege et al. 2000; Brum et al. 

2017). The area at and around the study site is characterized by high ground terra firme 

rainforest on flat to slightly undulating terrain (ñbosque de alturaò; following Encarnación 

1985), interspersed with swampy areas along small creeks. Whereas the Quebrada Blanco 

carries white water, the creeks at the study site carry black or clear water. The soils are primarily 

ultisols with sometimes high proportions of sand (Pitman et al. 2008). Annual precipitation is 

ca. 3,000 mm, with December ï May usually being the wettest and July ï August the driest 

months (Lüffe et al. 2018). Mean monthly temperature in the area ranges between 25 and 27°C 
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(Klingbeil and Willig 2008). The study site is equipped with a 100 m x 100 m trail grid system 

over an area of ca. 1.2 km² (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Goals of my thesis 

In this thesis, I investigated patterns and drivers of vertical stratification in nectarivore and 

frugivore communities and their interactions with plants in tropical forests. Chapter II  

summarizes the current knowledge about vertical stratification of species communities and 

resources, with particular emphasis on vertebrate taxa acting as seed dispersers in tropical 

forests. Further, I reviewed existing literature on the vertical stratification of plantïseed 

disperser interactions and species networks and discussed its evolutionary and ecological 

Figure 2: Maps showing the study site Estación Biológica Quebrada Blanco (EBQB) 

with the grid system surrounding the field station and the location of all recorded 

Marcgravia longifolia individuals and EBQB`s location in Peru (© Esri, Berkeley, 

California). 
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implications. I concluded with a consideration of the implications of global climate change and 

outline directions for future research. In Chapter III , I used a network approach to investigate 

interaction frequency and community composition of frugivores feeding on the fruits of a single 

liana species being offered across all forest strata. This is the first study examining vertical 

stratification in plantïanimal interactions across forest strata for one particular resource, 

independent of changes in resources of this specific species. Marcgravia longifolia produces 

flowers and fruits across forest strata and thus the confounding effect of plant species and 

stratum are eliminated. With this system, I aimed to understand whether vertical stratification 

in plantïanimal interactions is a mechanism that is primarily driven by differences in plant 

community composition among forest strata or rather by inherent preferences of animals for a 

specific stratum. I further investigated whether these preferences were associated with 

functional traits of birds, such as their dietary specialization on fruits as well as their 

morphology. Chapter IV  dealt with the patterns of vertical stratification in the nectarivore and 

in nectar-inhabiting bacteria communities of M. longifolia across strata. Within the same 

system from Chapter III , I investigated whether nectarivorous bats and hummingbirds also 

preferred a certain vertical niche for foraging and whether the diversity and community 

composition of bacteria communities inhabiting the nectar of M. longifolia were vertically 

stratified. I aimed to understand which drivers play a role in determining the vertical foraging 

niche and thus, besides characteristics of bacteria communities, investigated whether 

environmental characteristics and resource quantity and quality differed among strata. 
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