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Summary

Summary

Tropical forestdharbour more than 50% of owro r |biddiversity. Cruciallythis biological
diversity is under serious pressure tluanthropogenic factors such as forest degradation, land
use, and climate change$hese factorslter tropical foreststructure andthreaten the
persistence of native populations and communitiesorder to successfully manage and
conserve tropical forestad their affiliated species and ecosystem functioesneed a better
understanding of the mechanisms that drivér titieucture andunparallelediversity. In this
context, the vertical stratification of tropical forest ecosystema &sy factor promoting
tropical forest diversitgame into focusPlant and animal organisnmhabit a variety of niches
along the vertial forest gradientCommunities obirds, bats, primates, and small Atying
mammalsare vertically stratifiedn terms ofspecies abundance, richness, anthmunity
compositionAs many animal species from these tas@important nectarivores and frugies

in tropical forests, the vertical structure of their communities likelycesdifferences among
strata in the patterning eésociated ecological processes such as pollination and seed dispersal.
These mutualistic interactions are considered tlokbmme of ecological communities as they
are ultimately linked to the organization, functioning, and integrity of ecosystéongever

our understandingf how interactions among plants and animals are structured across the
vertical gradient is very limitk To date,the few studies examining patterns of vertical
stratification in plaritanimalinteractionsarescarce antimited to plant frugivore interactions.
Further we know little about theriverscreaing the potentiallyertically stratified structure

of interaction networks Gener al | y, resource availability
considered as the most important drivers of network strudaeently, he role of microbes

as fAhi dden pl ayualistis iateractiohslsacanre info focus. Rlants 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 anfetalthe

roles a n i mfarictoral traits andnicrobes adi h i d d e n mjgtht play & rsteucturing

differencesamong strata iplant animal interactiongrepoorly understood

With this thesis, | aim to narrow these gaps by addressing the following questibosy i)
pronounced are the patterns of vertical stratificatioserddispersing vertebrate communities
and their interactions with plants in tropical for@sii} canpatterns of vertical stratification in
plant animal interactions reported elsewhere be gerzedhlfor a specific resource that is
available across forest stratd@ore 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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Summary

entire vertical gradient and iMf so, which drivers are causingthe vertically stratified

interactionstructure?

Chapter 1l is a literature review thasummarizescurrent knowledge about the vertical
stratification of vertebrate seed disperser communities and their resources in tropical forests,
with particular emphasis on plédseed disperser interactions and speciesar&s. InChapter

[l and IV , | usedMarcgravialongifolia as amodel specieso study whethewertebrate
nectarivore and frugivore communities feeding in a single liana speeidtowers andfruits

across forest strata show patterns of vertical Stratiion and whichdriving factorscausehese
patterns | applied a network approach to assess differences in community composition and
interaction frequency of nectarivores and frugivores among siriaém,| examined whether
animab functional traits, differences in environmental characteristiagsource quantity and
guality among strataplayed an important role in determining the vertical foraging niche
Considering the role of mi cr obesplagianimalmpor t a
interactions, inChapter Il , | further investigated if the bacteria communities inhabiting the
nectar of M. longifolia show patterns of vertical stratification in terms of diversity and
community compositiorMy work shows thail) vertical gratification is a key feature of tropical
foreststhatshapedglifferences among strata in the patterning of pamimal interactionsThis

was manifested in differing interaction frequencies and mutual specialization among strata
(Chapter 11). Further, Ifound ii) strong patterns of vertical stratification of plicamimal
interactionsat a single plant specieshichimpliesthatther vertical structurés not primarily

driven by differences in plant community composition among s{Gitapter 11l and IV ). |

also demonstrated that iii) both studied mutualistic interactions differed amongrstextas

of interaction frequency and community compositioNectarivores and frugivores
preferentially foraged in a distinct vertical niclewen though the samesource was available
across stratéChapter Il and IV ). However, thadriversacting behind the vertically stratified
structure of plantfrugivore and plantectarivore interactions differed. | showed thatthg

strong vertical stratification of plaiftugivore interactions was primarily driven by inherent
preferences of ani mal fanctidnal rtraitsc sucht as itinedietary r at a .
dependence on frugindtheir morphologyplayed an important role in determining their vertical
foraging nihe Chapter Il ). In contrastplant nectarivore interactions were mainly driven by
variation in resource abundance among strata as well as competitive interactions among species
of different hummingbird subfamilies. Furthahe diversity ofnectarinhabting bacteria
differed among strata&Considering their rolasihidden playersinfluencingthe interactions

among plants and nectarivores, they might beteal driver in structuring vertically stratified
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plant nectarivore interactiongChapter V). Understanding thestructureand drivers of
vertically stratified nectarivore and frugivore communities and their interaction with pdants
crucial to predicthow vertically stratified tropical forests and their affiliated species and

ecosysteniunctions will perform under global change.



Summary




Zusammenfassung

Zusammenfassung

Tropische Walder beherbergen mehr als 50% der biologischen Vielfalt uEsdesdedoch
wird diese Vielfalt durch anthropogene Faktorewie Waldabbau,Landnutzung-, und
Klimaveranderungen stagefahrdetDiese Faktoren verandern die Struktopischer Walder
und bedrohen den Fortbestahder Populationen und Gemeinschaften. Um tropische Walder
und die mit ihnen verbundenen Arten und Okosystemfunktionen erfolgsehulitzen und
erhalten zu kénnemmissen wir dieMechanismen, die ihre Struktur und unvergleichliche
Vielfalt bestimmen besser verstehenin diesem Zusammenhang rickte die vertikale
Stratifizierungtropischer Walddkosysteme als SchlisselfaktonHie Vielfalt in den Fokus.
Pflanzen und Tiere bewohnen eine Vielzahl von Nischen entlang des vertikalen
Waldgradienten.Die Artenvielfalt, Diversitdt und Artenzusammensetzungn Vogel,
Fledernmaus, Primatenr, und kleinen, nicht fliegenden Saugegiemeinschaén sind vertikal
stratifiziert Da viele Tierarten dies@ axa wichtige Nektavore und Frugivorein tropischen
Waldern sind, fuhrt die vertikale Struktur ihrer Gemeinschagrwahrscheinlich zusich
zwischen den StratanterscheidendeMusterndamit verbundenedkologische Prozesse wie
Bestaubung und Samamdbreitung. Diese mutualistischen Interaktionen werden als das
Ruckgrat 6kologischer Gemeinschaften angesehen, dawidlegendnit der Organisation,
Funktionalitatund Integritat von Okosystemen verbunden sind. Undssendariiber, wie die
Interaktionen zwischen Pflanzen und Tieren tGber den vertikalen Gradienten hinweg strukturiert
sind, ist jedoch sehr begrenzt. Bis heute sind die wenigen Studien, die Mustealererti
Stratifizierungin den Interaktionen zwischen Pflanzen und Tieren untersusbkenund auf
PflanzeFrugivorInteraktionerbeschranktZzudemwissen wir wenig Uber die Faktoren, die
potentiell vertikal stratifizierte Struktur von Interaktionsneiverken beeinflussen Generell
wurden Ressourcenverfligbarkeit und die funldiam Eigenschaften der Tiere als die
wichtigsten Treiber deBtruktur von NetzwerkeangeseherKirzlich ist auch @ Rolle von
Mikroben als "versteckte Spieler”, die mutuasistie Interaktionen beeinflussen, in den Fokus
geruckt. Pflanzen beherbergen eine grol3e Vidfallikroben auf inrennnerenund aufl3eren
Geweben, was ihre Interaktionen mit Tieren zu einer dreiteiligen Interaktion zwischen den
Pflanzen, ihren Mikroben unden Tieren macht. Dennoch ist die Rolle der funktionellen
Eigenschaften der Tiere und insbesondere der Mikroben als "verstekiciere' bei der

Strukturierung vertikastratifizierterPflanzeTier-Interaktionen nur unzureichend verstanden.

Meine Arbeit ist ein Beitrag dazuliese Lickereu verringern. Ich habe mich dazu mit den
folgenden Fragen beschatftig} Wie ausgepréagt sind die Muster vertika&dratifizierungin

sameaudbreitenden Wirbeltiergemeinschaften und deren Interaktionen mit zéflamn
7



Zusammenfassung

tropischen Waldern? ii) Kénndmsher beobachteMuster vertikale Stratifizierungn Pflanze
Tier-Interaktionen fur eine bestimmte Ressource verallgemeinert werden, die Ubstrélfald
hinweg verflugbar ist? Genauer gesagt, iif) suchen Nektaund Frugivore bevorzugt in einer
bestimmten vertikalen Nische nach Nahrung, auch wenn die gleiche Ressource entlang des
gesamten vertikalen Gradienten verflgbar ist, und iv) wenn ja, welche Faktoren verursachen

die vertikalstratifiziertelnteraktionsstrutur?

Kapitel 1l ist eine Literaturtbersicht, die das aktuelle Wissen Uber die verSkagfizierung

von WirbeltierSamenausbratgemeinschaften und deren Ressourcen in tropischen Waldern
zusammenfasst, mit besonderem Schwerpunkt auf PfBazenauskeiter-Interaktionen und
Artennetzwerken. InKapitel Ill und IV habe ichMarcgravia longifolia als Modellart
verwendet, um zu untersuchen, ob Naktar, und -Frugivolgemeinschaften, die sich von
einer einzigen Lianenart erndhren, die Uake Waldstratahinweg bliht und Frichte tragt,
Muster vertikale Stratifizierung zeigen und welche treibenden Faktoren diese Muster
verursachen. Ich wandte eine Netzweddgsean, um Unterschiede in der Zusammensetzung
der Gemeinschadh und der Interaktionshaufigkeit von Nektaivoren und Frugivoren
zwischen denStrata zu quantifizieren Anschlieend untersuchte ich, ob funktionelle
Eigenschaften der Tiere, Unterschiemd@schen den Strata den Umwelteigenschaften oder

in der Quantitat und Qualitat der Ressourcen eine wichtige Rolle beFestegungder
vertikalen Nische spielern Anbetracht der Rolle der Mikroben als wichtigeetf'steckte
Akteure", welchedie Interaktionen zwischen Pflanzen und Tieren beeinflussen, habe ic
Kapitel Il weiter untersucht, ob die Bakteriengemeinschaften, die den NektaMvon
longifolia bewohnen, Muster vertikale Stratifizierung in Bezug auf Vielfalt und
Gemeinschaftszusammensetzugigen Meine Arbeit zeigt, dass i) vertikaltratifizierung

ein Schlusselmerkmal tropischer Walder vaglchesUnterschiede zwischen d&tratain der
Gestaltung der Interaktionen zwischen Pflanzen und Tieren beeinflusst. Dies manifestierte sich
in unterschiedlichen Interaktionshaufigkeiten wedjenseitigeSpezialisierung zwischen den
Strata(Kapitel Il ). Weiterhin fand ich ii) starke Muster vertikatratifizierungvon Pflanze
Tier-Interaktionen bei einer einzelnen Pflanzenart, was impliziert, dass ihre vertikale Struktur
nicht primar durch Unterschiedsn der Zusammensetzung der Pflanzengemeinsahaft
zwischen derstratabestimmt wird Kapitel 111 und 1V ). Ich habe auch gezeigt, dass iii) beide
untersuchten mutualistischen Interaktionen sich zwischerStataunterscheidermn Bezug

auf die Interaktionsaufigkeit und die Zusammensetzung der Gemeinsahafektaivore und
Frugivore suchten bevorzugt in einer bestimmten vertikalen Nisatie Nahrungobwohl die

gleiche Ressource in all&trataverfigbar war Kapitel Il und 1V ). Die Treiber, die hinter

8



Zusammenfassung

der vertikalstratifiziertenStruktur der Pflanz&rugivor und PflanzeNektarivorInteraktionen
stehen, waren jedoch unterschiedlich. Ich zeigte, dass iv) die starke vé&tikifezierungder
PflanzeFrugivorIinteraktionen in erster Linie durch inharente Préferenzen der Tiere fir
bestimmteStrataangetrieben wurde. Die funktiehen Eigenschafterder Vogel, wie ihre
Nahrungsspezialisierung akflchte und ihre Morphologie, spielten eine wichtige Rolle bei
der Festlegungihrer vertikalenFutternsche Kapitel Il ). Im Gegensatz dazu wurden die
Interaktionen zwischen Pflanzen uhktarivorenhauptsachlich durch Variationen in der
Ressourcesbundanzzwischen denStrata sowie durchKonkurrenz zwischen den Arten
verschiedeneKolibri Unterfamilien bestimmt. Auf3erdem unterschied sich die Vielfalt der
nektarbewohnenden Bakterien zwischen 8énata In Anbetracht ihrer Rolle als "versteckte
Akteure",welchedie Interaktionen zwischen Pflanzen und Nektarivoren beegdiykonnten

sie ein entscheidender Faktor bei der Strukturierung vestikatifizierterPflanzeNektarivor
Interaktionen sein Kapitel 1IV). Das Verstandnis der Struktur und dereiber vertikal
stratifizierte: Nektaivor- und Frugivorgemeinschaften uitgrer Interaktion mit Pflanzen ist
entscheidend fur die Vorhersage, wie sich vert#tadtifiziertetropische Walder und die mit
ihnen verbundenen Arten und Okosystemfunktionen unter dem globalen Wandel verhalten

werden.
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1 General introduction

Tropical forests and the threat of globalchange

Humanity has long been monopolizing our plaivetousek et al. 1997)The immense growth

of the human population combined with theusttial and economic development and ongoing
globalization are causing profound alterations of the Earth systhioh are noweferred to

as fAgl ob@iousekretsah IP@7PMEA 2005T he impact of global change on earth's
biodiversityis alarming. Tropical forests, harbouring more than 50% of the world's species,
have conventionally been considered to represent a natural and pristineHstaéer,
nowadays they arsusceptibleéo anthropogenic factors such as forest degradation;used

and climate changed.ewis et al. 2004) These fators alter forest structure and constitute
serious threats to the biological diversity of the trofgleswis et al. 2004; Tylianakis et al.
2008) Thus, they are also of high social and ecological relevyamecbiodiversity isdirectly
connected to ecosystem functioning and provides essential ecosystem services to humans
(Costanza et al. 1997; Hooper et al. 20053 evident that in order to successfully manage and
conserve tropical forests and the ecosystem services they provide to the world] wéeker
resolved understanding of the mechanisms that drive the structure anganalleledliversity

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

key factor promoting tropical forest diversitgme into the focus of research.

Vertical stratification as a guiding principle in forest ecosytems

In forest ecology, the vertical organization of structures, microclimate, and biota has been a
recurring topic in research and ecosystem description since the (&i%6s et al. 1949;

Richards 1952; Geiger 1965; Smith 1973; Bongers 2001) n gener al , the ter
is used to describe phenomehat are distinct but closely related and interconne(Sadith

1973) Vertical stratificiion mayrefer 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:

AA patent feature of this orderlyrrmangement 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 havas 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
13



1 General introduction

are they to live in other strata. Such organisms are stratal indices. WetHatdthese
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 sewarata of trees with several developed
canopies (Allee et al949, p.478182)0

The six typical vertical strata of forest communities are: soil, forest floor, herbaceous, shrub,
tree, and emergent layerBhe microenvironmental differences among thetwata, such as
temperature, light, humidity, and wind are determined by the forests plant species composition
and threedimensional structuréGeiger 1965; Parker 1995)ertical climatic gradients within
forests arenore pronounced thahose defined by latitude and elevation. Climate may vary by

as much as°€ and 10% humidity along a 280 m verticalforest gradient, which is equivalent

to over 400 m in altitudand hundreds okilometres in latitudgScheffers et al. 2013)n
general, the climate of the upper cansppwsmore extremeircadian climatic/ariatiorsthan

the lower layersFor instance, in a tropical lowland rainforest in Costa Rica, the canopy
temperature reged 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°etcher et al. 1985Microclimatic profiles, light quality, and

light quantityare influenced by forest type and struct(@aw 2004)Evergreen forests, for
example, allow less light through the canopy than deciduous hardwdlogs cingforest floor

biota and lower canopy environmelfk&ato and Yamamoto 2002n tropical dry forests and
submontane evergreen ésts, foliage has the highest density in the canopy and understorey,
whereas the midstorey is more op@rerborgh and Wesk&969; Pearson 1971; Terborgh
1980) Typical tree structures that are vertically organized are leaves, reproductive parts, trunks,
branches, butts, roots, and dead w(&ltaw 2004 For instance, in different types of temperate

and tropical forests, fleers and fruits show higher abundance in the canepie tree trunks

and dead leaves dominate undand midstorey level§Terborgh 1980; Marra and Remsen
1997)

Just asAllee et al.(1949) already highlighted thexeeptionality of tropical forests, their
diversity and structural complexity renders them particularly interesting for the study of
vertically stratified ecological communitie3heir canopies can reach heiglager 50 m,
spanning from the lowest herbsl@ emergent laye(Richards 1952)Theircomplexstructure

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

for niche diversificatio{Ozanne et al. 2003Yhat isalsowhy vertical stratification has been

14



1 General introduction

considered a pivotal factor shaping #pecies richness and diversity of tropical for@stsght
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 wittiapical forests is crucial as it
affects the distribution of forest biota, behavior of vertebrated,numerous oth&cosystem
functions and servicgShaw 2004)For instancemany studietiave already observed patterns

of vertical stratification for birds, bats, primates, and-figimg small mammals in terms of
species abundance, richness, diversity, and community compa8techanarSmith et al.

2000; Kalko and Handley 2001; Chmel et al. 2016; Gregorin et al. 201 Neotropical
rainforests, these vertebrates are amongekekllinators and seed dispers@gfeming 1993;
Fleming and Estrada 1993; Flemiaigd Muchhala 2008; Fleming and Kress 20P8)lination

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 .20h8) global percentageof
angiosperms pollinateoly 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 outcrosgifigming et al. 2009)Equally, the
dependence of plants on animassseed 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 animaléHowe and Smallwood 1982; Jordano 2000; Lobova et al. 2009)
Selercioglu (2006)suggested that birds disperse the seeds of more than 70% of the woody
plants bearing fleshy fruits the tropics Furthermore, seed dispersal by primates has been
associated with the maintenance of tropical rainforest divefisitk and Di Fiore 2006)In

highly disrupted forestsfrugivorous bats are the most important seed dispessece
fragments are better reached by bats than by birds and primates, due to the lack of appropriate
perching and nesting sité§ledellin and Gaona 1999; Muscarella and Fleming720elo et

al. 2009 but sed-arwig et al. 2006)Besides maintaining ecosystem functioning, both animal
pollination and seed dispersal contribute to crucial ecosystem senvickgling the
maintenance of plant diversjtyvhich forms the foundation for wvival and sustainability
(Sekercioglu 2006)Since plant and vertebrate communities show vertical stratificaties,
plausible to assume differena@songstrata in the patterning of plaatnimal interactions such

aspollination andseed dispersaHowever, actual studies investigating the vertical stratification
15



1 General introduction

of essential species interactions such as pollination and seed dispersal are stillecery rar
Crucially, they can improve the understanding afnderlying abiotic and biotic factors
structuring diversity at a finer scafeurther, they caprovide amore detailed picture of vertical
patterns exhibited by forebiota and the effects mpecies habitat preferences, resowse,

andspatial movement

Quantifying differences among strata in plant animal interactions

To understand how species communities are structured, network approaches have received
growing attention(Bascompte and Jordano 2003pecies interaction networks delserhow
different pairs of species (for instance plants and animals) directly interact with one another,
incorporating species identity and interaction frequgi@nass 2013)Interaction frequencies

can be quantifieé as animal visitation or feeding rates on plast&h aghe 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 dispéidatcén 2010; Schupp et al.

2010; King et al. 2013put, nevertheless, they are good estimates of the effect that animal
mutualsts have on plants and vice ve(8&zquez et al. 2005, 2012)tilizing quantitative
information on interaction frequeies, 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; Bliuthgen et al. 2008)e use of these quantitative information and
indices can improve our understanding of differences in the structure of gianal
interactions among strat8chleuning et ak2011)showed thathe degree of specialization in
aplant frugivore network in a Kenyan rainforesasvertically stratified The canopy network

was composed of stromgteractionlinks and generalized associations, whereas the understorey
was characterized by weakinks and more specialized associati¢8shleuning et al. 2011)

To date, however, there are only few studies investigating the vertical stratification ®f plant
frugivore interactions and, to my knowledge, no study sohts examined the vertical

stratification of interactions among plants and vertebrate nectarivores.

Determining drivers of differing network structure among strata

Besides understanding how speciesmmunities are structured, identifying the drivers that act
behind this structure and shape community compositions became a focal point of research.

Ecologists have longebatd whether species communities are randomly assembled or are
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shaped by internabr external factors such as competitive and environmental filtering
(MacArthur and Levins 1967)here is increasing evidence against the traditionalfibbe
speces within a trophic level are ecologically identical and that filtering processes do not play
a role in structuring species communit{elibbell 2001) A growing number of studies show
that environmental filtering and competitive interactions among species drive community
assemblage. For instanaesource availability is considered as one of the most important
drivers of network structur@/azquez, Bluthgen, et al. 2009; Vazquez, ChaeoftlCagnolo
2009) Further,functional traits of species have bedrownto mediate these structuring forces
(MacArthur and Levins 1967; Cornwell et al. 2006; Mouillot et al. 20T8Blus, functional
species traits likely determine interactions among different interaction partnetisusradiso
influence the structure of interaction networks. Further diversity of functional traits within
species communities and the variatiortheir niche spacelistributionis positively linked to
ecosystem functioning and stabili{yilman and Downing 1994; Hooper &t 2005; Loreau

and de Mazancourt 2013)his effecthas been attributed tpeciesdifferent functional roles

in ecological communities, which can be ecologicatlynplementarpr redundan{Diaz and
Cabido 2001Bluthgen and Klein 2011 ) ertical 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 prefererpasi¢otar forest
strata(Bender et al. 2018)n turn, the wing shape of avian frugivores is strongly related to
plant height(Bender et al. 2018)Shanahn and Compton (200Xeported traHmediated
vertical stratification in thelispersal of variouEicus speciesThe small fruits ofunderstorey
treesweremainly consumed by small ndlying mammals and bulbuls, whereas the larger figs
of the canopy dracted a more diverse assemblage of Hogdied bird and mammal species
Yet, the role of functional traits in structuring the vertical stratification of péaminal

interactions is still poorly understood.

Lastly, when studying drivers of species neatkvatructure,i hi d d e n influergigyge r s 0
mutualistic interactions entered the picturerecent research, plants amereasinglyno longer
considered as standalone entities, but as a holobiont, which they form together wiithethe
diversity of microaganisms inhabiting their internal and external tisgMasmdenkoornhuyse

et al. 2015) The plant holobiont conceptiso requires a novel perception of plaahimal
interactionsrendering it a tripartite interaction amoptants, its microbes, and animalor
instance, the diverse and abundant miesdbhabiting the nectar ofiowering plants can
influence plant nectarivore interactionssince microbialmetabolic activity modiés nectar

sugar concentration, composition, and s¢Botzo et al. 2011; Vannette et al. 20183 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 farcdheept of the holobiont and thele
thatfl h i d d e n plgylingpharé anisna@ interactionsincluding whether they might further

contribute to differences in community structure among sisateot wellstudied.

Marcgravia longifolia as an ideal model specie$o study vertical stratification

To date, the few studies investigativertical stratification of plaiianimal interactions focused

on plant communities where each plant species presented flowers or fruits within a single
stratum. However, in these studispecies and stratum are partially confounding variables.
Yet, there ge some plant species, most of them cauliflorous, that prié@erts andruits over

more than one straturithe Neotropical lianaarcgravia longifolia(Marcgraviaceaejs an

ideal model speciesfor examinng patterns of vertical stratification in polator and seed
disperser communitiebecauseit provides inflorescences andnfructescences from the
understorey to the canopWarcgravialongifolia is a woody liana species only known from
western Amazonia (Tropicos 2020t produces long pedunculate arithgelliflorous
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 pretlin the canopy. Within each inflorescence
20-25 fertile flowers are arranged in a circle arour@ Saccate and sessile nectaries whose
openings are positioned just below their point of attachniEigure 1) Flowers point
downwards and only open aftdusk by shedding the cdige calyptra revealing a ring of
ephemeral white stamen, which are shed before daylffeéado Herrera et al. 2003The
anthesis of any given inflorescence takes place withtnrizgghts and nectar is produced
exclusively in the nectariestarting on the day before and lasting until abe@tdays after
anthesigWillems 2016 Thiel et al. in pregration). Bats, opossums, and hummingbirds seem

to be the most important pollinators of the fBlarcgravia species that have been studied in
detail (Tschapka and Helversen 1999; Tschapka and Dressler.2002)
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Figure 1: Inflorescence oM. longifolia with some open flowers, flowers still beir
enclosed by the calke calyptra, and already withered flowers. Downfacing flov
are arranged in a dense circle surrounding the six nectanf@ufetrin Heer 2018

During field observations, hummingbgdhave frequently been observed at inflorescences of
M. longifoliaduring 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 tlves atM. longifolia, but nocturnal nectarivores seem to be the most important
pollinatorsof M. longifolia (peronal observations)Fruits of M. longifolia are of bright red

colour andcontain hundreds of seeds with a diameter of ca. 0.06Tarado Herrera et al.

2003) The individuals produce a large number of fr@iraééncia 2014 and compared to other

fruits at the study sitéyl. longifolia fruits have a high content of sugar, lipids, and proteins
(Ripperger et al. 2014)hey are consumed by a large assemblage of diurnal bird and diurnal
and nocturnal mammal speci€&rado Herrera et al. 2003; Ripperger et al. 2014; Willems
2016 Thiel et al. in peparation. Inflorescences anchiructescences are produced throughout

the year, but with a clear fruiting peak from October to Decerfibexrdo Herrera et al. 2003;
Paciémia 2014) Flower and f u i t production throughout t he
resources are rare), higesourceabundance, nutritional content, and the large number of

visitors suggest that it represents a seasonally (and locally) important r§Ragaiéacia 2014)
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Variability of data quality among taxa

By offering flowers and fruits across the vertical gradiévit, longifolia attracts a broad
spectrum of different animal species as pollinators and seed dispbrgessigating different
groups of animals across vertical strata is accompanied by certain challagés.different
taxonspecificcharacteristics and behavioupatterns, differensampling methodseed to be

used which resultdn varying data quality among groupBor birds, focal observations from

the groundead toreliable and large datetsand allow the identification of individual species

By contrast, &r nocturnally activebats, small sample size is a common prob{&dko 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
treeshave to be accessible, for example with rope climbing equipmefficuies in the
placement and configuration of these devices complicate the achievement of large and reliable
sample sizeand in many casesdlow sampling of only a paudf the local famarather tharthe

entire vertical gradienEurther, octurnal recordingeften onlyprovide data on visitatiorates

but do not allowfor speciedevelidentification.A number of recent methodological advances
allowing increased access to the canopy of tropical for@ékamura et al. 2017and
technological improvements inanitoring systemgGottwald et al. 2019; Ripperger et al. 2020)

arepromisng and will soon enable the éattion of highly resolved data across forest strata.

Study site

| conducted my studiest the Estacion Biolégica Quebrada Blanco in nedhktern Peruvian
Amazonia (4°21°S 73°09 Wivhich is bounded by the rivers Amazon/ Ucayali to the north and

west andYavari to the east. The region includes large stretches of remaining little or
undisturbed lowland rainforest with a very high biodiver§igéySteege et al. 2000y7@n et al.

2017) The area at and around the study site is characterizddghygroundterra firme
rainforeston flat to slightly undulating terrai¢ i bos que de aEntamac®m ; f ol
1985) interspersed with swampy areas along small creeks. Whereas the Quelaranta B

carries white water, the creeks at the study site carry black or clear water. The soils are primarily
ultisols with sometimes high proportions of sgRitman et al. 2008 Annual precipitation is

ca. 3,000 mm, with DecembérMay usuallybeing the wettest and JuilyAugust the driest

months(Luffe et al. 2018)Mean monthly temperature in the area ranges between 25 and 27°C
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(Klingbeil andWillig 2008). The study site is equipped with a 100 m x 100 m trail grid system
over an area of ca. 1.2 kifiRigure 2).

Estacion Biolégica Quebrada Blanco

B ‘.mﬂﬂ-
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M 27.Muae M
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|
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Marcgravia longifolia
A Field station
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Quebrada

1.000Km

Figure 2: Maps showing the study sitEstacion Bioldgica Quebrada BlandeBQB)
with the grid systensurroundinghe field station and the location of edicorded
Marcgravia longifoliaindividuals andEBQB's location in Peru (&sri, Bekeley,
California).

Goals of my thesis

In this thesis| investigatel patterns and drivers of vertical stratification in nectarivore and
frugivore communities and their interactions with plamtstropical forests Chapter Il
summarizes theurrent knowledge abouwtertical stratificationof speciescommunities and
resourceswith particular emphasis overtebrate taxa acting as seed dispersers in tropical
forests. Further, | reviewed existing literature on thevertical stratificationof plant seed

disperser interactions and species networks diadused its evolutionary andecological
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implications.l concludel with a consideration of the implications of global climetb@nge and
outline directions for future researdh.Chapter Ill , 1 used a network approachitwestigate
interaction frequency and community compositiofradivores feeding on the fruits of a single
liana species being offered across all forest strata. This is the first study examining vertical
stratification in plaritanimal interactions across forest strata for one particular resource,
independent of chaeg in resources of this specific specisrcgravia longifoliaproduces
flowers and fruits across forest strata and thus the confounding effect of plant species and
stratumareeliminated.With this system, himed to understand whethegrtical stratifiation

in plani animal interactions is a mechanism that is primarily driven by differences in plant
community composition among forest strata or rather by inherent prefereram@mafsfor a
specific stratum.l further investigatedwhether these preferencewere associated with
functional traits of birds, such as thalietary specialization on fruitas well as their
morphology.Chapter IV deat with the patterns of vertical stratification in the nectarivaond

in nectarinhabiting bactea communitiesof M. longifolia across strataWithin the same
systemfrom Chapter Il , | investigated whether nectarivorous bats and hummingbirds also
prefered a certain vertical niche for foragingnd whether thediversity andcommunity
composition of hActeria communities inhabiting the nectarMflongifolia were vertically
stratified. | aimed to understamehich driversplay a role in determining the vertical foraging
niche and thus, besidegharacteristics ofbacteria communities, investigatesthether

environmental characteristiemdresource quantity and qualitjfferedamong strata
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ABSTRACT

Vertical stratification (VS) is a widespread phenomenon in plant and animal communities in forests and a key factor for
structuring their species richness and biodiversity, particularly in tropical forests. The organisms composing forest com-
munities adjust and shape the complex three-dimensional structure of their environment and inhabit a large variety of
niches along the vertical gradient of the forest. Even though the degree of VS varies among different vertebrate groups,
patterns of compositional stratification can be observed across taxa. Communities of birds, bats, primates, and non-flying
small mammals are vertically stratified in terms of abundance, species richness, diversity, and community composition.
Frugivorous members of these taxa play important roles as sced dispersers and forage on fruit resources that, in turn, vary
in quantity and nutritional value along the vertical gradient. As a consequence, plant—seed disperser interaction networks
differ among strata, which is manifested in differences in interaction frequencies and the degree of mutual specialization.
In general, the canopy stratum is composed of strong links and generalized associations, while the lower strata comprise
weaker links and more specialized interactions. Investigating the VS of communities can provide us with a better under-
standing of species habitat restrictions, resource use, spatial movement, and species interactions. Especially in the face of
global change, this knowledge will be important as these characteristics can imply different responses of species and taxa
at a fine spatial scale.

Key words: stratum, plant-animal interactions, sced dispersal, frugivory, birds, bats, primates, non-flying small mammals,
fruits, tropical forests
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“One of the outstanding general principles of commu-
nity organization is that of stratification. Nearly all
communities share a well-defined lamination into a
column of strata upon a vertical organismal gradient”

(Allee et al., 1949, p. 442).

I. INTRODUCTION

(1) VS as a guiding principle in ecology

The vertical organization of structures, microclimate, and
biota in ecosystems has been a recurring topic in scientific
rescarch and ecosystem description since the 1950s (Allee
et al., 1949; Richards, 1952; Geiger, 1965; Smith, 1973;
Bongers, 2001) and the concept of vertical stratification
(VS) is one aspect of this (Richards et al., 1996). In science,
the general term ‘stratification’ is used to describe distinct,
but closely related and interconnected phenomena. VS can
refer to the vertical layering of microclimate, leaf mass, food
resources, or animal communities. Allee et al. (1949) per-
ceived VS as a general phenomenon of plant and animal
communities in terrestrial (forests, deserts, grasslands) and
aquatic (oceans, intertidal zones, lakes) environments. For
example, fresh- and saltwater environments exhibit gradients
of water pressure, temperature, light intensity, wavelength
absorption, and other abiotic factors (Allee et al., 1949).
Grassland can be divided into subterranean, floor, and her-
baceous layers. Forest communities mostly have six vertical
strata: soil, forest floor, herbaceous, shrub, tree, and emer-
gent layers. Organisms composing these communities adjust
to the vertically stratified environment (Allee et al., 1949).
Whereas for aquatic environments and grasslands many
early studies described the VS of abiotic and biotic factors
(Shelford & Galil, 1922; Woltereck, 1932; Henrici, 1939;
ZoBell, 1946), knowledge about forest stratification was for
many years more or less restricted to the lower layers (Allee
et al., 1949). During the last 30 years, improved access to
the forest canopy has changed our understanding of key eco-
system processes substantially (Ozanne et al., 2003).

The vertical pattern of microenvironmental conditions such
as temperature, light, humidity, and wind on the forest is
determined by its 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 clevation. 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, circadian climatic variations of the upper canopy
are much stronger than those in the lower layers. For instance,
the canopy temperature of a tropical lowland rainforest in
Costa Rica ranges during the day from 20.5°C to 27°C, com-
pared to 22°C to 25°C in the understorey (Fetcher, Ober-
bauer, & Strain, 1985). Also, the vapour pressure deficit in
the understorey is stable at around 0.2 kPa, but ranges from
0.3 to 0.9 kPa in the canopy (Fetcher ¢t al., 1985). Forest type
and structure influence microclimatic profiles, light quality,
and light quantity (Shaw, 2004). Evergreen forests, for exam-
ple, allow less light through the canopy than deciduous hard-
woods, affecting forest floor biota and lower-canopy
environments (Kato & Yamamoto, 2002). In submontane
evergreen forests and tropical dry forests, foliage shows the
highest density in the canopy and the understorey, with more
open spaces in the midstorey (Terborgh & Weske, 1969;
Pearson, 1971; Terborgh, 1980). Vertically organized plant
structures comprise leaves, reproductive parts, trunks,
branches, butts, roots, and deadwood (Shaw, 2004). For
instance, in different types of temperate and tropical forests,
flowers and fruits show higher abundance in the canopy,
whereas tree trunks and dead leaves dominate under- and
midstorey levels (Terborgh, 1980; Marra & Remsen, 1997).

(2) VS of tropical forests

Due to their diversity and structural complexity, tropical for-
ests are of particular interest for the study of VS of ecological
communities. Their canopies can reach heights of >50 m,
spanning from the lowest herbs to the emergent layers
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(Richards, 1952). Their complex three-dimensional structure
and the diversity of microenvironments along the vertical
gradient provide ample opportunities for niche diversifica-
tion (Ozanne ¢t al., 2003). Thus, VS has been considered a
pivotal factor shaping the species richness and diversity of
tropical forests (Condit et al., 2002; Wright, 2002; Ozanne
et al., 2003; Pennington & Dick, 2010; Sedio, Wright, &
Dick, 2012). Furthermore, their canopies are considered to
be hotspots of biological diversity (Ozanne et al., 2003; Naka-
mura et al., 2017).

(3) Importance of vertebrate seed dispersers in
tropical forests

The vertical pattern of microenvironmental conditions within
forests is crucial as it affects the distribution of forest biota,
the behaviour of vertebrates, and numerous other aspects of
ecosystem functioning (Shaw, 2004). For instance, many stud-
ies have observed VS for birds, bats, primates, and small non-
flying mammals in terms of community composition, species
diversity, richness, and abundance (c.g. Buchanan-Smith
et al., 2000; Kalko & Handley, 2001; Cunha & Vieira, 2002;
Vieira & Monteiro-Filho, 2003; Buzzard, 2006; Chmel ¢t al.,
2016; Gregorin ¢t al., 2017; Dinanti, Winarni, & Supriatna,
2018). In tropical rainforests, these vertebrates are among the
most important seed dispersers (Fleming, 1993; Fleming &
Kress, 2013). Up to 90% of tropical rainforest plant species
produce fleshy fruits that are consumed and their seeds dis-
persed by birds, bats, primates, and non-flying small mammals
(Howe & Smallwood, 1982; Lobova, Geiselman, & Mori,
2009). Sckercioglu (2006) suggested that birds disperse the
seeds of more than 70% of the woody plants bearing fleshy
fruits. Furthermore, seed dispersal by primates has been associ-
ated with the maintenance of tropical rainforest diversity
(Link & Di Fiore, 2006). Lastly, frugivorous bats are the most
important seed dispersers in highly disrupted forests, as frag-
ments are better reached by bats than by birds and primates,
due to the lack of appropriate perching and nesting sites
(Medellin & Gaona, 1999; Melo ¢ al., 2009; Muscarella &
Fleming, 2007, but see Farwig, Bohning-Gaese, & Bleher,
2006). Rainforest plants may profit substantially from seed-
dispersing vertebrates, as these move over longer distances
and thus maintain gene flow among populations on larger spa-
tial scales, enable escape from high mortality near mother
plants, and allow the colonization of new sites (Nathan &
Muller-Landau, 2000). Hence, seed dispersal is vital for main-
taining plant biodiversity and thus is the foundation for survival
and sustainability (Cordeiro & Howe, 2003; Sekercioglu,
2006). Since plant and vertebrate communities show VS, it is
plausible to assume differences among strata in the patterning
of plant-animal interactions such as seed dispersal.

(4) The threat of global change

Tropical forests are under immense pressure due to anthro-
pogenic factors such as forest degradation, land-use changes,
and climate change (Lewis, 2006). These factors alter forest
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structure and constitute serious threats to the biological
diversity of the tropics. Understanding their consequences
for the persistence of native populations and communities
remains a daunting challenge (Dobson, 2005). To date, stud-
ies have revealed that susceptibility to changing conditions
varies among focal taxa and functional species groups
(Medellin & Gaona, 1999; Lewis, 2006; Philpott et al.,
2008; Ranganathan ez al., 2008; Kirika et al., 2008a; Kirika,
Farwig, & Bohning-Gaese, 2008b; Grass, Berens, & Farwig,
2014). It is highly probable that these changes will also affect
the vertical distribution of communities. Thus, it is evident
that we need a better resolved understanding of species char-
acteristics and interactions to be able to understand how ver-
tically stratified tropical forests and their affiliated species and
ecosystem functions will perform under global change.

(5) Challenges to be resolved

VS of tropical forest biota has both ecological and evolution-
ary consequences for biodiversity and ecosystem functioning.
Investigating VS of single taxa but also of essential species
interactions such as seed dispersal should be a focal point of
rescarch to understand the underlying abiotic and biotic fac-
tors structuring diversity at a finer scale. It can provide a
more detailed picture of vertical patterns exhibited by forest
biota and the effects on species habitat preferences, resource
use, spatial movement, and species interactions.

Herein, we review current knowledge about VS of species
communitics and resources, with particular emphasis on
vertebrate taxa acting as seed dispersers in tropical forests.
Further, we summarize existing literature on the VS of
plant—seed disperser interactions and species networks and
discuss its evolutionary and ecological implications. We con-
clude with a consideration of the implications of global cli-
mate change and outline directions for future research.

II. METHODS: LITERATURE RESEARCH

Our literature search was based on Google Scholar (https://
scholar.google.de/) and Web of Science (https://apps.
webotknowledge.com/) using all available years and a com-
bination of the following key words: “vertical stratification”
OR “forest strata” AND “tropics” OR “rainforest” AND
“birds” OR “bats” OR “primates” OR “mammals” OR
“fruits” OR “plant-animal interactions” OR “frugivory”
OR “seed dispersal”. The online database search was last
performed in September 2020 on titles, abstracts, and key
words in both databases. From the list of studies obtained,
we used their titles to identify relevant studies and scanned
their abstracts for information on VS. In order to be included
in this review, the study had to be conducted in one of the
main tropical forest types (following the definition of
Thomas & Baltzer, 2002) and provide information on VS
or canopy communities of seed-dispersing birds, bats, pri-
mates, or other small non-flying mammals, VS of fruit crops,
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or VS of plant-seed disperser interactions with animals
belonging to the groups mentioned above in the tropics.
For all relevant studies, we consulted the main text and
extracted information regarding taxon, diet (only frugivores
and omnivores were included), geographic region, height
division of strata, the VS parameters examined, morphology
of plant and animal traits, and possible drivers and benefits of
VS. We use the terms ‘stratification’, ‘lower/middle/higher
strata’, or respectively ‘understorey’, ‘midstorey’, and ‘can-
opy’ accordingly to the respective paper. However, as the
usage of these terms is often very vague and differs among
studies (for a more detailed analysis, see Parker &
Brown, 2000), we only included studies that used ‘stratifica-
tion’ as a synonym for height and that specified height divi-
sion of strata. Studies consistently divided the forest into
2—4 strata (see online Supporting Information, Table SI)
and even though emergent trees could be considered as an
additional stratum, most studies either assigned them to the
canopy stratum or did not include them in their observations.
We also searched the references and citation records of the
included studies for other studies that could provide
additional data.

We found 15 papers published between 1994 and 2020
targeting bats, 15 papers published between 1969 and 2018
targeting birds, 16 papers published between 1977 and
2019 targeting non-flying small mammals, 31 papers pub-
lished between 1972 and 2010 targeting primates (Table S1),
three papers published between 2002 and 2014 targeting
plants, and four papers published between 2001 and 2018 tar-
geting plant-animal networks (Table S2). Even though we
may not have found all studies targeting our question, and
given that the file drawer problem (studies with significant
results are published more often than those finding no signifi-
cant patterns; Arnqvist & Wooster, 1995) may be relevant to
our study, our scarch criteria were intended to be exhaustive.
We did not include any unpublished results.

III. SPECIES DIVERSITY AND DISTRIBUTION
ACROSS FOREST STRATA

(1) Bat communities

Bat communities in forests of the Paleo- and Neotropics show
similar patterns of VS (Table S1). Species are heteroge-
neously distributed between the canopy and the understorey
with the canopy being intensively used (Francis, 1994; Sam-
paio et al., 2003; Rex et al., 2008; Gregorin et al., 2017).
Whereas numbers of individuals are generally higher in the
understorey, species richness and diversity are higher in the
canopy with distinct differences in community composition
(Bernard, 2001; Kalko & Handley, 2001; Silva ¢ al., 2020).
Most of these differences in habitat use can be explained by
differences in echolocation and wing morphology, which
are intimately linked to foraging behaviour and diet, as well
as roost-site preferences (Kalko, Handley, & Handley, 1996;
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Hodgkison et al., 2004; Olaya-Rodriguez, Pérez-Torres, &
Londofio-Murcia, 2019). In bats, echolocation is an important
sensory system that determines profoundly the interaction of
animals with the surrounding habitat structure (Denzinger,
Tschapka, & Schnitzler, 2018).

The echolocation and wing morphology of bat species
with short, high-frequency signals and short, broad wings
(Fig. 1) are adapted to foraging in the dense understorey of
tropical forests (Duya, Fidelino, & Ong, 2017; Denzinger
et al., 2018). For example, many well-sampled species of the
Neotropical genera Carollia and Sturnira (Kalko & Handley,
2001; Delaval, Henry, & Charles-Dominique, 2005; Pereira,
Marques, & Palmeirim, 2010) or the African genus Epomops
(Henry et al., 2004) are solely found in the understorey. They
mostly feed on fruit produced by shrubs and treelets of the
families Clusiacae, Piperaceae, and Solanaceae and use day
roosts near the ground (Fleming & Heithaus, 1986). Frugi-
vores with short, high-frequency signals, but long and narrow
wings (Fig. 1) are better adapted to hunt in the less-cluttered
canopy (Denzinger et al., 2018; Olaya-Rodriguez et al., 2019).
For example, phyllostomid bats of the Neotropical subfamily
Stenodermatinae [e.g. Chiroderma, Uroderma, Platyrrhinus (Vam-
pyrops)] and some species of the African and Asian subfamily
Pteropodinae (e.g. Micropteropus, Desmalopex, Eonycteris) pri-
marily forage in the canopy (Lim & Engstrom, 2001; Henry
et al., 2004; Carvalho, Fabian, & Menegheti, 2013; Duya
et al., 2017). Here, they feed on figs and other Moraceae
and utilize day roosts in the sub-canopy (Bernard, 2001;
Kalko & Handley, 2001; Henry et al., 2004).

(2) Bird communities

With improved access to the canopy of tropical forests and
the development of new techniques such as the use of canopy
cranes or ground-to-canopy mist nets (Walther, 20024, 2003;
Naka, 2004; Chmel ez al., 2016; Klimento & Richards, 2018),
researchers have obtained detailed data on the VS of bird
guilds and a fuller picture of bird diversity. Overall abun-
dance (Orians, 1969; Pearson, 1971; Bell, 1982; Dinanti
etal., 2018), species diversity (Jayson & Mathew, 2003; Chmel
et al., 2016), and community composition (Terborgh, 1980;
Walther, 2002a) clearly differ among the strata of tropical for-
ests (Table S1).

The vast majority of studies showed a VS of trophic bird
guilds with an increasing abundance and diversity of frugivo-
rous and omnivorous birds towards the canopy (Greenberg,
1981b; Firth, 1984; Shanahan & Compton, 2001; Naka,
2004; Dinanti et al., 2018). Body mass and wing size appear to
be structuring factors as they can to some extent constrain the
use of vertical strata (Fig. 1). Canopy-feeding seed dispersers
are mainly large-bodied species like toucans, trogons, hornbills,
fruit pigeons, or birds of paradise, for which moving in the dense
vegetation of lower forest strata and resting on the mostly thin
branches there is difficult (Bell, 1982; Fleming & Kress, 2013).
The seed dispersers feeding in the understorey of tropical forests
are primarily smaller species such as manakins, bulbuls, and
flowerpeckers (Karr, 1976; Fleming, 1988; Chmel ¢t al., 2016).
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Differences in community
compesition between different
forest strata

+ Higher diversity in the canopy

* Higher abundance in the lower
forest strata

+  The echolocation system of
bats strongly defines their

o usage of space 0

+ Differences in community
compasition between
different forest strata

« Differences in species
richness, abundance, and
diversity between forest
strata

* Differences in abundance of
feeding guilds

Number of studies

Number of studies

+  Differences in community
composition between different
forest strata

= Higher species richness and
abundance in the lower forest
strata

*  Body size and locomotor
behaviour define the use of

o vertical space 0

= Species of polyspecific
associations use different
forest strata for foraging and
travelling

« The height at which primate
species are encountered
increases with body mass

* Vertical stratification is crucial
for the formation of
polyspecific associations

Number of studies

Number of studies

Fig 1. Schematic representation of a vertically stratified tropical forest and its inhabitants. Even though the degree of vertical
stratification (VS) differs among different seed-dispersing vertebrate groups, all reviewed studies reported significant patterns of
compositional stratification across taxa. The bar plots indicate the number of studies that found significant patterns of VS for bats,
birds, non-flying small mammals, and primates in Africa (black), Asia (dark grey), Australia (grey), and the Neotropics (light grey).

Foliage density in combination with the availability of food
resources seems to be an important driver of the vertical distri-
bution of bird communities. There seems to be a link between
foliage density and bird diversity and abundance in tropical
forests all over the world (MacArthur, 1964; Pearson, 1971;
Bell, 1982; Jayson & Mathew, 2003). Species from strata with
lower vegetation density have larger vertical foraging niches
than species foraging in strata with dense vegetation
(Walther, 20024). Frugivorous birds are far less abundant in
the understorey, where vegetation density is high, whereas
the high fruit availability in the canopy leads to increased
abundance and diversity of frugivorous and omnivorous birds
(Terborgh, 1980; Bell, 1982; Chmel ¢t al., 2016). Nevertheless,
available food density for entire avian communities is difficult
to assess accurately, as diet composition is still unknown for
many tropical bird species (Hutto, 1990; Chmel et al., 2016).

(3) Non-flying small mammal communities

VS of rodents and marsupials is extremely common in tropical
rainforests (Table S1; Stallings, 1989; McClearn et al., 1994;
Voss, Lunde, & Simmons, 2001; Helder, Macedo, & Cruz
Loss, 2019). Community composition and abundance differ
among strata (Charles-Dominique et al., 1981; Voss &
Emmons, 1996; Grelle, 2003). The majority of species seem
to use only one stratum, whereas others move across the

vertical gradient (Adam, 1977; Malcolm, 1991; Rader &
Krockenberger, 2006). Didelphid marsupials like Caluromys
philander and Gracilinanus agilis, for instance, generally constitute
the most common group in the canopy of Neotropical forests
(Vieira & Monteiro-Filho, 2003), whereas other species like
Marmosops ncanus or Marmosa murina are typical understorey
foragers (Cunha & Vieira, 2002; Vieira & Monteiro-Filho,-
2003; De Faria Calazans & Bocchiglieri, 2019). Body size
and locomotor behaviour define the use of vertical space in
small mammal communities (Fig. 1). The ability of species to
deal with branches of variable diameters and inclination can
restrict their use of vertical strata (Cunha & Vieira, 2002).
Awailability and access to food resources are important fac-
tors for the differential use of forest strata (Vieira & Monteiro-
Filho, 2003; Lambert, Malcolm, & Zimmermann, 2005;
Rader & Krockenberger, 2006). Species living in the canopy
have a higher proportion of fruits in their diet than species of
the understorey (Malcolm, 1991; Emmons, 1995; Cunha &
Vieira, 2002). By foraging on canopy resources, species may
reduce competition at ground level (Passamani, 1995). Espe-
cially when resources are scarce, canopy access can translate
into increased efficiency in finding resources, as canopy-
dwelling species can access fruits that are only accessible to com-
petitors on the ground after they fall (Layne, 1970; Rader &
Krockenberger, 2006). Predator avoidance is considered to be
another driver of canopy use (Schoener, 1974; Passamani,
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1995). Therefore, VS contributes to reducing interspecific com-
petition and to enable the co-existence of many sympatric spe-
cies and thus the maintenance of diverse communities of small
mammals in tropical forests (Schoener, 1974).

(4) Primate communities

VS of sympatric species emerges as a consistent pattern in
primate communities, particularly in the Neotropics and in
Africa (Table S1; Pook & Pook, 1982; Cords, 1987;
Gautier-Hion, 1988; Lopes & Ferrari, 1994; Kaplin &
Moermond, 2000; Pozo-R & Youlatos, 2005). Body mass
and locomotion seem to be structuring factors for VS in Afri-
can and Neotropical primates (Youlatos, 1999; Buchanan-
Smith et al., 2000; Heymann, Encarnacién, & Canaquin,
2002). Larger species usually occupy higher strata, where
they rarely use vertical supports and commonly jump from
branch to branch (Fig. 1). Smaller species, by contrast, live
in lower forest levels, use vertical substrates like vines,
branches, and twigs extensively, and perform vertical cling-
ing and leaping between trunks to locomote (Fleagle &
Mittermeier, 1980; Buchanan-Smith ez al., 2000; Heymann
et al., 2002). An exception are large terrestrial or semi-
terrestrial species like Mandrillus leucophaeus and Cercopithecus
campbelli that occupy lower strata of African tropical forests
than sympatric guenon species (Gartlan & Struhsacker,
1972; Buzzard, 2006). The role of body mass in VS is less
pronounced for African, Asian, and Malagasy primate com-
munities (MacKinnon & MacKinnon, 1980; Ungar, 1996).
This difference between the Neotropics and other regions
could be a consequence of Neotropical primates being on
average significantly smaller than their Paleotropical coun-
terparts (Kappeler & Heymann, 1996). However, more
detailed studies of Paleotropical primate communities are
needed to examine this question.

Differences in diet composition between primate species
ranging at different heights suggest that VS facilitates niche
segregation (ecological partitioning), thus allowing their sym-
patric coexistence. For instance, Cercopithecus diana generally
forage on fruits in higher strata, Cercopithecus petaurista mostly
feed on foliage in the middle stratum, and Cercopithecus camp-
bell: mainly eat fruits and animal prey in lower strata of Afri-
can tropical forests (Buzzard, 2006). The Neotropical species
Ateles paniscus and Chiropotes satanas are very similar in their use
of forest strata but differ in diet: the former consuming pri-
marily fruit pulp, the latter being a seed predator, while Pithe-
cta pithecia — also a seed predator — occupies lower strata than
C. satanas.

The role of VS for niche segregation becomes particularly
obvious in interspecific associations (mixed-species groups) of
closely related taxa. In associations formed by species of the
Neotropical tamarin genera Leontocebus (comprising what
was previously considered subspecies of Saguinus fuscicollis)
and Saguinus (S. imperator, S. labiatus, S. mystax), the former
occupies on average lower strata than the latter (Yoneda,
1980, 1984; Norconk, 1990; Buchanan-Smith, 1999). While
they mainly feed on the same plant food resources, different
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foraging heights are associated with different prey-capture
strategies (for example, use of the trunk surface, bark, and
crevices versus use of foliage as foraging substrates) that reduce
overlap in the animal portion of the diet (Peres, 19934;
Nickle & Heymann, 1996; Smith, 2000; Porter, 2001).
Apart from facilitating sympatric coexistence, vertical seg-
regation in interspecific associations provides benefits in
terms of complementary vigilance (Peres, 1993a), reduced
individual efforts for vigilance (Cords, 1990; Oates &
Whitesides, 1990; Hardie & Buchanan-Smith, 1997; Wol-
ters & Zuberbiihler, 2003), and increased foraging efficiency
(Terborgh, 1983; Podolsky, 1990; Peres, 1992, 1996).

IV. VS OF FRUIT QUANTITY AND QUALITY

Food resource availability seems to be one of the key factors
determining VS and canopy use of vertebrates in tropical for-
ests. Naturally, there is a strong relationship between quality,
quantity, and distribution of food and the number and den-
sity of fruit consumers (Smythe, 1982; Loiselle &
Blake, 1991). Tropical rainforests are highly seasonal envi-
ronments regarding phenology and fruit availability
(Foster, 1982; Sabatier, 1985; Kinnaird, O’Brien, & Suryadi,
1996; Wikelski, Hau, & Wingfield, 2000). Whenever
resources are limited, competition arises and the organiza-
tion of animal assemblages and the coexistence of species
are affected (Houle, Vickery, & Chapman, 2006). This raises
the question of whether fruit production, for instance in
terms of quantity and quality of fruit crops in tropical forests
also shows patterns of VS.

The quantity and quality of fruits do differ among forest
strata (Table S2). In many tropical forests around the world,
fruit abundance and density are higher in the canopy than in
the lower strata (Shanahan & Compton, 2001; Schaefer,
Schmidt, & Wesenberg, 2002; Houle, Chapman, &
Vickery, 2007). Also, fruits of canopy trees are often larger
and contain more water, sugar, and fruit pulp dry matter
per fruit compared to fruits of wunderstorey trees
(Shanahan & Compton, 2001; Houle ¢ al., 2007). A study
on diverse Ficus species in a Bornean lowland rainforest
showed that canopy figs were produced in a greater size
range than those of the understorey. Furthermore, fig crops
were considerably larger in the canopy (Shanahan &
Compton, 2001). The quantity and quality of fruits not only
vary among species and trees of different forest strata, they
can even vary within a fruit tree. For 15 tree species in the
Kibale National Park of Uganda, canopy feeding sites pro-
duced a higher density and nutritional value of food than
lower feeding sites on the same tree (Houle, Conklin-Brit-
tain, & Wrangham, 2014).

These findings explain, at least partially, why some species
show a pronounced preference for the canopy and why com-
munities are vertically stratified. For instance, Schaefer
et al. (2002) observed that most large avian frugivores fed in
the middle strata where fruits were largest. Smaller frugivorous
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