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ABSTRACT

The pollination syndrome concept has been a central theory in pollination research,
though it is not without controversy. A key issue is that plants often attract multiple pollinator
functional groups, challenging the idea of necessary coevolution with specific floral visitors.
Two main mechanisms have been proposed to explain plant-pollinator interactions: neutral
processes, where interactions are driven by the relative abundances of plants and pollinators,
and niche-based processes, where the traits of both partners dictate the interactions. As a result,
interactions may stem from forbidden links or trait-matching. Research has yielded mixed
support for both neutral and niche-based processes. Furthermore, spatiotemporal variability
affects species' niche breadth and niche partitioning within bird-plant networks, with
elevational gradients offering valuable opportunities to test these hypotheses. This dissertation
explores the validity of the bird pollination syndrome, the drivers of bird-plant interactions,
and their spatiotemporal variability. Additionally, this thesis provides insights into bird-
pollination systems from a relatively understudied region of the world and contributes to the
understanding of the ecology of sunbirds (Nectariniidae). We highlight the significant
asymmetry in sunbird-plant interactions. The bird pollination syndrome remains valid,
although certain plant traits, such as corolla tube length and the amount of offered reward,
appear to be more relevant than others. Sunbird-plant interactions may not be as tight as
previously thought, with periods promoting the evolution of trait-matching between the
partners. Likewise, ecological fitting seems sufficient to facilitate these interactions.
Additionally, this dissertation has provided valuable insights into the dynamic nature of studied
systems with certain structural features of sunbird-plant interaction networks, being influenced
by elevation and seasonality. We demonstrate how sunbird-plant networks are as specialised as

their New World counterparts, including hummingbird-plant interactions.
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ABSTRAKT

Koncept polinacnich syndromu, ackoli casto kontroverzni, predstavuje jednu z
usttednich teorii ve vyzkumu opylovéani. Hlavnim problémem tohoto konceptu je predevsSim
fakt, ze jednotlivé druhy rostlin Casto lakaji mnoho funkénich skupin opylovacu, coz naznacuje
spiSe absenci koevoluce rostlin s jednotlivymi navstévniky. K vysvétleni interakci mezi kvéty
a navstévniky byly navrzeny dva hlavni mechanismy: neutrdlni procesy, kdy cetnost
jednotlivych interakci je dana pouze Cetnosti jednotlivych druhu rostlin a opylovacu, a procesy
zalozené na rozdilnosti nik jednotlivych organizma, kdy jsou Cetnosti interakci vysledkem
specifickych vlastnosti druhti. Diky témto vlastnostem (adaptacim) organismi mohou byt
nekteré interakce zcela znemoznény (tzv. forbidden links) nebo mohou byt naopak umoznény
oboustranymi koadaptacemi (tzv. trait-matching). Vyzkum zatim pfinesl podporu pro oba tyto
mechanismy. Navic v interak¢nich sitich je Sifka nik a jejich rozd€leni mezi druhy ovlivnéna
Casoprostorovou variabilitou. Tyto vlivy Ize dobfe studovat podél gradienti prostiedi jako
napiiklad podél gradienti nadmotiské vysky. Tato diplomova prace zkouma ptaci polina¢ni
syndrom, jednotlivé mechnismy ur€ujici interakce mezi ptadky a rostlinami a jejich
Casoprostorovou variabilitu. Prace se zarovenn zaméfuje na relativné mélo probadanou oblast
svéta a prispiva k porozuméni ekologie strdimilt (Celedi Nectariniidae). Prace odhaluje
zna¢nou asymetrii v interakcich mezi strdimily a rostlinami. Koncept polina¢nich syndromu se
ukazuje byt spravny, ackoli urcité vlastnosti kvéta, napi. délka kvétni trubky nebo mnozstvi

vvvvvv

rostlinami nemusi byt tak tésné, jak se puvodné predpokladalo, avSak existuji
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1. INTRODUCTION

Before delving into what the drivers behind the observed plant-bird pollination
interactions are, and the structuring of these networks, I considered necessary to have a glimpse
into the natural history of angiosperms, the evolution of pollination, and the shift from insect
to bird pollination. Therefore, the first sections of this thesis deal with how old flowering plants
are and how animal pollination evolved. Later in my dissertation, I will deal with other
important concepts that structure my thesis, namely the bird pollination syndrome, trait-

matching, and ultimately the spatiotemporal variation in bird-plant interactions.

Origin of the crown group of angiosperms

Angiosperms, that is flowering plants, play a pivotal role in nearly all terrestrial and
aquatic ecosystems. Therefore, knowledge of their origin and evolution provides the building
blocks for understanding the history and composition of major terrestrial ecosystems and
general patterns of biodiversity. Even though the exact number of species is not yet known, and
more species are described every year, estimates of ¢. 300000 living species suggest that they

account for nearly 90% of all land plants (i.e., embryophytes; Sauquet et al., 2022).

Several authors have pointed out the importance of determining the crown age of
angiosperms for assessing hypotheses regarding the influence of angiosperm—insect
interactions, including pollination, in facilitating the early diversification of both angiosperms
and essential insect orders (Asar et al., 2022; Benton et al., 2022; Van Der Kooi & Ollerton,
2020). The crown-age estimates vary considerably among studies and methodologies applied
(Sauquet et al., 2022). Magallén et al., (2015) estimated the crown-age of angiosperms as 136-
139.35 Ma. They used the age of the earliest known angiosperm fossil, and the number of
angiosperm families in the fossil record to give this estimation. Moreover, Silvestro et al.,

(2015) estimated the crown-age in the interval of 133.0-151.8 Ma. These two studies tore down
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the longstanding belief that the absence of pre-cretaceous angiosperms fossils made it
impossible for them to have originated earlier in evolutionary history (Sauquet et al., 2022).
Notably, the oldest known angiosperm fossil dates to c. 130 Ma. Additionally, Silvestro et al.
(2021) also suggested an even older pre-cretaceous origin of the angiosperm crown node
(153.7-254.8 Ma), emphasizing the possibility of angiosperm origin much earlier than the

oldest known fossil.

Moreover, fossil-calibrated molecular studies have provided much younger estimations
for the origin of modern angiosperms. In this sense, Foster et al. (2017) applied an age
constraint of 139.35 Ma and gave a narrow bracket for the angiosperm origin, c. 138-139 Ma.
Likewise, Barba-Montoya et al. (2018) and Ramirez-Barahona et al. (2020), estimated the
crown age of angiosperms in 149-162 and 153.7-154.2 Ma, respectively. Nonetheless, these
estimations were highly based on assumptions placed on the crown node of angiosperms, and
thus do not represent free estimates. For instance, the same authors estimated the crown age of
angiosperms to be 192-253 Ma and 206-253 Ma, respectively. Yet, these analyses were
conducted without any assumptions regarding the origin of angiosperms based on the fossil
record, and therefore allow for much older estimations. Other recent studies have reported
similar findings (Li et al., 2019; Nie et al., 2020) or even more ancient crown age estimations

(Salomo et al., 2017; Zhang et al., 2020).

Thus, there is no consensus in the scientific community about the origin of the modern
angiosperms with some scientist dating their origin around the Jurassic-Cretaceous boundary
and others dating it earlier in evolutionary history. Despite this controversy, all the analyses
indicate that they very likely originated before the oldest known angiosperm fossil, however,

how old is still a matter of debate (see Fig. 2).
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Evolution of angiosperms according to molecular and fossil evidence

Fossil and molecular evidence lead to conflicting conclusions about the timing of the origin of flowering plants. Fossil evidence suggests
that flowering plants arose near the beginning of the Cretaceous, but molecular analyses date the origin much earlier, in the Triassic.

Eudicots

O Fossil evidence

Origin of Oldest

angiosperms? unambigquuﬁ S High diversification
0SS!

o TRIASSIC @ CRETACEOUS

Origin of Nymphaeales M I ' Asterales
angiosperms? _— )

O Molecular analyses
Coleoptera Diptera
Gymnosperms Hymenoptera  Lepidoptera
| SILURIAN "J\ . 5 N NEOGENE
CAMBRIAN ORDOVICIAN ! DEVONIAN CARBONIFEROUS TRIASSIC
500 400 300
Millions of years ago

Vascular plants
Wi
]

JURASSIC CRETACEQOUS PALEOGENE
200 100

Now

Figure 2. On the origins of angiosperms by different methodologies (i.e., fossil, and molecular

dating). As shown in the figure still there is a lot of debate on the origins of angiosperms.

(adapted from van der Koii & Ollerton, 2020)
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Origin of animal pollination

One of the key features of angiosperms is their unique relationship with animal
pollinators, especially with insects. The rapid radiation of angiosperms in a short geological
period already caught the attention of Darwin who referred to it as “an abominable mystery”
(Buggs, 2021). Cardinal & Danforth (2013) stated that the origin of several flower-visiting
insect orders, namely Coleoptera, Diptera, Hymenoptera, and Lepidoptera, dates to the Permian
or Triassic, with a period of massive radiation during the Cretaceous, coinciding with the
radiation of angiosperms. During the late Cretaceous and early Paleogene (c. 50-100 Ma) the
rise to dominance of Angiosperms provoked fundamental changes in the land Earth-life system
(“The Angiosperm lerrestrial Revolution”; Benton et al., 2022). Terrestrial ecosystems
underwent a boost in biodiversity facilitated by key angiosperm innovations, such as the
coevolution with pollinators and herbivores. Nonetheless, Asar et al. (2022) argue against the
codiversification of insect and angiosperm lineages. According to these authors, there is a
mismatch between the emergence and initial diversification of angiosperms and the origin and
diversification of their key insect pollinators. Moreover, the fossil record evidences that these

insect orders already had mutualistic relationships with gymnosperms.

Historically, the appearance of animal pollination was conceived as a transition from
primitively wind-pollinated gymnosperms to more evolved animal-pollinated angiosperms.
Nonetheless, this view has been proven incorrect (Ollerton, 2017). But how this mutualism
appeared? Antagonistic interactions between plants and animals, such as the consumption of
pollen by animals, may represent an initial step in the evolution of animal-mediated pollination.
Earlier work from Ren et al., (2009) demonstrated that a group of Mesozoic scorpionflies fed
on a nectar-like fluid from an extinct lineage of gymnosperms. These authors suggested that
the flies in turn would pollinate the plant. Moreover, recent studies from various fossil sites

worldwide have demonstrated the association between several groups of fossil insects and
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pollen grains through the analysis of their mouthparts (Labandeira, 2010; Pefialver etal., 2015).
These findings shed light on the earliest forms of animal pollination. Therefore, animal
pollination existed long before the emergence of angiosperms, with gymnosperms already

employing insects for securing pollination.

The association between potential pollinators and gymnosperms persisted since the
early Permian (283-273 Ma), preluding the first flowering plants by c. 100 Ma. The first
evidence for angiosperm-insect interactions does not appear in the fossil record until the Late
Cretaceous, c. 99 Ma. One potential explanation for the shift was that insects were already
feeding on gymnosperm pollination drops. Therefore, by evolving nectar, angiosperms
provided a more nutritious fluid, enabling host switching and accidentally securing cross-
pollination among conspecifics. Stephens et al. (2023) demonstrated that insect pollination is
the ancestral pollination mode for angiosperms. Likewise, Hu et al. (2008) showed that 86 %
of basal angiosperm families were insect-pollinated. These results also agree with the
reconstruction of the ancestral flower made by Sauquet et al. (2017). In this sense, this ancestral

flower would match the floral syndrome of a generalist insect visitor.

While insects were (and still are) the primary pollinating functional group, other groups,
such as vertebrates, emerged as significant pollinators over time. Understanding the role of
vertebrates in pollination requires examining when they first began participating in this process.
The next section will explore the origins of vertebrate pollination, with a particular emphasis
on avian pollinators. Special attention will be given to hummingbirds (Trochilidae), as the most
important vertebrate pollinator group. See Fig. 3 for a summary of the species diversity of the

different functional groups of vertebrate pollinators.
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Figure 3. Diversity of vertebrate pollinators. A) Vertebrate pollinator diversity by functional
group. Percentages represent the number of species of a particular group relative to the total
number of vertebrate pollinators. B) Bird order diversity, highlighting key flower-visiting
orders, with percentages representing species counts relative to the total number of bird flower-
visiting species in each taxonomic level. Data sources: Birds (Ollerton, 2024), bats and no-

flying mammals (Regan et al., 2015), and reptiles (Olesen & Valido, 2003).
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Birds as pollinators. Origin and shift from insect to bird pollination

Nectarivory, or flower-visiting in a broader sense, evolved independently in three extant
avian groups: Apodiformes (i.e., Trochilidae), Psittaciformes (e.g., Psittaculidae; Loriini tribe)
and Passeriformes (e.g., Nectariniidae, Dicaeidae, Meliphagidae). The earliest evidence of bird
pollination dates to the Early Oligocene from fossils of modern hummingbirds found in Europe
(Eurotrochilus inexpectatus; Mayr, 2004). Honeyeaters (Meliphagidae) and Psittaciformes are
represented in the fossil record, with some fossils from the Miocene in Australia and New
Zealand (Boles, 2005; Worthy et al., 2011). The phylogenies of Nectariniidae and Meliphagidae
are not yet well resolved, but fossil-calibrated studies suggest that they, along with flower-
visiting Psittaciformes, diversified after the Eocene (Schweizer et al., 2011; Toon et al., 2010;
Warren et al., 2003). These findings suggest that flower-visiting birds already existed 47 Ma
ago and that plants acquired an ornithophilous flower morphology before the existence of their
bird counterparts. Additionally, there is also evidence for cospeciation between birds and their
floral resources. For instance, the oldest hummingbird clades, Hermits and Topazes, began
diversifying around 18 and 25 million years ago (Abrahamczyk & Renner, 2015), respectively,
which coincides with the diversification of the Heliconiaceae and Gesneriaceae families
(Specht et al., 2012). Conversely, there are also examples in which plant diversification was

facilitated by pre-existing hummingbird diversity (Abrahamczyk et al., 2017).

The shift from insect to bird pollination is suggested to have happened from a bee-
pollinated ancestor (e.g. Zingiberales: Specht et al., 2012; Bromeliaceae: Kessler et al., 2020;
hummingbird-pollinated plants: Barreto et al., 2024). According to Stephens et al. (2023), shifts
from insect to vertebrate pollination have occurred multiple times in angiosperm history. Their
results suggest that at least between 39-56 transitions have occurred in the whole angiosperm
phylogeny. Three non-mutually exclusive mechanisms have been hypothesised to explain these
shifts. First, birds’ high mobility promotes high-distance pollen dispersal and therefore higher
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gene flow among plant populations (Cronk & Ojeda, 2008; Krauss et al., 2017, Dellinger et al.,
2023). Nonetheless, Schmidt-Lebuhn et al. (2019) demonstrated how hummingbird-pollinated
species from the genus Justicia (Acanthaceae) had shorter pollen dispersal distances. Second,
the higher flower fidelity of birds under cold or wet conditions has also been proposed as an
explanation for the shift (Cruden 1972). In this sense, shifts to vertebrate, or bird in particular,
pollination seem to have coincided with mountain uplifts. Third, the lower pollen loss when
plants use birds as their pollen dispersal vectors. Unlike bees that collect pollen to feed their
offspring, birds generally do not consume pollen (Fleming & Moore, 2012). Likewise, birds
do not groom pollen grains into pollen-carrying structures while foraging, therefore reducing
its loss (Nicolson, 2007). Nonetheless, Nectarina famosa individuals have been observed
removing orchid pollinia from their bills (Stépan Jane&ek per. comm.). Yet, birds can transfer
greater amounts of pollen as it was demonstrated in previous studies (Castellanos et al., 2003).
Other evolutionary advantages of birds over insect pollinators relate to their longer life span,

their great spatial memory, and their ability to revisit patchily distributed floral resources.

From an ecological perspective, the shift from bee to hummingbird (or bird in general)
pollination can be explained by the occupation of new habitats and changes in the abundance
or effectiveness of flowers or pollinators (Dellinger et al., 2021). In this sense, changes in
certain environmental factors may reduce the frequency of the ancestral pollinator, resulting in
pollen limitation (Thomson & Wilson, 2008). In this scenario, pollination by a second,
previously less efficient, pollinator may then become more important. In the long run, this
process may act as a selective pressure on the floral traits leading to reproductive isolation
(Muchala, 2019). These processes may affect different parts of the flower in distinct ways,
resulting in the formation of functional modules within the flower (Armbruster, 2014). Floral
functional modules are integrated parts of the flower that can evolve independently of each

other in response to pollinator-mediated selection (Opedal, 2019). This evolutionary
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independence is thought to facilitate shifts among pollinator functional groups in closely
related plant species (Armbruster, 2014). Consequently, shifts in pollinator functional groups
are only possible if changes in the frequency and effectiveness of pollinators are accompanied

by changes in floral traits that accommodate the new pollinator group.

Pollination syndrome concept: Ornithophily vs Nectarivory

The diversity of floral morphologies has been largely attributed to the selection imposed
by the diversity of pollinating agents. In addition, floral morphology is also the result of
negative selection pressures exerted by floral antagonists. Yet, pollinator-mediated selection on
floral traits has resulted in the convergence of floral morphologies, with pollination syndromes
representing adaptations to specific functional pollinator groups (Fagri & van der Pijl, 1979).
A pollinator functional group is therefore defined as pollinators that select for the same

combination of floral traits (Fenster et al., 2004).

Traditionally nine syndromes have been recognised (Faegri & van der Pijl, 1979):
Melittophily (bee), Ornithophily (bird), Chiropterophily (bat), Myophily (fly), Sphingophily
(hawkmoths), Phalaenophily (most other months) Psychophily (butterfly), Cantharophily
(beetle), and Sapromiophily (carrion and dung flies). Pollination syndromes are defined by
floral traits that likely experience pollinator-mediated selection and reflect differences in the
activity patterns, sensory capabilities, dietary and energetic needs, morphology, and behavior
of pollinators (Muchala, 2007). Therefore, floral traits that normally are recorded include
timing of floral anthesis, flower orientation, flower size and symmetry, corolla shape, the
position of sexual organs, reward type, flower colour and scent (see Table 2 for a summary of
each syndrome). The floral traits associated with a particular pollination syndrome ensure
effective visitation by the corresponding functional pollinator group, thereby increasing the

likelihood of successful reproduction.
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Table 2. Summary of the traits that define the classical pollination syndromes as defined by Faegri & van der Pijl (1979). The table has been

adapted from Wilmer (2011).

Syndrome Functional  Anthesis Colour Nectar Scent Shape Nectar Nectar Nectar
group guides volume concentration site
Cantharophily  Beetles Day / Cream / No Strong / Radial / Bowl Low Medium Exposed
Night Green Fruity shape
Myophily Flies White / No Mild / Radial / Flat Low Medium / High Exposed
Yellow Not sweet
Sapromiophily  Carrion and  Day / Purple / Red / No Strong / Radial / None None None
dung flies Night Brown Decaying  Bilateral
Psychophily Butterflies Day Red /Orange / Maybe Mild / Small / Low Low Concealed
Yellow Sweet Long tube
Phalaenophily = Moths Dusk / Cream / No Strong / Radial / Low / Low Concealed
Night Yellow Sweet Short tube Medium
Sphingophily Hawkmoths  Dusk / White / No Strong / Radial / Medium Medium Concealed
Night Cream Sweet Long tube /
Spur
Melittophily Bees Dawn / Pink / Purple / Yes Mild / Bilateral / Medium Medium Exposed /
Day Blue Sweet Radial / Concealed
Short tube
Ornithophily Birds Day Red/ No None Bilateral / High Low Concealed
Orange Radial /
Medium tube
Chiropterophily Bats Dusk / Dull white / No Strong / Bilateral / High Medium Exposed
Night Dull beige Fruity Radial / Bowl
/ Brush
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Ornithophilous flowers are normally characterized by having a red colour, long and
narrow corolla tubes, producing high volumes of rather diluted nectar, and absence of scent
(Cronk & Ojeda, 2008). Additional traits involve the positioning and protection of the flowers,
with hummingbird-pollinated flowers typically being pendant and mechanically reinforced to
withstand large-bodied birds. Could these traits have evolved for reasons other than
attracting birds? For example, the red colouration has been suggested to deter bees rather than
to attract birds (Proctor et al., 1996). As opposed to birds, which perceive wavelengths between
300 and 660 nm, bees cannot see the red colour (i.e., bee vision spectrum: 300-550 nm). In this
context, neotropical ornithophilous flowers exhibit a median wavelength of 585 nm, which lies
outside the visual range of bees (Altshuler, 2003). As mentioned above ornithophilous flowers
produce large volumes of rather diluted nectar. Nectar volume is generally correlated with
flower size (Baker, 1978), but at equal sizes, bird-pollinated plants produce larger amounts than
bee-pollinated ones. Sugar concentrations in bird-pollinated flowers range between 20% and
26% (Proctor et al., 1996). The concentration determines the viscosity of the nectar and
therefore the ease with which birds uptake the nectar (Kohler et al., 2010). Moreover, dilute
nectar, like that of ornithophilous plants, is not optimal for bee pollinators therefore making it
a deterrence mechanism (Bolten & Feinsinger, 1978). Finally, another important aspect is
nectar sugar composition. For example, flowers pollinated by specialised birds have high
contents of sucrose in the nectar, whereas that of plants visited by generalised birds is rich in
hexoses (Johnson & Nicolson, 2008). Moreover, other studies have demonstrated that the
nectar of passerine-pollinated plant species aligns with that of hummingbird-pollinated plant

species (Bartos et al., 2012; Janecek et al., 2021).

As a result of coevolution with flower morphology, nectarivorous birds tend to have
long bills with varying degrees of curvature (Feinsinger & Colwell, 1978). An extreme case

are the Neotropical sicklebill hummingbirds (Futoxeres spp.). Another adaptation to
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nectarivory is the small body size of nectarivorous birds (Brown et al., 1978). Yet, this comes
at a cost, as the small size increases the energetic expenditure due to poorer thermoregulatory
capabilities. This situation is overcome by the abundant energy supplied by nectar. Due to the
unique nature of their diet, nectarivorous birds must have a highly efficient liquid extraction
mechanism. At first, it was believed that nectar uptake happened by capillarity. Instead, Rico-
Guevara & Rubega (2011) demonstrated that hummingbirds’ tongues dynamically trap nectar
by quickly changing their morphology. These authors propose that this mechanism should be
present in other nectarivorous birds due to the convergent nature of their tongues. Other
adaptations related to the consumption of nectar involve changes in the gastrointestinal tract of
the birds. For example, nectarivorous birds have shorter intestines due to the highly digestible
nature of nectar (Richardson & Wooller, 1986). Moreover, nectar is hypertonic relative to the
avian plasma, and therefore the bird’s intestine has a mechanism to avoid dehydration by

passive uptake of glucose (Del Rio & Karasov, 1990).

The pollination syndrome concept has been widely applied to predict the visitation of
pollinators to a plant species (e.g., Danieli-Silva et al., 2012; Lagomarsino et al., 2017; Martén-
Rodriguez et al., 2009; Paw, 20006). Despite its apparent utility, the pollination syndrome is not
without controversy. One of the main criticisms against the usefulness of pollination syndromes
is that they are oversimplified given that most plant species are visited by more than one
functional group (Waser et al., 1996). Nonetheless, the fundamental assumption of the
pollination-syndrome concept is that flowers co-adapt with their most frequent and effective
pollinator functional group (Ashworth et al., 2015; Stebbins, 1970). In favor of these ideas,
Rosas-Guerrero et al. (2014) found support for the pollination syndrome concept demonstrating
that floral trait convergence is driven by the most effective pollinator. On the other hand,
Ollerton et al. (2009) found little support for the pollination syndrome predicting only c. 30 %

of all pollinators. Moreover, these authors found that the realised trait combinations in actual
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flowers do not match the traditional syndromes. Another issue is that pollination syndromes
are defined by different trait combinations in different parts of the world. For example, the
chiropterophily in the Old and the New World tropics is characterised by different trait
combinations (Fleming et al., 2009). Similarly, Ornithophilous flowers in the Old World
generally have a perch from where the bird forages, whereas their New World counterparts

usually lack this feature (Cronk & Ojeda, 2008).

Instead of rejecting or accepting the legitimacy of the pollination syndrome concept,
few considerations should be taken into account. First, not all the traits are equally important
in predicting the interactions (Dellinger, 2020). For example, in Chapter IV, we demonstrated
how nectar reward is the most important trait in explaining sunbird-plant interactions. Second,
the inclusion of new traits might help to better predict the visitor to a particular plant species.
In recent years, quantitative analyses of floral scent through gas chromatography techniques
have helped to refine the pollination syndrome (Schiestl & Détterl, 2012). Third, pollination
studies should try to focus on community-wide studies, rather than specialised pollination
systems. In this context, more research effort should be put into generalised pollination systems
(Vasconcelos et al., 2019), as they can bring new insights into the coevolution between plants
and their pollinators. Finally, researchers should try to quantify the relative importance of the
different functional pollinator groups, instead of just documenting their visitation (Santiago-
Hernandez et al., 2019). In this sense, some studies have provided evidence that just a subset

of all visitors acted as effective pollinators (Bartos et al., 2015; Janecek et al., 2007).
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Drivers of bird-plant pollination interactions

Despite years of pollination research, the drivers of plant-pollinator interactions are still
a matter of debate. Two main processes have been proposed as the determinants of the structural
patterns of plant-pollinator networks (Vazquez et al., 2009a). Research has shown that the
interactions can be explained by neutral processes, where the abundance of each interacting
species plays a major role (Dupont et al., 2003; Ollerton, 2003). Consequently, network
architecture is the result of the random encounters of each interacting partner, regardless of
their traits. In this context, the interaction strength of abundant species is higher than that of
rare ones. Evidence for abundance predicting species interactions comes from plant-insect
interaction networks (Sazatornil et al., 2016; Vazquez et al., 2009b), but also from bird-plant
interaction networks (Chapter I, Uceda-Gomez et al., 2024). On the contrary, plant-pollinator
interactions can be mediated by the traits of the interacting partners (Stang et al., 2007).
Therefore, niche-based processes govern the observed interactions among plants and

pollinators, with two hypotheses proposed.

First, the “forbidden links hypothesis” postulates that the intrinsic biological
characteristics of a species determine whether an interaction occurs. Several mechanisms can
result in forbidden links, for example, spatiotemporal non-overlap in species distribution or
activity (Jordano et al., 2006), or exploitation barriers (Santamaria & Rodriguez-Gironés, 2007;
Snow & Snow, 1972). For example, plant-hummingbird networks were defined by the
spatiotemporal mismatch of the interacting partners, as well as the definition of interaction
modules due to bill-corolla length matching (Maruyama et al., 2014). Moreover, bird-plant
networks (i.e., visitation and pollination) were best explained by phenology in the Andean elfin

forest of Peru (Gonzalez & Loiselle, 2016).
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Second, bird-plant interactions, or pollination interactions in general, can be the result
of morphological trait-matching. This hypothesis predicts that among all the potential
interactions, pollinators would visit more frequently those plants whose flower morphology
matches with their mouthparts. Therefore, trait-matching is the result of specialization,
achieved either through reciprocal co-evolutionary processes, one-sided evolutionary
processes to accommodate new pollinators, or via ecological fitting between species with
independent evolutionary trajectories (Guimardes et al., 2011; JaneCek et al., 2020; Janzen,
1980; Whittall & Hodges, 2007). In support of this hypothesis, Maglianesi et al., (2014) found
that the association of bill and corolla length enabled hummingbirds to extract the floral
resources more efficiently. Furthermore, Janecek et al. (2012) showed that the long-billed
Cyanomitra oritis visited plants with the longest floral tubes. Moreover, Sonne et al. (2019)
demonstrated how trait-matching structures hummingbird-plant interactions in the eastern high
Andes. In their study, these authors also showed how trait matching also presents a
geographical distribution. The longest corollas were found at high elevations, where
hummingbirds with the longest bills occur. These results also align with those of Hotfdk &
JanecCek (2021), which demonstrated that sunbird bill length and Impatiens spp. spur length

match across several geographical regions.

It 1s important to note that all three hypothetical mechanisms (i.e. neutral processes,
forbidden links, morphological trait-matching) mentioned above are not mutually exclusive
and all can govern the structuring of any pollination network, yet their actual contribution is
still a matter of discussion (Véazquez et al., 2009b). Vizentin-Bugoni et al. (2018) pleaded for
the existence of a continuum of importance from niche-based processes to neutrality in shaping
plant-pollinator interactions. These authors developed a simple conceptual model in which the
importance of each process depends on the extent of trait variation within the assemblage. In a

scenario where plants and pollinators show a lot of trait variation niche-based processes will
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prevail, whereas the opposite is expected when trait variation is less pronounced (i.e., low vs
high functional diversity). Finally, since seasonality can influence plant phenological patterns
in the tropics, trait variation is subject to these changes. For instance, Klomberg et al. (2022)
observed a higher prevalence of ornithophilous flowers during the rainy season on Mount

Cameroon, which may ultimately impact the significance of niche-based processes.

Spatiotemporal variability in bird-plant pollination interactions

The application of network theory to the study of plant-pollinator interactions has
provided valuable insights into the structural characteristics of these networks and their role in
ecosystem functioning (Bliithgen et al., 2006). Specialization emerges as a key aspect of
ecosystems, and therefore understanding how different environmental conditions affect it is
fundamental. This knowledge can help to shed light on the potential impacts of climate change
on plant-pollinator interactions (Hoiss et al., 2015), as well as offer insights into evolutionary

and speciation processes (Ramirez et al., 2011).

Specialization is a double-faceted concept, and two levels must be distinguished
(Bluthgen et al., 2006). When interactions are contemplated as ecological niches, the first level
describes the niche breadth of a species, whereas the second represents the extent to which
several species partition their niches. These two concepts are mainly shaped by the tendency
of plants and pollinators to use a subset of all available resources, or by interspecific
mechanisms such as competition. In plant-pollinator interactions, specialist species are those
that interact with a limited number of plant species (Armbruster et al., 2000). The extent to
which plant-pollinator networks are specialised influences the structure of the network, with
low specialization promoting network stability (Bliithgen & Klein, 2011). Therefore,

generalised networks are thus more resistant to species loss. On the other hand, high levels of
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pollinator specialization can be important for plant reproduction. In this sense, specialization

decreases the deposition of heterospecific pollen, promoting plant reproduction.

Specialization can result from several ecological and evolutionary processes that
function at different spatial and temporal scales (Carnicer et al., 2009). For example, it might
be the outcome of niche-based processes (i.e. forbidden links or trait-matching) by constraining
the type, number and strength of interactions of a species in the network (Stang et al., 2007).
Additionally, specialization can result from spatiotemporal variation in resource availability
(Gonzalez-Castro et al., 2012). Therefore, elevational gradients with their steep abiotic changes
over a short geographic distance, offer a unique opportunity to investigate how specialization

varies with elevation.

For example, Maglianesi et al. (2015) found that hummingbird species and individuals
were more specialised in the low and middle elevations. These authors used the d” index to
measure specialization, which determines resource use by a pollinator based on the abundance
of resources (Bliithgen et al., 2006). The specialization pattern observed was linked to a more
even and functionally overdispersed assemblage at the lower elevations, indicating a significant
level of floral resource partitioning. Conversely, the highland community displayed a clustered
functional structure, likely due to environmental filtering and niche expansion. Moreover,
Maglianesi et al. (2014) found that hummingbird-plant networks were more specialised at
middle elevations, measured as the H > index. This index measures specialization at the network
level and thus considers both plants and pollinators. Therefore, H is a measure of niche
partitioning (Bliithgen et al., 2006). On the contrary, Partida-Lara et al. (2018) found that
hummingbird-plant networks were more specialised at high elevations. Likewise, Pellissier et
al. (2018) found that connectance lowered at high elevations. Connectance is the proportion of
realised links relative to all possible interactions. Thus, a decrease in connectance translates
into higher specialization.

31



The composition of the different flower-visiting functional group communities also
varies along elevational gradients (Maguifia-Conde et al., 2023). In this sense, elevational
gradients affect the diversity and frequency of visiting functional pollinator groups. Plants with
broad elevational distributions must locally adapt to the pollinator community, because of the
filtering effects of elevation on different pollinator functional groups. Therefore, visitors of a
single plant species can differ among individual populations or phenological periods
(Thompson, 2005). In this scenario, a geographical coevolutionary mosaic between plants and
their floral visitors is expected (Anderson & Johnson, 2007). Thus, differences in the diversity
and frequency of different pollinator functional groups can trigger covariation processes among
pollinator and floral traits. For example, Cuartas-Hernandez et al. (2019) showed how two
sympatric Anthurium spp. species covaried in their floral traits with their main floral visitors
along an elevational gradient in the Colombian Andes. Likewise, Maguifia-Conde et al. (2023)
found a strong correlation between pollinator and floral traits of Costus guanaiensis along a

neotropical elevational gradient.

Pollinator functional group turnover along an elevational gradient is often mediated by
changes in abiotic conditions (e.g., temperature or rainfall). For example, McCabe & Cobb,
(2021) observed a bee-to-fly transition because of decreasing temperatures. Several studies
across the globe have found support for this transition (Kuriya et al., 2015; Lay et al., 2013;
Nagano et al., 2014; Sommaggio et al., 2022). Therefore, there is a zonation of different
pollinator functional groups across elevational gradients due to the physiological constraints of
pollinators in coping with harsh mountaintop conditions (Adedoja et al., 2018; Lefebvre et al.,

2018).

On the other hand, birds, as endothermic animals, can fly in more windy and rainy
conditions, and consequently, are less affected by unfavourable weather conditions on
mountain tops (Dellinger et al., 2021). Therefore, birds are better pollinators at high-altitude
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ecosystems. For example, ornithophilous plants were more effectively pollinated than closely
related bee-pollinated species at high elevations in Mexico (Cruden, 1972). Similarly, Lehmann
et al. (2019) observed a shift in pollinator functional groups, with hummingbirds serving as the
primary pollinators of Gonzalagunia hirsuta at high elevations on Dominica island. Evidence
for birds being more effective pollinators at high elevations also comes from the Old World.
Pollinator exclusion experiments demonstrated that several Rhododendrom species heavily
depend on sunbirds at high elevations in the Yunnan Province in southwest China (Huang et
al., 2017). Equally, Pi et al. (2021) found that Eleagnus umbellata populations at high

elevations relied more heavily on sunbirds for pollination services.

In addition to the effects of spatial variability (e.g., elevation) on bird-plant interaction
networks, we should also consider their temporal variability. Temporal changes in the
availability of resources can affect the way plants and birds interact. Partida-Lara et al. (2018)
demonstrated how humming-plant networks were more specialised when resource availability
was low. These results are supported by indirect evidence showing that the amount of nectar
and the diversity of interacting partners available for various bird taxa can vary significantly
from season to season (e.g., for hummingbirds: Abrahamczyk & Kessler, 2010; for sunbirds:
Collins & Rebelo, 1987). Moreover, Maruyama et al. (2014) demonstrated that phenological
overlap between the plants and hummingbirds influences the establishment of network
modules, where certain sets of species interact more frequently with other than with other
species. Yet, temporal variability not only affects network structural features but also can
favour the presence of certain pollinator functional groups. Klomberg et al. (2022) and Janecek
et al. (2015) found higher numbers of ornithophilous plants during the rainy season of Mount
Cameroon. These findings indirectly suggest that bird pollination is favoured under rainy

conditions, aligning with the results presented in Chapters I and VI of this thesis. We
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demonstrate that trait-matching and the specialization of sunbird-plant networks, as well as

individual sunbird species, increase during the rainy season.

Study sites

As stated before, the pollination syndrome concept assumes that most interactions are
highly specialised. Nevertheless, more recent studies suggest that specialized interactions are
rather rare and that pollination systems are more generalised than previously thought (Waser,
1996). Present, community-wide studies have demonstrated that generalised pollinators are the
most important actors for plant biodiversity maintenance. Moreover, they have demonstrated
that plants and pollinators interact with one another in an asymmetric fashion (i.e. specialists
interact with generalists), which strengthens the robustness of the ecosystem. As a result,

pollination networks tend to be highly nested and modular, as in the network terminology.

Similar patterns as described above can be found for bird-plant pollination networks.
Nonetheless, most of our knowledge about bird pollination comes from the New World
hummingbirds. Pollination facilitated by avian species is documented or anticipated across
over 70 distinct bird families (Ollerton, 2024). Notably, among these families, three exhibit
pronounced specialization towards nectarivory: Hummingbirds (Trochillidae), sunbirds
(Nectariniidae), and honeyeaters (Meliphagidae). Hummingbirds (Apodiformes) with 363
described species are the most species-rich taxon, having a Pan-American distribution. On the
other hand, sunbirds (Passeriformes, 143 species) are distributed across Africa, Asia, and
Oceania, while honeyeaters’ distribution extends from Asia to Oceania. These three taxa share
common adaptations for nectarivory and showcase an example of convergent evolution. This
convergent evolution has raised a great deal of interest among the scientific community, which

has tried to understand the differences in morphology and ecology among the three taxa (e.g.
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Zanata et al., 2017). It is widely accepted that hummingbirds are the most specialised family

for bird pollination. Nonetheless, studies on the other two families are rather scarce.

Another important aspect of pollination research is to shed light on the processes that
shape the observed interactions. In this regard, most of the pollination studies have focused on
factors related to the diversity of the interacting partners, their abundances, and phylogenetic
relationships, as well as their morphological traits. However, changes in the interaction

networks due to spatiotemporal variation have received less attention.

Pollination research in Africa has primarily concentrated on subtropical and temperate
regions, although there are some notable exceptions. For example, Classen et al. (2020) studied
the effects of elevation on the specialization of pollinator-plant interactions along a 3.4 Km
elevational gradient on Mount Kilimanjaro. Moreover, Mertens et al. (2020) studied the
turnover of floral visitors on Scadoxus cinnabarinus along its elevational gradient on Mount
Cameroon. Further, Padysédkova et al., (2013) investigated the roles of floral visitors on
Hypoestes aristata. Studies focusing on bird pollination also exist. For example, Barto§ &
JanecCek (2014) studied the pollen placement mechanism of Impatiens frithii on the sunbird’s
body, reducing interspecific competition among congeners. Moreover, Bartos et al. (2012)
investigated the nectar properties of Impatiens sakeriana, while Janecek et al., (2012) studied
the pollination systems of several flowering plants, both studies conducted on Mount
Cameroon. Finally, Nsor et al., (2019) conducted a study on sunbird-plant pollination networks.
They reconstructed a sunbird-plant pollen transfer and visitation network on the Mambilla
Plateau in southeast Nigeria. Nonetheless, these authors only sampled sunbird-plant interaction
networks during the dry season, neglecting the effects of temporal variation on the interaction

networks.
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We set out to Mount Cameroon (4.203°N, 9.170°E) to gain insights into bird-plant
interactions and how spatiotemporal variability affects them. Mount Cameroon is in the
Southwest Region of Cameroon and is the highest mountain in West-Central Africa. Moreover,
Mt. Cameroon is an active volcano belonging to a greater volcanic mountain range that
stretches from the island of Bioko (Equatorial Guinea) and across Bamenda Highlands
following the Nigerian border. Due to its unique location next to the Gulf of Guinea and its
proximity to the Guinean and Congolese biotopes it presents high levels of diversity and
endemism. For example, the Mount Cameroon speirops (Zosteropidae; Zosterops
melanocephalus) a generalist flower visitor is endemic to Mt. Cameroon. Mount Cameroon
still has an almost pristine continuous forest elevational gradient (~ 400 to ~2200 m. a.s.l.) on
its southwestern slope. It was along this gradient that we sampled sunbird-plant interactions at
four locations encompassing four forest types (Table 3 and Fig. 4). The dataset collected in this
gradient was used in Chapters L, III, IV, and VI. Moreover, we extended our sampling above
the timberline to the montane grasslands, where we focused on sunbird-plant interaction
networks, and the effects of elevation on the turnover of floral visitors on the main food
resource at these elevations (i.e., Hypericum revolutum,; Hypericaceae). The dataset from the
montane grasslands was used in Chapters V & VII. Additionally, in Chapter II, we sampled
sunbird-plant interactions in the farmlands on the foothills of Mount Cameroon, where local

farmers grow exotic plants for exportation and sale in local markets.

Mount Cameroon experiences distinct seasonality (Maicher et al., 2020), with a dry
period from mid-November to February and a wet season with heavy rains from June to
September. Precipitation in the forest elevational gradient can reach up to 2500 mm in the two
lowest elevations. Temperatures are constant along the year, ranging from c. 25 °C in the lowest
elevation down to 15 °C at 2200 m a.s.l. These two seasons are intertwined with two

interseasons. Chapters I and III-VI were conducted in both dry and wet seasons, whereas
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Chapter VII was conducted in the two interseason periods. The sampling of Chapter II

stretched from the interseason from dry to wet season to the wet season.
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Figure 4. Location of Mount Cameroon and the sampling points within Cameroon used in this
thesis: A) Topographical map of Cameroon; B) Topographical map of Mount Cameroon with
the geographical position of our sampling locations. In green, locations in the forest elevational
gradient (Chapters L, III, IV, and VI): Drinking Garri (DG), PlanteCam (PC), Crater Lake
(CL), and Mann’s Spring (MS). In yellow, locations in the montane grasslands. Note the two
shades of yellow representing two different projects conduced in this habitat type (dark yellow,

Chapter V; light yellow, Chapter VII).
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Table 3. Detail of the sampling localities and their year of sampling. Each sampling site was sampled

two times. The colours depict the two different habitat types sampled: forest elevational gradient (in

green), and montane grasslands (in yellow).

Site Coordinates Elevation = Description Sampling year
(m a.s.l.)
Drink Garri N 04.1022°, 650 Lowland forest, minimally disturbed by
E 09.1225° clephants, where trees of the subfamily 2018-2019
Caesalpinioideae (Family: Fabaceae) prevail.
PlanteCam N 4.1175° 1100 Mid-clevation forest, partly disturbed by
E 09.0717° elephants,  where  Kigelia  africana,
g ) 2018-2019
Macaranga occidentalis and Voacanga
africana are common.
Crater Lake N 04.1443°, 1500 Submontane forest, highly disturbed by
E 09.0709° elephants, where open elephant pastures are
2019-2020
common and where Aframomum spp.
prevails.
Mann’s Spring N 04.1428°, 2200 Montane forest, close to the timberline, where
E 09.0630° elephant disturbance is absent and where
S __ . ) 2019-2020
montane species like Syzigium staudtii, Nuxia
congesta and Schefflera spp. are common
Hut 1 N 04.1759 °, 2100 Species-poor low-elevational communities
E 09.2041 ° relatively dominated by tall grasses,
Cenchrus monostigma, and Loudetia simplex.
There are not many spem.es spemﬁc to these 2021-2022
grasslands e.g. Habenaria mannii. In these
communities, we can also find herbs (e.g.
Lobelia columnaris) or scattered trees (e.g.
Nuxia congesta).
Hut 2 N 04.1938 °, 2800 High-elevation grasslands are species-rich
E 09.1938 ° grasslands with a common occurrence of
grasses, such as Andropogon spp.,
Sporobolus montanus, and Koeleria capensis. 2021-2022
Taller vegetation with Pentas schimperiana
or Hypericum revolutum can be found locally
in leeward areas.
P&T-1 N 04.3068 °, 2300 Species-poor  low-elevational =~ montane
E 09.2297 grasslands dominated by the tall grass 2021-2022
Laudetia symplex.
P&T-2 N 04.2715°, 2800 Mid-elevation montane grasslands
E 09.2206 ° representing the transition from high to short 2021-2022
grasslands.
‘89 Lava low N 04.1911 °, 3200 Species rich grasslands with  typical
E 09.1776 ° occurrence of Andropogon spp., Sporobolus 2021-2022
montanus, and Koeleria capensis.
Camp-2 N 04.2103 °, 3500 Sparse vegetation dominated by Festuca 2021-2022
E 09.5972 ° abyssinica.
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2. OUTLINE OF THE DISSERTATION

Aims

In this dissertation, the main goal was to provide insights into the bird pollination
systems from a relatively understudied region of the world and contribute to the understanding
of the ecology of sunbirds (Nectariniidae). In doing so, we have furthered our understanding
of the bird pollination syndrome concept as a way to predict the observed interactions. We have
also challenged hypotheses related to the segregation of bird-feeding niches according to the
complex of visited plant traits, as well as the level of trait-matching between the interacting
partners. Pollination syndromes are one of the central concepts of plant adaptation, where
plants pollinated by the same pollinator group are hypothesised to share similar floral traits via
convergent evolution (Faegri and van der Pijl 1979, Fenster et al. 2004, Rosas-Guerrero et al.
2014). Thus, the pollination syndrome concept was proposed as a predictive framework to
predict all the potential visitors that a plant could receive. Moreover, the pollination syndrome
theory relies on the tight coevolution between the interacting partners, like a Darwinian
coevolutionary arms race. Nonetheless, in recent decades, community-wide studies have
demonstrated that these tight relationships are rather exceptional in nature. In this sense,
nectarivorous birds have been observed visiting non-ornithophilous plants, and insects have

been observed visiting ornithophilous ones (Chmel et al., 2021).

Additionally, we aimed to investigate the spatiotemporal variability of bird-plant
interactions. Elevational gradients offer unique field laboratories marked by swift
environmental transitions, ideal for testing hypotheses regarding the impact of abiotic factors
on the interaction networks. Moreover, seasonality may affect the availability of resources for
bird pollinators, ultimately affecting the structure of the observed networks. Thus, we aimed to

test how specialised/generalised our networks are, aligning with the predictions of the
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altitudinal niche-breadth hypothesis in plant-pollinator interactions (Rasmann et al., 2014).
Finally, we also aimed to test the effect of elevation on the differential distribution of different

pollinator functional groups, with a special focus on bird visitors.

To sum up, this dissertation mainly aims to:

a. @Gain a better understanding of the processes shaping sunbird-plant interactions,
as well as challenging the concept of bird pollination syndrome (Chapters I-
IV)

b. Shedding light on whether sunbird species segregate their feeding niches
according to the traits of the visited plants, and their correspondence with bird
traits (Chapters I, III, & V).

c. Identifying the effects of spatiotemporal variability on sunbird-plant networks

(Chapters L, V, VI & VII).

Outline and outcomes

Chapter I focused on the different drivers that could explain the observed interactions
and their respective seasonal variations. As explained in the introduction, still there is much
debate among the scientific community and the conclusions vary from study to study. Our study
aimed to explore whether sunbird-plant interactions are explained by neutral and/or niche-
based processes, as well as to determine whether there is seasonal variation in their importance.
Moreover, we investigated the roles of trait-matching and the effects of robbing on the observed
interactions. To achieve this goal, we employed a diverse array of statistical techniques,
encompassing null modelling, multivariate statistics, and probabilistic modelling. Within the
realm of probabilistic modelling, we accounted for various factors: the abundance of interacting
partners as a proxy for neutral processes, morphology representing niche-based processes, and

nectar sugar content reflecting the quantity of offered rewards. Our results indicate that sunbird-
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plant interactions can be explained by both processes considered. In this sense, during the dry
season, neutral processes drive bird visitation, whereas the importance of niche-based
processes increases during the wet season. Moreover, of all bird traits tested (i.e. bill length,
bill width, bill height, and weight), only the bill length was able to predict the complex of
visited plant traits, when robbing events were excluded. Another outcome of this study was the
overlap of sunbird feeding niches when all species were considered together. Although this
question remains to be tested, we hypothesise that this pattern of niche overlap is probably due
to the absence of competition among sunbirds. In this context, we observed that in both seasons,
certain plants acted as hubs attracting most of bird visitors. Nonetheless, during the wet season,
the blossoming of ornithophilous plants might explain the increased importance of trait-based

processes in this period.

Due to this temporal variation in the importance of these two processes, I propose that
the sunbird-plant interactions could be interpreted as a continuum between visiting the most
abundant plants and those that produce suitable amounts of sucrose-rich nectar, like what was
suggested by Vizentin-Bugoni et al. (2018). In this context, the relationship between bill and

corolla tube length will serve as a filter enabling certain legitimate interactions.

Chapter II investigated if local bird communities, with different evolutionary
trajectories, were able to pollinate alien plant species. Understanding the answer to this
question holds significance in unravelling the implications of convergent evolution processes.
We performed an experiment at a farm situated in the foothills of Mount Cameroon, where
local plant producers cultivate ornamental plants belonging to the genera FEflingera and
Heliconia. Etlingera is a genus pollinated by spiderhunters (Nectariniidae; Arachnothera) from
Asia, whereas Heliconia is a neotropical genus pollinated by hummingbirds (Trochilidae). In
this setup we aimed to test the following scenarios: (a) Total incompatibility, local sunbirds do
not visit any of the plants that evolved on different continents; (b) Partial ecological fitting,
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when birds visit the plants but do not pollinate them; (c) Complete ecological fitting, when
birds visit alien plants and successfully pollinate them. Our research revealed strong ecological
compatibility between actors with diverse evolutionary backgrounds, affirming the broad
applicability of the bird-pollination syndrome. Additionally, we highlight the significance of
trait-matching and niche differentiation as essential ecological mechanisms, even within semi-
artificial environments. Our findings complement Janzen's (1985) notion that many observed
interactions result from ecological fitting rather than strict coevolutionary processes within a
specific locale. Nonetheless, Etlingera spp. had tighter interactions with local sunbird

assemblages, possibly due to the shared evolutionary history with their natural pollinators.

In Chapter III, we experimentally tested the sunbirds' preference for ornithophilous
plants. Specifically, we investigated the preference for Impatiens sakeriana among two sunbird
species: Cinnyris reichenowi and Cyanomitra oritis. We established experimental setups at two
distinct elevations: the mountain forest and the mid-elevational forest on Mount Cameroon. In
a cage experiment, we presented four plant species to the birds from the two different altitudinal
forest types. These species included two mountain species, Impatiens sakeriana and Nuxia
congesta, and two mid-elevational forest species, Tabernaemontana ventricosa and Kigelia
africana. Among these species, only I sakeriana exhibits bird pollination syndrome.
Additionally, to test whether we found different visitation patterns on the target plant species
among the two sunbird species, we performed observation of bird visitation under natural
conditions. We hypothesised that target sunbird species segregate their feeding niches and
differentiate in their rate of visitation to the target plant species under natural conditions.
Second, this niche segregation is reflected under natural conditions. Moreover, we expected
sunbird individuals to prefer those plant species growing in the elevation where the experiment
was being conducted. Lastly, we expected sunbirds to show an innate preference for

ornithophilous plants (i.e. I. sakeriana).
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Our results demonstrated that there was niche segregation among the two sunbird
species with respect to our focal plants. The segregation was manifested in the relative
visitation ratios to short and long-tubed plant species, aligning with the morphological
characteristics of the bird visitors. In this sense, these results agree with those of Chapter I and
emphasize the importance of the relationship between bill and tube length. The preferences
exhibited by the birds under experimental conditions closely mirrored their feeding patterns
observed in natural settings. During the cage experiment, sunbirds were observed to
occasionally visit all plant species, regardless of their pollination syndromes or whether they
were native or introduced. Interestingly, the most preferred plant species was 7. ventricosa,
despite it having a moth pollination syndrome. Regardless of its ornithophily, /. sakeriana was
not preferred for mid-elevational forest birds. Nonetheless, mountain forest birds preferred /.
sakeriana over N. congesta, probably because of associative learning mediated by higher nectar

rewards.

The validity of the bird pollination syndrome for birds on Mount Cameroon was tested
in Chapter IV. Additionally, we tested whether floral traits were able to predict the visited
plant species, or if sunbird visitation was driven by offered nectar reward. We combined a
dataset of insect-plant interactions with our sunbird-plant interaction dataset (used in Chapters
I & VI) from the same sampling locations on Mount Cameroon. To do so we used a simple
conceptual model aiming to answer: (a) whether both functional groups visit different groups
of plants; (b) if ornithophilous plants interacted mainly with sunbirds; (c) if sunbirds interacted
more frequently with plants bearing ornithophilous traits, and (d) if the complex of floral traits
was able to predict bird visitation. We found a continuum of strategies in which birds and
insects visited plants bearing both types of pollination syndromes. Nonetheless, from the
plant’s point of view, we confirmed the validity of the bird pollination syndrome.

Ornithophilous plants were visited at a higher rate by sunbirds. On the other hand, nectar
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production was the best predictor of sunbird visitation. Sunbirds visited plants bearing other
pollination syndromes (e.g. Anthonotha fragans or Nuxia congesta), which entailed a huge

amount of nectar, especially during the dry season.

Chapter V serves as a hinge among the two main topics that structure this thesis,
namely niche segregation in relation to the bird pollination syndrome, and sunbird-plant
interactions along environmental gradients (i.e., elevation and seasonality). In this study, we
aimed to study sexual niche segregation because of nectar competition. As model species we
used the sexually dimorphic Volcano Sunbird (Cinnyris preussi; Fig. 5). We studied the
sunbird-plant interactions along an elevational gradient stretching from 1100 to 2800 m a.s.L.

and in two contrasting seasons.

Figure 5. A) Male of Vulcano sunbird on Lobelia columnaris; B) Female of

the same species on Hypericum revolutum (® Stépan Janecek).

Our study sought to examine potential differences in feeding behavior between male
and female birds, focusing on their preference for particular plant species. Additionally, we
investigated whether females with shorter bills exhibit a preference for short-tubed plants and
whether larger dominant males show a preference for flowers with higher nectar production.
We also explored the spatial segregation of feeding niches along an elevation gradient and
assessed whether this segregation varied between contrasting seasons. Despite the extensive
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dataset comprising 6476 interactions between birds and plants, our analysis revealed no
significant disparities in the spectrum of visited plant species. Contrary to our initial
hypotheses, females did not exhibit a preference for flowers with shorter tubes, nor did males
show a predilection for flowers with higher nectar yields. However, an intriguing observation
emerged during the wet season, wherein we noted a sex-specific dispersion pattern among
sunbirds. The predominant factor influencing sunbird behavior appears to be the abundance of
nectar-rich, generalized plants frequently visited by these birds, aligning with the results of
Chapters I and IV. This pattern is particularly evident during the dry season when there is a
high overlap in observed niches. In the montane forest, these trees either lack floral tubes (e.g.,
Astropanax abyssinicum, Syzigium spp.) or possess relatively short tubes (e.g., N. congesta),
allowing easy access to nectar for both male and female sunbirds. 1. ventricosa, occurring in
the submontane forest, has slightly longer floral tubes, it is adapted to moth pollination and
does not align with sunbirds' beak morphology. In montane grasslands, Hypericum revolutum,
a bee-pollinated plant with flat, morphologically generalized flowers, stands out as one of the
most visited plants in both dry and wet seasons. Thus, niche overlap is obscured due to the high
asymmetrical relationship between sunbirds and plants. One exciting result was that during the
wet season, there was a significant decrease in nectar production within these habitats, leading
to a considerable decline in female presence. Conversely, female activity notably intensified at

both the lowest and highest extremes of the altitudinal range.

In the next two chapters, we explored more in depth the effects of altitude and temporal
variability in sunbird-plant networks. In this sense, Chapter VI addressed the question of how
elevation and seasonality affected the structural features of the sunbird-plant networks. Similar
studies addressed these questions; however, they were constrained to environments at high
elevations and during the dry season. Our aim was to study the level of specialization or

generalization of sunbird-plant networks in relation to both environmental gradients (i.e.,
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elevation and seasonality). Our results indicate that sunbirds living at high elevations, as well
as the entire networks, were highly generalized. Nonetheless, low-elevation sunbird-plant
communities were much more specialised. Moreover, the wet season showed higher levels of
specialization. As in Chapters L, IV, and V these results are probably due to the phenological
patterns of ornithophilous plants, which blossom predominantly during the wet season. With
Chapter VII we move outside the forest elevational gradient, to explore the relationship
between bird visitation and elevation. As elevation rises, a shift in pollinator functional groups
is anticipated, driven by altitude. Previous research has shown that birds tend to function better
as pollinators at higher altitudes compared to bees. Furthermore, an elevation-driven transition
from bees to flies with increasing elevation also occurs. We aimed to test these ideas in the
montane grasslands of Mount Cameroon, using Hypericum revolutum (Hypericaceae) as our
model. We gathered data on flower visitors across four elevations and during two distinct
seasons. Additionally, given that Cinnyris reichenowi, the primary bird visitor of our focal plant
species, exhibits sexual dimorphism, our objective was to examine potential differences in bird
visitation between sexes. Our results demonstrate a hump-shaped pattern in the relationship
between bird floral visitation and elevation, reaching its peak at approximately 2,700 m. a.s.L,,
with increased frequencies observed during the transition from the wet to dry seasons.
Moreover, we found that male C. reichenowi exhibited a higher visitation rate to our target
plant species compared to females. Additionally, our study confirms an altitude-driven

transition from bees to flies as pollinators along the elevation gradient.
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Conclusions

Despite our predictions of sunbird-plant interactions being driven by niche-based
processes, we found that sunbird-plant networks are structured by both types of processes
analysed (Chapter I). In this sense, niche-based processes raised in importance during the wet
season manifesting the high dynamism present in this system. Consequently, it is the wet season
that exerts a higher selective pressure for the traits of each interacting partner to be more attuned
to each other. In addition, the relationship between bill and corolla tube length seems to be an
important factor in structuring these networks, highlighting that not all traits are equally

important.

Moreover, convergent evolutionary processes among bird flower visitors enabled birds
with distinct evolutionary trajectories to pollinate plants with which they had not had a tight
coevolution (Chapter II). Despite the lack of a shared coevolutionary history, these results
confirm the bird pollination syndrome as a predictive framework of flower visitors.
Nonetheless, this concept should be taken cautiously as a consequence of the highly
asymmetrical relationship between plants and their bird flower visitors. We have demonstrated
that the ornithophily of a plant species is not enough for it to be more visited by sunbirds
(Chapter III), but rather associative learning processes related to higher nectar rewards are
behind the observed patterns (Chapter IV). We emphasize that the bird pollination syndrome
concept is a good predictor of bird visitors from the plant’s point of view, whereas birds only

care for higher nectar rewards.

Additionally, we have shown that despite the great variety of traits displayed by all
sunbird species there seems to be a high degree of niche overlap among them (Chapters I &
V). Perhaps, niche segregation happens at finer scales, as is the case for /mpatiens species

living on the forest elevational gradient, which segregate their pollen deposition sites on their
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bird visitors. Niche segregation only arises when comparing pairs of species, to one another as
was the case of Chapters I, and II. However, when considering all sunbird species together
this pattern is likely obscured by the presence of certain hub plant species across the elevational
gradient, as was shown in Chapters I, IV and VI. Nonetheless, we have demonstrated that
sunbird-plant interactions can be as specialised as their New World counterparts (Chapter VI).
Previous studies on sunbirds from tropical Africa only focused on the interactions during the
dry season and at high elevations. Our study was the first one to give a complete picture of how
spatiotemporal variability affects sunbird-plant networks in the Afrotropics. Chapter VI
proved that wet season networks were more specialised, and that high altitude networks were
more generalised. In this sense, our results align with that predicted by the altitudinal niche-

breadth hypothesis in pollination networks.

Next, we examined the sexual differences in visitation behaviour exhibited by the
Vulcano sunbirds (Chapter V). The results of this chapter are in line with those shown in
Chapter I, as we did not find any niche differences related to bill-tube length trait-matching.
Moreover, we could not confirm our initial hypothesis of trait-matching related to the higher
energetic requirements of male visitors. Again, certain non-ornithophilous plants attracted
most bird visitors across the elevational gradient. What we observed was a spatial separation
of feeding grounds between males and females. Female individuals migrate downwards during
the wet season, likely due to competitive exclusion exerted by males. Territorial behaviour is
well-known for nectar-feeding birds as demonstrated by Cotton (1998) and Justino et al.
(2012). This phenomenon could also explain the lower visitation frequencies and probabilities
of females found in Chapter VII. This poses important implications for the conservation of
the species as they rely on resources present in several habitats. Moreover, in the face of global

change, the species has the risk of mismatching with the flowering of their floral resources. On
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the other hand, it is noteworthy to mention the ability of nectarivorous birds to adapt to

anthropogenic environments as showcased in Chapter I1.

Finally, we want to emphasize the effect of spatiotemporal variability of the
environment as a modulating agent not only of sunbird-plant interactions but of flower visitors
in general. This variability has a differential effect among pollinator functional groups, which
in turn makes their distributions vary spatiotemporally. Consequently, this poses a selective
pressure on plant species to locally adapt to the main floral visitor. This in turn will create
speciation events via pollinator-mediated selection processes (i.e., mosaic of coevolution

theory in plant-pollinator interactions; Anderson & Johnson, 2007).

To conclude, this dissertation has proven the high asymmetry of sunbird-plant
interactions. In this sense, the bird pollination syndrome concept, although still valid should be
taken cautiously. From the plant’s point of view, certain traits seem to have more importance
than others, namely corolla tube length and the amount of offered reward. Certainly, the
interactions seem to be not as tight as previously thought, with periods that drive the evolution
of trait-matching among the interacting partners. In this respect, convergent evolutionary
processes seem to be enough for the interactions to happen. Moreover, this dissertation has
given insights into the high levels of dynamism of the studied systems. This was manifested in
the different structural features shown by sunbird-plant interaction networks in response to
environmental conditions (i.e., elevation and seasonality). Through the manuscripts and
published papers included in this thesis, I also provide insights from a rather understudied
biodiversity hotspot in the West African Guinea Forest (i.e., Mount Cameroon). In the future,
it will be interesting to see how the patterns and processes found in this thesis affect other

aspects of plant ecology, such as plant population structure and distribution.
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Abstract

The drivers behind plant-pollinator interactions still need to be fully understood.
Previous research has suggested that observed interactions result from either neutral
interaction between species based on their abundance or from niche-based processes,
which are reflected in the adaptations of both plants and pollinators. Furthermore,
the importance of both scenarios can differ depending on seasonal dynamics trans-
lated into differences in resource availability. Extensive research has been conducted
on New-World hummingbirds (Trochilidae), whereas much less is known about Old
World nectar-feeding sunbirds (Nectariniidae). Our study aimed to explore whether
sunbird-plant interactions are explained by neutral and/or niche-based processes.
Thus, we tested the effects of abundance, morphology, and nectar sugar content on
the observed interactions and the link between sunbirds and plant traits. Moreover,
we explored the effects of robbing on these mechanisms. Finally, we investigated
the partitioning of bird pollination niches, based on floral traits. We used a dataset of
sunbird-plant interactions collected at Mount Cameroon during two seasons (dry and
wet seasons). Our study shows that sunbird-plant interactions are influenced by both
neutral and niche-based processes. Neutral processes and nectar reward were the
main mechanisms underlaying the observed interactions in the dry season. However,
as more ornithophilous plants bloom during the rainy season, morphological trait-
matching becomes more important. We found a correlation between bill length
and floral tube dimensions and observed niche overlap among the sunbird species.
Considering this and other research, we suggest that plant-pollinator interactions are

influenced by a combination of both neutral and niche-based processes.

KEYWORDS
Afrotropics, floral traits, Nectariniidae, nectarivory, niche overlap, ornithophily, pollination,
tropical rainforest
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1 | INTRODUCTION

The organization of plant-pollinator communities can be driven by
neutral and niche-based processes (Maglianesi et al., 2014; Sonne
et al., 2019; Vazquez et al., 2009). These two concepts are not mu-
tually exclusive, and both can influence plant-pollinator interac-
tions (i.e., continuum hypothesis; Gravel et al., 2006). According to
neutrality, network architecture is a consequence of the random
encounters of interacting partners, regardless of their traits (i.e.,
neutral theory of biodiversity; Dupont et al., 2003; Hubbell, 2001;
Ollerton et al., 2003). Thus, abundance is supposed to play a criti-
cal role in structuring the networks. Conversely, niche-based pro-
cesses assume that species interactions are driven by their traits
(Stang et al., 2007). For example, Scadoxus puniceus flowers match
in length with the bills of their sunbird visitors, and their floral nec-
tar properties indicate specialization for sunbird pollination (Butler
et al., 2022).

The interactions between nectar-feeding birds and flowering
plants are an excellent system for studying these processes. Studies
supporting the neutrality concept indicate widespread generaliza-
tion in bird-plant visitation networks, where many birds visit pheno-
typically non-specialized plants with easily accessible nectar rewards
(Chmel et al., 2021; Maruyama et al., 2014; Nsor et al., 2019). In con-
trast, the niche-based concept finds support from authors studying
the morphological adaptations in birds for nectarivory (Cronk &
Ojeda, 2008; Fenster et al., 2004; Geerts & Pauw, 2009) and plants
for ornithophily (i.e., bird pollination syndrome; Van der Pijl, 1961;
Faegri & van der Pijl, 1979). Maglianesi et al. (2014) demonstrated
that trait-matching influences the partitioning of avian feeding
niches at the community level. These interspecific associations en-
able efficient extraction of floral rewards by birds, fostering plant
pollination and suggesting close coevolution between interacting
partners (Biddick & Burns, 2018; Geerts & Pauw, 2009; Janeckova
et al., 2020; Johnson et al., 2020; but see Janecek et al., 2020).

Despite these co-adaptations, not all plant and bird traits are
equally important for their mutual interactions (Chmel et al., 2021).
The correlation between bill and corolla length lowers the forag-
ing costs for hummingbirds by minimizing flower handling time
and maximizing resource uptake (Maglianesi et al., 2014; Temeles
et al.,, 2009). Examples of phenotypic trait-matching also origi-
nate from the Old World (Horak & Janecek, 2021). Long-billed
Cyanomitra oritis visited plants with the longest floral tubes (Janecek
etal., 2012). Additionally, Payne et al. (2022) found that the morpho-
logical characteristics of Aloe reitzii flowers matched those of their
specialized visitors. Moreover, the narrow entrance of short-tubed
Aloe species facilitated pollen deposition on the bill of malachite
sunbirds (Hargreaves et al., 2019). Furthermore, flower architecture
and dimensions may also influence the preferences of bird visitors
(Fenster et al., 2015) and the efficiency with which they extract nec-
tar rewards (Padysakova & Janecek, 2016; Sejfova et al., 2021).

Nonetheless, morphological trait-mismatching can lead to forbid-
den links as in network terminology, where the pollinator faces ex-

ploitation barriers preventing legitimate access to the nectar rewards

(Santamaria & Rodriguez-Girones, 2014; Snow & Snow, 1972).
Despite these barriers, birds can bypass them through robbing be-
havior, piercing the corolla without touching the plant's reproductive
organs (e.g., Janecek, Bartos, & Njabo, 2015). Long and wide flow-
ers are more prone to robbing (Navarro & Medel, 2009; Sakhalkar
et al., 2023). However, even when there is trait-matching, visitors
may act as robbers (Inouye, 1983). Nectar robbers can negatively
affect plant fitness by exhausting nectar, destroying floral tissues
(Irwin et al., 2001), or keeping true pollinators away from the flower
(Irwin & Brody, 1998; Tropek et al., 2013). Nonetheless, they can
also have a positive impact on plant reproduction (Navarro, 2000;
Rojas-Nossa et al., 2021).

Apart from addressing trait-mismatching and its consequences,
it is essential to consider how the associations between the nectar
provided and bird energetic requirements affect bird-plant interac-
tions. Nectarivorous birds have high energy requirements that vary
depending on their body size, thermoregulation, foraging behav-
ior, and mode of locomotion (Brown et al., 1978). This variation is
reflected in the properties of the chosen reward. The most essen-
tial nectar properties associated with animal pollination are nectar
volume and sugar concentration. Ornithophilous flowers have a
high volume of rather diluted nectar (Chmel et al., 2021; Cronk &
Ojeda, 2008; Klomberg et al., 2022). Nectar sugar composition also
showed pollinator-dependent variations; sunbird-visited plants ex-
hibited high sucrose to hexose ratios in nectar (Bartos et al., 2012;
Janecek et al., 2021), aligning with the nectar characteristics of
plants pollinated by their New-World counterparts (Johnson &
Nicolson, 2008).

Additionally, seasonality may also affect plant-pollinator interac-
tions. Climatic conditions favor specific pollinator types; for exam-
ple, birds are favored under colder and/or wetter conditions when
ectothermic insects are less active (Huang et al., 2017; Maicher et al.,
2018). Moreover, seasonality influences plant phenological patterns
in the tropics, thereby affecting the availability of floral resources.
Thus, more ornithophilous plants in flower were reported during
the wet season of Mt. Cameroon (Janecek, Barto$, & Njabo, 2015;
Klomberg et al., 2022). Furthermore, sunbird-plant networks were
more specialized during the wet season, coinciding with the blos-
soming of specialized ornithophilous plants (Janecek et al., 2022).
Similarly, Partida-Lara et al. (2018) found increased specialization in
hummingbird-plant networks when resource availability was lower.
Therefore, changes in pollinator groups, resource availability, and
plant community traits influence how plants and pollinators interact,
ultimately affecting their trait-matching.

Our study examines the factors influencing sunbird-plant inter-
actions and their seasonal variation on Mount Cameroon, a rela-
tively understudied biodiversity hotspot in the West African Guinea
forests (Kiipper et al., 2004). We investigate the roles of abundance,
morphology, and nectar reward in determining the interaction fre-
quency and association between avian and plant traits and their
seasonal variation. We studied sunbird-plant pollination interactions
at four sampling locations during the wet and dry seasons. We aim

to answer the following questions: (i) Are sunbird-plant interactions
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driven by neutral or niche-based processes? (ii) Is there a seasonal
variation in the significance of these drivers? (iii) Do different sun-
bird species establish distinct functional feeding niches based on
the traits of the plants they visit? We hypothesize that sunbird-plant
interactions will be driven by niche-based processes. Moreover, we
expect that the presence of nectar robbing will obscure these niche-
related processes, as this behavior represents the ability to bypass
the filtering effect of floral tube lengths. Because the reciprocal ad-
aptations of both interacting partners, we anticipate that bird traits
will predict the complex of visited plant traits. Second, we hypoth-
esize that there will be seasonal differences in the importance of
these mechanisms. Niche-based processes are stronger during the
rainy season, because of the flowering of more ornithophilous flow-
ers. Finally, sunbird feeding niches segregate according to the floral
traits of the plants that they visit. We expect them to be more dis-
persed than expected under null models, in which plants are visited

randomly.

2 | METHODS
2.1 | Study sites

This study was conducted on the southwestern slope of Mount
Cameroon. Mount Cameroon has complete tropical forest
elevational gradient stretching from ~400ma.s.l. to a timberline at
~2200ma.s.l. (Cable & Cheek 1998). The data were collected at four
sites along this gradient, representing four forest types (Table S1): (a)
lowland forest in Drink Garri (650 ma.s.l.), (b) mid-elevation forest in
PlanteCam camp (1100 ma.s.l.), (c) submontane forest in Crater Lake
(1500 ma.s.L.), and (d) montane forest in Mann's Spring (2200 ma.s.l.).
Mount Cameroon presents distinct seasonality (Maicher et al., 2020),
with a period of water shortage (mid-November to February)
combined with a wet season of heavy rains (June to September).
Data were collected during four expeditions in two seasons: twice
in the dry and twice in the wet season. Two sites were sampled
for each expedition. Six transects (200m long and 10m wide,
approximately 100m apart, as described in Klomberg et al., 2022)
were established at each site to quantify flower abundance in both
seasons and to observe sunbird-plant interactions. We used point
counts to estimate bird abundance along the transects (Ralph et al.,
1995).

2.2 | Observation of bird-plant interactions

A plant individual was the observational unit. Nonetheless, when
distinguishing an individual plant (e.g., lianas and vines) was difficult,
we defined an individual as those with flowering parts that were not
noticeably connected. To include a plant species in the study, we set
a limit of nectar production of at least 0.3pL of nectar per flower
(Janecek et al., 2021). From these, we included all plant species that

blossomed in at least three of the six transects per studied site and
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season and/or were common in the transects' surroundings. Data
on sunbird-plant interactions were collected by observation of

individual plant specimens (used in Janecek et al., 2022).

2.3 | Trait dataset

Only specialized nectar-feeding sunbirds in our interaction dataset
wereincludedintheanalyses. The speciesincluded were: Anthodiaeta
collaris, Anthreptes rectirostris, Chalcomitra rubescens, Cinnyris batesi,
Cinnyris johannae, Cinnyris minullus, Cinnyris reichenowi, Cinnyris
ursulae, Cyanomitra cyanolaema, Cyanomitra olivacea, and Cyanomitra
oritis. We focused on pollination-related traits. Sunbird species traits
were gathered from the AVONET database (Tobias et al., 2022a;
Tobias et al., 2022b): bird weight and measures of bill length, depth,
and width of each sunbird species (Table S2).

We measured and recorded 11 plant species traits related to
floral morphology and pollinator attraction (Table S2; partly used
in Klomberg et al., 2022). Morphological traits were length and
width (at the entrance) of the floral tube or spur and total flower
size. Measurements were taken for up to five plant individuals per
species. Additionally, we recorded the floral symmetry of the plant
(zygo- and actinomorphy), flower position (horizontal, pendant, up-
right, all), and anther position (exposed, partially exposed, hidden).
To prevent visitors from accessing nectar, we covered 15 or more
randomly selected flowers for 24h. We measured the volume of
nectar per flower and the concentration of nectar (w/w %) (used in
Janecek et al., 2021). The sugar amount per flower was derived from
the volume and concentration of nectar. Flower odor (none, weak, or
strong) was assessed in the field. We also sorted each plant species

according to its life form (climber, epiphyte, herb, shrub, tree).

2.4 | Dirivers of plant-bird pollination interactions.

First, we excluded all plants visited fewer than five times. Second,
we generated two sets of matrices: one incorporating the robbing
events and the other excluding them. We excluded those plants
from the given sunbird diet where robbing events exceeded 50%
of all visits. In some instances, the number of robbing events can
be underestimated owing to difficulties in observing bird behavior.
We built a matrix comprising all interactions recorded at all four
sampling sites and during both seasons (hereafter “full matrix”) for
each of these matrix sets. Similarly, we built separate matrices for
the interactions recorded in both seasons (hereafter, “season-based
matrices”).

We evaluated the importance of abundance, morphological
matching, and nectar sugar content in explaining the observed inter-
actions. We created interaction probability matrices and compared
them to the observed interactions using a likelihood approach, fol-
lowing Vazquez et al. (2009). The observed interaction matrices (full
and season-based) represented the total number of sunbird-plant

interactions, with and without robbing events. For each observed
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matrix, we built probability matrices with exact dimensions based
on the abundance, morphology, and nectar sugar content as follows:

Abundance (Abu): Multiplication of sunbird and plant abundance,
representing a proxy for neutrality where interaction probabilities
correlate with partner abundance.

Morphology (Mor): Cell entries represented morphological match-
ing between interacting partners, taking only positive values. Each
cell expressed the division of the tube and bill length. Values greater
than one indicated longer flower tubes, whereas values smaller than
one denoted shorter floral tubes. Values of one indicated perfect
trait-matching.

Nectar sugar content (Nec): Cell entries denoted the amount of
sugar per plant individual as a proxy for the reward offered by each
plant species. In this matrix, each sunbird species had the same prob-
ability. Higher sugar content corresponded to higher probabilities.

We combined these three probabilistic matrices into all possi-
ble combinations to explore the various drivers of observed inter-
actions. We also included a null model (Null) in which all species had
the same interaction probability (Vazquez et al., 2009). Before con-
ducting the likelihood analysis, we normalized the matrices to one
for comparison. When multiple drivers were combined, the probabi-
listic matrices were re-normalized.

To compare the quality of the individual models, we calculated
the difference in the Akaike Information Criterion (AAIC) between
each model and the model with the lowest AIC. Note that the model
with AAIC of O was considered the best. To account for model com-
plexity, we used the number of species in each matrix as a parameter,
whereas the null model had only one parameter (Vizentin-Bugoni
et al.,, 2014).

All analyses were performed using the stats package in the R

software (R Core Team, 2022), assuming a multinomial distribution.

2.5 | Seasonal g-diversity of interactions

We calculated interaction turnover in the whole network (8WN) to
explore the seasonal changes in the networks for the season-based
matrices. When interactions totally overlap across seasons, SWN is
zero, whereas when no interactions are found from one season to
another, pWN is one. We further explored the causes of interaction
seasonal B-diversity between the seasons by calculating its two
components. ST represents the contribution of species turnover to
interaction turnover. pOS represents the contribution of interaction
rewiring among the shared species. We used the “betalinkr” function
from the bipartite R package (Dormann et al., 2008) to conduct these

analyses.
2.6 | Testing the predictive power of bird traits for
complex traits of visited flowers

We first calculated the sunbird-plant interaction frequencies at each

study site as follows (Equation 1):

n° of visits

Visitation frequency = | ———
observed time

) x plant individuals per ha (1)

Thus, we obtained the interaction frequency that accounted
for plant abundance at each study site. The mean of all the values
was calculated if an interaction between the same species occurred
across several sampling sites. Then, we built full and season-based
matrices like those described above (Figure S1a).

To reveal the traits of visited plants by individual sunbird species,
we calculated for each sunbird species a weighted mean of plant
traits in each of the matrices explained above, as follows (Equation 2):

n B . .
- . (traitvalue; x interaction frequency;
Weigthed plant trait of visited plants = Z"l ( ! ')

Z;Ll interaction frequency;

(2)

where a particular trait (e.g., tube length) of plant i was multiplied by
the interaction frequency of a specific sunbird-plant interaction and
divided by the sum of frequencies of all the interactions that bird had
(hereafter “bird xtrait of visited plant matrices”, Figure S1a). All non-
numerical variables (e.g., life form, flower position, symmetry) were
dummy-coded into numerical variables, and the weighted mean of the
visited floral traits was calculated similarly. The final matrices that en-
tered the analyses had the structure of nxp, where n represents the
sunbird species, and p represents the weighted mean of the visited
plant traits (Figure S1a).

Based on the length of gradients (i.e., 2.0 SD; Ter Braak &
Smilauer, 2012), Redundancy analysis (RDA) was chosen to test
the predictive power of bird traits on the complex of visited plant
traits on the full and seasonal bird x trait of visited plant trait ma-
trices. All variables were centered and standardized. We tested the
significance of each bird trait by using Monte Carlo tests with 999
permutations. The RDA analyses were conducted using CANOCO 5
software (Ter Braak & Smilauer, 2012).

2.7 | Testing the segregation of functional
feeding niches

To determine whether the feeding niches of the birds were seg-
regated according to the plant traits they visited, we opted for
an Euclidean distance approach. The individual observed interac-
tion matrices from each sampled location were null modeled. 999
iterations were performed using the “Vaznull” function from the
bipartite R package (Dormann et al., 2008; Figure S1b). Second, we
combined each individual null matrix into a full, wet, or dry-season
matrices. Then, we calculated the weighted plant trait matrix for
each composed null matrix using the function “cwm” from the BAT
R package (Cardoso et al., 2015). Next, we calculated an Euclidean
distance matrix for each of these null bird x plant trait matrices,
from which we obtained the mean Euclidean distance. We then
calculated the Euclidean distance matrix and mean Euclidean dis-
tance for the observed full, wet, and dry-season matrices. We

compared the observed Euclidean distances with the null models.

A5uddIT suowwo)) aanear) aqearjdde ay) Aq paurdA0s are sad1IR Y 2SN Jo sINI 10f KIRIqIT duljuQ) AJ[IA\ UO (SUONIPUOI-PUB-SULIA WO KA1M’ AIRIqIauluo//:sd)Iy) SUONIpuo)) pue Swid I, Y1 338 "[$707/10/60] U0 Areiqry autjuQ L3q1p 981198u0y 190 49 062 1'1q/1111°01/10p/wod K3im Kreiqijaurjuo//:sdiy woly papeojumo( ‘0 ‘6TrLivLl



UCEDA-GOMEZ €T AL.

ASSOCIATION FOR

Additionally, we performed pairwise comparisons of the null dis-
tribution of Euclidean distances and compared them with the ob-
served distribution for each sunbird species. Finally, we tested the
significance of the observed values by comparing them with the

null models (Figure S1b).

3 | RESULTS

In total, we recorded 39 plant species that interacted with 11 sunbird
species (i.e., full matrices; Figure 1). The dry season had 28 plants
and 10 sunbird species in both types of matrices (Figure 1). During
the rainy season, when accounting for robbing events, the matrix
comprised 20 plant species and five sunbird species. Nevertheless,
when robbing was excluded, only four sunbird species interacted
with 19 plant species.

We recorded 8364 and 7713 interactions, for the full matrices
with and without robbing events, respectively. Plants that were
commonly visited during the dry season included: Anthonotha fra-
grans, Kigelia africana, Nuxia congesta, and Tabernaemontana ventri-
cosa (Table S3). All these plants were trees. During the wet season,
Impatiens niamniamensis, Thoningia sanguinea, Anthocleista scan-
dens, and Psychotria hypsophila were commonly visited, with these
plants having various life forms (i.e., herb, liana, and shrub). In total,
651 robbing events were recorded. Frequently robbed plants in-
cluded Sabicea pilosa, Kigelia africana, Impatiens niamniamensis, and
Acanthopale decempedalis. Cinnyris reichenowi was often observed
robbing (e.g., 78.6% of all visits to Acanthopale decempedalis flower-
ing at Mann Spring wet season, Table S3).

3.1 | Drivers of plant-bird pollination interactions

The best descriptor for the full matrix, including robbing events,
was the interaction between abundance, morphological matching,
and sugar content in nectar (Figure 2). The dry-season matrix
was best explained by the same model, with and without robbing
events. However, the model that only considered the interaction
between abundance and nectar performed almost as well as the
complete interaction model. The model that included abundance
and morphology best explained the interactions in the wet
season matrices (Figure 2). We found the Null model to be the
most parsimonious for the full matrix, excluding robbing events
(Figure 2).

3.2 | Seasonal g-diversity of interactions

When excluding robbing events, the seasonal interaction turnover
was 75.3% (BWN=0.753), indicating a nearly complete turnover
from season to season. This high interaction turnover was mainly
explained by the high species turnover between the two seasons
(BST=0.728; 96.68% of the total pWN; Table 1). Moreover, both
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seasonal matrices were highly dissimilar in terms of species
composition (3S=0.639). Interaction rewiring among shared species
represented a small fraction of the variation in interactions between
seasons (POS=0.025, Table 1). The season-based matrices with

robbing events showed similar results (Table S4).

3.3 | Testing the predictive power of bird traits for
complex traits of visited flowers

Bill length significantly structures the plant-bird interactions
when excluding robbing events (Table 2). It was closely related to
floral tube length, flowers in an upright position, and floral tube
width (Figure 3). Nevertheless, none of the other tested bird traits
showed a significant relationship with the plant traits (Table 2).
The RDA performed for the full matrix, including the robbing
events, found no significant relationship between plant and bird
traits (Table S5). Analyses of individual seasonal matrices, with
and without robbing, showed similar, but not significant, results
(Table S6-S9).

Cyanomitra olivacea and Cinnyris ursulae visited plants with par-
tially exposed, horizontal anthers and actinomorphic symmetry.
Cinnyris reichenowi and Cinnyris batesi visited medium to large flow-
ers with high nectar volume, pendant flowers, and herbaceous life
forms. Chalcomitra rubescens and Anthodiaeta collaris visited plants
with low nectar concentrations and weak odor. Cinnyris minullus,
Cyanomitra cyanolaema, and Anthreptes rectirostris visited plants
exhibiting flowers in all directions, featuring exposed anthers and
zygomorphic symmetry. Cyanomitra oritis visited plants with long
and wide floral tubes, whose flowers are upright and of shrub life
forms. Finally, Cinnyris johannae visited shrubs with long and wide

floral tubes.

3.4 | Testing the segregation of functional
feeding niches

The observed mean Euclidean distance for all analyzed matrices
was smaller than expected in a random scenario (Table 3 and
Table S10). Therefore, all sunbird-visited plants were more similar
than that anticipated by the null models. Diverse patterns emerged
in plant functional niches among bird species pairs, encompassing
segregation, overlap, and “no pattern” scenarios. In most cases, the
observed Euclidean distance fell within the random distribution
(i.e., no pattern scenario; Figures S2 and S3). In some instances, the
observed Euclidean distance differed significantly from the random
distribution. Cinnyris reichenowi visited plants with functional floral
traits like six other sunbird species (Tables S11 and S12, Figure S2).
Conversely, Cyanomitra olivacea showed the greatest dissimilarity
in visited floral traits when accounting for the robbing events
(Figure S2 and Table S11). Cyanomitra olivacea differed in its feeding
niche from three sunbird species (i.e., Anthodiaeta collaris, Anthreptes

rectirostris, and Cyanomitra oritis).
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FIGURE 1 Bipartite networks of sunbird-plant interactions on Mt. Cameroon, robbing events included. (a) Full matrix; (b) Dry season;

(c) Wet season. Plant species are represented by dark green boxes, whereas sunbird species are shown in purple. The frequency of each
interaction is represented by the width of the lines (yellow and blue) joining the boxes. Dark blue lines represent the plant species in which
robbing has been recorded. PLANTS: Aca dec, Acanthopale decempedalis; Afr sp., Aframomum sp. (two species); Ant sca, Anthocleista scandens;
Anf ra, Anthonotha fragans; Berb ra, Berlinia bracteosa; Berr ac, Bertiera racemosa; Brb wa, Brillantasia owariensis; Cla ni, Clausena anisata;

Cle yl, Clerodendrum sylvanum; Cosd ub, Costus dubius; Cora ur, Cordia aurantiaca; Dic ves, Dicranolepis vestita; Engg ab, Englerina gabonensis;
Hugm ic, Hugonia micans; Imp eti, Impatiens etindensis; Imp fri, Impatiens frithii; Imp hia, Impatiens hians; Imp nia, Impatiens niamniamensis; Imp
sak, Impatiens sakeriana; Ixof ol, Ixora foliosa; Jas pre, Jasminum preussii; Kig afr, Kigelia africana; Lee gui, Leea guineensis; Mus ten, Mussaenda
tenuiflora; Nux con, Nuxia congesta; Phr kam, Phragmantera kamerunensis; Ple kam, Plectranthus kamerunensis; Psyd un, Psydrax dunalpii; Psy
hip, Psychotria hypsophila; Rhi sp., Rhipidoglossum sp.; Sab pil, Sabicea pilosa; Scha by, Schefflera abyssinica; She big, Sherbournia bignoniflora; Syz
sp., Syzygium sp.; Syz sta, Syzygium staudtii; Tab ven, Tabernaemontana ventricosa; Thos an, Thoningia sanguinea; Voa afr, Voacanga africana.
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FIGURE 2 AAIC values of probability matrices evaluated to explain the observed sunbird-plant interactions in Mount Cameroon.
Probability matrices: abundance (Abu), morphological matching (Mor), nectar sugar content per plant (Nec), and their respective
combinations. Red asterisks represent the most parsimonious model in each of the analyzed matrices.

During the dry season, Cyanomitra olivacea acted as a true spe-
cialist, visiting plants with traits different from those of most other
species (Figures S4 and S5, and Tables S13 and S14). This situation
occurred with and without robbing events. During the wet season,
Cyanomitra olivacea and Cyanomitra oritis visited plants with simi-
lar characteristics when robbing events were excluded (Figure Sé6,
Table S15). Also, the visited plants by Cinnyris reichenowi, Cinnyris
johannae, and Cyanomitra oritis were different than expected in a

random scenario when excluding the robbing events.

4 | DISCUSSION

Our study confirms that sunbird-plant interactions are driven by

both mechanisms evaluated. These findings partially align with

our initial hypothesis and with earlier research. Previous studies
have found that the observed interactions are caused by mor-
phology (Bergamo et al., 2017; Maglianesi et al., 2015; Maruyama
et al., 2014; Vizentin-bugoni et al., 2014) or abundance (Sazatormil
et al., 2016; Vazquez et al., 2009). In our system, the dry-season
matrices were explained by the interaction between abundance,
morphology, and nectar. The model that solely considered the
interplay between abundance and nectar nearly equally ac-
counted for the interactions observed during this season. Among
bird traits, only bill length correlated with the complex of visited
plant traits, agreeing with other studies (Maglianesi et al., 2015).
Morphological matching is more important during the wet sea-
son because of the phenological patterns of our study system.
Contrary to our hypothesis, bird-feeding niches determined by

plant traits overlap more than in a random scenario.
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4.1 | Drivers of sunbird-plant interactions

The interaction between abundance, morphology, and nec-
tar best explained the dry-season matrices. However, the
model without morphological variables was not significantly
worse (Figure 2). Sunbirds frequently interacted with non-
ornithophilous plants during this season (e.g., Anthonotha fra-
grans and Nuxia congesta). Despite low nectar volumes per
flower, these plants, which flowered massively, attracted all
non-specialist sunbird species (Figure 3), providing a large nectar
reservoir. Chmel et al. (2021) demonstrated that the frequency
of sunbird-plant interactions was determined by nectar reward
per plant rather than other floral traits, regardless of pollination
syndrome. Nectar availability also influenced sunbird population

size, showing a linear increase with increasing nectar availability

TABLE 1 p-diversity of interactions for the season-based
matrices without robbing. Interaction turnover () was split into
two components: species turnover (fs;) and interaction rewiring
(Bog)- Furthermore, po; was partitioned into the effects of the
lower (Bst o) higher (Bgr high) or both levels (B¢7 ) of the bipartite
networks. The effects of species replacement (B, rep/ﬁOS rep) and
species richness (Byyy rich/Pos ricn) ON By @nd P are also shown.

Seasonal g-diversity of interactions

BWN 0.753 ﬁWN rep BWN rich
0.395 0.358
Ber 0.639 Bsr 1w Bst high Pstin
0.469 0.000 0.259
BOS 0.025 ﬁos rep BOS rich
0.000 0.025

(Schmid et al.,, 2016). Hummingbirds also visited plants with
greater nectar rewards more frequently (Fenster et al., 2006).
Moreover, Janecek et al. (2021) found that ornithophilous flow-
ers produced higher amounts of sugar. In this scenario, sunbirds
could choose between two options. 1/ Actively select ornitho-
philous flowers that produce suitable amounts of sugar-rich
nectar, as more specialized sunbird species; 2/ Feed on less re-
warding flowers, massively flowering nearby, as most sunbird
species in this study. While these plants produce less sugar per
flower, they ultimately provide more energy to birds because of
the lower cost of foraging.

Conversely, the wet season matrices were best explained by
the interaction between abundance and morphology (Figure 2).
Based on their abundance, birds will still seek plants that offer
them the greatest energetic reward at a minimal energy cost.
However, ornithophilous plants make morphological trait match-
ing more important during this season. Thus, there is a continuum
between visiting the most abundant plants and those that produce
suitable amounts of sucrose-rich nectar, similar to what was sug-
gested by Gravel et al. (2006).

4.2 | Seasonal p-diversity of interactions

A high seasonal interaction turnover of sunbird-plant interactions
was recorded (BWN=0.753), primarily driven by species turnover,
consistent with findings in other plant-pollinator interaction stud-
ies (Chacoff et al., 2018; Olesen et al., 2011). This species turno-
ver underscores the seasonal dynamism of the studied ecosystem

(Figure 1b,c). Thus, seasonal changes in resource availability may

TABLE 2 Forward selection analysis for the full matrix without robbing.

(a) Summary of the redundancy analysis results

Total variation % contribution of explanatory variables Adj. Method Adj. % explained variation

231.00 51.49 FDR 19.16

Eigenvalue decomposition
Axis 1 2 3 4
Value 0.3142 0.1496 0.0400 0.0111
Cumulative variation 31.42 46.39 50.39 51.49
P-canonical correlation 0.9470 0.7221 0.7611 0.3127
Explained fitted variation 61.03 90.08 97.85 100.00

(b) Variables tested

Trait Explained variability % Contribution Pseudo-F p-Value p-Value adj.

Bill length 25.7 49.9 3.1 .005 .020*

Weight 9.7 18.8 1.2 321 .641

Width 9.5 18.8 1.2 .306 428

Depth 6.6 12.9 0.8 .614 .614

Note: (a) Summary of the results from the redundancy analysis (RDA); (b) bird traits tested: length of the bill, bird weight, and width and depth of the
bill. Their significance was tested with 999 Monte Carlo permutations. Significant results are marked with asterisk.
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FIGURE 3 RDA triplot showing the
relationship between bird and floral traits,
as well as the relative position of each
bird species within the morphospace,

for the full matrix without robbing. The
percentage of variability explained by
each axis is shown in parentheses. For
clarity, only significant bird traits are
shown (red dashed arrow): bill length (BL).
Five sets of floral traits were tested (blue
solid arrows). Morphological floral traits

1.0

(purple): corolla final size (FS), tube length
(TL), and flower symmetry (AC and ZY).
Pollinator attraction traits (yellow): nectar
concentration (CO), and volume (NV), and
odor of the flowers (OD). Anther position
(green): exposed (EX), partially exposed
(PA), hidden (HI). Flower position (orange):
pendant (PE), horizontal (HO), upright
(UP), all (AL). Life form (in pink): epiphyte
(EP), climber (CL), herb (HE), shrub (SH),
and tree (TR).

Axis 2 (14.97 %)

-1.0

-1.0

Axis 1 (31.42%) 1.0

Sunbird species:
/|

A Anthodiaeta collaris [ Cinnyris johannae l Cyanomitra cyanolaema

/{ Anthreptes rectirostris , Cinnyris minullus /( Cyanomitra olivacea
S

/( Chalcomitra rubescens [ Cinnyris reichenowi l Cyanomitra oritis

l Cinnyris batesi

[ Cinnyris ursulae

TABLE 3 Results from the modeling of bird-feeding niches
(excluding robbing events) and its comparison with the observed
values.

Modeling of bird-feeding niches

Matrix Obs. Dist. N. Dist. p-Value
Full 5.449 6.081 <.05
Wet 4.793 6.369 <.05
Dry 5.350 6.044 <.05

Note: Mean observed Euclidean distance (Obs. Dist.) and null modeled
mean Euclidean distance (N. Dist.) for all the matrices analyzed.

provoke local sunbird migration, potentially explaining the lower
number of sunbird species observed during the wet season.
4.3 | Effects of seasonality

Morphological matching is seasonally dependent. The dry-

season interactions were nearly equally explained by the model

that only included abundance and nectar. These results support
the hypothesis that trait matching is more significant in the wet
season. Moreover, the high species turnover between the two
seasons supports this idea. Nevertheless, our findings may be in-
fluenced by the limited number of sunbird species found during
the wet season, which tend to have specialized adaptations for
nectarivory. However, as indicated by previous studies (Huang
et al., 2017), birds are more efficient pollinators in challenging and
cold climates, prompting plants to depend on them for pollination
services. Additionally, we found more ornithophilous plants during
the rainy season on Mt. Cameroon (e.g., Impatiens frithii; Englerina
gabonensis). Hence, specific flower shapes that favor bird pollina-
tion are more common during the rainy season as an adaptation
to heavy rainfall (Pacini & Nepi, 2007). Klomberg et al. (2022)
reported more closed flowers during the rainy season on Mt.
Cameroon. This evidence suggests that ornithophilous plant phe-
nology and challenging environmental conditions promote trait-
matching (Maruyama et al., 2014). Thus, the rainy season likely
exerts strong selective pressure on interacting partners to have

well-attuned traits.
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4.4 | Relationship between bird and plant
traits and the effects of robbing

Only bill length predicted the complexity of the visited plant traits.
It correlates with tube length and width and flowers in an upright
position (Figure 3). Our results were like those of lzquierdo-Palma
et al. (2021). Flowers visited by Phaetornis longirostris had an average
corolla length that was practically identical to the average bill length
of the birds. Thus, the correlation between flower position and dimen-
sions (i.e., length and width) with bill length enables sunbirds to exploit
their resources more efficiently (Pyke, 2016), and plants to secure
pollination services. Nonetheless, our results may be driven by long-
billed sunbirds interacting with long-tubed plant species. These spe-
cies are specialized community members and therefore exert stronger
selective pressure for this relationship to occur (Fenster, 1991).
When robbing events were included, none of the bird attributes
explained the complexity of visited plant traits. Flower morphology
influences how pollinators extract and gain access to floral rewards.
Short-billed sunbirds robbed from long-tube flowers (e.g., Janecek
et al.,, 2015; Padysakova et al., 2013). Therefore, robbing is expected
to be minimized in perfect trait-matching. However, we also observed
sunbirds robbing ornithophilous plants (e.g., Cyanomitra olivacea on
Impatiens niamniamensis). Also, Sakhalkar et al. (2023) demonstrated
that sunbirds frequently rob ornithophilous plants. Even a single vis-
iting species can pollinate and rob during distinct visits to a plant
species. These findings indicate that better trait-matching does not
guarantee avoidance of robbing and that trait-mismatching affects

how sunbirds access nectar.

4.5 | Overlap of bird-feeding niches

Despite bill length predicted the complex of visited plants, bird-
feeding niches overlapped more than in a random scenario. All
sunbird species congregated around the short-tubed flowers
(Figure S7). Long-billed sunbirds visited both short and long-tubed
flowers, masking niche segregation based on plant traits. An
exception was Cinnyris johannae, which exclusively visited a plant
species with a 75-mm long tube (Phragmanthera kamerunensis).
During the dry season, Anthonotha fragrans attracted most
sunbirds at low elevations (Figure 1b), whereas Impatiens niamnia-
mensis acted as another hub for sunbird species during the wet
season (Figure 1c), obscuring niche segregation. In situations of low
resource availability, previous studies found that long-billed hum-
mingbirds exhibit greater specialization (Tinoco et al., 2017), with
competition constraining their niche expansion and reducing over-
lap. Contrarily, our study revealed that Cyanomitra olivacea exhibited
greater niche segregation when resource availability was highest
(i.e., dry season). This supports findings from other mutualistic net-
works, such as seed dispersal and pollination, where species tend
to constrain feeding niches at high resource availability (Albrecht
et al., 2013; Fontaine et al., 2008). Therefore, Cyanomitra olivacea

selectively foraged on the plant species with the largest amount of

nectar. Similarly, Janecek et al. (2022) found that sunbirds were more
specialized at lower elevations where Cyanomitra olivacea is found.
However, at high elevations, the networks were more generalized,
which aligns with our findings regarding Cinnyris reichenowi. This
species displayed a generalist feeding strategy and shared its feed-

ing niche with most other species.

5 | CONCLUSIONS

Our study, like Vizentin-Bugoni et al. (2018), highlights the influence
of neutral and niche-based processes on sunbird-plant interactions.
In our study, morphological trait-matching was crucial in specialized
interactions between ornithophilous plants and specialized sunbird
species, especially during the wet season when specialized plants
bloom. However, neutral processes and nectar rewards are im-
portant during the dry season when sunbirds interact with plants
that flower massively and convey a huge amount of nectar. Thus,
in this scenario, the wet season exerts stronger selective pressure
on the traits of both partners to be more attuned. A good example
is the long-billed sunbird Cinnyris johannae, which only interacts with
the long-tubed Phragmanthera kamerunensis. Nonetheless, we did
not observe niche segregation among the sunbird species. Further
research is needed to understand the observed pattern of niche

overlap, as the absence of competition likely influences it.
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Table S1. Detail of the sampling localities and their year of sampling. Each sampling site was

sampled in two distinct seasons: dry and wet season.

Site Coordinates Elevation Description
(m a.s.l.)

Sampling year

Drink Garri

N 04.1022°,
E 09.1225°

650

Lowland forest, minimally
disturbed by elephants,
where trees of the subfamily
Caesalpinioideae (Family:
Fabaceae) prevail

2018-2019

PlanteCam

N 4.1175°,
E 09.0717°

1100

Mid-elevation forest, partly
disturbed by elephants,
where Kigelia africana,
Macaranga occidentalis and
Voacanga africana are
common

2018-2019

Crater Lake

N 04.1443°,
E 09.0709°

1500

Submontane forest, highly
disturbed by elephants,
where open elephant
pastures are common and
where Aframomum spp.
prevails

2019-2020

Mann’s
Spring

N 04.1428°,
E 09.0630°

2200

Montane forest, close to the
timberline, where elephant
disturbance is absent and
where montane species like
Syzigium staudtii, Nuxia
congesta and Schefflera
sSpp. are common

2019-2020




Table S2. Functional traits of birds and plants used in the study with details of the classes used and

further information on how where they measured, collected or defined.

Class or unit of

Plant Traits Trait description
measurements

Floral morphology

Tube length mm Length of nectar tube

Tube width mm Measured at the entrance of the
nectar tube

Final size Total corolla size Zygomorphic flowers were

(mm) measured both vertically and

horizontally

Symmetry Actinomorphic /

Anther position

Flower position

Zygomorphic
Exposed / Partially
exposed / Hidden
Horizontal / Pendant /
Upright / All

Species whose flowers were found
to be placed in all three directions
were categorised as “All”

Pollinator attraction

Nectar concentration wiw % Measured with pocket refractometer
in the field

Nectar volume ML

Sugar content mg mg of sugar per flower

Odour None / Weak / Strong Characterized by the observer

Plant’s life form

Climber Species which grows upwards by
twining

Epiphyte Species which grows on top other
plants

Herb Non-woody plant species

Shrub Plants up to 3 m high

Tree Plants higher than 3 m

Bird traits Class or unit of Trait description

measurements

Bill length mm Length from the tip of the bill to the
base of the skull

Bill width mm Width of the bill at the anterior edge
of the nostrils

Bill depth mm Depth of the bill at the anterior edge
of the nostrils

Weight g



Table S3. Frequency of visitation and percentage of robbing (robbing events/visits) recorded in the study at each location and season.

The method with which each interaction was recorded is also shown. Plant names follow the International Plant Name Index (IPNI). The

abbreviation of bird names takes the first three letters of each name from the scientific name.

Sampling site _Season _ Plant species Method Bird species Abbreviation _ Frequency Robbing
Anthonota. fragrans Observation  Anthodiaeta collaris ANTCOL 0.157 -
Anthodiaeta rectirostris ANTREC 0.718 -
Anthreptes seimundi ANTSEI 0.022 -
Chalcomitra rubescens CHARUB 0.673 -
Cinnyris batesi CINBAT 0.336 -
Cinnyris minullus CINMIN 0.426 -
Cyanomitra cyanolaema CYACYA 1.144 -
Cyanomitra olivacea CYAOLI 2.714 -
Aframomum sp. Camera Cyanomitra olivacea CYAOLI 0.713 100.0
Berlinia bracteosa Observation Chalcomitra rubescens CHARUB 0.195 -
Cinnyris johannae CINJOH 0.065 -
Drink Garri Dry o Cyanomitra oIivac_ea CYAOLI 0.130 -
Heinsia crinita Camera Anthodiaeta collaris ANTCOL 0.078 -
Hugonia micans Camera Anthodiaeta collaris ANTCOL 0.219 -
Anthreptes rectirostris ANTREC 0.083 -
Anthreptes seimundi ANTSEI 0.031 -
Chalcomitra rubescens CHARUB 0.115 -
Cinnyris batesi CINBAT 0.073 -
Cinnyris minullus CINMIN 0.010 -
Cyanomitra cyanolaema CYACYA 0.052 -
Impatiens niamniamensis Camera Cyanomitra olivacea CYAOLI 0.615 35.0
Sabicea pilosa Camera Cyanomitra olivacea CYAOLI 5.596 52.7
Tabernaemontana Observation Cinnyris minullus CINMIN 0.175 -
brachyantha
Bertiera racemosa Camera Cyanomitra olivacea CYAOLI 0.035 -
Clerodendrum sylvaticum Camera Cyanomitra olivacea CYAOLI 0.261 -
Drink Garri Wet Impatiens niamniamensis Camera Cyanomitra olivacea CYAOLI 1.076 28.6
Cyanomitra oritis CYAORI 0.307 -
Leea guineensis Camera Cyanomitra olivacea CYAOLI 0.450 -



Phragmanthera Observation Chalcomitra rubescens CHARUB 0.022 -
kamerunensis
Cinnyris johannae CINJOH 0.389 13.9
Cinnyris. minullus CINMIN 0.194 44 4
Cyanomitra olivacea CYAOLI 0.324 10.0
Aframomum sp. Camera Cyanomitra oritis CYAORI 0.126 33.0
Anthonotha fragans Observation  Anthodiaeta collaris ANTCOL 0.398 -
Anthreptes rectirostris ANTREC 0.133 -
Cinnyris ursulae CINURS 3.712 -
Cyanomitra olivacea CYAOLI 0.795 -
Cyanomitra oritis CYAORI 0.133
Cordia aurantiaca Camera Cinnyris ursulae CINURS 0.709 -
Costus dubius Camera Cyanomitra olivacea CYAOLI 0.012 -
Dischistocalyx grandifolius Observation Cyanomitra oritis CYAORI 0.015 -
Impatiens niamniamensis Camera Cinnyris ursulae CINURS 0.007 -
Cyanomitra olivacea CYAOLI 0.017 100.0
Cyanomitra oritis CYAORI 0.017 -
Kigelia africana Observation  Anthodiaeta collaris ANTCOL 0.277 -
Cinnyris ursulae CINURS 40.294 -
Cyanomitra olivacea CYAOLI 3.185 -
PlanteCam Dry Cyanomitra oritis CYAORI 21.462 -
Pavetta rigida Camera Cyanomitra olivacea CYAOLI 0.013 -
Sabicea pilosa Camera Cinnyris ursulae CINURS 0.093 8.3
Cyanomitra olivacea CYAOLI 0.255 30.3
Schumanniophyton Camera Cyanomitra olivacea CYAOLI 0.007 -
magnificum
Sherbournia bignoniiflora Camera Cyanomitra olivacea CYAOLI 0.004 -
Cyanomitra oritis CYAORI 0.026 -
Tabernaemontana ventricosa Observation  Anthodiaeta collaris ANTCOL 1.500 -
Cinnyris ursulae CINURS 9.500 -
Cyanomitra olivacea CYAOLI 1.000 -
Cyanomitra oritis CYAORI 0.667 -
Voacanga africana Anthodiaeta collaris ANTCOL 0.781 -
Cinnyris ursulae CINURS 0.781 -
Cyanomitra oritis CYAORI 0.260 -
Costus dubius Camera Cinnyris reichenowi CINREI 0.290 97.6
Impatiens etiendensis Camera Cyanomitra oritis CYAORI 0.016 -
PlanteCam Wet | mpatiens frithii Camera Cinnyris reichenowi CINREI 0.043 -
Cinnyris ursulae CINURS 0.043 -


https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:766234-1
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:766234-1

Cyanomitra oritis CYAORI 0.652 -
Impatiens hians Camera Cinnyris reichenowi CINREI 0.006 100
Cyanomitra oritis CYAORI 0.007 10.0
Impatiens niamniamensis Camera Cinnyris reichenowi CINREI 1.539 100.0
Cyanomitra oritis CYAORI 1.129 -
Mussaenda tenuiflora Observation Cyanomitra oritis CYAORI 0.007 -
Plectranthus decurrens Camera Cinnyris reichenowi CINREI 0.125 -
Thonningia sanguinea Camera Cinnyris reichenowi CINREI 0.040 -
Cyanomitra olivacea CYAORI 0.024 -
Cyanomitra oritis CYAORI 2.951 1.37
Thunbergia fasciculata Camera Cinnyris reichenowi CINREI 0.093 100.0
Cyanomitra olivacea CYAOLI 0.031 -
Acanthopale decempedalis Camera Cyanomitra reichenowi CINREI 0.122 66.0
Aframomum sp. Camera Cyanomitra oritis CYAORI 0.333 54.5
Aframomum sp. Camera Cyanomitra oritis CYAORI 1.220 2.3
Brillantaisia owariensis Camera Cinnyris reichenowi CINREI 0.123 -
Cyanomitra oritis CYAORI 0.022 -
Costus dubius Camera Cinnyris reichenowi CINREI 0.003 -
Cyanomitra oritis CYAORI 0.035
Dicranolepis vestita Observation Cinnyris reichenowi CINREI 18.477 -
Englerina gabonensis Observation Cinnyris reichenowi CINREI 0.742 10.5
Cyanomitra oritis CYAORI 4.063 -
Impatiens burtonii Camera Cinnyris reichenowi CINREI 0.006 100.0
Impatiens niamniamensis Camera Cinnyris reichenowi CINREI 0.024 100.0
Cyanomitra oritis CYAORI 0.098 4.0
Crater Lake Dry Ixora guineensis Camera Cinnyris reichenowi CINREI 0.208 -
Kigelia africana Observation Cinnyris reichenowi CINREI 5.648 34.8
Cyanomitra oritis CYAORI 10.294 16.8
Mimulopsis solmsii Camera Cinnyris reichenowi CINREI 0.044 50.0
Cyanomitra oritis CYAORI 0.022 -
Mussaenda tenuiflora Observation Cinnyris reichenowi CINREI 0.367 4.8
Cyanomitra oritis CYAORI 0.031 -
Phragmenthera Camera Cinnyris reichenowi CINREI 0.106 14.3
kamerunensis
Psydrax dunlapii Observation Cinnyris reichenowi CINREI 2.551 -
Cyanomitra oritis CYAORI 0.091 -
Syzigium sp. Observation Cinnyris reichenowi CINREI 50.859 -
Cyanomitra oritis CYAORI 1.367 -
Tabernaemontana ventricosa Observation Cinnyris reichenowi CINREI 154.297 -
Cyanomitra oritis CYAORI 10.742 -



Thonningia sanguinea Camera Cyanomitra oritis CYAORI 0.161 -
Acanthopale decempedalis Camera Cinnyris reichenowi CINREI 0.034 -
Aframomum sp. Camera Cyanomitra oritis CYAORI 0.117 100.0
Aframomum sp. Camera Cinnyris reichenowi CINREI 0.008 100.0
Cyanomitra oritis CYAORI 0.265 5.6
Anthocleista scandens Observation Cinnyris reichenowi CINREI 4.609 -
Cyanomitra oritis CYAORI 19.688 -
Clerodendrum sylvaticum Camera Cinnyris reichenowi CINREI 0.508 -
Costus dubius Camera Cyanomitra oritis CYAORI 0.118 -
Crater Lake Wet Impatiens etindensis Camera Cinnyris reichenowi CINREI 0.773 7.4
Cyanomitra oritis CYAORI 0.544 -
Impatiens niamniamensis Camera Cinnyris reichenowi CINREI 3.569 95.2
Cyanomitra oritis CYAORI 0.685 -
Ixora guineensis Camera Cyanomitra oritis CYAORI 0.066 -
Mussaenda tenuiflora Observation Cinnyris reichenowi CINREI 0.210 19.2
Plectranthus kamerunensis Cinnyris reichenowi CINREI 0.376 -
Cyanomitra oritis CYAORI 0.075 -
Thonningia sanguinea Cyanomitra oritis CYAORI 28.766 -
Acanthopale decempedalis Camera Cinnyris reichenowi CINREI 0.623 -
Clausena anisata Camera Cinnyris reichenowi CINREI 0.391 -
Cyanomitra oritis CYAORI 0.031 -
Hypoestes ftriflora Camera Cinnyris reichenowi CINREI 0.134 -
Impatiens sakeriana Camera Cinnyris reichenowi CINREI 0.152 10.0
Cyanomitra oritis CYAORI 0.236 -
Mann’s D Nuxia congesta Observation Cinnyris reichenowi CINREI 39.461 -
Spring ry Cyanomitra oritis CYAORI 1.561
Psydrax dunlapii Observation Cinnyris reichenowi CINREI 6.159 -
Cyanomitra oritis CYAORI 0.143 -
Schefflera abyssinica Observation Cinnyris reichenowi CINREI 11.275 -
Cyanomitra oritis CYAORI 1.126 -
Syzigium staudftii Observation Cinnyris reichenowi CINREI 9.583 -
Cyanomitra oritis CYAORI 0.104 -
Acanthopale decempedalis Camera Cinnyris reichenowi CINREI 2.209 78.6
Cyanomitra oritis CYAORI 0.126
Chassalia laikomensis Camera Cyanomitra oritis CYAORI 0.064 50.0
Mann’s Wet Impatiens sakeriana Camera Cinnyris reichenowi CINREI 0.725 -
Spring Cyanomitra oritis CYAORI 0.062 -
Jasminum preussii Camera Cinnyris reichenowi CINREI 0.543 4.54
Psychotria hypsophila Camera Cinnyris reichenowi CINREI 52.794 -
Rhipidoglossum sp. Camera Cinnyris reichenowi CINREI 0.164 -



Table S4. B-diversity of interactions for the season-based matrices with robbing. The interaction
turnover (BWN) was split in its two components: species turnover (BST) and interaction rewiring
(BOS). Further BST was partitioned into the effects of the lower (BST low), higher (BST high) or
both levels (BST 1h) of the bipartite networks. The effects of species replacement (BWN rep / fOS

rep) and richness (BWN rich / BOS rich) on BWN and BOS are also shown.

Seasonal f-diversity of interactions

Bwn 0.718 BwWN rep BwN rich
0.400 0.318
Bst 0.682 BsT low BsT high BsTin
0.459 0.000 0.224
Bos 0.035 Bos rep Bos rich

0.024 0.012




Table S5. Forward selection analysis for the full matrix including robbing events: a) Summary of
the results from the Redundancy Analysis (RDA); b) Bird traits tested: bill length, weight, and

width and depth of the bill. Their significance was tested with 999 Monte Carlo permutations.

a) Summary of the Redundancy Analysis results

% Contribution of Ad;j. Adj. %
Total variation explanatory variables method explained
variation
231.00 52.8 FDR 21.64
Eigenvalue decomposition
Axis 1 2 3 4
Value 0.3048 0.1738 0.0349 0.0163
Cumulative variation 30.48 47.86 51.35 52.98
P-canonical correlation 0.9530 0.7515 0.7301 0.385
Explained fitted variation 57.73 90.33 96.91 100.00
b) Variables tested
Explained
Trait % Contribution Pseudo-F p-value p-value ad,;.
variability
Bill length 23.0 43 4 2.7 0.021 0.084
Weight 12.1 22.8 1.5 0.213 0.426
Bill width 12.9 24 4 1.7 0.126 0.252
Bill depth 5.0 9.3 0.6 0.730 0.730



Table S6. Forward selection analysis for the dry season matrix without robbing: a) Summary of
the results from the Redundancy Analysis (RDA); b) Bird traits tested: bill length, weight, and

width and depth of the bill. Their significance was tested with 999 Monte Carlo permutations.

a) Summary of the Redundancy Analysis results

% Contribution of Ad;j. Adj. %
Total variation explanatory variables method explained
variation

210.00 50.21 FDR 10.38

Eigenvalue decomposition

Axis 1 2 3 4
Value 0.4064 0.0599 0.0253 0.0105
Cumulative variation 40.64 46.63 49.16 50.21
P-canonical correlation 0.8901 0.6945 0.3841 0.3602
Explained fitted variation 80.93 92.86 97.90 100.00

b) Variables tested

Explained
Trait % Contribution Pseudo-F p-value p-value ad,;.
variability
Bill length 19.9 39.7 2.0 0.116 0.463
Weight 17.5 34.8 2.0 0.128 0.257
Width 11.0 21.9 1.3 0.306 0.408

Depth 1.8 3.6 0.2 0.988 0.988



Table S7. Forward selection analysis for the wet season matrix without robbing: a) Summary of

the results from the Redundancy Analysis (RDA); b) Bird traits tested: Length of the bill, bird

weight, and width and depth of the bill. Only those bird traits that accounted for all the variability

in the dataset are shown. Their significance was tested with 999 Monte Carlo permutations.

% Contribution of Ad;j. Adj. %
Total variation explanatory variables method explained
variation
80.00 100.00 FDR 0.00
Axis 1 2 3
Value 0.4625 0.4052 0.1323
Cumulative variation 46.25 86.77 100.00
P-canonical correlation 1.00 1.00 1.00
Explained fitted variation 0.00 0.00 0.00
Explained
Trait % Contribution Pseudo-F p-value p-value ad,;.
variability
Weight 20.3 20.3 0.5 0.702 1.000
Width 37.8 37.8 <0.1 1.000 1.000
Depth 41.9 41.9 1.4 0.138 0.523



Table S8. Forward selection analysis for the dry season matrix with robbing: a) Summary of the

results from the Redundancy Analysis (RDA); b) Bird traits tested: Length of the bill, bird weight,

and width and depth of the bill. Their significance was tested with 999 Monte Carlo permutations.

a) Summary of the Redundancy Analysis results

% Contribution of Ad;j. Adj. %
Total variation explanatory variables method explained
variation
210.00 53.90 FDR 17.02
Eigenvalue decomposition
Axis 1 2 3 4
Value 0.4475 0.0581 0.0257 0.0076
Cumulative variation 4475 50.57 53.14 53.90
P-canonical correlation 0.9102 0.7044 0.3814 0.3551
Explained fitted variation 83.03 93.81 98.58 100.00
b) Variables tested
Explained
Trait % Contribution Pseudo-F p-value p-value ad,;.
variability
Bill length 21.8 40.5 2.2 0.089 0.359
Weight 17.6 32.7 2.0 0.104 0.207
Width 2.0 3.7 0.2 0.992 0.992
Depth 12.5 231 1.6 0.204 0.272



Table S9. Forward selection analysis for the wet season matrix with robbing: a) Summary of the

results from the Redundancy Analysis (RDA); b) Bird traits tested: Length of the bill, bird weight,

and width and depth of the bill. Only those bird traits that accounted for all the variability in the

dataset are shown. Their significance was tested with 999 Monte Carlo permutations.

% Contribution of Ad;j. Adj. %
Total variation explanatory variables method explained
variation
100.00 100.00 FDR 0.00
Axis 1 2 3
Value 0.5402 0.3152 0.1446
Cumulative variation 54.02 85.54 100.00
P-canonical correlation 1.00 1.00 1.00
Explained fitted variation 0.00 0.00 0.00
Explained
Trait % Contribution Pseudo-F p-value p-value ad,;.
variability
Bill length 304 304 <0.1 1.000 1.000
Weight 33.2 33.2 1.1 0.560 0.933
Width 27.3 27.3 0.9 0.517 1.000
Depth 9.0 9.0 0.3 1.000 1.000



Table S10. Results from the modelling of bird feeding niches (with robbing events) and its
comparison with the observed values. Mean observed Euclidean distance (Obs. Dist.) and null

modelled mean Euclidean distance (N. Dist.) for all the matrices analysed.

Modelling of bird feeding niches

Matrix Obs. Dist. N. Dist. p-value
Full 5.504 6.125 <0.05
Wet 4.832 6.204 <0.05

Dry 5.358 6.077 <0.05




Table S11. Results of pairwise comparisons of sunbirds species in which the observed Euclidean
distance (Obs. Dist) and the null modelled one (N. Dist.) was significant for the full matrix

excluding robbing events. Bird names are abbreviated as in Table S3.

Sunbirds Obs. Dist. N. Dist. p-value
Antcol-Cyaoli 5.929 4.842 0.026
Antcol-Cyaori 6.579 1.023 0.005
Antcol-Cinrei 4.585 7.010 0.002
Antrec-Cyacya 0.069 3.000 0.047
Antrec-Cyaoli 5.838 4.000 0.048
Antrec-Cinrei 6.036 6.738 0.009
Charub-Cinrei 5.783 6.877 0.003
Cinbat-Cinrei 5.711 7.176 0.003
Cyacya-Cinrei 6.064 6.862 0.018
Cyaoli-Cyaori 5.886 4.561 0.014
Cyaoli-Cinurs 5.937 6.611 0.000

Cinmin-Cinrei 6.232 7.376 0.021




Table S12. Results of pairwise comparisons of sunbirds species in which the observed Euclidean
distance (Obs. Dist) and the null modelled one (N. Dist.) was significant for the full matrix

including robbing events. Bird names are abbreviated as in Table S3.

Sunbirds Obs. Dist. N. Dist. p-value
Antcol-Cyaoli 6.018 3.677 0.002
Antcol-Cyori 6.802 0.749 0.004
Antcol-Cinurs 8.357 7.356 0.018
Antcol-Cinrei 4.46 7.168 0.000
Antrec-Cyacya 0.072 2.941 0.031
Antrec-Cyaoli 6.267 3.958 0.011
Charub-Cinrei 5.868 7.129 0.014
Cinbat-Cinrei 5.389 7.439 0.004
Cyacya-Cyaoli 6.308 4153 0.015
Cyaoli-Cinjoh 7.574 6.525 0.034
Cyaoli-Cyaori 4.836 3.45 0.001
Cyaoli-Cinurs 5.686 6.126 0.011

Cinmin-Cinrei 5.779 7.399 0.004




Table S13. Results of pairwise comparisons of sunbirds species in which the observed Euclidean
distance (Obs. Dist) and the null modelled one (N. Dist.) was significant for the dry season matrix

excluding robbing events. Bird names are abbreviated as in Table S3.

Sunbirds Obs. Dist. N. Dist. p-value
Antcol-Cyaoli 7.797 5.699 0.011
Antcol-Cinurs 8.237 1.494 0.008
Antcol-Cyaori 7.212 5.434 0.007
Antcol-Cinrei 5.228 8.441 0.004
Antrec-Cyacya 0.084 3.516 0.044
Antrec-Cyaoli 7.703 4.002 0.004
Charub-Cyaoli 7.168 4.329 0.027
Cinbat-Cyaoli 7.092 5.017 0.037
Cyacya-Cyaoli 7.750 4.288 0.002
Cyaoli-Cinmin 8.025 5.454 0.005
Cyaoli-Cinurs 7.907 5.400 0.006
Cyaoli-Cyaori 6.182 4.880 0.009
Cinurs-Cyaori 2.718 4612 0.000

Cyaori-Cinrei 5.967 4.300 0.000




Table S14. Results of pairwise comparisons of sunbirds species in which the observed Euclidean
distance (Obs. Dist) and the null modelled one (N. Dist.) was significant for the dry season matrix

including robbing events. Bird names are abbreviated as in Table S3.

Sunbirds Obs. Dist. N. Dist. p- value
Antcol-Cyaoli 8.074 4.589 0.000
Antcol-Cinurs 8.374 1.151 0.004
Antcol-Cyaori 7.197 5.208 0.002
Antcol-Cinrei 5.311 8.333 0.002
Antrec-Cyacya 0.101 3.606 0.038
Antrec-Cyaoli 8.237 4917 0.001
Cinbat-Cyaoli 7.571 5.685 0.028
Cyacya-Cyaoli 8.290 5113 0.001
Cyaoli-Cinmin 8.603 5.968 0.005
Cyaoli-Cinurs 6.864 4.382 0.001
Cinurs-Cyaori 2.775 4.550 0.000

Cyaori-Cinrei 5.990 4.351 0.000




Table S15. Results of pairwise comparisons of sunbirds species in which the observed Euclidean
distance (Obs. Dist) and the null modelled one (N. Dist.) was significant for the wet season
matrices a) excluding robbing events; b) including robbing events. Bird names are abbreviated as

in Table S3.

a) Without robbing

Sunbirds Obs. Dist. N. Dist. p- value
Cinjoh-Cinrei 6.812 6.028 0.022
Cyaoli-Cyaori 6.462 7.299 0.002
Cyaori-Cinrei 7.449 7.108 0.020

b) With robbing

Sunbirds Obs. Dist. N. Dist. p- value

Cyaori-Cinrei 7.807 7474 0.025
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Figure S1. Conceptualization of the methods used in the study. a) Construction of bird * traits
matrices of visited plants from the interaction matrices; b) modelling of bird feeding niche using
“Vaznull algorithm” and a Euclidean distance approach. The observed frequency matrices were
null modelled. Then they were compound into full and seasonal matrices. To this end, the null

Euclidean distance matrices were calculated and compared to the observed ones.



Cyanomitra olivacea

(]
E
.M “
° ° "
[ (] c ]
¢ & g £
€ 3 o o
(7] 4 © g =Y
L35 £ "
0 0n ‘- -
Hod E E -
> > ° e S
c c c
E £ S s g
5} 5] .W. 9 w 8’0 00
« -
YV X N s
ﬁr N
T5 o
.E o UL © TTTTTT ©
= m 90 00 8'0 00
..h "] Q o w LS
] -] [} ] - o -
IR 9 ] 4 o - B
= ] _ ky 3 i (o
§ % T 3 £ 3 N N s e
s = s o e c F~ Mo .
" ] ] = © ‘e TTTT1 TT T Tt~ T 1T
¢ ¢ g £ a & E €0 00 90 00 80 ¥0 00
T S 8 E @ @ @ ’ P o
g 382 8 5 % % o| = e S
0 - 4 c e L - »
0= 3 c c c 4 L2 e [
T c c f= = - - <t - oo ~
£ < € U 0 0O 3] i C n
y - Fi~
M 4 U UL U U S S U __.___\M
H A ¥0Z000 ¥02000,_ €0 00 €0 00
m.. \16 HH 1“. o KUD.
- [ - ©
= L N 0
A J/i s - i -
L I~ < - e
Fo Mo . w
m T Vet b e Y 6 S
- ‘02’0 00 80 ¥'0 00 90 00 1'0 00 2190 00
2 2ol STl A=[ Jol Mol I
0 - e e o -~ i
£ X Sl NN Sl e &
~ H N o -~ °
w TTTTT1T o e TTTTT L _|5 T T 11T L w
X 020 000 SL°0 000 €0 00 ¥'0 00 807%0 00 90 00
- ~ - L2
." o 7Y [ o \lg [ oo Alm el
..m o i Lo o Lo B
m <t |“ — |“ pl7 Ale i~
N B e B [ ™~ e
— _p_ T St TTTTTT e _—q_ _ro TT T T e TTrTTTT hid TTTTTT TTTTTT
m S0 000 020 000 0L0 000 €0 Q._.-_D €0 00 90 €0 0 90 €0 00
'8 HB HB o C b HM - e
o - r IH /Ie H5 e B
S S -~ s ™ o= -
o~ o~ Lo ey r L~ Lo
Feu
__A_ lﬂﬂln.:____ 7 ° St © :_____lm T TTTT
SL0 000 SLO 000 020 000 GL'0 000 €0 00 ¥'0 00 ¥'0 v'0 00 90 00 .
- /| © o - \
e o e 0 oo Lo oo - oo
{ o - o L« [-© L~ el -~
< [ Fer 0 - = oo
~ - e L Fen - Aio A\7 -
\_i T ﬁ T i TTTTT 71T ro TTTTTT i T 1T _\5 7T 7T TTTTT Juid
020 000 S0 000 020 000 20 00 GL'0 000 90 €0 00 80 ¥0 00 90 00 2L 90 00
- " w0
[ [ \\u\\-a e o r> \\\\n-w o o N
I — eI -© Lo -~ o |« feo ™~
N [~ N = I~ H5 fls Alﬂu o
ey ~
o B - B - F ™~ M ) id
T TTTTTT e b et e b T T © TTTTY® T 17
v0 00 90 €0 00 €0 00 ¥0 00 ¥0 00 v0 20 00 €0 00 80%000 80°V0 00 0 00

A R S S

Asuaq

\

X

X

X

e

\

Euclidean distance



Figure S2. Analysis of the bird feeding niches for the full matrix excluding the robbing events.
Each plot shows the distribution of modelled Euclidean distances according to visited plant traits.
Red bars represent the observed Euclidean distance among each pair of species. Colored boxes
indicate those pairs of species whose observed Euclidean distance was statistically significant (p-
value < 0.05). In yellow species whose observed Euclidean distance was smaller than expected by

chance; in blue those whose observed Euclidean distance was bigger than expected by chance.
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Figure S3. Analysis of the bird feeding niches for the full matrix including robbing events. Each
plot shows the distribution of modelled Euclidean distances according to visited plant traits. Red
bars represent the observed Euclidean distance among each pair of species. Colored boxes indicate
those pairs of species whose observed Euclidean distance was statistically significant (p-value <
0.05). In yellow species whose observed Euclidean distance was smaller than expected chance; in

blue those whose observed Euclidean distance was bigger than expected by chance.
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Figure S4. Analysis of the bird feeding niches for the dry season matrix excluding the robbing
events. Each plot shows the distribution of modelled Euclidean distances according to visited plant
traits. Red bars represent the observed Euclidean distance among each pair of species. Colored
boxes indicate those pairs of species whose observed Euclidean distance was statistically
significant (p-value < 0.05). In yellow species whose observed Euclidean distance was smaller
than expected chance; in blue those whose observed Euclidean distance was bigger than expected

by chance.
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Figure SS. Analysis of the bird feeding niches for the dry season matrix including robbing events.
Each plot shows the distribution of modelled Euclidean distances according to visited plant traits.
Red bars represent the observed Euclidean distance among each pair of species. Colored boxes
indicate those pairs of species whose observed Euclidean distance was statistically significant (p-
value < 0.05). In yellow species whose observed Euclidean distance was smaller than expected

chance; in blue those whose observed Euclidean distance was bigger than expected by chance.
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Figure S6. Analysis of the bird feeding niches for the wet season matrix: a) excluding robbing
events; b) including robbing events. Each plot shows the distribution of modelled Euclidean
distances according to visited plant traits. Red bars represent the observed Euclidean distance
among each pair of species. Colored boxes indicate those pairs of species whose observed
Euclidean distance was statistically significant (p-value < 0.05). In yellow species whose observed
Euclidean distance was smaller than expected chance; in blue those whose observed Euclidean

distance was bigger than expected by chance.
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Heliconia spp. evolved together with hummingbirds and Etlingera spp. with spider-

. Sunbirds fed on all studied plants and individual plant species were visited by a dif-

ferent sunbird spectrum. We experimentally documented a higher number of ger-
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minated pollen grains in sunbird-visited flowers of Etlingera spp. For Heliconia spp.,

in hand-pollinated flowers, where enough pollen was deposited. The analyses of
contacts with plant reproductive organs nevertheless confirmed that sunbirds are
good pollen vectors for both Heliconia and Etlingera species.

4. Our study demonstrated a high ecological fit between actors of distinct evolution-
ary history and the general validity of bird-pollination syndrome. We moreover
show that trait matching and niche differentiation are important ecological pro-

cesses also in semi-artificial plant-pollinator systems.
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1 | INTRODUCTION Fleming & Muchhala, 2008). Considering specialized nectarivores,
the three largest groups are hummingbirds (Trochilidae) in the New
Evolutionary trajectories and related adaptations of ornithophilous World, sunbirds, and spiderhunters (Nectariniidae) in Africa, Asia,
plants and nectarivorous birds differ on individual continents and in and Australia and honeyeaters (Meliphagidae) in Australia, New

different phylogenetic plant and bird lineages (Abrahamczyk, 2019; Zealand, New Guinea, and many South Pacific islands (Cheke, Mann,
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& Allen, 2001; Cronk & Ojeda, 2008; Schuchmann, 1999). Similarly,
bird-visited plants can be found in many families. Flores, Ornelas,
Wethington, and Arizmendi (2019) reported 105 plant families that
contain plant species visited by hummingbirds, 54 of which they clas-
sified as ornithophilous or partly ornithophilous. In Australia, Ford,
Paton, and Forde (1979) reported 31 plant families visited by birds.
In 15 of these families, not only bird-visited but also bird-pollinated
species were found. In sunbirds, Cheke et al. (2001) documented the
occurrence of food plants in 94 families. For South Africa, Rebelo
(1987) reported 30 plant families that contained at least one orni-
thophilous species.

Many authors have highlighted differences among adaptations
in independently evolved bird-pollination systems as well as simi-
larities which are the consequences of convergent evolution. One
of the most famous convergent adaptations of specialized necta-
rivorous birds is thin bills and tubular tongues which enable them
to drink nectar from flowers, even though exact bill and tongue pa-
rameters differ among individual bird groups (Paton & Collins, 1989).
The common flower properties of ornithophilous plants are defined
by the bird-pollination syndrome. Bird-pollinated flowers are usually
red or orange, without scent and produce a lot of nectar (Cronk &
Ojeda, 2008). The most often reported example of specific adap-
tations is related to the fact that New World hummingbirds usually
hover whereas Old World sunbirds perch when feeding (Cronk &
Ojeda, 2008; Fleming & Muchhala, 2008; Pyke, 1980). As a con-
sequence, we can find many hummingbird-pollinated plant species
which have their flowers oriented into free space in the New World
(Westerkamp, 1990) and different plant adaptations which enable
perching of passerine birds in the Old World (Frost & Frost, 1981;
de Waal, Anderson, & Barrett, 2012). Nevertheless, this dichotomy
is not without exceptions and there are known Old World plants
adapted to sunbird hovering (Janecek et al., 2011; Janecek, Bartos,
& Njabo, 2015; Padysakova & Janecek, 2016). Similarly, as demon-
strated by the pollination systems of two Heliconia spp., foraging
behavior, hovering versus perching, can be species-specific in hum-
mingbirds (Taylor & White, 2007). Other discussed differences were
assumed to be in nectar properties (Baker, Baker, & Hodges, 1998).
Johnson and Nicolson (2008) nevertheless demonstrated that dif-
ferent nectars can be more commonly found among plants visited
by specialized versus nonspecialized birds than among plants visited
by Old World sunbirds versus New World hummingbirds. For the
amount of sucrose in nectar, this specialized versus nonspecialized
bird dichotomy was confirmed by Abrahamczyk et al. (2017), who,
however, showed that sunbird-pollinated plants have more diverse
nectar compositions than hummingbird-pollinated ones.

The differences and similarities discussed above lead to the
question: how do different evolutionary trajectories and convergent
evolution processes effect the compatibility of individual pollination
systems and what is the ecological fit (Janzen, 1985)? In simple terms:
can plants be effectively pollinated by birds and can birds feed on
plants when they have different evolutionary histories? The answer
to this question is important for understanding the consequences

of divergent and convergent evolution processes. Moreover, with
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the recent acceleration of global environmental changes, it can help
us to predict scenarios when native partners are lost thanks to bio-
diversity degradation and/or new invasive partners occur (Cox &
Elmqvist, 2000).

The feeding of nectarivorous birds on non-native plants has
been reported in America (Maruyama et al., 2016), Asia (Ghadiriani,
Qashgaei, & Dadras, 2007), Australia (Ford et al., 1979), and Africa
(Geerts & Pauw, 2009a). Records of bird pollination of alien plants
are much less common. Sunbirds were recorded as pollinators of
invasive tobacco Nicotiana glauca, which is naturally pollinated by
hummingbirds in America (Ollerton et al., 2012). The sunbirds even
pollinate it in a similar way to hummingbirds using hovering flight
(Geerts & Pauw, 2009a). Also, in the New World it was shown that
the ornamental plant Strelitzia reginae, which is native to South
Africa, can be pollinated by the local common yellowthroat war-
bler Geothlypis trichas (Hoffmann, Fortier, & Hoffmann-Tsay, 2011).
There are, nevertheless, no comparative studies which document
how these non-native interactions are affected by evolutionary his-
tory and how they function in more complex systems, where other
ecological processes, like niche differentiation, might play a role.
In our study, we focus on interactions among African sunbirds and
alien ornamental plants on a local farm in Cameroon. These farms
produce ornamental plants of the spiderhunter-pollinated genus
Etlingera from Asia (Sakai, Kato, & Inoue, 1999; Sakai, Kawakita, Ooi,
& Inoue, 2013) and of the hummingbird-pollinated genus Heliconia
from America (Linhart, 1973; Temeles & Kress, 2003). Spiderhunters
are passerine birds of the genus Arachnothera, part of the sunbird
family Nectariniidae (Cheke et al., 2001), whereas hummingbirds
(family Trochilidae) represent a very distant phylogenetic lineage
(Prum et al., 2015). Thus, the farms represent a unique place to study
the consequences of specific and convergent adaptations, as well
as possible ecological community processes such as niche differen-
tiation. Using this system, we tested the following three scenarios:
(a) complete noncompatibility, local sunbirds do not visit any of the
plants which evolved on different continents; (b) partial ecological
fitting, where birds visit the plants but do not pollinate them (c) full
ecological fitting, where birds visit alien plants and pollinate them.
Under partial and full ecological fitting scenarios, we expect that
sunbirds will show niche differentiation and plants are likely to differ
in the spectrum of sunbird visitors. We also decided to determine
nectar production and nectar concentration of individual plants to
see whether observed patterns can be simply explained by offered

rewards.

2 | MATERIALS AND METHODS
2.1 | Study site

The study was performed near Bokwango village (4°8'6"N,
9°13'16"E, 940 m a.s.l.), which is administratively part of Buea town
(NW Cameroon). The study site was a local farm where the four tar-

get species of genus Heliconia and three taxa of genus Etlingera are
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commercially cultivated for flower production, within an area of ap-

proximately 1 ha.

2.2 | Plant species

All studied Heliconia spp. (Figure 1) are native to Central and/or South
America. H. bihai (L.) is native in the area from Mexico to Brazil and
Peru, it occurs also in the Caribbean. H. latispatha Benth. is native
from East and South Mexico to NE Peru and Venezuela. H. rostrata
Ruiz & Pavén is native from Mexico to Amazonian Peru and Ecuador
(Andersson, 1981; Berry & Kress, 1991; Govaerts & Kress, 2019)
and H. bihai x caribaea cv. Jacquinii is native in Grenada. In contrast
to the genus Heliconia, genus Etlingera is native to Indo-Pacific Asia.
Etlingera elatior (Jack) R.M.Sm. is native in South Thailand, Malaysia,
and Indonesia and Etlingera hemisphaerica (Blume) R.M.Sm. in
Sumatra and Java (Choon & Ding, 2016; Govaerts & Newman, 2019).
At the study site, there are two cultivated forms of E. elatior which
represent the two extremes of the involucral bract color range oc-
curring in nature: the red form with red involucral bracts and white
form with whitish-pink involucral bracts (Sabu & Smisha, 2013).

Both Heliconia and Etlingera spp. produce shoots bearing a max-
imum of one inflorescence. Heliconia spp. produce inflorescences
almost always on the leafy shoots and in Etlingera, there are special
shoots bearing either inflorescence or leaves. The individual flowers
of both genera flower for a single day (Berry & Kress, 1991; Choon
& Ding, 2016). In Heliconia, flowers are usually produced in red and/
or yellow inflorescence bracts. Depending on the Heliconia species
up to 50 flowers can be produced on one bract during the flowering
period (Berry & Kress, 1991). Whole inflorescence can be either pen-
dant (Figure 1b) or erect (Figure 1a,c,d). In the Etlingera genus, flow-
ers are arranged in dense inflorescence heads containing alternating
layers of floral bracts and flowers (Choon & Ding, 2016; Figure 1g-i).
In E. hemisphaerica, the involucral bracts are red whereas in E. elatior,
the involucral bracts can range from red (red form) to whitish-pink
(grown as white form in our study area) (Sabu & Smisha, 2013).

Most of the Heliconia species seem to be self-compatible (Kress,
1983) as was shown also for H. latispatha (Kress, 1983) and H. bihai
(Meléndez-Ackerman, Rojas-Sandoval, & Planas, 2008). Considering
the genus Etlingera, it was shown that E. elatior is self-compatible but
self-pollination is much less effective than cross pollination (Sabu &
Smisha, 2013).

2.3 | Plant traits

To compare the nectar value of individual species, we measured
nectar production over 12 hr. The day before the nectar measure-
ments, we marked flower buds and covered them with dense nets
to prevent visitors from consuming the nectar after the flower had
opened. If flowers opened on the day of nectar measurement, we
marked them again as experimental flowers in the morning (around

6 a.m.). After 12 hr, we collected and measured nectar volume and

concentration. Nectar volume was measured by Hamilton syringe
(model 702 N) and concentration by pocket refractometer (PAL-1,
Atago Co.). Comparison of nectar production was performed on two
days, on the 25 and 28 May 2018. The opening of the flowers was
sometimes unpredictable and in consequence, we measured in total:
14 flowers on 10 plants of E. elatior red form; 11 flowers on 6 plants
of E. elatior white form, 17 flowers on 10 plants of E. hemisphaerica,
9 flowers on 8 plants of H. bihai, 10 flowers on 10 plants of H. bihai
X caribaea cv. Jacquinii; 9 flowers on 9 plants of H. latispatha, and 10
flowers on 10 plants of H. rostrata.

To compare nectar standing crop (i.e., actual amount of nectar
under natural competition), we collected nectar twice per day from
five nonmanipulated flowers, each of them on a different flower-
ing shoot. The first harvest was around 10 a.m. and the second
around 16 p.m. We measured nectar volume using a Hamilton sy-
ringe. Measurement of nectar standing crop was performed on two
days 1st and 2nd June. Nevertheless, because of heavy rain on the
1st June in the afternoon, we measured only morning values on this
date.

2.4 | Sunbird visitors

Observations of visitors were performed on 11 days between 14
May 2018 and 2 July 2018. During each day, we observed one
plant (flowering shoot) of each species. Observation was performed
using AEE MagiCam 70S (AEE Technology Co., Ltd) sport cameras.
Cameras were permanently connected to power banks. The dura-
tion of observations of individual plants on individual days differed
due to logistical issues (charging of power banks, downloading data
etc.) and some technical errors. In total, each species was observed
approximately for 90 hr (Table S1). From the acquired video material,
we extracted information on frequencies of visits per inflorescence,
per flower and frequency of flower visits when the visitor was in

contact with plant reproductive organs.

2.5 | Experiment on sunbird pollination

To assess the significance of sunbirds in plant pollination, we set up
a manipulative experiment. In this experiment, we covered randomly
selected inflorescences with a sparse net with mesh size of 1 cm to
exclude bird visitors. As a control, we marked nonmanipulated in-
florescences and allowed them to be naturally exposed to visitors.
The day after in the morning, when flowering was over, we collected
gynoecia and fixed them in 96% ethanol for future analyses.

In the laboratory, we soaked the gynoecia in distilled water for
24 hr. and then put them into 10 M NaOH for 24 hr. Thereafter, we
carefully washed the gynoecia in distilled water and left them over-
night in aniline blue dye (Dafni, Kevan, & Husband, 2005). Pollen
tubes were counted under a fluorescence microscope. Styles from
one inflorescence collected on the same day represented one sam-

ple. The experiment took place from 18 till 24 May 2018.
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FIGURE 1 Studied plantand bird
species. (a) Cyanomitra oritis on Heliconia
bihai, (b) Heliconia rostrata, (c) Heliconia
caribaea x H. bihai cv. Jacquinii, (d) and (e)
Cyanomitra olivacea on Heliconia latispatha
(f) female of Cinnyris chloropygius on
Heliconia latispatha (g) Cyanomitra oritis
on Etlingera elatior red form (with red
invlolucral bracts), (h) Cyanomitra oritis on
Etlingera elatior white form (with whitish-
pink involucral bracts), (i) Cyanomitra oritis
on Etlingera hemisphaerica

To test whether there are any problems with pollen tube germi-
nation and/or staining (e.g., incompatibility of local pollens, problems
with pollen tube coloring etc.), we also set up a hand-pollinated con-
trol. In this subexperiment, we supplied stigmas of all species with
pollen from distant flowering shoots in the morning. These gynoecia
were then processed in the same way as those from the bird exclu-

sion experiment.

2.6 | Statistical analyses

Data from most of the datasets were not normally distributed, and
therefore, we used analogical nonparametric permutation methods
included in the PERMANOVA program which is an extension of the
software PRIMER (Anderson, Gorley, & Clarke, 2008). Data on nec-
tar volumes, visitation frequencies, number of pollen tubes were

log (x+1) transformed to decrease the effect of extreme values of
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dependent variables. In the analyses on differences between genera,

we treated species ID nested in Genus and Date (except for analysis
on flower length) as random factors. When comparing species, we
used Date as a random factor. In analyses on nectar production and
concentration, when more samples were taken from one plant, indi-
vidual plant ID was also treated as a random factor nested in plant

species ID.

3 | RESULTS
3.1 | Plant traits

The studied plants differ in total flower length (Figure S1). Heliconia
spp. have longer flowers than Etlingera spp., but this difference
was only marginally significant (perm. ANOVA, Genus: F1,63 =7.86,

p = .0557). Nevertheless, according to the video analysis the total
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flower lengths differ from functional lengths, that is terminal parts
of flowers are relatively open which allows birds to enter deeper
for nectar (the bird's reach is increased beyond the range of its bill
and tongue). Flowers of genus Etlingera are hidden in compact inflo-
rescences, and birds need to enter the flowers legitimately. In the
genus Heliconia, flowers are more accessible and birds are able to
insert their beak between the not fully united petals and sepals or
even pierce the perianth without touching the reproductive organs
(Figure 1f, Video S1-3).

Studied plants did not differ in nectar production per flower over
12 hr. (mean = 80.9 pl + 8.6 SE, Figure 2a; perm. mixed-effect model;
Plant Species: F6!39 = 0.96; p = .4726). However, nectar concentra-
tion differed between species (Figure 2b; perm. mixed-effect model;
Plant Species: F6,39 =10.99, p =.0001). No significant difference was
found between Heliconia and Etlingera genus in nectar concentration
(perm. mixed-effect model; Genus: F1,39 = 0.05; p = .8420). Nectar
standing crop differed among species and at different harvest times
(morning vs. afternoon), the diurnal changes (interaction) never-
theless did not differ among species (Figure 2c; perm. mixed-ef-
fect model; Plant Species: Féy90 = 271, p = .0202; Harvest time:
F1,9o = 15.29, p = .0001; Interaction Plant Species x Harvest time:
Fé,9o =0.26; p =.9532). When considering genera, Etlingera had lower
standing crops, but this difference was only marginally significant.
There was no significant difference between genera in standing
crop diurnal changes (perm. mixed-effect model; Genus: F1,95 =3.14;
p =.0873; Harvest time F1,95 =14.96; p = .0002; Interaction Genera
x Harvest time F1,95 =0.61; p =.4331).

3.2 | Sunbird visitors

Studied plant species were visited by three sunbird species: Cinnyris
chloropygius, Cyanomitra olivacea, and Cyanomitra oritis. Although
the cameras were set up to record sunbirds (i.e., cameras were as far
as possible from the plants to avoid scaring bird visitors, and each
inflorescence was recorded from just one side), we also observed
some insect visitors. The most common were honeybees but also
butterflies and ants were observed on both Heliconia and Etlingera
spp.

The most frequently visited species were E. elatior white form
(0.94 bird visits flower™ hr'Y), E. hemisphaerica (0.91), E. elatior red
form (0.89), and H. latispatha with 0.88 bird visits flower™® hr'l. The
other three Heliconia spp. were visited much less often. H. bihai
had a visitation frequency of 0.20 bird visits flower™ hr'l, H. bihai
X caribaea cv. Jacquinii 0.1 visits and H. rostrata only 0.07 visits
flower ™t hr't.

Both individual plant species and plant genera differed in the
spectrum of bird visitors, regardless of whether the frequency
of visits per inflorescence or per flower is considered (Table 1).
Etlingera species were visited mainly by C. oritis., H. latispatha was
visited mainly by C. chloropygius followed by C. olivacea and C. ori-
tis. A much higher frequency of visits to H. latispatha was recorded

per inflorescence than per flower, and this difference was more
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FIGURE 2 Nectar properties of studied plants. (a) 12 hr. nectar
production in covered flowers, (b) concentration of nectar, (c)
nectar standing crop in nonmanipulated flowers. HelBih, Heliconia
bihai; HelJac, Heliconia bihai x H.caribea ("Jacquinii”); HellLat,
Heliconia latispatha; HelRos, Heliconia rostrata; EtIHem, Etlingera
hemisphaerica; EtIElaR, Etlingera elatior red form; EtIElaW, Etlingera
elatior white form. Means plus SE are shown

obvious than for Etlingera species (Figure 3a,b). When we tested the
opposite, that is how bird species differed in the spectrum of vis-
ited plants, there were significant differences between bird species
when considering frequency of visits per inflorescence but only a
marginally significant difference when considering frequency per
flower (Table 1; Figure S2).
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TABLE 1 PERMANOVA analyses on differences between visitor communities on plant species (i.e., plant species as an explanatory
variable), differences in visitor communities between genera (i.e., plant genera as an explanatory variable), and differences in the spectrum of
plants visited by individual bird species (i.e., bird species as an explanatory variable) and comparing visitation community on individual plant
species (i.e., plant species as an explanatory variable). Data were log (x+1) transformed. Date was used as a random effect in all analyses. In
addition, to test the effect of genus we considered plant species nested in factor genus as a random factor

Plant species Plant genera Bird species

Fos p Fos p Fos p
Frequency of visits per inflorescence 4.50 .0001 3.35 .0284 3.12 .0293
Frequency of visits per flower 3.31 .0005 8.36 .0278 2.81 .0601
Frequency of touching reproductive organs 2.73 .0071 25.26 .0287 2.68 .0720

When considering sunbird pollination potential (expressed as
frequency of contacts with reproductive organs), sunbird pollina-
tion communities of individual plants and genera differed (Table 1;
Figure 3c). Contact with reproductive organs was detected, due
to the structure of flowers, during all visits on Etlingera species
(Figure 1g) and the beaks of sunbirds were often densely covered
with sticky pollen grains (Figure 1i; Video S3). In contrast, on the
most often visited Heliconia, H. latispatha, sunbirds frequently
drank nectar without touching the reproductive organs (Figure 1f;
Video S1). In H. latispatha, 16.6% of flower visits of C. chloropygius,
89.2% visits of C. olivacea, and 39.5% visits of C. oritis involved
contact with reproductive organs. The analysis of the opposite
scenario (i.e., if individual bird species differ in the spectrum of
plant species of which they were in contact with reproductive or-
gans) showed only marginally significant results (Table 1; Figure
S2c).

3.3 | Experiment on sunbird pollination

After a controlled hand pollination supplement, we observed ger-
minating pollen grains on the stigmas of Etlingera spp. (Figure 4c).
In contrast, almost no germinating pollen grains were observed on
the stigmas of Heliconia spp. (Figure S3). The same pattern was
observed in the experiment (Figure 4). Pollen tubes on Heliconia
plants moreover germinated on the stigma and did not grow into
the style (Figure 4b). Plant species differed in pollen tube num-
ber, sunbird exclusion had a negative effect on the number of
pollen tubes, and this treatment was species-specific (perm.
mixed-effect model; Plant: F6!334 = 11.81, p = .0001; Treatment:
F1,334 = 6.90, p = .0092; Plant x Treatment F6,334' p = .0020).
Genera differed in the number of pollen tubes and were differ-
ently affected by the treatment (perm. mixed-effect model; Genus:
F1,339 =4.61,p =.0292; Treatment: F1,339 =9.46; Genus x Treatment
Fi339=12.43;p = .0006).

4 | DISCUSSION

Our study demonstrated a high degree of ecological fitting. We also

show that distant evolutionary history of individual actors cannot

prevent fundamental ecological processes such as occupation of
new niches by alien plants or niche partitioning.

Our study complements the ideas of Janzen (1985) that most
of the interactions we see around us are not necessarily the con-
sequences of coevolutionary processes in a given place, but of sim-
ple ecological fitting. Janzen’s main arguments were that biological
communities are dominated by widespread invasive species, which
have extended their range and are not originally adapted to most
of their habitats. From this point of view, our study can be consid-
ered experimental support of this statement showing that organisms
from three different continents can create a complex interacting
community on the basis of ecological fitting.

However, we have also shown that the Asian Etlingera spp. es-
tablished tighter interactions with African sunbirds. Etlingera spp.
were visited legitimately more often, and sunbirds seem to be very
effective pollinators. From the sunbirds’ point of view, it does not
seem to be a simple consequence of bigger rewards, because both
Etlingera and Heliconia spp. produced similar amounts of nectar.
Etlingera spp. even had a slightly lower nectar standing crop (but
only marginally significant). We assume the reason for this perfect
ecological fit could be a more comfortable perching position when
feeding and from the plant's point of view, the compact inflores-
cence enables only legitimate entering of the flowers. Pollen of
Etlingera spp. is then precisely placed in high quantity on the bills
of perching sunbirds. Heliconia spp. had weaker but still functional
interactions with the local sunbirds which is amazing if we consider
that the genus Heliconia is in the oldest known clade of humming-
bird-pollinated plants (lles et al., 2017). We were surprised how H.
rostrata, which is pollinated by hovering hummingbirds (lles et al.,
2017),is able to precisely place pollen on the heads of perching C. ol-
ivacea and C. oritis (Video S2). Heliconia spp. were not visited with the
same frequency indicating that also intragenus trait differences are
important. We assume that the high visitation rate of H. latispatha is
mainly due to fact that the flowers are not deeply hidden in bracts
and can be more easily reached in both legitimate and illegitimate
ways. Although we observed frequent contacts of Heliconia repro-
ductive organs and even pollen on the heads of sunbirds, we were
not able to evaluate pollinator effectivity directly by counting ger-
minated pollen tubes. There were almost no pollen tubes observed,
or they did not grow inside the style. Because this was the case not

only for experimental treatments but also for hand pollination, we
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FIGURE 3 Frequencies of visits on (a)
inflorescences, (b) flowers, and (c) flowers
when reproductive organs were touched.
For plant abbreviations, see Figure 2.
Means plus SE are shown

- 0.35
E (a) []Cinnyris chioropygius [l Cyanomitra olivacea [ Cyanomitra oritis
s 0.30
o
®
S 025 l
g :
o
2
S< 020
=k
=8
g2 o015
£
]
S 010
g
o
1
S o5
: o ii ﬁ
El
P4

0.00

(b)
5
3 030
i
.
2
& 025
o
2
QO —~
=% 020
E x
23
2= 015
1]
>
s
© 010
7}
-1
g 0.05
C j.ji
g
5 (c)
'g 0.30
g ;
S
2 =
Sk 025
0 o
5
=
K] 'g- 0.20
¥
=
3 g,_ 0.15
»
F)
35
38 o010
< 6
o
o 0.05
-1
5 L i_i El
S
=z 0.00 = ==
HelBih HelJac HelLat HelRos EtIHem EtIElaR EtIElawW

Plant species

cannot presume that this was the consequence of pollinator infec-
tivity in pollen transport. In consequence, we can only speculate
whether this was caused by intraspecific pollen transport or by high
inbreeding depression because of low genetic diversity on the farms
where plants are propagated only clonally. Although we optimized
the staining technique over a long time period and followed exper-
imental methods of other researchers working on Heliconia pollen
tubes (Betts, Hadley, & Kress, 2015), it is possible that these nega-

tive results are the consequence of a methodological mistake. This

can be supported by the fact that Heliconias on the farm produced
fruits (including H. rostrata of which we did not observed any pollen
tubes).

On the plantation, we also observed niche differentiation among
individual plant and bird species. Etlingera spp., which are adapted
to long-billed spiderhunters in Asia (Sakai et al., 1999; 2013), were
visited in the new habitat by long-billed sunbirds C. oritis. The me-
dium bill-sized sunbird C. olivacea visited mainly H. latispatha with

more reachable nectar but also fed on Etlingera spp. The short-billed
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C. chloropygius visited mainly H. latispatha where it, however, mainly
thieved nectar. H. bihai, which has flowers more hidden in the bracts,
was mostly visited by long-billed C. oritis. This type of niche differen-
tiation based on bill length was described for two Heliconia and three
hummingbird species in Costa Rica by Taylor and White (2007), but
we can find it also in others natural communities both in the New
(Feinsinger, Swarm, & Wolfe, 1985) and Old World (Ford & Paton,
1977; Geerts & Pauw, 2009b; Janecek et al., 2012). The thieving
behavior of short-billed birds on long tubular flowers, as observed
mainly for H. latispatha-C. chloropygius interaction, is common in
natural pollination systems. This behavior was shown for sunbirds
(Geerts & Pauw, 2009b; Janecek et al., 2015) as well as for humming-
birds (Gill, 1987; Maglianesi, Bliithgen, Gaese, & Schleuning, 2014;
Maruyama, Bugoni, Dalsgaard, Sazima, & Sazima, 2015).

Using this example of a semiarbitrary plant-bird community from
three continents, we demonstrated that potential ornithophilous
invasive plants can be easily incorporated into local communities.
In consequence, we are delivering a similar message from Africa
as Maruyama et al. (2016) from America. Sunbird pollination net-
works and hummingbird networks are open to exotic plant species.
Nevertheless, it is a question to which degree this is a worrying mes-
sage. From the birds’ point of view, local flower farms represent a
rich nectar source. During our research on Mt. Cameroon, we never
observed such a high density of sunbirds anywhere else in the region.
For example, at the plantation with ornamental flowers we caught
62 individuals of the endemic sunbird C. oritis during three days of
extensive mist-netting, whereas at a congruent elevation in natural
forest on Mt. Cameroon, we only caught 15 individuals of C. oritis
despite a comparable amount of sampling effort. The effect on local
flora can nevertheless be much more controversial. It was demon-
strated that alien plants have a negative effect on both visitation
and reproductive success of native coflowering species (Morales &
Traveset, 2009). In consequence, the effects of these plantations on

local flora need to be studied in detail.
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Table S1. Sampling effort. Duration of observations of individual plants (hours). HelBih - Heliconia
bihai, HelJac = Heliconia bihai x H.caribea (”Jacquinii”), HelLat - Heliconia latispatha , HelRos
- Heliconia rostrata, EtlHem - Etlingera hemisphaerica, EflElaR - Etlingera elatior red form,
EtlElaW - Etlingera elatior white form

PlantNo.  elBih  HelJac HelLat HelRos EtlHem EfIEIaR EtEIaW
1 " ss 55 56 57 54 52 47

2 6.4 55 55 55 6.6 52 47

3 115 10.5 117 12 1 9.6 11.8

4 55 5.9 10.4 53 5.8 6 5.8

5 8.6 73 10.4 10.9 9.1 10.5 10.7

6 10.4 10.4 10.6 10.5 9.3 10.6 10.4

7 10.1 10.7 10.2 10.3 10.4 10.5 9.1

8 6.5 7 7.1 6.9 7 6.9 23

9 6.2 7.8 6.1 5.7 6.2 5.9 6.1

10 10.5 1.9 10.7 10.2 10.5 10.2 10.8
1 10.6 8.5 10.6 10.2 10.4 9.2 10.8

| TOTAL 918 81 98.9 93.2 91.7 89.8 87.2




Figure S1

B 70 ANOVA, F=339.7, p<0.001
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Figure S1: A/ Flowers of studied species. distance x indicates
measured flower lengths. B/ Flower lengths of individual plant
species. HelBih - Heliconia bihai, HelJac = Heliconia bihai x
H.caribea ("Jacquinii”), HelLat - Heliconia latispatha , HelRos -
Heliconia rostrata, EtIHem - Etlingera hemisphaerica, EtHIElaR
- Etlingera elatior red form, EtIElaW - Etlingera elatior white
form. 10 flowers, each from different speciment, were
measured for each species, mean + SE are shown.
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Figure S2: Frequencies of visits on A/ inflorescences, B/ flowers and C/ flowers with touched reproductive
organs. HelBih - Heliconia bihai, HelJac = Heliconia bihai x H.caribea (”Jacquinii”), HelLat -
Heliconia latispatha , HelRos - Heliconia rostrata, EflHem - Etlingera hemisphaerica, EHElaR -

Etlingera elatior red form, EHElaW - Etlingera elatior white form. Means plus SE are shown.
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Figure S3: Hand pollination of studied plants. HelBih - Heliconia bihai, HelJac = Heliconia bihai x
H.caribea (Jacquinii”), HelLat - Heliconia latispatha , HelRos - Heliconia rostrata, EtIHem -
Etlingera hemisphaerica, EtIElaR - Etlingera elatior red form, EHElaW - Etlingera elatior white

form. Means plus SE are shown.
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The ornithophily of Impatiens sakeriana does not
guarantee a preference by sunbirds
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In recent decades, the tight mutual specialization between nectarivorous birds and ornithophilous plants has been
questioned, and instead, high degrees of generalization and interaction asymmetry have been highlighted. Here,
we studied interactions among two sunbirds and four plant species in two Mount Cameroon forests, with two plant
species from each forest. First, we investigated whether sunbirds differ in frequencies of visitation to target plant
species in natural conditions. Second, using a cage experiment, we investigated whether sunbirds prefer various
plant species, plants with which they are more familiar and that occur in the habitat where they were caught and/or
the only studied ornithophilous plant, Impatiens sakeriana. In natural conditions, the short-billed sunbird, Cinnyris
reichenowi, fed more on flowers with shorter tubes than the long-billed sunbird, Cyanomitra oritis. Likewise, sunbirds
differed in their experimental preferences. Local plants were generally preferred. This was most obvious in the case
of I. sakeriana, which was often visited by both sunbirds, but only in the habitat where it grows naturally. This study
supports the importance of associative learning. Together with other studies, we suggest that the signalling traits
of flowers with bird pollination syndromes evolved to filter out other visitors rather than to attract bird pollinators.

ADDITIONAL KEYWORDS: bird preferences — Cameroon — nectar — niche differentiation — ornithophily.

INTRODUCTION these original ideas, it was recently demonstrated that:
(1) pollination systems are usually more generalized
(Waser et al., 1998); (2) not only pollinators, but also
other biotic and/or abiotic factors shape the evolution
of flower traits (Wang et al., 2013; Ehrlén, 2015); (3)
instead of reciprocal co-adaptation, plant phylogenetic
lineages often adapted to already preadapted
pollinators (Whittall & Hodges, 2007; Ramirez et al.,
2011; Abrahameczyk et al., 2017); (4) pollination
syndromes (i.e. the sets of floral traits representing
adaptations to one pollinator group) are not often
good predictors of the real pollinators (Ollerton et al.,
2009; Klomberg et al., 2022); and (5) plant—pollinator
interactions can be highly asymmetric (Vazquez &
Aizen, 2004).

Some of the most commonly studied plant—pollinator
interactions are those between nectarivorous birds
and ornithophilous plants. The reciprocal benefits
in these interactions are driven by both plant and
*Corresponding author. E-mail: janecek.stepan@centrum.cz bird adaptations. Ornithophilous plants are often

The relationships between pollinators and plants
have fascinated scientists for centuries (Waser, 2006).
Despite a long period of research, our understanding
of these relationships has changed considerably in the
last few decades. The primary ideas on the evolution of
plant—pollinator interactions were based on Darwin’s
co-evolutionary race principle (Darwin, 1862), whereby
adaptations by one of the interacting partners impose
selection pressure on the other partner, making the
relationship between the partners more ecologically
specialized. Perhaps the most popular example of
these ideas is pollination of the long-spurred orchid
Angraecum sesquipedale by the long-proboscis moth
Xanthopan morgani, the moth species whose existence
was predicted by Darwin (1862) and later discovered
by Rothschild (1903). Nevertheless, in contrast to

© The Author(s) 2022. Published by Oxford University Press on behalf of The Linnean Society of London. 240
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

£20Z JaquiaAON g0 uo Jasn yajoljqigsBnigpior Bo -leeulelo syiewueq Aq §222599/042/2/ L€ L/alone/ueauulolg/woo dno olwepese//:sdijy Woll papeojumo(


mailto:janecek.stepan@centrum.cz?subject=

SUNBIRD FLOWER PREFERENCE 241

distinguished by a set of floral traits known as a bird
pollination syndrome. Flowers with a bird pollination
syndrome are typically orange or red, without nectar
guides. They produce a large volume of nectar with
a medium concentration, which accumulates in long
floral tubes (Faegri & van der Pijl, 1979; Fenster et al.,
2004, 2015; Cronk & Ojeda, 2008; for details and
discussion on less specialized brush flowers, see Stiles,
1981). The flowers are also characterized by having
no scent or minimal scent as perceived by humans,
although this does not mean that they do not produce
any volatile compounds (Knudsen et al., 2004) or that
nectarivorous birds have no sense of smell (Goldsmith
& Goldsmith, 1982). Additionally, nectarivorous birds
have many adaptations for feeding on nectar. Examples
of such adaptations include a low body weight, a
slender bill, a tongue with the ability to take up nectar
and the ability to reach flowers by hovering in flight
(Stiles, 1981; Westerkamp, 1990; Wester, 2014).
Despite these adaptations, it seems that these
relationships arenot as close as one would expect. [t was
demonstrated that birds not only feed on specialized
plants but also visit flowers with other pollination
syndromes. Frequent feeding on non-specialized plants
pollinated by insects was demonstrated even for the two
most morphologically specialized nectarivorous bird
groups [i.e. hummingbirds (Araujo & Sazima, 2003;
Maruyama et al., 2013) and sunbirds (Janecek et al.,
2012; Padysakova et al., 2013; Nsor et al., 2019; Chmel
et al., 2021)]. Likewise, plants bearing bird pollination
syndromes can be pollinated by insects (Pleasants &
Waser, 1985; Mayfield et al., 2001; Schmid et al., 2011).
The coexistence of nectarivorous birds in local
communities is often explained by niche (resource)
partitioning based on plant and bird traits (Snow &
Snow, 1972; Janelek et al., 2012). This partitioning can
either result from forbidden interactions (e.g. situations
in which some bird species do not visit particular
plants at all, given the absence of phenological overlap
or morphological mismatch; Vizentin-Bugoni et al.,
2014) or result from different competitive abilities on
flowers of individual plant species (i.e. if some bird
species are less effective in harvesting nectar from
flowers than others; Janecek et al., 2012; Janeckova
et al., 2020). It is widely believed that short-billed
hummingbirds drink from wider flowers with short
petals and that hummingbirds with longer bills have
close interactions with flowers bearing long, narrow
corollas. However, most of the time, long-billed species
have access to both short and long flowers. Despite
this, they do not often visit short flowers, where they
need to compete with short-billed species (Bergamo
et al., 2017). Furthermore, birds with curved bills will
forage on straight-petalled flowers, but straight-billed
birds are less likely to visit curved flowers (Maglianesi
et al., 2014). Hart & Hunt (2007) stated that birds

have red photoreceptors and are attuned to red
colours, among the most typical traits of flowers with
bird pollination syndromes. Nevertheless, experiments
have demonstrated that hummingbirds do not prefer
red feeders, instead visiting feeders of various colours
(Sherman, 1913; Bené, 1941; Collias & Collias, 1968;
Miller & Miller, 1971). The feeder experiments also
revealed that for hummingbirds, the association
between colour and offered reward is more important
than the colour itself (Goldsmith & Goldsmith, 1979).
Moreover, the association of a high-quality reward
with feeder position seems to be stronger than the
association with colour (Collias & Collias, 1968; Miller
& Miller, 1971). The switch to other feeder positions
and/or colours is preceded by occasional exploration
(Collias & Collias, 1968). An alternative hypothesis
suggests that a red colour can be the signal that
hummingbirds learn and use when entering a new
feeding territory and/or facilitates their feeding
during migrations (Grant, 1966). Nevertheless, even
plant—sunbird interactions, which at first seem to be
highly specialized, do not need to be the result of joint
co-evolution; they might simply be a consequence of
ecological fitting (Janecek et al., 2020).

In this study, we investigated experimentally
the preferences of sunbirds for the ornithophilous
plant Impatiens sakeriana (Fig. 1A) growing in
mountain forests of Mount Cameroon. The flowers of
I. sakeriana are visited by two sunbirds, Cyanomitra
oritis (Cameroon sunbird) and Cinnyris reichenowi
(northern double-collared sunbird), but not by insects
(Janecek et al., 2012; Chmel et al., 2021; Sejfova et al.,
2021). Cyanomitra oritis is a very effective pollinator,
whereas Cinnyris reichenowi is not and often steals
nectar by piercing the corolla tube (Janecek et al.,
2011, 2015). The preferences of these two sunbirds
were tested in an experimental cage where we placed,
in addition to I. sakeriana, three other plant species
that do not have bird pollination syndromes and are
visited by other pollinators in addition to sunbirds in
natural conditions (Chmel et al., 2021). The experiment
was performed at two sites, one in the mountain forest
and one in the mid-elevation forest. Given that we
used two plants growing in mountain habitats and
two plants growing in mid-elevation forest habitats
each time in the experimental cage, two local plants
and two imported plants were used. The mountain
species were I. sakeriana (Fig. 1A) and Nuxia congesta
(Fig. 1B), and the mid-elevation forest species were
Tabernaemontana ventricosa (Fig. 1C) and Kigelia
africana (Fig. 1D). Additionally, to test whether the
sunbird species feed in a different way on the target
plant species in nature, we observed their natural
feeding behaviours.

The following hypotheses and expectations were
tested. First, niche partitioning occurs (i.e. where we
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Figure 1. The studied plant and sunbird species. A, Cyanomitra oritis feeding on Impatiens sakeriana. B, male Cinnyris
reichenowi on Nuxia congesta. C, Cyanomitra oritis feeding on Tabernaemontana ventricosa. D, Kigelia africana.

assumed that the two sunbird species occupy different
food niches in natural conditions and differ in the
ratios at which they visit the studied plant species).
Second, the sunbird species differ in their preferences
in experimental conditions, and these differences
reflect the differences in natural feeding behaviours.
We assume that in both systems, similar mechanisms
(e.g. morphological matching) determine sunbird
behaviour. Third, more familiar plants growing in the
forest type where the experiment is conducted will be
preferred over imported plants by local individuals
of sunbirds. This expectation is based on the strong
ability of nectarivorous birds to remember plants
from which they drink (Healy & Hurly, 2003). Fourth,
there is a general preference for ornithophilous plants;
consequently, the ornithophilous plant I. sakeriana
will be preferred by sunbirds over the less specialized
N. congesta in the mid-elevation forest, where both are
non-familiar to the sunbirds.

MATERIAL AND METHODS
STUDY SITES AND SPECIES

This study was carried out at two sites on the south-
western slope of Mount Cameroon, the highest
mountain in West Africa. One site was in the mountain
forest near Mann’s Spring (2200 m a.s.l), and the
second was in the mid-elevation forest near the Crater
Lake camp (1500 m a.s.l.). The sites were ~5 km from
each other as the crow flies.

Cyanomitra oritis is a medium-sized, long-billed
sunbird. On Mount Cameroon, individuals of this
species weigh 10-14 g and have a bill length of 2.5—
2.9 cm (Sejfova et al., 2021). The elevational range
of Cyanomitra oritis along the south-western slopes
during the dry season is ~1100-2300 m a.s.l. Cinnyris
reichenowi is a smaller sunbird with a short bill.
On Mount Cameroon, individuals of this sunbird
weigh 7-10 g and have a bill length of 1.6-2.2 cm
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(Sejfova et al., 2021). Cinnyris reichenowi has a more
expansive range, occurring from ~1500 to 3700 m a.s.l.

The ornithophilous plant I. sakeriana (Fig. 1A,
Balsaminaceae) has red, non-fragrant flowers with a
nectar spur ~1.8 mm in length. The flowers are not
reflective in the ultraviolet range (unpublished data,
SdJ). Nuxia congesta (Fig. 1B; Stilbaceae) is a mountain
forest tree, with creamy white flowers with occasional
mauve or purple, especially on the buds. The flowers
have no clear pollination syndrome and possess
~5-mm-long floral tubes that are sweetly scented.
According to our observations, they are most frequently
visited by eusocial bees and moths. Tabernaemontana
ventricosa (Fig. 1C; Apocynaceae) is a small tree or
shrub with a moth pollination syndrome and is visited
mainly by moths and butterflies. It has flowers ~3.5 cm
in diameter with ~6-mm-long tubes. The flowers are
white and sweetly scented. Kigelia africana (Fig.
1D; Bignoniaceae) is a tree with large red flowers
that might have a bat or bat—bird mixed pollination
syndrome (Chmel et al., 2021; Newman et al., 2021)
and is visited by a wide spectrum of pollinators,
including bats, birds, bees and bush babies (Baker,
1961; Ayensu, 1974; Namah et al., 2019; Newman
et al.,2021). The funnel-shaped flowers are terminated
by a floral tube ~24 mm in length. More information on
the tube lengths and nectar traits of the target plants
is provided in the Supporting Information (Table S1;
for more details, see also Chmel et al., 2021; Janecek
et al., 2021; Klomberg et al., 2022).

OBSERVATIONS IN NATURAL CONDITIONS

For the purpose of this study, observational data for
four target plant species were extracted from a large
dataset that we collected to reconstruct complex
flower—sunbird visitation networks (Chmel et al.,
2021; unpublished data, SJ). The herb I. sakeriana was
monitored using security cameras (Vivotek IB8367RT),
whereas the trees N. congesta, T. ventricosa and
K. africana, which do not fit in the camera’s field of
view, were observed directly. In total, ten plants of
I. sakeriana (219 h in total) were observed, with eight
plants for each of the other three tree species (each
64 h in total). Note that in each forest type, only two
plants were observed that grow there naturally (i.e.
in the mountain forest, we observed I. sakeriana
and N. congesta, and in the mid-elevation forest, we
observed T. ventricosa and K. africana). Visitation
frequencies (expressed as the number of visits per hour
and hectare) were calculated using the frequencies on
observed individual plants (visits per hour) and the
abundance of flowering plant individuals counted
along six 200 m x 10 m transects at each elevation
where the experiment was performed.

OBSERVATIONS IN EXPERIMENTAL CONDITIONS

The experimental trials were performed in a cage
measuring 1m x 1 m x 1.7 m. In the cage, four
perches were installed 125 cm above the ground, with
a cross design. At the end of each 27-cm-long perch,
the plants were placed in plastic flasks filled with
water (Supporting Information, Fig. S1). The size of
each plant reflected one naturally occurring attraction
unit in the phenological stage at the time of the
experiment. For K. africana and I. sakeriana, there
was one flower (both species produce inflorescences,
but at the time of the experiment, one opened
flower per inflorescence was the most common); for
T. ventricosa, there was an inflorescence with four or
five opened flowers; and for N. congesta, there was
one inflorescence (~300 tiny flowers). Both imported
and local flowers were provided to the birds in each
experimental trial. The birds for the experiment
were collected by mist net in the forest where the
experiment was performed. To prevent the use of one
sunbird individual in several experimental trials,
we marked the birds with metal rings after capture.
For each trial, one sunbird individual was left in the
cage for 45 min, and its behaviour was monitored
using a GoPro camera. The camera observations were
occasionally shorter owing to technical problems
with the camera or longer for logistical reasons (e.g.
checking mist nets). Nevertheless, we included all
trials where the bird visited at least one plant, because
these deviations were not systematic and had no (in
the case of the first visit) or negligible (in the case of
other preference parameters) impacts on preference
estimates. For each of these trials, the positions of
flowers were randomized. When needed, the flowers
were replaced by fresh flowers. After the trial, the
birds were released into the natural environment. In
total, the experiment was performed with 78 sunbirds
in the mountain forest (42 of Cinnyris reichenowi and
36 of Cyanomitra oritis) and with 64 birds in the mid-
elevation forest (36 of Cinnyris reichenowi and 28
of Cyanomitra oritis). Each day, we performed 6-12
experimental trials from 07:30 to 18:00 h.

EVALUATION OF PREFERENCE AND STATISTICAL
ANALYSES

Two-by-two bird x plant contingency tables containing
count data on observed visits in natural conditions
were tested using Fisher’s exact test in R (R Core
Team, 2020).

Three approaches were used to analyse the data and
determine preferences from the cage experiments.
First, only the first choices were considered. In this
case, in the plant species x individual trial matrix,
we allocated a value of one for the first visited
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species and zero for others. Second, all visited plants
were treated equally, and all visited plant species
were allocated a value of one, whereas all non-visited
plants had a value of zero. Third, the visitation
order was weighted. In this case, the first visited
plants had a value of four in the matrix, the second
visited plants had three, the third visited plants two,
the fourth visited plants one, and the non-visited
plants had zero. We used permutational analysis of
variance (PERMANOVA) with a resemblance matrix
based on Euclidean distances and the type III sum
of squares to analyse the experimental preferences.
PERMANOVA is non-parametric and tests the
null hypothesis that the centroids and dispersion
of the groups, defined by the measure of space, are
equivalent among all groups. Moreover, inferences
remain distribution free in such a test. We ran the
analysis in the PERMANOVA program included
in the software PRIMER (Anderson et al., 2008).
Differences between sexes were not tested because of
the difficulty of recognizing the sexes in Cyanomitra
oritis.

RESULTS
FORAGING BEHAVIOUR IN NATURAL CONDITIONS

According to the total number of sunbird visits in the
mountain forest, there was a significant association
between bird and plant species identity, indicating
differences in feeding behaviour (Table 1; Fisher’s
exact test, P < 0.001). Although both species were
observed more often on N. congesta, Cyanomitra oritis
was more dominant than Cinnyris reichenowi on
L. sakeriana.

Similar to the mountain forest, interactions in the
mid-elevation forest around Crater Lake showed a
significant association between sunbird and plant
species identity when considering the numbers of visits
arranged in a 2 x 2 matrix (i.e. two bird x two plant
species; Fisher’s exact test, P < 0.0001). Cyanomitra
oritis was more dominant than Cinnyris reichenowi on
K. africana and less dominant on 7. ventricosa.

SUNBIRD PREFERENCES IN THE CAGE EXPERIMENT

We found significant effects of sunbird species identity
and experimental location on feeding behaviour in the
cage experiment (Table 2). The proportions of visits
for individual plant species were similar irrespective
of the method of preference evaluation used, except
for a non-significant effect of bird identity when only
the first visits were considered (Table 2; Fig. 2). There
were three very clear patterns when considering
individual plant species. First, T. ventricosa was the
most preferred plant species. Second, K. africana
was more preferred by Cyanomitra oritis than by
Cinnyris reichenowi. Third, both sunbird species
preferred I. sakeriana in the mountain forest, where
it occurs naturally, compared with individuals in the
mid-elevation forest, where it was imported for the
experiment. When visits were combined for plants
naturally growing in the mountain forest (I. sakeriana
and N. congesta) and naturally growing in the mid-
elevation forest (T ventricosa and K. africana), only
locality had a significant effect when considering
preferences as weighted visits (Table 2), with a higher
tendency to visit local species (Fig. 2C).

DISCUSSION

Our field observations confirmed the niche partitioning
hypothesis. In natural conditions, individual sunbird
species differed in the ratios of visits to both mountain
and mid-elevation plant species pairs. As expected, the
short-billed sunbird, Cinnyris reichenowi, had higher
short-tube plant/long-tube plant visitation ratios (i.e.
N. congestall. sakeriana and T. ventricosa/K. africana
ratios) than the long-billed sunbird, Cyanomitra oritis.
These results support the idea that plant and bird traits
are important for structuring bird—plant assemblages
(Geerts & Pauw, 2009; Janecek et al., 2012; Maglianesi
et al.,2014; Sonne et al.,2019). However, we would like
to point out that these differences in feeding observed
in nature are relative (i.e. when sunbird species are
compared with each other). We did not consider plant
abundances; consequently, we did not evaluate, during

Table 1. Number of total visits observed (total) and number of visits expressed as visitation frequency per hectare [visits
per hectare per hour (VHH)] by Cyanomitra oritis and Cinnyris reichenowi to different plant species in natural conditions

Plant species Cyanomitra oritis Cinnyris reichenowi Forest type

Total VHH Total VHH
Nuxia congesta 40 1.56 1619 63.19 Mountain forest
Impatiens sakeriana 31 0.24 20 0.15 Mountain forest
Tabernaemontana ventricosa 11 16.33 167 247.89 Mid-elevation forest
Kigelia africana 125 35.81 66 18.91 Mid-elevation forest
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Table 2. Effects of sunbird species and location of experiment on sunbird preferences

(a) First visits (b) All unweighted visits (c) Weighted visits
d.f. Fps P-value Fps P-value Fps P-value

Preferences for individual plants

Le 1 4.47 0.007 3.44 0.017 7.36 0

Bs 1 1.62 0.181 3.41 0.017 5.73 0.001

Le xBs 1 0.9 0.423 0.53 0.675 0.34 0.765
Preferences for mountain vs. mid-elevation forest plants

Le 1 3.04 0.082 2.46 0.082 8.29 0.001

Bs 1 0.01 0.925 0.74 0.5 0.67 0.493

Le xBs 1 0.64 0.436 0.25 0.804 0.37 0.677

Preference estimates were calculated by PERMANOVA using three approaches: (1) first visits; (2) all unweighted visits; and (3) weighted visits
(for details, see Material and Methods section). Individual plant preferences reflect preferences for individual plant species; preferences for moun-
tain vs. mid-elevation forest plants consider the visits to the mountain (Impatiens sakeriana + Nuxia congesta) and mid-elevation (Kigelia afri-
cana + Tabernaemontana ventricosa) plants combined. Significant p-values (p<0.05) are in bold.

Abbreviations: Bs, bird species; Lc, locality; Lc x Bs, interaction between the factors locality and bird species; F.
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Figure 2. A, proportions of plant preferences in the case of first choices of sunbirds in the trials. The data presented are the
numbers of trials when the plants were the first to be visited. B, proportions of plant preferences in the case where all visited
plant species were considered without regard to visit order. The data presented are the numbers of trials when plants were
visited in any order. C, proportions of plant preferences in the case where plant species visits were weighted according to
visit order, as follows: first visited plant species, four points; second visited plant species, three points; third visited plant
species, two points; fourth visited plant species, one point; and non-visited plant species, zero points. The sum of the points
for individual plants is reported. Abbreviations: mEF, mid-elevation forest; MF, mountain forest.

the field observations, preferences for one plant
species over the other plant species. In other words,
the conclusion that Cinnyris reichenowi had a higher
N. congestall. sakeriana visitation ratio does not
mean that Cinnyris reichenowi prefers N. congesta to
I. sakeriana.

The preferences of the birds observed in
experimental conditions reflected, to a large extent,
the feeding pattern in natural conditions. Cyanomitra
oritis was more often observed on K. africana than was
Cinnyris reichenowi in both natural and experimental
conditions. Likewise, as in the case of feeding behaviour,

the N. congesta/l. sakeriana visitation ratio was higher
for Cinnyris reichenowi in the mountain forest cage
experiment. Nevertheless, the N. congesta/l. sakeriana
visitation ratios of both sunbird species in the cage
were much more similar. The cage experiment thus
indicates that the feeding behaviour observed in nature
might be driven largely by factors other than sunbird
preferences. We assume that interspecific differences
in the abilities of birds to find and exploit individual
plant species effectively, together with interspecific
competition, might be of great importance. These
suggestions concur with the findings of other studies
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that Cyanomitra oritis has a faster drinking speed
(amount of time taken to consume nectar; JaneCkova
et al., 2020) and can handle the flowers of I. sakeriana
more quickly than Cinnyris reichenowi (Sejfova et al.,
2021). The stronger relationship between Cyanomitra
oritis and I. sakeriana was also indicated by the higher
pollination effectiveness of the former (Janecek et al.,
2011) and its strictly legitimate visits to the flowers
(Janecek et al., 2011, 2015).

In the cage experiment, the sunbirds occasionally
visited all plant species, irrespective of pollination
syndromes and whether they were local or imported.
Moreover, the most preferred plant was T. ventricosa,
which has a moth pollination syndrome. These
observations concur with those of other studies
showing exploratory behaviour in hummingbirds,
which enables them to discover and use new resources
(e.g. Collias & Collias, 1968). The preference for local
plants was rather weak and was significant only
when considering weighted visits. Nevertheless,
this effect was evident for the only plant with the
bird pollination syndrome, I. sakeriana. The higher
proportion of visits to I. sakeriana by sunbirds that
were mist-netted in the mountain forest (i.e. the
same habitat where I. sakeriana grows) indicates
the importance of associative learning of the
plant species bearing bird pollination syndromes
with rewards. In other words, the sunbirds in the
mountain forest associated the appearance of
I. sakeriana flowers with a rich nectar reward (for
information on nectar production by I. sakeriana,
see Bartos et al., 2012). Nevertheless, I. sakeriana
was not preferred over N. congesta when both were
presented to the mid-elevation forest sunbirds.
This finding is interesting given that, according
to previous studies, mid-elevation forest sunbirds
also visit flowers with bird pollination syndromes
(Bartos & Janeclek, 2014; Janedek et al., 2015).
Consequently, the extremely low proportion of visits
for I. sakeriana in the mid-elevation forest questions
the hypothesis that not only plants with specific
bird pollination syndromes but also those with
general bird pollination syndromes can be learned
by birds and that the birds can easily recognize even
unfamiliar plants with such a syndrome (Grant,
1966; Schiestl & Johnson, 2013).

Although our study did not target individual floral
traits, our results support trait-related discussions.
If we consider the previous studies demonstrating
that I. sakeriana is not visited by insects (Janeéek
et al., 2011; Chmel et al., 2021) and the results of
the present study showing that sunbirds have much
lower preferences for I. sakeriana when they do not
share the same habitat, we must agree with the idea
that red colours are likely to have evolved to filter out
bees from the bird pollination systems rather than to

attract birds (Lunau et al., 2011; Bergamo et al., 2016;
de Camargo et al., 2019; Coimbra et al., 2020).

More generally speaking, the results showing
that birds do not care much if the plant bears a
bird pollination syndrome (see also Chmel et al.,
2021) challenge the idea that signalling traits
of ornithophilous flowers evolved to attract bird
pollinators. Rather, it seems that from the point of
view of the birds, there is no reason for bird pollination
syndrome plants to look the way they do. In other
words, there is no reason for birds to not select, for
example, white, fragrant flowers if they offer enough
nectar. This idea is also supported by studies showing
a much greater importance of nectar production than
of flower signalling traits for bird visitation (Schmid
et al., 2016; Chmel et al., 2021). Moreover, in addition
to colour, the signalling function of flower shape and
floral scent in bird pollination syndromes, such as the
dominant role of pollinator-mediated selection in their
evolution, is controversial. The tubular shape is rather
useful for hiding nectar and filtering out visitors with
short mouthparts, and the absence of scent in some
ornithophilous species (Knudsen et al., 2004) might
be an adaptation for insect avoidance rather than for
bird attraction. We suggest that ornithophilous flowers
should be considered a ‘private’ part of the much
broader bird feeding niche (i.e. a part that is not readily
available to other animals). This status provides high
specialization to birds, which secures high pollination
effectiveness for the plant but does not represent an
adaptation increasing sensory attractiveness to bird
visitors.
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Table S1. Spur lengths and nectar traits of the target plant species.
Figure S1. Experimental cage. A, exterior view. B, interior view.
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Table S1. Spur lengths and nectar traits of the target plant species. Tube length was measured by digital

callipers. To measure nectar production over 24 hrs, the flowers were covered by a dense net to avoid

nectar consumption by visitors. After this period, the nectar volume was measured using 5 pl

microcapillary tubes, and the concentration was determined by a Pal-1 (Atago Co.) pocket refractometer

(for more details, see Janecek et al., 2021a; Chmel et al., 2021; Klomberg et al., 2022 cited in the main

text). * We measured the narrow tube of the calyx and not the whole flower, including the wide part

where a sunbird can insert its head.

Tube length (cm) 24 hrs nectar Nectar sugar
production concentration
(ul flower 1) (% w/w)
mean SD n mean SD n mean SD n
Impatiens sakeriana 1.8 0.19 7 14.7 11 15 22.4 54 15
Nuxia congesta 0.46 0.07 7 0.84 0.72 18 27.7 10.16 18
Tabernaemontana ventricosa 0.61 0.02 6 4.66 3.09 30 20.2 8.14 29
Kigelia africana 2.4% 033 5 49 105.3 24 16.6 5.24 24




Figure S1: Experimental cage; A/ exterior view; B/ interior view
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Bird pollination syndrome is the plant’s adaptation to
ornithophily, but nectarivorous birds are not so selective
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Oikos Many tropical plants are pollinated by birds and several bird phylogenetical lineages
130: 1411—1424, 2021 have specialised to a nectar diet. The long-assumed, intimate ecological and evolu-
doi: 10.1111/0ik.08052 tionary relationship between ornithophilous plants and phenotypically specialised
nectarivorous birds has nevertheless been questioned in recent decades, where such
Subject Editor: Dries Bonte plant—pollinator interactions have been shown to be highly generalised.
Editor-in-Chief: Dries Bonte In our study, we analysed two extensive interaction datasets: bird—flower and insect—
Accepted 14 May 2021 flower interactions, both collected on Mt Cameroon, west-central Africa. We tested if:

1) insects and birds interact with distinct groups of plants; 2) plants with a typical set
of ornithophilous floral traits (i.e. bird pollination syndrome) interact mainly with
birds; 3) birds favour plants with bird pollination syndrome and; 4) if and how the
individual floral traits and plant level nectar production predict bird visitation.

Bird-visited plants were typically also visited by insects, while approximately half
of the plants were visited by insects only. We confirmed the validity of the bird pol-
lination syndrome hypothesis, as plants with bird-pollination syndrome traits were
visited by birds at a higher rate and mostly hosted a lower frequency of visiting insects.
However, these ornithophilous plants were not more attractive than the other plants
for nectar-feeding birds. Nectar production per plant individual was a better predictor
of bird visitation than any other floral trait traditionally related to the bird pollina-
tion syndrome. Our study thus demonstrated the highly asymmetrical relationship
between ornithophilous plants and nectarivorous birds.

Keywords: floral choice, floral traits, Mount Cameroon National Park, nectar
resource, nectarivorous birds, pollination

Introduction

Most tropical plants rely on animals for pollination (Ollerton et al. 2011) and floral
food rewards are important parts of the diet for many animal groups. Consequently,
in tropical rainforests approximately 98% of flowering plants are estimated to be
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animal-pollinated (Bawa 1990). Although most of them
depend on insect pollinators (Proctor et al. 1996), verte-
brates, particularly birds and bats, also represent important
pollen vectors in tropical pollination networks (Fleming
and Muchhala 2008, Zanata et al. 2017). While there are a
number of nectar feeding bird species across different fami-
lies (Proctor et al. 1996), we recognize three main families
of flower specialists globally: hummingbirds (Trochilidae) in
the Neotropics, sunbirds (Nectariniidae) in the Old World,
and honey-eaters (Meliphagidae) in Australasia (Fleming and
Muchhala 2008).

The concept of mutualistic evolutionary adaptations in
plant—pollinator interactions was first put forth by Darwin’s
‘evolutionary race’ (Darwin, 1862). This concept includes,
among others, the step by step co-evolution where both part-
ners (or partner groups) continuously increase the level of
their co-adaptations, gradually producing a system character-
ised by high specialisation on both sides. Nevertheless, the
adaptations of some plants can result from a one-sided evolu-
tionary pressure to already pre-adapted pollinators (i.e. pol-
linator shift, Wasserthal 1997, Whittall and Hodges 2007).
Such processes can also be the reason why radiations of some
plant lineages have been much younger than radiations of
their pollinators (Tripp and McDade 2013, Givnish et al.
2014).

Pollination syndromes are one of the central concepts of
plant adaptation, where plants pollinated by the same pol-
linator group are hypothesised to share similar floral traits
via convergent evolution (Faegri and van der Pijl 1979,
Fenster et al. 2004, Rosas-Guerrero et al. 2014). Within the
bird pollination syndrome, ornithophilous flowers tend to be
red or orange, tubular with copious nectar, and lack charac-
ters associated with other syndromes, such as a strong scent
or presence of nectar guides (Faegri and van der Pijl 1979,
Fenster et al. 2004, Cronk and Ojeda 2008, Fenster et al.
2015). In parallel, Stiles (1981) defined the ‘syndrome
of anthophily’ for specialised nectarivorous birds, which
includes morphological, physiological, and behavioural adap-
tations of birds related to nectarivory.

In recent decades however, community-wide studies have
demonstrated that ecological reality and co-evolution pro-
cesses can be much more complicated, and that the close
relationships in foraging/pollination systems are rather
exceptional (Waser et al. 1996). For example, specialised
nectarivorous birds are frequent visitors of non-ornithoph-
ilous plants (Araujo and Sazima 2003, Maruyama et al.
2013), where they may act as thieves (Rocca and Sazima
2006, JaneCek et al. 2007, Padysdkovd et al. 2013),
although in other cases also as co-pollinators (Wolff et al.
2003, Freitas et al. 2006, Aguilar-Rodriguez et al. 2016).
Conversely, although plants with the bird-pollination syn-
drome are often pollinated by birds (Johnson and Wester
2017), they may also host other visitors (e.g. bumblebees
— Pleasants and Waser 1985, Urcelay et al. 2006, bees —
Schmid et al. 2011, Wilson et al. 2004). Additionally,
the applicability of the bird pollination syndrome dif-
fers regionally (Brown and Hopkins 1995, Fleming and
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Muchhala 2008) or along environmental gradients, such
as elevation (Araujo and Sazima 2003, Kromer et al. 20006,
Dalsgaard et al. 2011, Partida-Lara et al. 2018) or precipita-
tion (Dalsgaard et al. 2011, Maruyama et al. 2013). Finally,
we must acknowledge that a proportion of plants are
adapted to a generalized pollination system, making pheno-
typic-based predictions of its primary pollinator impossible
(Waser et al. 1996, Fenster et al. 2004, Ollerton et al. 2009,
Dellinger 2020).

The pollination syndrome hypothesis, together with
coevolutionary theory, suggests that the selection pres-
sures imposed by pollinators are the most important driv-
ers of floral evolution (Stebins 1970, Ashworth et al.
2015). Nevertheless, individual floral traits could evolve
as a response to different selection agents, e.g. herbivores
(Strauss et al. 2004) or abiotic conditions (Galen 2000).
Considering the bird pollination syndrome, it has been
shown for example that the most specialized nectarivorous
birds, hummingbirds, have no preference for red colouration
(Collias and Collias 1968, Miller and Miller 1971). Instead
the red colour may sensorially exclude bees (a group with
no photoreceptors for red light) from ornithophilous flow-
ers (Bergamo et al. 2016, Coimbra 2020). Therefore, while
the most efficient pollinators may truly coincide with the
defined pollination syndrome (Rosas-Guerrero et al. 2014),
from the pollinators’ perspective, floral choice may likely be
simplerdetermined only by the quantity and quality of food
rewards (Waser 1983, Pleasants and Waser 1985, Stromberg
and Johnsen 1990, Essenberg 2012, Schmid et al. 2016).
Nevertheless, this resource-motivated selection has seen
indirect support. Studies have suggested that a substantial
proportion of flowers are pollinated by several different pol-
linators, and that pollinators visit flowers of multiple plant
species often belonging to different pollination syndromes
(Herrera 1996, Waser et al. 1996).

In this study, we test the validity of the bird pollination
syndrome hypothesis and explore the flower-bird relation-
ships on Mount Cameroon, West/Central Africa. Our analy-
ses were performed in two complementary ways: First, we
used a simple conceptual model to test: 1) if birds and insects
prefer distinct groups of plants (Fig. 1A); 2) whether plants
with the bird pollination syndrome were favoured by birds
but avoided by insects (Fig. 1B) and; 3) if birds feed mainly
on the ornithophilous plants (Fig. 1C). Second, we tested if
4) any floral traits related to the bird pollination syndrome
predicted bird visitation and; 5) whether these traits were bet-
ter predictors than the nectar production of the whole plant
individual.

Methods

Study site

All datasets were collected in tropical rainforests on the
south-western slope of Mt Cameroon (Cameroon), the high-
est mountain of West Africa. On this slope, primary forests
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Figure 1. Conceptual model where plant species are organized in the space defined by the axes of bird—plant and insect—plant interactions
intensity: I) a bird—plant interaction zone with a high intensity of bird—plant interactions (red border); II) a zone with a high intensity of
both bird and insect interactions; III) a zone with low intensity interactions by both pollinator groups; and IV) an insect—plant interaction
zone with a high intensity of insect—plant interactions (blue border). m, — median of the intensity of insect—plant interactions dividing the
space for the insect preferred (zones Il and IV) and nonpreferred (zones I and III) plants; m, — median of the intensity of bird—plant interac-
tions dividing the space to bird preferred (zones I and II) and bird non-preferred (zones III and IV) plants. (A), (B) and (C) show possible

scenarios related to our target questions.
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are preserved from approximately 400 m a.s.l. up to the natu-
ral treeline at approximately 2200 m a.s.l. (Cable and Cheek
1998). The climate of Mount Cameroon comprises of a period
of heavy rains, which occur between June and October, and
a dry season which extends from November to May, with
an annual rainfall usually exceeding 10 000 mm (Lefevre
1967, Maicher et al. 2020). The data were collected at four
sites distributed along the elevational gradient of the moun-
tain: 1) Drink Garri (650 m as.l.) — lowland tropical rain-
forest with abundant trees from the family Caesalpiniaceae;
2) PlanteCam (1100 m a.s.l.) — mid- elevation forest partly
disturbed by elephants; 3) Crater Lake (1450 m a.s.l.) — sub-
montane forest strongly disturbed by elephants; 4) Mann’s
Spring (2200 m a.s.l.) — mountain forest close to the treeline
(Maicher et al. 2020). At each site, we collected data both
in the wet and dry seasons. The sampling included vegeta-
tion surveys along six 200 X 10 m permanent transects per
sites, along which we estimated the abundance of flowering
plants, together with numbers of flowers per plant individual.
Transects were situated at least 100 m apart so as to account
for some environment heterogeneity at each locality.

Floral traits

Based on Faegri and van der Pijl (1979) and Ollerton et al.
(2009), we selected six floral traits related to the bird pollina-
tion syndrome, including floral size (averaged in asymmetric
flowers), tube length, odour (weak-no versus moderate—
strong), colour (as sensed by humans), nectar guides (pres-
ence versus absence), and nectar sugar production (mg) per
flower. Additionally, we calculated the resource quantity by
multiplying the latter trait with the number of flowers per
plant, i.e. average nectar production per individual of each
species. All measured trait values of the studied plant species
are listed in the Supporting information. The morphological
floral trait measurements were done using a digital calliper.
Ideally, a minimum of five replicates of each plant species
were measured. If sufficient replicates were not found within
the transects, we broadened the search area to the adjoin-
ing vegetation. We covered the flowers with mesh bags for
a 24-h period before the nectar measurement allowing us
to compare the nectar production of individual plant spe-
cies. If nectar was abundant, it was extracted and its vol-
ume was measured using a Hamilton syringe or a capillary
tube following Bartos et al. (2012). The nectar concentra-
tion was then measured with the Pal-1 (Atago Co) pocket
refractometer. Subsequently, the amount of sugar per flower
was calculated based on the nectar volume and its concentra-
tion. Flowers which produced low volumes of nectar were
washed with distilled water which was then collected in an
eppendorf tube. Later in the field camp, we added ethanol to
achieve 50% concentration and boiled the solution to avoid
any possible enzymatic degradation during transport to the
lab (Chlumskd et al. 2014). In the lab, we dried the sam-
ples, transferred them into constant volume, and the sugar
amounts were measured using an Ionic Chromatograph ICS-
3000 with an electrochemical detector and CarboPac PA1

1414

column. Due to their rarity or inaccessibility, we were not
able to collect values of sugar production for all plant species
that flowered at the study sites, these were therefore omit-
ted from the dataset, with the exception of Phragmanthera
kamerunensis As this species represents an important nectar
resource for bird visitors (JaneCek et al. unpubl.), we used the
sugar content (average value in closed flowers) from Gill and
Wolf (1975) who explored the energetics of a similar East
African species Phragmanthera dshallensis.

Based on the traditional definitions of pollination syn-
dromes (Faegri and van der Pijl 1979, Fenster et al. 2004,
Cronk and Ojeda 2008), we considered flowers of plants
to fit into the bird pollination syndrome if they met all
these preconditions: 1) provided sufficient nectar reward
(> 0.3 pl per flower); 2) did not produce a strong odour;
3) had a long wavelength, i.e. orange/red colour; 4) were of
tubular shape (tubelength > 1 c¢m); 5) did not have tubes
or spurs too narrow for nectarivorous birds (e.g. 1-3 mm
wide and long flower tubes typical for plants which are pol-
linated by butterflies, Mertens et al. 2020); 6) had no nectar
guides and; 7) effectively placed pollen on the body of birds

during visitation.

Observation of insect-plant interactions, dataset 1

The first dataset was collected during four expeditions
between 2016-2018. Animal—plant interactions were col-
lected using security cameras (Vivotek IB8367T with IR
night vision; Klomberg et al. 2020). Up to five specimens of
each plant species were recorded, each for 24-h of continu-
ous recording, resulting in 1115 individual recordings from
211 plant species. Floral visitors were detected in the video
material by either manually searching or using the auto-
matic motion detecting software MotionMeerkat (Weinstein
2015). For calculation of visitor frequency per hour, we
included only insect visitors that made contact with plant
reproductive organs (similar to Biella et al. 2019). Among a
selection of the most common pollinator groups, we found
13 170 insect—plant interactions, with the majority of visits
by bees (26.50%; excluding wasps, carpenter bees and honey-
bees), followed by honeybees (24.84%), hoverflies (15.96%)
and moths (10.68%; excluding hawkmoths, for more details
on Lepidoptera, Mertens et al. 2021). The data collection pri-
oritized insect—plant interactions, as the cameras were placed
close to the plants to enable the identification of insect mor-
phospecies and to record night visitors. Although the dataset
includes other types of visitors as well, such as birds or mam-
mals, the sample size was relatively low; too low to consider
it robust, particularly for rarer bird—plant interactions. This
data was therefore used primarily for insect—flower interac-
tions, later collecting a more complex dataset on bird—flower
interactions (dataset 2 below).

Observation of bird-plant interactions, dataset 2

The second dataset was collected between 2018—2020 at the
same study sites as dataset 1. The observation unit was a plant
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individual. For lianas, where the definition of an individual
can be complicated, we distinguished flowering parts which
were not seemingly connected as separate units. We observed
flowering plants that we considered potentially bird-pollinated
and met the following criteria: 1) birds had been observed
to feed on the flowers during our long-term research on Mt
Cameroon or; 2) its nectar volume in a flower covered for
24-h was higher than 0.3 pl/per flower (Chmel et al. unpubl.)
and; 3) it flowered at least in three replications along the six
transects per study site, or it occurred less frequently within
the transects but commonly flowered in the transects vicinity.
Bird—plant interactions (visits during which birds fed on nec-
tar) were observed using two complementary methods. The
first method was applied for herbs and small shrubs. For their
observation, we used the same security cameras to record
10 individuals of each plant species. Each plant individual
was recorded for two consecutive days (from 6:00 to 18:00
only). Nevertheless, the total recording times slightly dif-
fered for individual plants (Supporting information), because
some species were difficult to find, or due to logistic and/or
technical problems which sometimes occurred in the harsh
weather on Mt Cameroon. Finally, the mean length of the
video observation was 152 h per plant species. The recorded
floral visitors were identified in the same way as for dataset 1.
The second method, conducted simultaneously, was personal
observation of trees and larger shrubs, where cameras did not
have the capacity to record visits on all flowers at the same
time. We aimed to observe eight individuals per plant species,
each of them for eight hours equally distributed during the
daytime (from 6:00 to 18:00 only). Because we did not find
a sufficient number of individuals of some plant species, the
mean length of observation was 68 h per species (Supporting
information). High trees were usually observed from a neigh-
bouring tree which was climbed using the single rope tech-
nique. In total, we recorded 9473 bird—plant interactions in
the dataset 2, i.e. occasions where birds fed on nectar, for the
four sites during both dry and wet seasons. 22 species of birds
were observed feeding on nectar. Sunbirds (Nectarinidae)
were the most prominent visitors (12 species, 90.0% of all
visits, Supporting information). The observed plants were
identified during our long-term research on Mt Cameroon.
The taxonomically problematic species were sent to specialists
for identification, and voucher specimens were deposited in
the Cameroon National Herbarium in Yaounde, Cameroon.

Merging of datasets: comparison of bird and insect
visitation frequency

For this part of the study, we considered 88 plant species
which occurred in both datasets (Supporting information).
The selection was based on the vegetation survey of flower-
ing plants carried out during the collection of the dataset 2.
Because both datasets were obtained during different expe-
ditions and by slightly different methodological approaches
(see above), we calculated the relative attractiveness of indi-
vidual plant species for birds and for insects separately. The
plants were ranked from the most to least visited species

based on bird or insect visitation frequencies (i.e. by the aver-
age number of individual visitors per hour of observation).
For the purpose of comparing bird and insect visitation, we
averaged the visitation frequencies for each plant species that
occurred at several sites or flowered during both dry and wet
seasons. The plant species with no recorded visits were ranked
as zero. Bird visitation frequencies missing in dataset 2 were
supplemented from dataset 1 (details in next paragraph).
Note that the plants which were observed only in dataset
2 were excluded, as we had no information on insect visits.
Nevertheless, none of the excluded plants fit the bird pollina-
tion syndrome.

Merging of datasets: individual floral traits as
predictors of bird visitation frequency

Although notall plants were observed in dataset 2 (bird—plant
interactions), we were able to provide empirical evidence as
to whether the omitted plant species were visited by birds
or not using dataset 1 (insect—plant interactions). Therefore,
we derived the frequencies of bird visits from dataset 1 for
41 plant species that were flowering but omitted during the
work on dataset 2. Only one of these plants (Deinbollia sp.)
was visited by birds (Supporting information), all others
showed no visits. By supplementing dataset 2 with dataset
1, we gained detailed information on the bird visitation fre-
quencies (i.e. number of individuals per hour of observation)
for 102 plant species in total.

Statistical analysis

To visualise the distribution of plant species within the dimen-
sional space defined by floral traits, we used factor analysis of
mixed data (FAMD), a principal component method dedi-
cated to analysing datasets containing both quantitative and
qualitative variables (Pagés 2004). The size of the centroids
was set to reflect the frequency of bird—plant interactions. For
this purpose, the frequencies were averaged for those plant
species that occurred at more sites, or during both seasons.
Following the concept model (Fig. 1), a ¥* contingency
test was applied to assess whether the distribution of interac-
tions (bird—plant versus insect—plant) was different from the
expected random distribution. This included three separate
tests analysing: 1) if the number of common interactions of
plants shared by birds and insects (zones II and III in Fig. 1)
differed from the number of specific interactions (zones I and
IV, Fig. 1); 2) if the plants within the bird pollination syn-
drome were visited by birds (i.e. occurred in zone I and II,
Fig. 1) at a higher rate than expected (i.e. equally distributed
across all (I-IV) zones); 3) if the plants within the bird polli-
nation syndrome were visited by birds at a higher rate than by
insects (number of interactions within zone I versus zone II,
Fig. 1). To analyse whether birds fed mainly on ornithophi-
lous plants (Fig. 1C), we applied the Wilcoxon test and com-
pared the mean ranks of visitation frequency between the
ornithophilous and non-ornithophilous plants.
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We used compound Poisson generalized linear mixed
model (CPGLMM) (Zhang 2013) to assess the effect of flo-
ral resource quantity and individual floral traits (fixed effects)
on bird visitation frequencies. The CPGLMM method was
also capable of handling our zero inflated data. To account
for the potential spatiotemporal patterns and abundance of
flowering plants in our dataset, we set the site, season and
abundance of flowering plants per hectare as random effects.
For the plants which were relatively common at the study site
but did not flower on the transects, we arbitrarily set their
abundance as one individual per two hectares. For individual
floral traits, we analysed the conditional effect, i.e. the effect
of each floral trait was tested within a full model (six traits)
against a model containing all floral traits less the one being
tested (five traits). Additionally, we computed the marginal
R? (explained variation) from the CPLGLMM models fol-
lowing Nakagawa et al. (2017). This, together with the model
parsimony (AIC), allowed us to compare the relative effect of
resource quantity and the set of floral traits in relation to the
bird visitation frequencies.

Results

Bird visitors were observed feeding on 48 plant species.
Nine of these plant species fit the bird pollination syndrome
(Fig. 2A-I). Overall, the studied plant species expressed a
wide diversity of flowers with substantial differences in the
composition of individual floral traits (Fig. 3).

The plants were evenly distributed in the bird—plant X
insect—plant interaction space (y* test, df, =1, }¥*=0,
p=1.000), whilst half (21) out of the 42 plant species visited
by birds had a larger proportion of bird to insect rank visita-
tion (Fig. 4, upper left quadrant). The other half of the plant
species were similarly important for both bird and insect visi-
tors (Fig. 4, upper right quadrant). The ornithophilous plants
occurred in the bird-favoured area (i.e. zones I and II in
Fig. 1) more often than expected by chance ()* test, df, =1,
x>=9.00, p=0.003) (Fig. 4). They hosted a larger propor-
tion of bird to insect rank visitation, but only marginally, i.e.
visits occurred within the bird—plant interaction zone (zone I

in Fig. 1) at the higher rate than expected by chance () test,

»

(=

Figure 2. Flowers of the nine ornithophilous (a—i, left red blocks) and nine most visited non-ornithophilous (j—r, right green blocks) plant

species. Both ornithophilous and non-ornithophilous plants are ordered by decreasing frequency of bird—plant interaction. (a) Kigelia afri-
cana, (b): Englerina gabonensis, (c) Phragmathera kamerunensis, (d) Thonningia sanguinea, (¢) Impatiens sakeriana, (f) Impatiens niamniamen-
sis, (g) Impatiens etindensis, (h) Impatiens frithii, (1) Impatiens hians, (j) Shefflera abyssinica, (k) Nuxia congesta, (1) Syzygium sp, (m) Anthocleista

scandens, (n) Anthonotha fragrans, (o) Hugonia micans, (p) Syzygium staudtii, (q) Tabernemontana ventricosa, (r) Clausena anisata. Photographs

were provided by the authors.
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Figure 3. Ordination diagram (FAMD) showing the distribution of 102 plant species (red =ornithophilous plant species, green=other
plant species) within the morpho-space defined by the composition of six floral traits: colour, odour, presence of nectar guides, size, tube
length and log sugar content per flower. Point size designates the frequency of bird visitors (on a logarithmic scale). The first (dim1) and
second (dim2) axes explained 19.2% and 12.7% of the variation, respectively. Contributions (%) of individual explanatory variables to the
explained variation by dim1 and dim2 are shown next to the diagram. Species codes: AD, Acanthopale decempedalis; Adi, Anchomanes dif-
Jformis; AF, Anthonotha fragrans; AfD, Aframomum sp purple; AN, Aframomum sp white; AS, Acanthonema strigosum; Asc, Anthocleista
scandens; BA, Basella alba; BAm, Begonia ampla; BB, Berlinia bracteosa; BE, Begonia fusialata; BL, Begonia letouzeyi; BM, Begonia mannii;
BO, Brillantaisia owariensis; BOa, Begonia oxyanthera; BOl, Begonia oxyloba; BP, Begonia poculifera; BR, Bertiera racemosa; BS, Begonia
scutifolia; CA, Calochone acuminate; CAn, Clausena anisata; Cdu, Costus dubius; CM, Crassocephalum montuosum; CMa, Culcasia mannii;
CS, Calanthe sylvatica; Csi, Clerodendrum silvanum; CyMa, Cyphostemma mannii; DC, Dioscoreophyllum cumminsii; DY, Distephanus
biafrae; DH, Discocloaxylon hexandrum; DK, Disperis kamerunensis; DM, Dorstenia mannii; DN, Disperis nitida; Dsp, Deinbollia sp 1; DV,
Dicranolepis vestita; EG, Englerina gabonensis; GE, Gomphia flava; HC, Heinsia crinite; HM, Hugonia micans; HR, Hylodesmum repandums;
HT, Hypoestes triflora; ChC, Chlorophytum comosum; ChL, Chassalia laikomensis; 1B, Impatiens burtonii; 1B, Impatiens etindensis; IF, Impatiens
[rithii; IFo, Ixora foliosa; 1G, Isoglossa glandulifera; 1Gu, Ixora guineensis; IH, Impatiens hians; IM, Ilex mitis; IMa, Impatiens macroptera; Imn,
Impatiens mannii; IN, Impatiens niamniamensis; 1S, Impatiens sakeriana; JL, Justicia laxa; JP, Jasminum preussii; KA, Kigelia Africana; LD,
Liparis deistelii; LE, Laccodiscus ferrugineus; LG, Leea guineensis; ME, Momordica foetida; ML, Maesa lanceolata; MM, Marantochloa mono-
phylla; MS, Melanthera scandens; Mso, Mimulopsis solmsii; MT, Mussaenda tenuiflora; NC, Nuxia congesta; NP, Nephthytis poissonii; OD,
Oncoba dentate; PaB, Psychotria bifaria; PB, Palisota barteri; PBi, Polystachia bicalcarata; PC, Piper capense; PD, Plectranthus decurrens; PDu,
Pydrax dunlapii; PH, Psychotria hypsophila; PK, Phragmanthera kamerunensis; PL, Psychotria leptophylla; PIK, Plectranthus kamerunensis; PR,
Pavetta rigida; PT, Psychotria thonneri; PZ, Pararistolochia zenkeri; SA, Schefflera abyssinica; SAc, Stachys aculeolata; SB, Sherbournia bigno-
niiflora; SC, Sabicea calycina; SN, Solanum nigrum; SoM, Solanecio mannii; SP, Sabicea pilosa; SPr, Spermacoce princeae; SS, Syzygium
staudtii; Ssp, Syzygium sp.; ST, Solanum terminale subsp inconstans; TB, Tabernaemontana brachyantha; TV, Thunbergia fasciculate; TR,
Trichilia rubescens; TS, Thonningia sanguinea; TV, Tabernemontana ventricosa; UM, Utricularia mannii; VAL, Voacanga Africana; VBr,
Voacanga bracteata.

dt,,=1, ¥*=2.77, p=0.096) (Fig. 4). However, the orni-
thophilous plants did not see higher frequencies of bird vis-
its when compared with the other bird-visited plants visited
by birds (Wilcoxon test, df, ;,=1, W=120, p=0.146) (e.g.

Fig. 2j-r). Altogether, planté visited by birds did not occupy

a unique portion of the trait space, i.e. we did not observe a

distinct separation between the visited and non-visited plants
in terms of the composition of their floral traits (Fig. 3).
Although birds did not appear to prefer flowers of a spe-
cific phenotype, the floral traits still explained a relatively
high proportion of variability in the frequency of bird—
plant interactions (R*=0.2132). A comparable proportion
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Figure 4. Relationship between ranked bird and insect frequencies at 88 different plant species. Plant species fitting the bird pollination
syndrome (EG, Englerina gabonensis; 1E, Impatiens etindensis; I, Impatiens frithii; IH, Impatiens hians; IN, Impatiens niamniamensis; 1S,
Impatiens sakeriana; KA, Kigelia Africana; PK, Phragmanthera kamerunensis; TS, Thonningia sanguinea) are visualised in black, the

rest in grey.

was explained by the quantity of nectar resource offered by
an individual of a plant species (R*=0.2076). However, the
resource quantity itself explained more variability in the
visitation frequencies than any other floral trait. Moreover,
in terms of the model parsimony (AIC), the resource
quantity was a better predictor, with a positive effect on
the visitation frequency (Table 1, Fig. 5). Among the indi-

vidual floral traits: odour, sugar content, tube length, and

Table 1. Influence of individual plant traits on bird visitor frequency.

presence/absence of nectar guides were significant predic-
tors of visitation frequency (ordered by decreasing amount
of explained variability) (Table 1). On the contrary, the
visitation frequency was not affected by the floral colour
and size (Table 1). The frequency of bird visits tended to
be higher on flowers that exuded odour, with an increased
sugar content, with a longer tube length, and with the
absence of nectar guides (Table 1).

Model R? Marginal AIC x p Direction of relationship
~Zero model 0.0000 263.38
~Resource quantity 0.2076 159.03 106.34 <0.001 ++
~Floral traits 0.2132 211.35 64.03 <0.001
Contribution of individual floral traits
Odour 0.0957 - 22.66 <0.001 Exude odour ++
Sugar content 0.0333 - 23.78 <0.001 ++
Tube length 0.0284 - 4.70 0.030 ++
Nectar guides 0.0146 - 4.61 0.031 Absent ++
Colour 0.0032 - 0.62 0.430 n.s.
Flower size 0.0014 - 0.29 0.590 n.s.

CPGLMM, n=184, elevation and season were set as random effects. Models ordered by marginal R?. Colour was tested as a two-level factor:
orange-red versus other colours. We indicate the direction of significant relationships (p < 0.05 in bold) with bird frequency, where ++=pos-
itive for continuous variables while the factor with highest value of bird frequency is shown for qualitative variables.
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Figure 5. Relationship between bird visitation frequency and resource quantity (nectar sugar production per average plant individual).
Shaded area represents the standard error. Logarithmic transformation was used for both variables.

Discussion

Plants evenly occupy the insect—-plant x bird—plant
interaction space

We documented a regular distribution of plants in the four
zones of niche space delimited by bird—plant and insect—
plant interaction axes. Based on the conceptual model, an
equal proportion of plants tended to be specialised either to
birds or insects (i.e plants in zones I and IV in the concep-
tual model) and the same proportion consisted of general-
ized plants, where the ranked interaction frequencies of both
visitor groups overlapped (zones II and III). This pattern
therefore partly showed the high diversification of pollina-
tion niches (Johnson 2010), and partly supported the ideas
of Waser et al. (1996) and Ollerton et al. (2009) who under-
lined that a relatively large proportion of flowers do not host
a specific pollinator. Nevertheless, we should also consider
that the degree of specialization and the ability of pollina-
tion syndromes to predict pollinators can differ in individual
floras (Johnson and Wester 2017), as well as under different
environmental conditions (Klomberg et al. 2020). This could
also be the reason why we did not find consistent support
(or consistent rejection) of the pollination syndrome concept
(Rosas-Guerrero et al. 2014, Wang, X. et al. 2020). Although
we observed similar numbers of plants in the four zones
of our conceptual framework, the regularity of the plant

distribution in the bird non-preferred zones (i.e. zones Il and
IV in Fig. 1) was somewhat disrupted by the fact that these
plants were not visited by birds at all. We assume that there
is a plant profitability threshold, which makes these plants
unattractive for birds. Conversely, we found only three plant
species that are exclusively visited by birds with no records of
insect visitors ([mpatiens sakeriana, Phragmanthera kameru-
nensis, Sabicea pilosa). We propose two primary explanations
for why ornithophilous plants are still at least somewhat
attractive for insects (Wilson et al. 2004): 1) plants adapted
to birds usually produce a lot of nectar, which, despite other
anti-insect adaptations, acts as a strong attractant; 2) flowers
also offer other insect rewards, such as pollen.

Validity of the bird pollination syndrome

Our results showed that the set of floral traits used to rep-
resent the bird pollination syndrome (Faegri and van der
Pijl 1979, Fenster et al. 2004, Cronk and Ojeda 2008) are
indeed indicative of specialisation towards bird pollination.
Ornithophilous plant species were visited by birds at higher
rates than by chance alone, and were preferred by birds more
so than insects . There were two exceptions to this, Kigelia
africana and Thonningia sanguinea, which, despite having
the bird pollination syndrome, were also favoured by insects.
This aligns with studies from other regions showing that these
plants can be pollinated by a wider spectrum of pollinator
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groups. When considering additional floral traits, e.g. a wide
floral tube of Kigelia africana or a geoflory of Thonningia
sanguinea, these species did not fit the bird pollination syn-
drome perfectly (Quintero et al. 2017, Namah et al. 2019).
While Namah et al. (2019) also described common interac-
tions of Kigelia africana with birds and insects, other studies
demonstrated K. africana was primarily pollinated by fruit
bats (Baker 1961, Ayensu 1974). The pollination system of
Thonningia sanguinea is similarly ambivalent, as both flies
(Goto et al. 2012) and birds (Quintero et al. 2017) were
documented as its main pollinators. The other ornitophilous
plants, which were affiliated only to the bird—plant interac-
tion zone, were shown to be bird pollinated in other studies
(Barto$ and JaneCek 2014, JaneCek et al. 2011, 2015).

Regardless of any minor irregularities mentioned above, our
study supports the validity of the bird pollination syndrome
hypothesis. Hence, it is another example demonstrating that
reddish tubular flowers with copious nectar reward are not a
form of adaptation exclusive to the most studied nectar spe-
cialist — New World’s hummingbirds (e.g. Dziedzioch et al.
2003, Muchhala 2006), but such traits represent a conver-
gent evolutionary shift to other specialised groups of birds
such as sunbirds (Rodriguez-Gironés and Santamaria 2004,
Fleming and Muchhala 2008). Nevertheless, the representa-
tion of ornithophilous plant species in Afrotropical rainfor-
ests appears to be much lower compared to the Neotropics. In
the Neotropics, the interactions with birds (hummingbirds)
may have accelerated an extensive speciation in species rich
families, e.g. Bromeliaceae (Givnish et al. 2014, Kessler et al.
2020). Stiles (1985) documented 50 plant species pollinated
primarily by hummingbirds in a Costa Rican submontane
forest. In a montane forest in the Andes, Dziedzioch et al.
(2003) observed hummingbirds feeding on 67 plant species
half of which had red tubular lowers. In the Atlantic Forest,
including lowland and highland sites, Buzato et al. (2000)
documented 86 hummingbird-pollinated plant species.
Nevertheless, here only nine out of the 42 studied plants bore
the characteristics typical of ornithophilous flowers.

Effectiveness of birds as pollinators

It is important to acknowledge that, from the plant’s per-
spective, the interaction frequency is not the only parameter
determining pollinator effectiveness, and that this can in fact
be much higher in specialised plants because of various floral
adaptations (Thomson et al. 2000, Hargreaves et al. 2004).
Birds have been shown to be highly effective pollinators, even
during just a single visitation to the ornithophilous plant
Impatiens sakeriana (JaneCek et al. 2011). For example, the
effectiveness can be increased by different mechanisms allow-
ing specific and precise pollen placement on parts of the bird
body (Bartos and JaneCek 2014). Such placement prevents
heterospecific pollen deposition on stigmas (Morales and
Traveset 2008). Ornithophilous plants do not necessarily
need to receive many visits, but rather simply a few effective
ones in order to reproduce.

Birds can likely also act as effective pollinators on
numerous non-ornithophilous plants. For example, even
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if individual flowers were very small (e.g. Nuxia congesta or
Syzigium sp., Fig. 2k-1) birds that perched directly on the
inflorescences will likely transfer pollen with their feet or
other body parts as shown in a recent study of a montane
system in Nigeria (Nsor et at. 2019).

On the other hand, we are aware that not all visitors
attracted to flowers act as pollinators. We witnessed how
some birds participated in nectar robbing, i.e. removing nec-
tar without contacting the anthers and/or stigma (reviewed
by Irwin et al. 2010). Although we were not able to quantify
the proportion of nectar robbing for individual plant spe-
cies, we did not observe exclusive nectar thieving for any
plant species. Therefore, in many cases, the simple visita-
tion rate likely does not reflect the pollination effectiveness,
measured for example as germinated pollen load per visit
(Rocca and Sazima 2013). Here we focused primarily on
the visitor perspective, i.e. what defines the attractiveness
of a plant and floral choice. At this level, the effectiveness
of pollination is not so important, although it would be
extremely valuable to unravel the relationship between the
visitation rate and the pollination effectiveness in individual
plant species.

Birds feed both on ornithophilous and non-
ornithophilous plants

Although all studied ornithophilous plants hosted bird visi-
tors, birds also fed frequently on other non-ornithophilous
plants. Moreover, their interaction frequencies on these non-
ornithophilous plants were not significantly different from
the specialised ornithophilous plants. This finding corre-
sponds with the observation that bird adaptations, such as a
long bill and tongue, enable drinking from specialised tubular
flowers, but they do not prevent them from also using flow-
ers with more exposed nectar (JaneCek et al. 2007, 2012).
These results agree with other studies showing that pheno-
typically nonspecialised plants are important in the nutri-
tion of sunbirds (Nsor et al. 2019), but also hummingbirds
(Maruyama etal. 2013) or honeyeaters (Castro and Robertson
1997). Nevertheless, hummingbirds are expected to have the
closest relationship with ornithophilous plants fitting to the
bird pollination syndrome (Fleming and Muchhala 2008).
Given this, similar studies from the New World are needed to
explore the wider validity of observed patterns.

It is therefore evident that birds care little about whether
they feed from ornithophilous or non-ornithophilous flow-
ers, but we should avoid the interpretation that ornithophi-
lous plants are generally an unimportant source of nectar.
They can be a crucial nectar source in some periods of the
year (e.g. wet season; Klomberg et al. 2020) or for some sun-
bird species (JaneCek et al. 2015, JaneCek et al. unpubl.)

Resource quantity as the best predictor of floral choice

Our findings support those of other studies which suggest flo-
ral choice is governed primarily by profitability — the amount

and availability of nectar reward (Pleasants and Waser 1985,
Collins and Newland 1986, Schmid et al. 2016). Although
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the nectar production per plant appeared to be the most
important trait for nectarivorous birds, additional floral
traits were also at play. Some plant species may produce a
large quantity of nectar per plant individual which would
potentially attract bird visitors, but this resource may be inac-
cessible for them (Grant and Temeles 1992). For instance,
nectar containing floral tubes are likely too narrow for a bird’s
beak in few of the sampled species (e.g. Heinsia crinita or
Impatiens mannii). In other cases, plants may produce a large
total quantity of nectar but in super abundant small stellate
flowers with a very low amount of nectar per flower (e.g. llex
mitis), thus making the handling of flowers unprofitable for
birds. On the contrary, some plant traits that have evolved to
attract other pollinator groups did not deter birds. We found
that the frequency of birds tended to be higher on flowers
that exert odour, even though this trait plays a prominent role
in the locating of flowers, especially for nocturnal bats and
moths (Faegri and van den Pijl 1979). The colour of flowers
did not influence the frequency of feeding birds, suggesting
that bird floral choice is mainly based on previous experience,
during which birds tested how much nectar the plant offers
and whether it is accessible, rather than on a priori visual cues
of the flowers (Wolf and Heinsworth 1983). Our results indi-
rectly support the theory that some floral traits did not evolve
as an adaptation to attract birds but rather to deter insects.
This seems to be true not only for red colouration, which is
less conspicuous for bees (Lunau et al. 2011, Bergamo et al.
2016, Coimbra 2019), but also for some other traits, e.g. the
tube length which is generally considered as a trait excluding
visitors with the short mouthparts (Vlasdnkova et al. 2017,
Coimbra 2019).

Finally, we are aware that floral choice will also be affected
by competition and resource partitioning. This may prevent
birds from visiting the seemingly richest nectar resource and
may account for some of the unexplained variation in bird
visitation rates. Here we assume that there is no difference
in flowering plant preference between bird visitors, however
resource partitioning is generally common within nectarivo-
rous bird communities where smaller species are often forced
to forage on less productive plants (Gill and Wolf 1977,
Ford and Paton 1982, JaneCek et al. 2012), while intraspe-
cific differences in foraging patterns have been also described

(Dupont et al. 2014, Maruyama et al. 2016).

Conclusions

This analysis of flower—visitor interactions on Mt Cameroon
revealed that while nectarivorous birds often visited special-
ised ornithophilous plants characterised by the bird pol-
lination syndrome, these birds also fed frequently on other
unspecialised plants. From a bird’s perspective, the attractive-
ness of each plant is defined primarily by the nectar resource
on offer. Nectar reward appears to be a better predictor of
bird visitation than other floral traits traditionally related to
the bird pollination syndrome.
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Abstract

Competition for nectar is expected to result in feeding niche differentiation. Here, we targeted the sexually size-dimorphic
Volcano Sunbird (Cinnyris preussi) on Mount Cameroon. We investigated whether males and females feed on different plant
species, whether females with shorter bills than males prefer shorter flowers, and whether larger dominant males visit more
energetic flowers that produce higher amounts of nectar sugars. We also asked whether feeding niches were spatially separated
along the elevation gradient and whether this separation varied between the two contrasting seasons. We collected data on the
frequency of visits to individual plant species and analyzed the male-to-female ratios in the mist-netted dataset. In addition,
we estimated production of nectar sugar in individual habitats and seasons. Despite the large dataset collected, encompassing
6476 bird—plant interactions, our findings did not provide evidence of differences in the spectra of the visited plant species.
In addition, females did not visit flowers with shorter tubes, nor did males visit flowers that produced higher amounts of
sugars. However, we observed a sex-specific dispersion of sunbirds during the wet season. During the dry breeding season,
both males and females feed mainly in nectar-rich montane and submontane forests. In the wet season, the production of
nectar sugar in these habitats decreased dramatically, and females largely disappeared. In contrast, female activity increased
in the lowest and highest parts of the altitudinal range. Our findings on elevational movements are important in the current
context, in which species face potential threats from habitat destruction and climate change.
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Zusammenfassung

Aufteilung von Nahrungsressourcen zwischen Ménnchen und Weibchen eines Nektarvogels (Cirnyris preussi) auf
dem Kamerunberg.

Es wird erwartet, dass die Konkurrenz um Nektar zu einer Differenzierung in der Nahrungsnische fiihrt. Wir untersuchten
hier einen Nektarvogelart (Cinnyris preussi) auf dem Kamerunberg, die einen Geschlechtsdimorphismus aufweist. Wir
priiften, (1) ob Ménnchen und Weibchen sich von verschiedenen Pflanzenarten ernéhren, (2) ob Weibchen, die einen kiirzeren
Schnabel als Ménnchen haben, Bliiten mit kiirzeren Bliitenkelchen bevorzugen und (3) ob die grofieren und dominanten
Minnchen energiereichere Bliiten aufsuchen, die groflere Mengen an Nektarzucker produzieren. Wir wollten auch wissen, ob
die Nahrungsnischen entlang des Hohengradienten rdumlich getrennt sind und ob diese rdaumliche Trennung zwischen den
beiden gegenteiligen Jahreszeiten variiert. Wir sammelten Daten iiber die Besuchshiufigkeit an einzelnen Pflanzenarten und
analysierten das Mannchen-Weibchen-Verhéltnis von in den Japannetzen gefangenen Individuen. Dariiber hinaus schitzten
wir die Produktion von Nektarzucker in den verschiedenen Lebensrdumen und Jahreszeiten. Trotz des groen Datensatzes, der
6.476 Vogel-Pflanzen-Interaktionen umfasste, erbrachten unsere Ergebnisse keine Hinweise auf Unterschiede im Spektrum
der aufgesuchten Pflanzenarten. Dariiber hinaus besuchten weder die Weibchen gezielt Blumen mit kiirzeren Bliitenkelchen
auf, noch besuchten Ménnchen Bliiten, welche die grofieren Mengen an Zucker produzierten. Jedoch beobachteten wir eine
geschlechtsspezifische Verteilung der Nektarvogel wihrend der Regenzeit. Wiahrend der trockenen Brutzeit gingen sowohl die
Mainnchen als auch die Weibchen vor allem in nektarreichen montanen und submontanen Wildern auf Nahrungssuche. In der
Regenzeit ging die Produktion von Nektarzucker in diesen Lebensrdumen drastisch zuriick, und die Weibchen verschwanden
groBtenteils. Im Gegenzug dazu nahm die Aktivitit der Weibchen in den niedrigsten und hoéchsten Teilen des Hohengebiets
zu. Unsere Ergebnisse zu den Hohenbewegungen sind wichtig im aktuellen Kontext, in dem Arten durch Zerstorung ihrer

Lebensriaume und Klimawandel bedroht sind.

Introduction

Competition among nectar-feeding birds is a well-known
phenomenon. It can have a character of either simultaneous
exploitation of nectar from the same flowers or of a direct
interference for resources among individuals (Ford 1979).
Regardless of its nature, competition incurs associated costs,
and nectarivorous birds tend to mitigate it through niche
differentiation (Gill 1978; Janecek et al. 2012). This can be
achieved by niche segregation in space, time, or feeding on
different co-flowering plant species. Spatial segregation can
occur at different scales. Birds can feed on different parts of
the same plant (Stiles and Wolf 1970; Ford and Paton 1982;
Lara et al. 2009), separate their feeding territories in the
same habitat (Lara et al. 2009), use different habitats in rela-
tively small areas (Ford and Paton 1976; Ortiz-Pulido et al.
2012), or migrate to distant, less competitive environments
(Bertin 1980; McKinney et al. 2012). Similarly, temporal
segregation can occur over short periods, for instance birds
can visit the same plants in a given area at different times of
the day (Lara et al. 2009) or in different seasons (Aratijo and
Sazima 2003; Aragjo et al. 2013). Differences in the spectra
of visited plant species are often related to trait matching
between bill and floral morphologies (Kodric-Brown et al.
1984; Janecek et al. 2012; Maglianesi et al. 2014; Weinstein
and Graham 2017; Sonne et al. 2019). The competition and
need for niche differentiation are not the same throughout
the year, but can intensify in times of nectar food shortage
(Yeaton and Laughrin 1976; Tinoco et al. 2017). During
nectar-poor periods, some habitats can become profitable
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only for some bird species, whereas other birds need to
move to more profitable areas (Wolf 1970; Ford 1979; Col-
lins 1985).

Moreover, feeding niche differentiation can be a conse-
quence of both interspecific and intraspecific competitive
interactions, with sexual differentiation serving as a special
example of the latter. On a small spatial scale, niche dif-
ferentiation between the sexes is often related to territorial
behavior. Colwell and King (unpublished, cited in Feinsinger
and Colwell 1978) observed that males of Green-backed
Firecrown (Sephanoides sephaniodes) were strongly territo-
rial, whereas females were low-reward trapliners or general-
ists. Similarly, male Olive Sunbirds (Cyanomitra olivacea)
defend nectar-rich sources (Frost and Frost 1981). Neverthe-
less, not only males but also females of hummingbirds (Wolf
1969) or sunbirds (Gill and Wolf 1975) can be territorial.

Sex-specific migration of nectarivorous birds is known
to occur in hummingbirds. The males of Broad-tailed
Hummingbirds (Selasphorus platycercus) disappear from
the breeding locality when the feeding conditions become
unfavorable, while females stay to take care of the young
(Wagner 1945). In addition, sex-specific migrations of the
Mexican Violetear (Colibri thalassinus) have been reported.
While adult females, young males, and some adult males
migrate, other adult males stay during the winter in the
neighborhood of the breeding range, feeding on remnants
of flowering plants (Wagner 1945). In Mato Grosso do
Sul, Brazil, males of Black-throated Mango (Anthracotho-
rax nigricollis) were observed feeding on plants for only
one month, whereas females were also recorded in other
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periods (Barbosa-Filho and Araujo 2013). In addition, males
of Allen's Hummingbird (Selasphorus sasin) precede the
migration of females from breeding sites (Phillips 1975).
Although various movements of other specialized nectariv-
ores are known (e.g., Keast 1968; Craig and Hulley 1994),
to the best of our knowledge, information on possible sex
differences is missing.

When both sexes occupy the same space, the segrega-
tion of feeding niches can be based on differences in their
food plant spectra. This segregation is often associated
with sexual size dimorphism in birds (Temeles et al. 2010;
Berns and Adams 2013; Maglianesi et al. 2022). Sexual size
dimorphism has been observed in many phylogenetic line-
ages of nectarivorous birds. In the Old World, it is relatively
rare in honeyeaters (Clarke and Clarke 1999) but common
in sunbirds (Cheke et al. 2001). In the New World, sexual
size dimorphism is widespread among hummingbirds (Berns
and Adams 2013). Males are larger than females in larger-
bodied hummingbird species, whereas the opposite is true
for smaller species (Colwell 2000; Avalos et al. 2022). It was
shown that the long-billed females of Purple-throated Carib
(Eulampis jugularis) have significantly shorter handling
times on deep flowers of the green morph of Heliconia bihai
than the short-billed males (Temeles et al. 2009). Similarly,
the long-billed females of Mountain Velvetbreast (Lafres-
naya lafresnayi) feed on a different spectrum of plants than
males (Snow and Snow 1980), and the females of Fork-tailed
Woodnymph (Thalurania furcata) feed on floral resources,
which exhibit more similarity to another hummingbird spe-
cies Planalto Hermit (Phaethornis pretrei) than T. furcata
males (Faria and Aratijo 2010). Feeding on different plants
can also be related to different energy needs, which are a
consequence of dimorphism in body size (Brown et al. 1978)
or behavior (Riegert et al. 2011).

In our study, we targeted the niche differentiation of the
sexually size-dimorphic Volcano Sunbird (Cinnyris preussi)
on Mount Cameroon. We explored its feeding behavior, spa-
tial distribution, and changes in these characteristics in two
contrasting seasons (wet and dry). Our study was performed
in five vegetation types along an elevational gradient, and
we also investigated the differences in nectar production.
We tested several hypotheses and related predictions that
originated mainly from hummingbird studies: (1) The sexes
of nectarivorous birds can segregate their feeding niches to
reduce intraspecific competition. This can be achieved by
feeding in the same area on different plants or by spatial
movement and feeding in different areas. We expected C.
preussi females and males to forage on different plant spe-
cies. During the breeding (dry) season, we anticipate that
both sexes will occupy the same geographical area; however,
in the non-breeding (wet) season, they will exhibit varying
altitudinal distribution patterns. (2) The distinction in niches
becomes particularly pronounced during periods of limited

food availability. We expected lower nectar sugar produc-
tion and, consequently, higher niche segregation during the
wet season. (3) Plant—pollinator interactions are shaped by
mutual trait matching. We expected that C. preussi males
with longer bills would be more likely to visit long tubu-
lar flowers. (4) Body mass is positively related to energy
demand and social dominance. We expect that larger males
will be dominant over females and, in consequence, will
chase the females from the plants; in the case of movement,
the females will move to areas with a lower amount of
resources. Finally, we expected heavier and socially domi-
nant C. preussi males to visit flowers with higher sugar
production.

Methods
Study site

Mt. Cameroon is the highest mountain in West and Cen-
tral Africa and is a global biodiversity hotspot (Myers et al.
2000; Kiiper et al. 2004; Hoffman et al. 2016). A diverse
range of tropical forests can be observed on the slopes of Mt.
Cameroon. Despite the extensive destruction and transfor-
mation of lowland littoral forests on the southwestern foot-
hills into plantations, pristine forests can be encountered at
elevations of approximately 400 m above the sea level. In
some areas, these forests have experienced natural distur-
bances due to the presence of local African Forest Elephant
(Loxodonta cyclotis) populations (Maicher et al. 2020a). The
timberline location varies at different sites, typically falling
within the range of 1900-2500 m above sea level. Above
the timberline, a wide spectrum of herbaceous communities
can be observed ascending to the summit, which is approxi-
mately 4040 m above sea level (electronic supplementary
material Fig. S1 and Fig. S2). Mt. Cameroon experiences
conspicuous seasonality. During the wet season, monthly
precipitation locally exceeds 2000 mm, whereas almost no
rain occurs during the dry season (Maicher et al. 2020b).
We performed our study at five locations along the alti-
tudinal gradient (electronic supplementary material Fig. S2
and Table S1): (1) the mid-elevational forest (MEF) around
the PlanteCam Camp (1100 m a. s. 1.), which is partially
disturbed by elephants; (2) the submontane forest mosaic
(SF) around the Crater Lake locality (1500 m a.s.1.), which
is characterized by large elephant pastures and patches of
forest; (3) the montane forest (MF) around Mann’s Spring
(2100 m a. s. 1.), near the timberline; (4) the low-elevational
montane grasslands (LG) above the timberline near Hut 1
on the Guinness Trail (2100 m a. s. 1.), and (5) the high-
elevational montane grasslands (HG) near Hut 2 (2800 m a.
s. 1.). Sampling was performed for approximately 8 weeks
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at each elevation. Four weeks during the wet season and 4
weeks during the dry season.

Studied species

Volcano Sunbird (Reichenow 1892, Fig. S1) inhabits the
highlands of Cameroon, Equatorial Guinea (Bioko) and
Nigeria. This taxon was often classified as a subspecies
of the Northern Double-collared Sunbird (C. reichenowi)
(Cheke et al. 2001) under which name it has appeared in
the vast majority of sunbird—plant interaction studies (e.g.,
JaneCkova et al. 2021; Sejfova et al. 2021; and other cited
studies). Nevertheless, it was recently shown to be distinct
from that of East African species (Cooper et al. 2021).

C. preussi has, similar to other double-collared sunbirds,
pronounced sexual dimorphism. Females are inconspicu-
ously colored, while males display conspicuous coloring.
Females are smaller (t-test, t-value=11.12, p <0.0001; aver-
age female mass: 8.23+0.06 g (SE), n=167; average male
mass: 9.14+0.05 g (SE), n=261, our unpublished data;
electronic supplementary material Fig. S3) with shorter cul-
men length, that is the distance from the base of the feather
on the culmen to the tip measured as a straight line (z-test,
t-value =7.89, p <0.001; average female culmen length:
16.40+0.13 mm (SE), n=65; average male culmen length:
17.77+0.10 mm (SE), n=140; data from Cooper et al.
2021; electronic supplementary material Fig. S3).

C. preussii feeds on insects and on nectar (Cheke et al.
2001; Riegert et al. 2011). C. preussii visits flowers with a
broad spectrum of floral morphologies. It drinks not only
from open, morphologically generalized, but also from tubu-
lar, morphologically specialized flowers (Janecek et al. 2007,
2011, 2012, 2022). The females lay eggs during the transi-
tion from the wet to dry season and the dry season (Serle
1951; Cheke et al. 2001, our personal observations).

Plant trait data collection

To examine the degree of trait matching between C. preussi
and the flowers they visit, we collected morphological and
nectar data of the flowers. We measured tube length using
an electronic caliper. We measured at least five randomly
selected flowers per species, each from a different plant
individual. To estimate nectar sugar production over a 24-h
period, we initially marked randomly selected opened flow-
ers on the target plant individual and covered them with
mesh bags to prevent nectar consumption by floral visitors.
After 24 h, we used these flowers for nectar sampling. Each
sample was represented by flowers from one plant individ-
ual. We collected at least three samples per species for the
rarest plants, but usually at least 15 samples for the com-
mon species. To estimate the production of nectar sugar,
two nectar-processing methods were used, based on nectar
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production (1) from flowers with high nectar production,
we extracted nectar and measured nectar volume using
microcapillary tubes or Hamilton syringes. We measured
the nectar concentration using a Pal-1 (Atago Co.) pocket
refractometer. (2) When nectar production was too low, we
washed the flower with filtered water, transferred it with
diluted sugars into an Eppendorf tube, added ethanol, and
boiled it for 15 min to deactivate the enzymes (Chlumska
et al. 2014). In the laboratory, samples were dried and trans-
ferred to constant volumes. The concentrations of individual
sugars (i.e., glucose, fructose, and sucrose) were measured
by high-performance liquid chromatography using an ICS-
3000 system (Dionex) with an electrochemical detector and
a CarboPac PA 1 column. The sugar amount (mg) per flower
was calculated from both nectar-processing methods. For
other information on nectar production see BartoS et al.
(2012) and Janecek et al. (2021) and for floral traits meas-
urements Klomberg et al. (2022). For the analyses, we used
the mean tube length and mean nectar sugar production per
flower averaged across individual plants within each species.

Transects and estimation of plant community nectar
sugar production

To estimate plant abundance and nectar sugar production per
unit area, we established six transects for each vegetation
type. Each transect was 0.2 ha large, 200 m long, and 10 m
wide. In each transect, we counted the number of plants and
flowers visited by C. preussi during the wet and dry seasons.
For nectar sugar production assessment per area, the number
of flowers was multiplied by species-specific 24-h nectar
sugar production per flower.

Bird observation

The data on plant-C. preussi interactions were partly
extracted from the larger datasets on plant—nectivorous bird
interactions in Mt. Cameroon forest (Janecek et al. 2022)
and partly from unpublished datasets from Mt. Cameroon
montane grasslands. In this study, only the plants visited by
C. preussi were considered. We observed birds using timed
observations of plant species occurring in or around tran-
sects. Compared to transect walking, this method provides
sufficient sampling effort for relatively rare and/or rarely
visited plants (Gibson et al. 2011), which can nevertheless
be a highly specialized bird-pollinated species (JaneCek
et al. 2015). We designed the observation of plants to be
as effective as possible, depending on the environment and
plant size. In the tropical forests, we monitored the herbs
and smaller shrubs using security cameras (Vivotek IB8367)
with a target to record ten individuals of each plant species
and each plant individual for two days. Trees and shrubs,
which did not fit the camera field view, were observed
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personally with the target to observe eight individuals of
each plant species each for eight hours (for more details, see
JanecCek et al. 2022). In montane grasslands, where the veg-
etation is much more open, we observed more plants at one
observation point. In grasslands, we also recorded the chas-
ing behavior of males and females. We aimed to observe at
least ten individuals of each plant species at different obser-
vation points. The average observation time for each plant
species was 150 h. Nevertheless, the rarity of some species,
together with various logistical and/or technical problems
related to the harsh weather on Mt. Cameroon, resulted in
different recording times for individual plant species (elec-
tronic supplementary material Table S2). Young birds of
indeterminate sex, that is, female-like but with a specific
behavior and/or bill yellow base, were not considered in this
study. Nevertheless, during the study period, the number of
these birds was relatively low (4.3% of mist-netted birds
were young for which we were not able to determine the
sex).

Bird trapping

To support the plant visitation data on C. preussi female-to-
male ratios in individual vegetation types and seasons, we
report bird-trapping data. These data were obtained from
two large datasets collected in two projects. The first project
was conducted along the forest elevational gradient (partly
used by Kamga et al. 2023), whereas the second focused on
the grasslands above the timberline. In all locations, we used
16 mm mesh size nets to maximize the chances of catching
small passerines such as C. preussi. In MEFs and MFs, birds
have been caught using ground-to-canopy mist nests (Chmel
et al. 2016, 2021; Kamga et al. 2023) and a few ordinary
ground nets. At other sites, 10-15 ground nets (12 m each)
were used. The nets were operated at the same time for three
consecutive days. However, due to the difficulties imposed
by the terrain, the length of the nets used varies across loca-
tions. When the weather conditions allowed, the nets were
opened from 06:00 AM to 06:00 PM.

Statistical analyses

To compare the observed numbers of males and females
with the predicted numbers in the ratio of 1:1, we used the
chi-square test. The associations between sex and season
were tested in 2 X 2 contingency tables using Fisher’s exact
tests. Statistical analyses were conducted using R software
(R Core Team 2023).

Visitation frequencies per hour were calculated first per
plant and then per area. To estimate the frequency of visits
per area, we used 0.2 ha transects. The frequency of visits
per transect (7) was estimated for each transect as:

n
T=2) AXF,
i=1

where A; is the number of individuals of plant species i on

the transect and F; is the mean frequency of visits per one
individual of plant species i. The data on visitation frequen-
cies by males and females on individual plants contained
many zeros, and consequently, were not normally distrib-
uted. Therefore, we tested the effects of the study site, sea-
son, bird sex, and their interactions using the nonparametric
permutation test in the PERMANOVA program, which is an
extension of the PRIMER software (Anderson et al. 2008).
Plant ID was nested as a random factor in study site X season.
Visitation frequency data were log (x+ 1) transformed to
decrease the effect of extreme values.

The effects of season and study site on biotope nectar
sugar production were tested by repeated-measures ANOVA
in the program Statistica, with factor season considered as a
repeated-measures factor (TIBCO Software Inc. 2020).

We calculated the food niche overlap using a bird sex versus
plant species matrix. The cell entries represent the interaction
frequencies (i.e., the number of visits per hour). Niche overlap
was expressed as Morista’s similarity index (Morisita 1959)
using the niche overlap function in the R package spaa (Zhang
2016). The index ranges from 0O (the sexes do not share any
plants) to 1 (they feed with the same frequency on the same
resources). We tested the observed overlap with the null mod-
eled overlaps, which were calculated after 1000 randomiza-
tions of visitation matrix data. In each randomization we (1)
created the C. preussi sex vs. plant individuals matrix with
the cell entries as the number of visits (2) which were then
randomly redistributed with the restrictions that the row and
column totals were fixed. In other words, the total number of
visits by individual bird sex and the total number of visits to
individual plants did not change. (3) The bird sex X plant indi-
viduals matrix was recalculated into a bird sex X plant species
matrix with cells being the interaction frequencies, and the null
model Morista’s similarity index was calculated.

We tested the relationship between the proportion of female
visits on individual plant species (dependent variable) and their
mean tube length and nectar sugar production per flower using
linear regressions in the Statistica program (TIBCO Software
Inc. 2020). Although proportions, the data distribution on
female visits did not significantly differ from the normal dis-
tribution (Kolmogorov—Smirnov test, d=0.14, p>0.20) and
consequently we did not use any data transformation.
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Results

In total, we recorded 6476 visits by C. preussi on 44 plant
species (Fig. 1), including 4137 males and 2339 females.
The total number of visits by males and females signifi-
cantly differed from the 1:1 ratio (Chi-square =499.2,
p<0.001). There was also a significant associa-
tion between bird sex and season (Fisher’s exact test,
p<0.001). The male-to-female ratio of observed visits was
lower in the dry season (1.32:1) and higher in the wet sea-
son (3.38:1). The differences between sexes in the number
of observed visits were significant in both the dry (Chi-
square =83.27, p<0.001) and wet (Chi-square =653.76,
p <0.001) seasons. The number of visits by males and
females also differed from the 1:1 ratio in the individual
study sites and seasons, except for the highest elevation
in the dry season (Table 1). When significant, more vis-
its by males were always observed, except for the lowest
elevation in the MEF during the wet season, with a much
higher number of observed females (Fig. 1; Table 1). The
season-bird sex associations differed in three of the four
tested study sites (Table 1). At all these sites, there was
a higher proportion of females observed during the dry
season. No C. preussi individuals were observed in the
MEF during the dry season; consequently, this test was
not performed. The study site, season, bird sex, and their
interactions significantly influenced the frequency of vis-
its, regardless of whether they were calculated per plant
or per area (Table 2). The visitation frequency patterns of
males and females were similar in the dry season, but dif-
fered in the wet season. In the dry season, both males and
females had the highest visitation frequencies in the MFs
and SFs when calculated per plant and area, respectively.
In the wet season, the frequency per plant and per area
increased in montane grasslands, but decreased in SFs.
During the wet season, females had the highest frequen-
cies per plant and per unit area at both the highest and the
lowest elevations (Fig. 2).

In total, we mist-netted 513 C. preussi individuals: 289
males and 224 females. The total number of mist-netted
males and females significantly differed from the 1:1
ratio (Chi-square =8.24, p=0.004). There was a signifi-
cant association between sex and season (Fisher’s exact
test, p<0.001). The male-to-female catching ratio was
0.93:1 in the dry season, and the difference between the
number of caught males and females was not significant
(Chi-square =0.37, p=0.543), whereas it was 1.89:1 in
the wet season, and the difference was highly significant
(Chi-square=23.15, p <0.001). The male-to-female ratios
did not differ from the 1:1 ratio at the individual sites dur-
ing the dry season (Table 3). In the wet season, there were
significantly more males in the HG and MF. The number
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of males was also higher (but not significantly) at other
sites, except for the lowest study site in the MEF (Table 3).

Nectar sugar production at individual study sites
along the elevational gradient differed between sea-
sons (repeated-measures ANOVA, Study site: F=3.55,
p=0.020; Season: F=9.21, p=0.006, Season*Study site:
F=3.14, p=0.032). At all study sites, higher nectar sugar
production was recorded in the dry season, and when all
study sites were combined, nectar sugar production was
eight times higher than that in the wet season. The high-
est sugar production by plants visited by C. preussi was
recorded in the MF, followed by the SF, in the dry sea-
son (Fig. 3). In this time, the nectar sugar production was
driven by flowering trees such as Astropanax abyssini-
cum (Araliaceae), Nuxia congesta (Stilbaceae) in MF, or
Tabernaemontana ventricosa (Apocynaceae) in SE. Dur-
ing the wet season, the highest nectar sugar source was
Psychotria peduncularis var. hypsophila (Rubiaceae) in
MFs, and various Impatiens spp. (Balsaminaceae), Antho-
cleista scandens (Gentianaceae) or Clerodendrum silva-
num (Lamiaceae) in the lower elevations. In both mon-
tane grassland sites, nectar sugar production was driven
by Hypericum revolutum (Hypericaceae) in the dry season
and by Phyllopentas schimperi (Rubiaceae), and partly by
H. revolutum in the wet season.

We did not find any evidence of male versus female
niche segregation in the spectrum of the visited plant spe-
cies because the observed niche overlaps did not differ
from the overlaps generated by the null models (Table 4).
This was true not only for individual site-season combina-
tions but also for specific models for individual seasons
and the entire model, including visitation frequencies for
all studied plants.

When comparing the traits of plants visited by C. preussi
and the proportion of visits by females, we did not find any
significant effect of nectar sugar production (r=-0.0293,
p=0.854) or tube length (r=0.14, p=0.357). Similarly,
insignificant differences were observed in separate analyses
for the dry (nectar sugar production: r=-0.03, p=0.873;
tube length »=0.13; p=0.526) and wet (nectar sugar pro-
duction: r=-0.08, p=0.698; tube length r=0.33, p=0.100)
seasons. In addition, the unimodal distribution of floral
lengths of the visited plant species did not indicate niche
partitioning (electronic supplementary material Fig. S4).

On montane grasslands, where we have been recording
chasing behavior, we observed a significantly higher number
of attacks by males than by females (males: n=63, females:
n=1; chi-square =60.06, p <0.001). Males attacked other
males more often (n=239) than females (n=24). Neverthe-
less, this difference was only marginally significant (chi-
square =3.57, p=0.059). The only recorded attack by a
female was on another female. No attacks by females on
males were recorded.
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Fig. 1 Feeding of C. preussi
males and females on flowering
plants in different vegetation
types and seasons. The sizes of
the bars, which represent the
plant species, are proportional
to the visitation frequency per
plant. VEGETATION TYPES:
MEF—mid-elevation forest;
SF—submontane forest; MF—
montane forest; LG—the low-
elevational montane grasslands;
HG—the high-elevational
montane grasslands. PLANTS:
Aca dec—Acanthopale decem-
pedalis; Afr sp.—Aframomum
sp.; Ant sca—Anthocleista
scandens; Ast aby—Astropanax
abyssinicum; Bri owa—
Brillantaisia owariensis; Cla
ani—Clausena anisata; Cle
sim—Clematis simensis; Cle
sil—Clerodendrum silvanum;
Cli rob—Clinopodium robus-
tum;, Cos dub—Costus dubius;
Dic ves—Dicranolepis vestita;
Eng gab—Englerina gabon-
ensis; Hyp rev—Hypericum
revolutum; Hyp tri—Hypoestes
triflora; Imp bur—Impatiens
burtonii; Imp eti—Impatiens
etindensis; Imp fri—Impatiens
frithii; Imp hia—Impatiens
hians; Imp nia—Impatiens
niamniamensis; Imp sak—
Impatiens sakeriana; Ixo fol—
Ixora foliosa; Ixo gui—Ixora
guineensis; Jas pre—Jasminum
preussii; Kig afr—Kigelia
africana; Las gla—Lasiosiphon
glaucus; Leu oli—Leucas oligo-
cephala; Lob col—Lobelia col-
lumnaris; Mim sol—Mimulopsis
solmsii; Mus ten—Mussaenda
tenuiflora; Nux con—Nuxia
congesta; Phy sch—Phyllopen-
tas schimperi; Ple dec—Plec-
tranthus decurrens; Ple kam—
Plectranthus kamerunensis; Psy
ped—Psychotria peduncularis
var. hypsophila; Psy dun—
Psydrax dunlapii; Rha den—
Rhabdotosperma densifolia; Rhi
sp.—Rhipidoglossum sp.; Sol
pse—Solanum pseudospinosum;
Suc tri—Succisa trichotoceph-
ala; Syz sta—Syzygium staudtii;
Syz sp.—Syzygium sp.; Tab
ven—Tabernaemontana ven-
tricosa; Tho san—Thonningia
sanguinea; Thu fas—Thunber-
gla fasciculata
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Table 1 Number of observed

.t Dry season Wet season Season X sex
visits .Of r'nz'lles (m) and 'females association
() to individual study sites - -

m f Chi-square p m f Chi-square p P
HG 64 87 1.72 0.061ns 973 373 267.46 <0.001* <0.001%*
LG 203 24 141.15 <0.001* 133 15 94.081 <0.001* 1.000ns
MF 1553 1389 9.14 0.002* 337 3 328.11 <0.001* <0.001*
SF 611 335 80.52 <0.001* 262 52 140.45 <0.001* <0.001*
MEF 1 61 58.065 <0.001*

Results of chi-square tests comparing the observed number of visits with the predicted number of visits
when the female/male visitation ratio will be 1. In the last column the p-value of Fisher’s exact test test-
ing association between bird sex and season in individual study sites. To control for the family wise error
rate, we considered the Bonferroni adjustment. For individual chi-square tests, only p-values <0.0055 were
accepted to be significant. Non-significant p-values are indicated by “ns”, significant ones are in bold and

cespos

marked by

HG the high-elevational montane grasslands; LG the low-elevational montane grasslands; MF the montane
forest; SF the submontane forest mosaic; MEF the mid-elevational forest

Table2 Permutation analyses of the effects of the study site, sea-
son, bird sex, and their interactions on visitation frequency per plant
(Visits*plant‘l*h_l) or per transect (visits*transect™"*h~1) of C.
preussi (see also related Fig. 1)

Per plant Per transect

df Fps pperm Fps pperm
Study site (Ss) 4 14.82 0.001 35.64 0.001
Season (Se) 1 3.50 0.049 15.81 0.001
Sex 1 55.68 0.001 35.02 0.001
Ss*Se 4 17.18 0.001 106.35 0.001
Ss*Sex 4 8.28 0.001 8.07 0.001
Se*Sex 1 36.30 0.001 44.89 0.001
Ss*Se*Sex 4 6.71 0.001 10.50 0.001

Significant p-values are in bold

Discussion

Despite the huge dataset on C. preussi—plant interactions
that we collected, we did not confirm our expectation that
males and females would segregate their feeding niches by
visiting different plant spectra when staying at the same
locality. The highest number of bird visits by both sexes
was recorded in MF and SF during the dry season when
the availability of nectar sugar was high. Dominant males
have been observed chasing females from plants. In times
of food shortage, when C. preussi do not breed, females
have partly disappeared from the MF and SF, and were
much more frequently observed in the upper and lower
parts of the altitudinal range.

We suppose that the absence of expected trait matching,
evident in the similar spectra of plants visited by males
and females as well as the lack of correlation between
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the proportion of female visits and both floral tube length
and nectar sugar production, can be explained by several
factors. The most important factor seems to be the high
proportion of nectar-rich generalized plants that are fre-
quently visited by sunbirds. This was true mainly in the
dry season, when the observed niche overlap was notably
high, although not significantly greater than that predicted
by the null model. In the MF, during the dry season, trees
Astropanax abyssinicum, Nuxia congesta, and Syzigium
staudtii were the plants most frequently visited by C.
preussi (Fig. 1; JaneCek et al. 2022). In the SF, during the
dry season, the most visited plants were trees Syzigium sp.
and Tabernaemontana ventricosa. The flowers of these
trees do not have floral tubes (A. abyssinicum, Syzigium
spp.), or the tubes are relatively short (N. congesta); con-
sequently, nectar can be easily accessed by both males and
females. T. ventricosa has a bit longer floral tube, but it is a
plant adapted to moths and in consequence does not fit the
morphology of sunbirds' bills. In montane grasslands, one
of the most visited plants in both the dry and wet seasons
is Hypericum revolutum, a bee-pollinated plant with flat,
morphologically generalized flowers (Fig. Sla; Janefek
et al. 2007; Bartos et al. 2015). Specialized ornithophilous
plants that specialize in bird pollination predominantly
flower on Mt. Cameroon during the wet season (Janecek
et al. 2011, 2015; Barto§ and Janecek 2014; Klomberg
et al. 2022). In addition, Uceda-Gomez et al. (2024) dem-
onstrated on sunbird species level that trait matching is
more important during this season. Nevertheless, precise
trait matching in the entire sunbird-plant network seems
to be obscured by asymmetry in the relationship between
ornithophilous plants and sunbirds (Chmel et al. 2021).
Sunbirds do not care much and visit many other non-spe-
cialized plants in both the wet and dry seasons (Chmel
et al. 2021; Janecek et al. 2022). Moreover, the absence
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Fig.2 Visitation frequencies T
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of expected segregation could, to some extent, be caused
by the relatively small differences in male and female bill
lengths. Although less effective, nectar can be harvested
by a protruding tongue and may be taken from flowers
deeper than the bill length (Collins 2008). Unfortunately,
information on sex specificity or similarity in plant spectra
for other sunbird species is absent or fragmentary (e.g.,
Hobbhahn and Johnson 2015). Our results do not support
the results of studies on hummingbirds, which showed
that size-dimorphic nectarivorous birds feed on different
plant spectra (Taylor and White 2007; Faria and Aradjo
2010). Nevertheless, this could also be the result of more

pronounced sexual size dimorphism and higher specializa-
tion in some hummingbird species (Colwell 2000; Avalos
et al. 2022).

In contrast to the differences in floral spectra, our results
indicate spatial niche separation. On the small scale, we
often observed the chasing of subordinate females by
dominant males. This is in agreement with other studies on
sunbird territoriality and male dominance (Frost and Frost
1981; Evans and Hatchwell 1992). During other studies
in Bamenda Highlands (Cameroon), near our field station
we even observed a male of C. preussi chasing out his own
female from some plants of Hypoestes aristata but letting

& Springer
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Table 3 Number of mist-netted

Dry season Wet season Season X sex
males (m) and females (f) at association
individual study sites - -

m f Chi-square  p m f Chi-square  p P

HG 7 4 0.82 0.366™ 71 42 7.44 0.006* 1.000"
LG 18 29 2.57 0.109™ 31 27 0.28 0.599" 0.168™
MF 60 61 0.01 0.928™ 40 6 25.13 <0.001* <0.001*
SF 45 46 0.01 0.917™ 16 6 4.55 0.033™ 0.059"
MEF 1 3 1.00 0.317"

Results of chi-square tests comparing the observed number of visits with the predicted number of visits
when the female/male visitation ratio will be 1. In the last column the p-value of Fisher’s exact test test-
ing association between bird sex and season in individual study sites. To control for the family wise error
rate, we considered the Bonferroni adjustment. For individual chi-square tests, only p-values <0.0055 were
accepted to be significant. Non-significant p-values are indicated by “ns”, significant ones are in bold and

cespos

marked by

HG the high-elevational montane grasslands; LG the low-elevational montane grasslands; MF the montane
forest; SF the submontane forest mosaic; MEF the mid-elevational forest

her drink on others (see also PadySakova et al. 2013). In the
same locality, C. preussi has been observed to protect H.
aristata from other pollinating species, including carpenter
bees (Tropek et al. 2013). Nevertheless, as demonstrated
for Rufous Hummingbirds (Selasphorus rufus), this space
and resource division does not necessarily need to be disad-
vantageous for females, and they can compensate for it with
lower costs and greater success in robbing from rich male
territories (Carpenter et al. 1993). Our results are in accord-
ance with previous observations that C. preussi individuals
move along the altitude during the wet season (Serle 1951;
Cheke et al. 2001). Nevertheless, this movement is not only
a simple shift from the MF to lower elevations, as expected
(Serle 1951; Cheke et al. 2001), but also a more complex and
sex-specific dispersion from the MF upward and downwards.
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Fig. 3 Production of nectar sugar at individual study sites during the
wet and dry seasons. HG—the high-elevational montane grasslands;
LG—the low-elevational montane grasslands; MF—the montane for-
est; SF—the submontane forest mosaic; MEF—the mid-elevational
forest. Box: mean + SE; Whisker: mean + SD
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However, ringing and/or bird tracking data are required to
obtain a more accurate picture of these movements. Unfor-
tunately, the use of both methods is so far not realistic, as
the first method is limited by a low ringing effort on Mt.
Cameroon, and the second by the absence of sufficiently
light tracking devices to be carried by small sunbirds.

When comparing the male-to-female ratios in the obser-
vation and mist-netting datasets, two common trends were
found: (1) a higher proportion of males in the montane and
SF in the wet season compared to the dry season and (2)
higher proportions of females in lowest elevation during
the wet season. The most obvious difference was the much
higher proportion of males in the flower visitation dataset
than in the mist-netting dataset during the dry season. We
assume that this can be caused by higher territoriality in the
dry season associated with breeding and/or a high abun-
dance of C. preussi in the montane and SFs. Males visit
plants not only because they are hungry but also as part
of the territory-defending strategy when they aim to keep
the levels of nectar in the flowers as low as possible (Paton
and Carpenter 1984). Nevertheless, mist netting can also
be biased to some extent by the different behaviors of the
individual sexes (Borgella et al. 2001).

To gain comprehensive knowledge of male and female
movement, it is necessary to explore other slopes and/or
habitats. For example, we observed that during wet seasons,
both C. preussi females and males fed on garden plants in
the village of Bokwango (suburban area of Buea, approxi-
mately 900 m a. s. L.), but they disappeared in the dry season.
Similarly, the limitation of our study is that sampling in each
vegetation type and season was performed only once, that
is, during one expedition. Consequently, we have not been
able to reveal the potential temporal variability across years.
Although this study aimed to test more general hypotheses,
it also has an important message for conservation. The local
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Table 4 Number of recorded

o No. of females No. of males Niche overlap Niche overlap p-value
visits by females and males observed null model
‘Whole model 2339 4137 0.94 0.79 0.177™
Dry season 1835 2431 0.95 0.80 0.160™
Wet season 504 1706 0.68 0.74 0.226™
HG
Dry 87 64 0.97 0.94 0.371™
Wet 373 973 0.97 0.93 0.435™
LG
Dry 24 203 1.00 0.23 0.032™
Wet 15 133 1.00 0.88 0.250™
MF
Dry 1389 1553 1.00 0.85 0.180™
Wet 3 337 0.34 0.40 0.429™
SF
Dry 335 611 0.80 0.85 0.242™
Wet 52 262 0.53 0.50 0.354™
MEF
Wet 61 1 0.05 0.47 0.272™

The observed niche overlaps and average null model niche overlaps were calculated using Morista’s simi-
larity index. The p-value was calculated as the probability that the observed overlap was higher or lower
than that predicted by the null model. To control for the family wise error rate, we considered the Bonfer-
roni adjustment. For individual tests of the study site and seasons, only p-values <0.0055 were accepted as
significant. Non-significant p-values are indicated by “ns”

HG the high-elevational montane grasslands; LG the low-elevational montane grasslands; MF the montane
forest; SF the submontane forest mosaic; MEF the mid-elevational forest

migration of sunbirds is not well known, and only a few
anecdotal observations have been reported for some species
(Cheke et al. 2001). Nevertheless, these local migrations
and movements face several conservation challenges, such as
long-distance migrations (Bairlein 2016; Flack et al. 2022).
For example, long-distance migrants and locally moving
birds are dependent on resources in several habitats. Conse-
quently, these birds can also be, compared to the sedentary
species, more threatened by habitat destruction, habitat loss
or climatic changes. In the case of nectarivores, climatic
changes can influence the synchronization of habitat flow-
ering. Consequently, the presence of nectivorous birds and
convenient plant flowering may be mismatched (McKin-
ney et al. 2012). However, nectarivorous birds can find new
resources in anthropogenic habitats, such as urban areas,
gardens, and flower plantations (Maruyama et al. 2019;
Janecek et al. 2020). These threats require further studies to
be incorporated into conservation planning.
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Fig S1. Female of studied species C. preussi sitting on Hypericum revolutum (A). Male C. preussi
drinking from Lobelia columnaris (B). Slopes of Mt. Cameroon with an abrupt timberline (C).
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Figure S2. Topographic map of a) Cameroon; b) Mount Cameroon and the sampled locations. In
purple locations in the forest elevational gradient: the mid-elevational forest (MEF), the
submontane forest mosaic (SF), and the montane forest (MF). In green sampled locations in the
montane grasslands: the low-elevational montane grasslands (LG), and the high-elevational
montane grasslands (HG).
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Figure S4. Distribution of floral lengths in the sunbird visited plant species.




Table S1. Details of the sampling localities and year of sampling. Each sampling site was
sampled in two distinct seasons: dry and wet.

Site

Coordinates

Elevation
(ma.s.l.)

Description Sampling
year

PlanteCam
Camp

N 04.1175¢9,
E 09.0717°

1100

Mid-elevation forest, partly disturbed by 2018-2019
elephants, where Kigelia africana, Macaranga

occidentalis, Trichilia rubescens, Drypetes

leonensis and Voacanga africana are common.

Crater
Lake

N 04.1443¢,
E 09.0709¢

1500

Submontane forest, highly disturbed by 2019-2020
elephants. In the forest patches are common

trees such as Tabernaemontana ventricosa,

Anthonontha fragrans, Allophylus bullatus,

Xylopia africana and Dicranolepis vestita. Large

elephant pastures are often dominated by

grasses and Aframomum spp.

Mann’s
Spring

N 04.14289,
E 09.0630°

2100

Montane forest, close to the timberline, where  2019-2020
elephant disturbance is absent and where

montane species like Syzigium staudtii, Nuxia

congesta and Astropanax spp. are common.

Hut 1

N 04.1759 9,
E 09.2041 @

2100

Low-elevational grasslands are relatively 2021-2022
species-poor communities dominated by tall

grasses, Cenchrus monostigma, and Loudetia

simplex. There are not many species specific for

these grasslands e.g. Habenaria mannii. In

these communities, we can also find herbs (e.g.

Lobelia columnaris) or scattered trees (e.g.

Nuxia congesta) that occur in the montane

forest.

Hut 2

N 4.1938 ¢,
E 09.1938 2

2800

High-elevation grasslands are species-rich 2021-2022
grasslands with a common occurrence of

grasses, such as Andropogon spp., Sporobolus

montanus, and Koeleria capensis. Taller

vegetation with Phyllopentas schimperi or

Hypericum revolutum can be found locally in

leeward areas.




Table S2: Observation effort for individual plant species.

Camp Season | Observation | Species Observation
time (hrs.)
PLANTECAM CAMP dry camera Brillantaisia owariensis 224.5
PLANTECAM CAMP | dry camera Costus dubius 205.6
PLANTECAM CAMP | dry camera Impatiens niamniamensis 240.4
PLANTECAM CAMP | dry personal Kigelia africana 60.2
PLANTECAM CAMP | dry personal Mussaenda tenuiflora 119.6
PLANTECAM CAMP | dry personal Tabernaemontana ventricosa 70
PLANTECAM CAMP | wet camera Costus dubius 117.8
PLANTECAM CAMP | wet camera Impatiens etindensis 91.2
PLANTECAM CAMP | wet camera Impatiens frithii 153.3
PLANTECAM CAMP | wet camera Impatiens hians 124.3
PLANTECAM CAMP | wet camera Impatiens niamniamensis 121.8
PLANTECAM CAMP | wet camera Plectranthus decurrens 534
PLANTECAM CAMP | wet camera Thonningia sanguinea 123.7
PLANTECAM CAMP | wet camera Thunbergia fasciculata 107.4
PLANTECAM CAMP | wet personal Mussaenda tenuiflora 71.6
CRATER LAKE dry camera Acanthopale decempedalis 226.3
CRATER LAKE dry camera Aframomum sp. white 210.4
CRATER LAKE dry camera Brillantaisia owariensis 222.9
CRATER LAKE dry camera Costus dubius 170.6
CRATER LAKE dry camera Hypoestes triflora 235.1
CRATER LAKE dry camera Impatiens burtonii 258.4
CRATER LAKE dry camera Impatiens niamniamensis 212.1
CRATER LAKE dry camera Ixora guineensis 24
CRATER LAKE dry camera Mimulopsis solmsii 225.1
CRATER LAKE dry camera Plectranthus kamerunensis 219.8
CRATER LAKE dry camera Thonningia sanguinea 93.5
CRATER LAKE dry personal Dicranolepis vestita 64
CRATER LAKE dry personal Englerina gabonensis 64
CRATER LAKE dry personal Kigelia africana 64
CRATER LAKE dry personal Mussaenda tenuiflora 64
CRATER LAKE dry personal Psydrax dunlapii 64
CRATER LAKE dry personal Syzygium sp. 64
CRATER LAKE dry personal Tabernaemontana ventricosa 64
CRATER LAKE wet camera Acanthopale decempedalis 242.8
CRATER LAKE wet camera Aframomum sp. white 106.9




CRATER LAKE wet camera Clerodendrum silvanum 246
CRATER LAKE wet camera Costus dubius 135.1
CRATER LAKE wet camera Impatiens burtonii 1111
CRATER LAKE wet camera Impatiens etindensis 232.8
CRATER LAKE wet camera Impatiens niamniamensis 238.5
CRATER LAKE wet camera Ixora guineensis 138
CRATER LAKE wet camera Plectranthus kamerunensis 88.8
CRATER LAKE wet camera Rhipidoglossum sp 88.9
CRATER LAKE wet camera Thonningia sanguinea 230.6
CRATER LAKE wet personal Anthocleista scandens 64
CRATER LAKE wet personal Mussaenda tenuiflora 62
MANN’S SPRING dry camera Acanthopale decempedalis 216.8
MANN’S SPRING dry camera Hypoestes triflora 2235
MANN'’S SPRING dry camera Impatiens sakeriana 218.6
MANN’S SPRING dry personal Clausena anisata 64
MANN’S SPRING dry personal Ixora foliosa 68
MANN’S SPRING dry personal Nuxia congesta 64.1
MANN’S SPRING dry personal Psydrax dunlapii 64
MANN'’S SPRING dry personal Astropanax abyssinicum 65.1
MANN’S SPRING dry personal Syzygium staudetii 64
MANN'’S SPRING wet camera Acanthopale decempedalis 211.3
MANN’S SPRING wet camera Impatiens sakeriana 160.9
MANN’S SPRING wet camera Jasminum preussii 202.4
MANN’S SPRING wet camera Psychotria peduncularis var. 251.5
hypsophila
MANN’S SPRING wet camera Rhipidoglossum sp. 167.2
HUT 1 dry personal Hypericum revolutum 273.2
HUT 1 dry personal Leucas oligocephala 16.1
HUT 1 dry personal Lobelia columnaris 184.95
HUT 1 dry personal Nuxia congesta 8.05
HUT 1 dry personal Phyllopentas schimperi 102.45
HUT 1 dry personal Clinopodium robustum 236.95
HUT 1 wet personal Hypericum revolutum 177.65
HUT 1 wet personal Phyllopentas schimperi 178.57
HUT 2 dry personal Lasiosiphon glaucus 88.3
HUT 2 dry personal Hypericum revolutum 176.6
HUT 2 dry personal Phyllopentas schimperi 137.23
HUT 2 dry personal Rhabdotosperma densifolia 22.22
HUT 2 dry personal Clinopodium robustum 329.07
HUT 2 dry personal Succisa trichotocephala 201.98
HUT 2 wet personal Clematis simensis 97.17
HUT 2 wet personal Hypericum revolutum 266.13




HUT 2 wet personal Leucas oligocephala 205.07
HUT 2 wet personal Phyllopentas schimperi 411.28
HUT 2 wet personal Rhabdotosperma densifolia 128.72
HUT 2 wet personal Clinopodium robustum 376.92
HUT 2 wet personal Solanum pseudospinosum 121.85
HUT 2 wet personal Succisa trichotocephala 140.8
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Abstract

Differences in interaction specializations between nectarivorous birds and plants across continents serve as common examples
of evolutionary trajectory specificity. While New World hummingbird-plant networks have been extensively studied and
are considered highly specialized, knowledge on the network specialization of their Old World counterparts, sunbirds (Nec-
tariniidae), remains limited. A few studies from tropical Africa indicate that sunbird-plant networks are rather generalized.
Unfortunately, these studies are limited to dry seasons and high elevations at the tree line, environments where niche-based
hypotheses also often predict lower resource partitioning. In our study, we explored the specialization of sunbird-plant net-
works and their spatiotemporal variability on Mt. Cameroon (Cameroon). Using a combination of automatic video recordings
and personal observations, we constructed eight comprehensive sunbird-plant networks in four forest types at different eleva-
tions in both the dry and wet seasons. As reported in previous studies, the montane forest plants, birds and whole networks
were highly generalized. Nevertheless, we observed a much higher specialization in forests at lower elevations. Except at
the lowest altitude, the wet season was also characterized by higher specialization. While less specialized flowering trees
dominated in the dry season networks, more specialized herbs and shrubs were visited by birds during the wet season. As
our findings do not support the generally accepted assumption that Old World bird-plant networks are rather generalized, we
need further studies to understand the differences in bird-plant specializations on individual continents.

Keywords Bird pollination - Ecological network - Elevation - Sunbird - Seasonality

Introduction

Specialization of plant-pollinator networks is a fundamental
ecosystem characteristic. Knowledge on this specialization
and how it is affected by various environmental conditions is
significant from many points of view. It is important not only
for conservation purposes (e.g., for estimating the extinction
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risk of individual organisms, Vanbergen et al. 2017) and for
predicting the effects of future climate changes on plant-
pollinator communities (Hoiss et al. 2015) but also for a gen-
eral understanding of evolutionary and speciation processes
(Ramirez et al. 2011).

Specialization in plant-pollinator networks reflects
resource (niche) partitioning among species, which can be
driven by the tendency of plants and pollinators to use only
a subset of potential resources and by interplant or inter-
pollinator interactions such as competition (Bliithgen et al.
2006). Some of the most studied networks are those among
plants and nectarivorous birds. Nevertheless, whereas
researchers have often targeted hummingbird-plant interac-
tions, networks including other groups of nectarivorous birds
remain underexplored. A few studies on African sunbird-
plant networks indicate that they are less specialized than
hummingbird-plant networks (Zanata et al. 2017; Nsor et al.
2019). Nevertheless, other studies revealed many similarities
that should result in a similar degree of specialization. For
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example, it is generally accepted that both hummingbirds
and sunbirds are similarly specialized for nectarivory in
many traits, such as bill length, tongue structure or diges-
tive tract functioning (Stiles 1981). Even the ability to hover,
which was considered to be unique to hummingbirds for a
long time (Stiles 1981; Fleming and Muchhala 2008), was
documented in sunbirds (Geerts and Pauw 2009a; Wester
2014). Moreover, plants adapted to hovering sunbirds also
occur in the African tropics (Janecek et al. 2011; BartoS and
Janecek 2014; Sejfova et al. 2021) and sunbirds also drive
insects away from food plants in their territories (Ollerton
and Nuttman 2013; Tropek et al., 2013), as hummingbirds do
(Jacobi and Antonini 2008). In both bird groups, we found a
high variability in morphological and behavioural nectariv-
ory-related traits, such as bill length, bill curvature or ability
to hover, which enable resource partitioning (Paton and Col-
lins 1989; JaneCkova et al. 2021; see also Adler et al. 2013).
Resource partitioning itself was also documented in both
hummingbird and sunbird assemblages composed of spe-
cies with different functional traits (Feinsinger et al. 1985;
Geerts and Pauw 2009b; Janecek et al. 2012). Considering
plants, a wide spectrum of growing forms and degrees of
specialization (Fleming and Muchhala 2008) were recorded
in both American and African flora. Hummingbirds and
sunbirds interact with nonspecialized plant species, often
canopy trees (Maruyama et al. 2014; Nsor et al. 2019; Chmel
et al. 2021), and also with highly specialized ornithophilous
plants, often herbs, shrubs, and epiphytes (Cronk and Ojeda
2008; Janecek et al. 2015; Chmel et al. 2021). Resource
(i.e., avian pollinator) partitioning among plant species was
documented in both systems (Stiles 1981).

There are several studies on the factors affecting the spe-
cialization of nectarivorous bird-plant interaction networks;
however, almost all of them focus on hummingbird-plant
networks (e.g., Maglianesi et al. 2014; Cuartas-Hernindez
and Medel 2015; Maruyama et al. 2018). The observed
pattern along elevational gradients, which serve as excep-
tional field laboratories characterized by rapid environmen-
tal changes, differs depending on the metrics used and the
location being studied. Using the species-level specializa-
tion index (d”), which determines how the resource use of a
particular plant or pollinator differs from opportunism (i.e.,
usage of the resources proportional to their abundance),
Maglianesi et al. (2015) showed a greater specialization of
hummingbirds at low (0 m a.s.1.) and middle (1,000 m a.s.1.)
elevations compared to high elevations (2,000 m a.s.l.). In
the same study area, the complementarity specialization
index (H",), which considers both plant and visitor speciali-
zation and determines network-level niche partitioning, was
the highest at middle elevations (Maglianesi et al. 2014). In
contrast, Partida-Lara et al. (2018) demonstrated, on a simi-
larly long elevational gradient, that the highest complemen-
tary specialization is found at high elevations. Sonne et al.
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(2019) showed a more complex pattern along a more expan-
sive elevational gradient (0—4,000 m a.s.1.), where there was
a dominance of curved-bill specialists in the lowlands, long-
straight bill specialists at high elevations and relatively low
hummingbird species level specialization at middle eleva-
tions. In contrast, Pellissier et al. (2017) demonstrated a
decrease in hummingbird-plant network connectance (i.e.,
an increase in specialization) at high elevations.

Studies on the temporal variability of bird-plant network
specialization are rather rare. Partida-Lara et al. (2018)
found similar complementarity specialization in humming-
bird networks across a one-year period. Maruyama et al.
(2014) found that plant and hummingbird phenological
overlap is important for network modularity (i.e., the occur-
rence of specialized parts, a.k.a. modules, of the network
where some group of plants and pollinators interact more
frequently with each other than with the other members of
the network). Nevertheless, many studies not directly tar-
geting plant-bird networks presented various phenological
patterns that should be reflected in temporal changes in net-
work specialization. Independent studies demonstrated that
flowering intensity and nectar availability for birds could
vary considerably from season to season, not only for hum-
mingbirds (Wolf 1970; Araujo and Sazima 2003; Abraham-
czyk and Kessler 2010) but also for sunbirds (Collins and
Rebelo 1987) and honeyeaters (Collins and Briffa 1982;
Collins 1985; Comer and Wooller 2002). Specific flower-
ing patterns of individual plant groups can also contribute
to these patterns. For example, tropical trees (Janzen 1967,
Bentos et al. 2008) and specialized ornithophilous herbs can
predominantly bloom in certain seasons of the year (Janecek
et al. 2015). In contrast, the dry season can be character-
ized by many open actinomorphic flowers (Klomberg et al.
2022). Unfortunately, all published sunbird-plant networks
from tropical Africa were studied in the dry season (Janecek
et al. 2012; Zanata et al. 2017; Nsor et al. 2019). We sus-
pect that this might greatly bias our general conclusions on
sunbird-plant interactions.

Here, we aim to explore the specialization of sunbird-
plant interactions on Mt. Cameroon, the highest peak of
West Africa. We specifically explored the sunbird-plant
networks in different forest types occurring at different
elevations and in two contrasting seasons (wet and dry).
Our goal was to focus on two main questions and to test
related hypotheses: (1) Are birds, plants and whole net-
works at higher elevations more or less specialized? We
hypothesized that at higher elevations, there would be
lower specialization, possibly due to lower plant and bird
diversities and lower resource partitioning in harsher and
less predictable environments. In contrast, we expected
higher specialization in more diverse lowlands with more
stable environmental conditions (Rasmann et al. 2014).
Nevertheless, arguments against this hypothesis can also
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be found in the literature. For example, birds are relatively
better pollinators than insects in cold weather, and con-
sequently, there can be more specialized bird-pollinated
plants, which enables better niche separation at higher
elevations (Cruden 1972; Huang et al. 2017). (2) Are the
birds, plants and whole networks more specialized in the
wet season? We hypothesized that a higher specialization
can be expected, as many specialized ornithophilous plants
bloom only in the wet season (Cruden 1972; Janecek et al.
2015), which can enable more precise niche segregation
in that season (Abrahamczyk and Kessler 2010). Higher
specialization can also be driven by lower nectar availabil-
ity, as observed in hummingbird-plant networks (Tinoco
et al. 2017).

Fig.1 Study sites on Mt. Cameroon. a Mt. Cameroon. DG—Drink
Gari, PC—PlanteCam Camp; CL—Crater Lake; MS—Mann’s
Spring. b Lowland forest around DG in the dry season. Whitish trees
are Berlinia bracteosa in flower. ¢ Mid-elevation forest around PC;
Impatiens frithii, a flowering epiphytic ornithophilous species, is seen

Materials and methods
Study site

Our study was performed on the southwestern slope of Mt.
Cameroon (Cameroon, Fig. 1), which is the highest moun-
tain of West-Central Africa (4,040 m a.s.l.) and an important
biodiversity hotspot (Kiiper et al. 2004). The lowest eleva-
tions of the southwestern slope are used for plantations, but
from approximately 400 m a.s.l. to the treeline (2,200 m
a.s.l.), there is a primary tropical forest habitat (Cable and
Cheek 1998). The temperature and precipitation decrease
with increasing elevation (Maicher et al. 2020) together with
the diversities of plants and birds (Hoték et al. 2019). The

in the frame. d Submontane forest around CL with large patches of
herbaceous vegetation maintained by forest elephants. (¢) Montane
forest in the dry season near MS. The tree on the left-hand side is a
flowering Schefflera abyssinica
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study was performed in four forest types: (1) Lowland forest
(LF) in the Drink Gari locality (650 m a.s.1.), which is only
slightly disturbed by elephants and where members of the
plant subfamily Caesalpiniaceae (family Fabaceae) are com-
mon; (2) Mid-elevation forest in the PlanteCam camp local-
ity (1,100 m a.s.1.), which is partly disturbed by elephants
with common occurrence of Kigelia africana, Macaranga
occidentalis and Voacanga africana; (3) Submontane forest
in the Crater Lake locality (1,500 m a.s.1.), which is strongly
disturbed by elephants and is consequently mixed with large
elephant pastures with common occurrence of Aframomum
spp-; and 4) Montane forest around Mann's Spring (2,200 m
a.s.l.) close to the treeline, which lacks elephant disturbance
and has occurrence of montane species such as Syzygium
staudtii, Nuxia congesta or Schefflera spp. (Fig. 1). Data
were collected during four expeditions across three years.
The first expedition was organized in 2018, the second and
third in 2019 and the last in 2020. During each expedition,
we collected data from two sites (i.e., forest types). Thus,
the data were collected during two expeditions to each site,
one in the dry season (end of January to mid-March) and
one in the wet season (end of July to mid-September). Six
transects (200 m long and 10 m wide, at least 100 m apart)
were established at each site (i.e., 24 transects in total), and
the abundance of plants in bloom within each transect was
counted. Counting was performed in each transect once dur-
ing the plant-sunbird observations, i.e., plants were counted
twice in each transect, once in the dry season and once in the
wet season. We defined the following plant growth forms:
(1) herbs; non-woody plants without vertical support from
other plants, (2) lianas; plants using vertical support of other
plants, (3) shrubs; non-climbing woody plants up to 5 m
high rooting on the ground, (4) trees; non-climbing woody
plants often higher than 5 m, (5) parasitic shrubs; woody
plants growing in the canopies of trees (members of the Lor-
anthaceae family in our dataset).

Observations of sunbird-plant interactions

We considered each individual plant as one observation unit.
For lianas, where determining an individual in the field was
impossible, we defined individuals as those plants that had
flowering parts that were not obviously connected to another
flowering part. We considered individual plant species to
be potentially bird-visited if the nectar amount in a covered
flower after 24 h was higher than 0.3 pl/per flower (unpub-
lished data, see also JanecCek et al. 2021), if it flowered in at
least three replicates on the six transects, or if it occurred
less frequently but was commonly flowering outside the
transects. Sunbird-plant interactions were observed using
two complementary methods. The first method utilised secu-
rity cameras (Vivotek IB8367RT) to observe herbs and small
shrubs. We aimed to record 10 individuals of each plant
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species and each individual for 2 days (from 6 am to 6 pm).
If there were not enough replicates on the transect, the plants
were observed out of transects. The rarity of some species,
together with logistical and/or technical problems related
to the harsh weather of Mt. Cameroon, resulted in differ-
ent total recording times for individual plants (Table S1).
Finally, the mean video observation period was 152 h per
plant species. Floral visitors were identified in the videos
either manually or using the automatic movement detection
software MotionMeerkat (Weinstein 2015). The second
method was the direct observation of trees and tall shrubs
(i.e., those that were not suitable for the camera’s field of
view). We aimed to observe eight individuals per plant spe-
cies, each of them for 8 h distributed equally throughout
the day. As we could not always find a sufficient number
of individuals, the mean observation time per species was
68 h (Table S1). Tall trees were usually observed from a
neighbouring tree, on which the observer climbed using a
single-rope climbing technique. During direct observations,
it was not always possible to recognize whether the birds
touched the reproductive organs of the plant. Consequently,
we considered all visits as one kind of interaction, i.e., with-
out considering if they resulted in plant pollination or if the
birds were just feeding. We considered the time from the
bird's arrival until its departure as one event. Birds were not
banded, so we were unable to distinguish individual birds.

Assessment of interaction abundances

We quantified plant abundance to estimate the total number
of interactions in the studied area. To do this, we counted
all flowering individual plants inside six 200 10 m tran-
sects at each site during each expedition, giving us data on
flowering plant abundance from 1.2 hectares. The values in
individual cells of bird-plant interaction matrices were then
calculated as the visitation frequency per plant per hour mul-
tiplied by plant abundance per hectare. Consequently, the
interaction strength was considered at the ecosystem level,
i.e., it expressed how many interactions between specific
bird and plant species per hour we could observe in one
hectare of forest. Nevertheless, in the supplementary mate-
rial, results are also shown for interactions that were not
considered per hectare but only as the frequency of visits per
plant (Table S2, Table S3). We constructed eight networks
corresponding to four elevations and two seasons, i.e., the
information from transects (and the plants observed out of
transects) from one season and elevation were merged to
build one network. The visitation frequencies per hour were
often low (< 1). To achieve the integer values needed for cal-
culations of some specialization indices, the frequencies per
hour and hectare were arbitrarily multiplied by 10,000 and
rounded up. For plants that were relatively common but did
not appear on transects, we arbitrarily set their abundance as
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1 individual per 2 hectares. The data on interaction networks
are available in Supplementary file 2.

Specialization metrics

To describe the specialization of sunbird plant networks,
we used current standard indices, most of which were also
used in the most complex worldwide study on specialization
in nectarivorous bird-plant networks (Zanata et al. 2017).
At the species level, we calculated Bliithgens standardized
species specialization (d') (Bliithgen et al. 2006) and the
normalized degree (ND) (Freeman 1979) for sunbirds and
plants. The index d' is related to Shannon diversity and com-
pares the distribution of the interactions with each partner
to the overall partner availability and it ranges from O (max.
generalization) to 1 (max. specialization). The ND is simply
the proportion of species that a species interacts with out of
the total possible number of species in the network (Free-
man 1979; Gonzalez et al. 2010). At the network level, we
used connectance (C), which is the proportion of realized
to all possible interactions in the network, complementary
specialization (H,"), which is a generalization of d” for the
whole network and similarly ranges from 0 (fully general-
ized) to 1 (max. specialized) (Bliithgen et al. 2006; Gonzélez
et al. 2015), and Newman“s weighted modularity measure
(Q) that compares the density of the connections inside
and between the modules. Q ranges from 0 for randomly
arranged networks to 1 for networks with perfectly defined
modules (Newman 2004, 2006; Dormann and Strauss 2014).
The modules were detected using Beckett’s algorithm (Beck-
ett 2016). Note that in our interaction networks, we did not
use the real numbers of observed interactions but estimated
numbers of interactions per area (one hectare).

Sampling completeness

To estimate the effect of sampling effort on the studied
specialization metrics, we used a rarefaction-like approach
based on Vizentin-Bugoni et al. (2016) and Dehling et al.
(2014). From each network dataset, we incrementally
removed a proportion of the data and calculated the spe-
cialization index each time. At each step, we removed 5% of
the dataset; i.e., 5% of the minutes of observations (rows in
the dataset) were randomly selected for removal. The same
proportion of rows was removed for each observed plant
species. At each step, random data removal was performed
one thousand times.

Statistical analyses

The plant-growth form X season or plant-growth form X ele-
vation contingency tables containing count data on plant

species affiliated to individual growth-forms were tested
using Fisher’s exact test in R (R Core Team, 2020).

Specialization indices were calculated using the package
bipartite 2.15 (Dorman et al. 2008) in R 4.0.0 (R Core Team
2020). Because the values of some species-level indices
were not normally distributed, we used a nonparametric per-
mutation ANOVA for statistical analyses of plant and sun-
bird specializations in individual forest types and seasons.
Elevation and season were treated as fixed factors. Permuta-
tion tests were performed using the PERMANOVA + pro-
gram for PRIMER (Anderson et al. 2008). These analyses
are nearly identical to the traditional ANOVA. The small dif-
ference is that the F ratio in the permutation ANOVA does
not have a known distribution under the true null hypothesis,
and consequently, it is denoted as pseudo F (F), ). The per-
mutation P value (p,,,) is calculated as the proportion of
F, values achieved by permutations that are greater than or
equal to the observed F,

The observed values of the network-level matrices H),
and Q were tested by comparison with null models. The
values for the null models were computed from 1,000 net-
works generated by the Vaznull algorithm (Vazquez et al.
2007). The Vaznull algorithm is relatively conservative,
preserves the connectance, and moderately preserves the
marginal totals of the observed network. Consequently, it is
often considered to be more realistic than other algorithms
(e.g., Patefield’s algorithm) because it more accurately
reflects some natural constraints in network architectures,
such as the impossibility of some links (forbidden links)
due to trait mismatches or phenological shifts (e.g., Figueroa
et al. 2020).

Results

In total, plants were observed for 15,767 h and 8205 sunbird-
plant interactions were recorded. We observed 12 sunbird
species interacting with 49 plant species. The number of
interacting sunbirds differed at different elevations (Fig. 2).
The highest number of sunbirds (9 species) was observed in
the lowland forest in the dry season. In contrast, only two
sunbird species visited plants in the submontane and mon-
tane forests. The numbers of visited plants were higher in
the mid-elevation, submontane forests and in the dry season
(Fig. 2). The plant growth-form spectrum of visited plant
species differed between dry and wet seasons (Fisher’s exact
test, p<0.001). Trees were the most visited growth form in
the dry season, whereas the majority of visited plant species
in the wet seasons were herbs (Fig. 2). No differences were
observed among elevations in the dry (Fisher’s exact test,
p=0.396) and wet (Fisher’s exact test, p=0.361) seasons.
Nevertheless, some lianas (Sabicea pilosa and Hugonia
micans) were among the most visited plant species in the
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dry season in lowland forest and shrub Psychotria hypsoph-
ila was the most visited plant species in the wet season in
the montane forest. The species-level sunbird specialization
(d) significantly differed among elevations (Table 1). We
detected the lowest sunbird d' specialization in the mountain
forest, whereas the specialization was higher at lower eleva-
tions (Fig. 3a). The normalized degree differed among forest
types, with the highest values in montane and submontane
forests (Table 1, Fig. 3b). The species-level plant specializa-
tion (d') significantly differed among individual forest types
(Table 1). Plant specialization was highest in the lowland
forest network and decreased at higher altitudes (Fig. 3c).
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The opposite pattern was found for the normalized degree
of plants, which was lowest at low elevations and highest at
high elevations (Table 1, Fig. 3d).

The lower specialization at high elevations was also
obvious when considering the network-level indices. Con-
nectance (C) was higher in the two upper forest types
(Table 2). Both the observed complementary specializa-
tion (H;) and modularity (Q) were much lower in moun-
tain forests. H; and Q significantly differed from the val-
ues predicted by the null models in all but one network,
indicating that the networks were specialized and modular
(Table 2). The only exception was the wet season network
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«Fig.2 Sunbird-plant networks on Mt. Cameroon at four elevations in
dry and wet seasons. LF — lowland forest; MEF — mid-elevation for-
est; SF — submontane forest; MF — montane forest. PLANTS: Aca
dec—Acanthopale decempedalis; Afr sp.—Aframomum sp.; Ant
sca—Anthocleista scandens; Ant fra—Anthonotha fragrans; Ber
bra—Berlinia bracteosa; Ber rac—Bertiera racemosa; Bri owa—
Brillantaisia owariensis; Cha lai—Chassalia laikomensis; Cla ani—
Clausena anisata; Cle syl—Clerodendrum sylvanum; Cos dub—
Costus dubius; Cor aur—Cordia aurantiaca; Dic ves—Dicranolepis
vestita; Dis gra—Dischistocalyx grandiflora; Eng gab—Englerina
gabonensis; Hei cri—Heinsia crinita; Hug mic—Hugonia micans;
Hyp tri—Hypoestes triflora; Imp bur—Impatiens burtonii; Imp
hia—Impatiens hians var. hians; Imp eti—Impatiens etindensis;
Imp fri—Impatiens frithii; Imp nia—Impatiens niamniamensis;
Imp sak—Impatiens sakeriana; Ixo fol—Ixora foliosa; Ixo gui—
Ixora guineensis; Jas pre—Jasminum preussii; Kig afr—Kigelia
africana; Lee gui—Leea guineensis; Mim sol—Mimulopsis solmsii;
Mus ten—Mussaenda tenuiflora; Nux con—Nuxia congesta; Pav
rig—Pavetta rigida; Phr kam—Phragmanthera kamerunensis; Ple
dec—Plectranthus decurrens; Ple kam—~Plectranthus kamerunen-
sis; Psy hyp—~Psychotria hypsophila; Psy dun—Psydrax dunlapii;
Rhi sp.—Rhipidoglossum sp.; Sab pil—Sabicea pilosa; Sch mag—
Schumanniophyton magnificum; Sch aby—Schefflera abyssinica; Syz
sta—Syzygium staudtii; Syz sp.—Syzygium sp.; Tab bra—Tabernae-
montana brachyantha; Tab ven—Tabernaemontana ventricosa; Tho
san—Thonningia sanguinea; Thu fas—Thunbergia fasciculata; Voa
afr—Voacanga africana; SUNBIRDS: Ant col—Anthodiaeta colla-
ris; Ant rec — Anthreptes rectirostris; Ant sei—Anthreptes seimundi;
Cha rub—Chalcomitra rubescens; Cin bat—Cinnyris batesi; Cin
Jjoh—Cinnyris johannae; Cin min—Cinnyris minullus; Cin urs—
Cinnyris ursulae; Cin rei—Cinnyris reichenowi; Cya cya—Cyanomi-
tra cyanolaema; Cya oli—Cyanomitra olivacea; Cya ori—Cyanomi-
tra oritis

in the lowland forest, where there was an insignificant
difference between the observations and the null mod-
el’s prediction of complementary specialization. H, had
higher values at all elevations in the wet season (Table 2).
The results and conclusions did not differ much when
considering the interaction strength as the number of vis-
its per plant (i.e., not per hectare, Table S2, Table S3, Fig.
S1), and the d' values calculated from hectare- and plant
individual-based networks were positively correlated
(Fig. S2). Analyses on possible sampling incompleteness
revealed that the values of many parameters showed little
variability when only 40-60% of the original dataset was
used (Figs. S3'S9). The lowest parameter stability was
observed in the smallest network from the mountain forest
in the wet season. For the randomly selected data subsets
of this network and their resulting index values, it was
important whether the rare interactions of Cyanomitra
oritis with Psychotria hypsophila, the plant that was most
frequently visited by Cinnyris reichenowi, were selected.
If these interactions were not selected, the parameters
indicated a higher specialization (see Fig. S3, S4 and
S8—montane forest, wet season).

Discussion

The networks presented in this study were much more spe-
cialized, irrespective of the index used, than those of the
two other published studies on quantitative networks in
tropical Africa (Zanata et al. 2017; Nsor et al. 2019). Nev-
ertheless, these studies are fully consistent with our results
if we consider when and where they were performed. The
first was carried out in the Bamenda highlands (Came-
roon) in shrubby vegetation along a small stream at an
elevation of approximately 2,200 m a.s.l. (Janecek et al.
2012; Zanata et al. 2017) and the second was conducted
in the montane forest on the Mambilla Plateau (Nigeria),
at approximately 1650 m a.s.l. (Nsor et al. 2019). Moreo-
ver, both studies were performed in the dry season. Our
montane, dry season network was also characterised by
a substantially lower specialization than other networks.

The differences between our high network-level spe-
cialization and the lower specialization of networks in
South Africa, measured as H;, Q or C (Zanata et al. 2017),
can be explained by three hypotheses, all of which war-
rant testing in the future. This low specialization in South
African studies can result from: (1) the latitudinal pattern
and specialization decrease towards higher latitudes where
a smaller number of organisms can occupy larger niches
(MacArthur 1968), but this hypothesis is still contentious
(e.g., Ollerton and Cranmer 2002); (2) the specific prop-
erties of Austro-temperate flora in South Africa, which is
closely related to the flora of Australia (Linder 2014). For
example, this flora has a very high number of ornithophil-
ous plants per sunbird species (Rebelo 1987; Geerts and
Pauw 2009b); or (3) the sampling method, as all the stud-
ies from South Africa evaluated by Zanata et al. (2017)
were constrained by the sampling of a targeted subset of
plants in the community, e.g., Salvia and Lycium (Wester
2013), Protea (Schmid et al. 2016) or Aloe (Botes et al.
2008).

Our findings from the montane forest were consistent
with other pollination network studies that showed the
lowest number of potential visitors (Ramos-Jiliberto et al.
2010) and both a lower group- (Miller-Struttmann and
Galen 2014) and network-level (Hoiss et al. 2015) speciali-
zation at high elevations. The same pattern has also been
demonstrated in hummingbird-plant networks (Maglianesi
et al. 2015). However, this distribution of specialization
patterns is not consistently observed in hummingbird net-
works. For example, Partida-Lara et al. (2018) revealed
the opposite pattern (i.e., the lowest specialization at low
elevations), suggesting that local conditions are impor-
tant. Their study was performed on a gradient with dif-
ferent vegetation types at different sampling elevations,
with the lowest number of interacting species found in
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Table 1 Effect of season and Bird d’ Bird ND Plant d' Plant ND
forest type on bird and plant
specialization, e'xp'ress'ed as Fy Pperm F, Pperm Fy Pperm F, Pperm
Bliithgen’s specialization index
(d") and normalized degree Season 2.34 0.145 0.19 0.667 0.01 0.916 0.50 0.487
(ND) Forest 4.18 0.012%* 5.27 0.004%* 4.85 0.004#* 12.72 0.0017%#%*
Forest*season 0.50 0.689 0.14 0.926 1.55 0.224 0.32 0.790
Permutation ANOVA * 0.01 <p <0.05; ¥*p<0.01
0.9 1.4
p =0.003 p =0.002
a b
0.8 (@) p=0.048 1.2 (b) p=0.036
0.7 p =0.003 p =0.008
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. o O 06
© 03 ’ z
0.2 0.4
0.1 m 0.2
0.0
0.0
0.9 14 0.001
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Fig.3 Specialization of birds (a, b) and plants (¢, d) in the individual
forest types on Mt. Cameroon. d'—Bliithgen’s specialization index;
ND—normalized degree. Significant pairwise differences between

individual forest types are reported. LF—lowland forest; MEF—mid-
elevation forest; SF—submontane forest; MF—montane forest

Table 2 Network-level
specialization indices and

Lowland forest

Mid-elevation forest

Submontane forest

Mountain forest

their differences from the null Dry Wet Dry Wet Dry Wet Dry Wet
models (A values) for networks
in individual forest types and H2'ops 0.40%* 0.43 0.17#* 0.48%* 0.37** 0.66%** 0.08** 0.10%*
seasons AH2 0.28 0.13 0.16 0.40 0.37 0.64 0.08 0.10
Qogs 0.30%* 0.26% 0.10%* 0.30%* 0.11%* 0.15%* 0.02%#* 0.01%#*
AQ 0.23 0.15 0.09 0.25 0.11 0.14 0.02 0.01
C 0.33 0.37 0.45 0.44 0.78 0.71 0.89 0.75
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lowland deciduous seasonal forest. We assume that the
differences in elevational patterns between sunbird and
hummingbird networks can arise from the diversification
of their two, distinct phylogenetic lineages. Curve-billed
hummingbirds (prevailing in the Phaethornithinae) and
long-straight hummingbirds (prevailing in the Trochili-
nae) differ in elevational distribution and specialization,
which in turn could generate a low specialization at mid
elevations (Sonne et al. 2019). In contrast, although the
phylogeny of sunbirds has yet to be properly resolved,
groups of sunbird species do not display any obvious pat-
terns in specialization and elevational distribution (Cheke
et al. 2001).

From a niche theory perspective, our data are consist-
ent with the altitudinal niche-breadth hypothesis in plant-
pollinator interactions (Rasmann et al. 2014), which states
that niches are broader in harsher montane environments.
The difficulty of exploiting resources in these environments,
together with harsher environmental conditions, does not
necessarily underlie this pattern. Additionally, the increas-
ing abundance of birds per species with elevation can also
play a role, as was demonstrated on Mt. Cameroon (Ferenc
et al. 2016). Further evidence showing that bird pollina-
tors are generalized when they are abundant was also found
by Simmons et al. (2019). Nevertheless, our data do not
support the idea of a simple linear pattern along the whole
gradient. The highest specialization was found in the wet
season network in the submontane forest at 1500 m a.s.1.
This may have resulted from the occurrence of an extremely
specialized plant species, Thonningia sanguinea, which was
almost exclusively visited by Cyanomitra oritis (among bird
visitors) and was the most frequently visited nectar source
of this sunbird. These findings support the idea that sun-
birds can be effective pollinators of this species (Quintero
et al. 2017). Another potentially important factor was for-
est disturbance. The submontane forests at these elevations
were largely disturbed by elephants, and forest patches
were mixed with large areas of elephant-induced clearings.
Moreover, the important effects of disturbances on bird-plant
networks were highlighted by Infante et al. (2020). This hab-
itat heterogeneity and the floral richness that accompanies
it (this elevation has the highest number of visited plants
and number of visited plants per sunbird species) in turn
facilitate a greater niche differentiation (Ebeling et al. 2011).

The seasonal comparison showed that existing assump-
tions on sunbird-plant network specialization in tropical
Africa are likely biased, as other studies to date were per-
formed exclusively in the dry season (Janecek et al. 2012;
Nsor et al. 2019). Our study from Mt. Cameroon showed
that the wet season differed from the dry season in several
important aspects that potentially drove a higher wet season
specialization. Herbs and parasitic shrubs are the growth
forms of almost all plants with bird pollination syndrome

on Mt. Cameroon (Chmel et al. 2021). The ornithophilous
herbs, for example, Impatiens spp. (see also Janecek et al.
2015) are flowering mainly in the wet season, whereas mas-
sive flowering trees acted as significant nectar sources in
the dry season (Fig. 2). The occurrence of more specialized
morphologies of bird-visited herbs compared to trees may
be due to the fact that herbs have shorter life cycles and
can experience more rapid diversification (Snow and Snow
1972). There were also a smaller number of flowering plant
individuals in the wet season, where nectar production per
hectare was several times lower (unpublished data, Stépén
Janecek, Robert Tropek). It seems that the wet season is not
only a much less comfortable environment for field work
but also for sunbirds. Similarly, hummingbird networks
showed a higher specialization under resource shortages
(Tinoco et al. 2017), as has also been previously shown for
whole plant-pollinator networks (Souza et al. 2018). Peaks
in the number of hummingbird-visited plants were recorded
in both wet (Araujo and Sazima 2003) and dry (Partida-Lara
et al. 2018) seasons. As such, we need more data to deter-
mine whether this pattern is also site-specific for sunbirds.
However, it is common for trees to flower in the dry season
in tropical forests of various geographic areas (Janzen 1967,
Nsor et al. 2019). In terms of bird-plant coevolution, we can
expect that the wet season will impart much stronger selec-
tion pressures on plant and bird traits related to ornithophily
or nectarivory, respectively, as there is a higher abundance of
ornithophilous plants and a general lack of resources com-
pared to the dry season. We believe that additional studies
in the wet season are crucial for understanding the ecology
and evolution of sunbird-plant interactions.

We agree with the opinions of other authors (e.g., Oller-
ton 2012) that conclusions about global patterns of speciali-
zation should be made with caution, particularly when data-
sets do not account for spatiotemporal variability. Another
issue to consider is to evaluate the quality of individual data-
sets, mainly the possible effects of sampling completeness.
Although we demonstrated, similarly to Vizentin-Bugoni
et al. (2016), that the quantitative specialization metrics
were relatively resistant to sampling completeness, we also
showed that the metrics could be largely affected by rare
interactions in small networks.

Despite our presentation of more sunbird-plant net-
works than any previously published study from tropi-
cal Africa, our knowledge on sunbird-plant network
specialization is still incipient. Furthermore, there is a
significant knowledge gap on sunbird food plants. This
is illustrated by the fact that the most comprehensive
information on food plants in the sunbird monograph by
Cheke et al. (2001), which was also used by Fleming and
Muchhala (2008) in their evaluation of sunbird speciali-
zation, reports only 2 of the 49 food plant species that
were visited by sunbirds during our observations on Mt.
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Cameroon. Moreover, the idea that forest-dwelling sun-
birds, in contrast to hummingbirds, feed more often on
canopy and subcanopy trees (Fleming and Muchhala 2008)
appears valid only when applied to the dry season. Moreo-
ver, it seems that similarly to hummingbirds (Feinsinger
1976), sunbird communities are composed of more assem-
blages, with some species (such as the Cameroon sunbird,
Cyanomitra oritis) exploring more specialized flowers in
the forest interior, whereas other sunbirds feed on a more
generalized variety of canopy trees. Another unexploited
but important aspect of sunbird ecology on Mt. Cameroon
is the local migration. It seems that in the dry season, at
least some individuals of Cameroon sunbirds migrate to
lower elevations. Ursula's sunbird disappeared from the
mid-altitudinal forest in the wet season, but we did not find
it at any other elevation. Thus, because it is an endemic
species occurring only in the Cameroonian Highlands
and Bioko, we can speculate that it migrates to less rainy
Mt. Cameroon slopes. Nevertheless, both the organisa-
tion of sunbird assemblages and local migration should
be explored by additional studies. This knowledge will be
crucial for the effective conservation of Mt. Cameroon’s
sunbird and plant assemblages.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-022-05234-4.
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Table S1: Observation effort for individual plant species and plant density

Camp Season | Observation | Species Observation | Number of
time (hrs.) flowering
plants per
hectare
MANN'’S SPRING dry camera Acanthopale decempedalis 216.8 225
MANN'’S SPRING dry camera Hypoestes triflora 2235 30
MANN'’S SPRING dry camera Impatiens sakeriana 218.6 1.67
MANN'’S SPRING dry camera Isoglossa glandulifera 198.4 6.67
MANN'’S SPRING wet camera Acanthopale decempedalis 2113 6.67
MANN'’S SPRING wet camera Chassalia laikomensis 207.9 6.67
MANN'’S SPRING wet camera Disperis kamerunensis 182.3 2.5
MANN'’S SPRING wet camera Impatiens sakeriana 160.9 1.67
MANN'’S SPRING wet camera Isoglossa glandulifera 109.8 0.83
MANN'’S SPRING wet camera Jasminum preussii 202.4 5
MANN'’S SPRING wet camera Liparis sp. 167.1 0.5
MANN'’S SPRING wet camera Psychotria hypsophila 251.5 74.17
MANN'’S SPRING wet camera Rhipidoglossum sp. 167.2 2.5
CRATER LAKE dry camera Acanthopale decempedalis 226.3 9.17
CRATER LAKE dry camera Aframomum sp. purple 220.5 3.33
CRATER LAKE dry camera Aframomum sp. white 210.4 5.83
CRATER LAKE dry camera Brillantaisia owariensis 222.9 2.5
CRATER LAKE dry camera Costus dubius 170.6 0.5
CRATER LAKE dry camera Hypoestes triflora 235.1 93.3
CRATER LAKE dry camera Impatiens burtonii 258.4 1.67
CRATER LAKE dry camera Impatiens niamniamensis 212.1 0.83
CRATER LAKE dry camera Isoglossa glandulifera 203.1 1.67
CRATER LAKE dry camera Ixora guineensis 24 5
CRATER LAKE dry camera Mimulopsis solmsii 225.1 5
CRATER LAKE dry camera Plectranthus kamerunensis 219.8 3.33
CRATER LAKE dry camera Stachys aculeolata 115 0.5
CRATER LAKE dry camera Thonningia sanguinea 93.5 0.5
CRATER LAKE wet camera Acanthopale decempedalis 242.8 4.17
CRATER LAKE wet camera Aframomum sp. purple 90.1 0.5
CRATER LAKE wet camera Aframomum sp. white 106.9 0.83
CRATER LAKE wet camera Calanthe sylvatica 80.4 1.67
CRATER LAKE wet camera Chassalia laikomensis 180 4.17
CRATER LAKE wet camera Clerodendrum sylvanum 246 2.5
CRATER LAKE wet camera Costus dubius 135.1 0.5
CRATER LAKE wet camera Cynorkis ringens 44 0.5




CRATER LAKE wet camera Disperis nitida 112.1 1.67
CRATER LAKE wet camera Impatiens burtonii 1111 15.83
CRATER LAKE wet camera Impatiens etindensis 232.8 6.67
CRATER LAKE wet camera Impatiens niamniamensis 238.5 5.83
CRATER LAKE wet camera Ixora guineensis 138 10
CRATER LAKE wet camera Plectranthus kamerunensis 88.8 6.67
CRATER LAKE wet camera Rhipidoglossom sp. 88.9 0.83
CRATER LAKE wet camera Stachys aculeolata 120.5 24.17
CRATER LAKE wet camera Thonningia sanguinea 230.6 17.5
CRATER LAKE wet camera Urticularia manniii 115.7 22.5
PLANTECAM CAMP | dry camera Aframomum sp1 217.6 9.17
PLANTECAM CAMP | dry camera Brillantaisia owariensis 224.5 1.67
PLANTECAM CAMP | dry camera Calochone acuminata 108.4 0.5
PLANTECAM CAMP | dry camera Costus dubius 205.6 0.83
PLANTECAM CAMP | dry camera Dischistocalyx grandiflora 223.2 3.33
PLANTECAM CAMP | dry camera Impatiens niamniamensis 240.4 0.83
PLANTECAM CAMP | dry camera Pavetta rigida 132.6 1.67
PLANTECAM CAMP | dry camera Sabicea pilosa 2153 1.67
PLANTECAM CAMP | dry camera Scadoxus cinnabarinus 180.3 1.67
PLANTECAM CAMP | dry camera Schumanniophyton 64.4 0.5
magnificum
PLANTECAM CAMP | dry camera Sherbournia bignoniiflora 134.9 0.5
PLANTECAM CAMP | wet camera Acanthonema strigosum 90.3 11.67
PLANTECAM CAMP | wet camera Calanthe sylvestris 112.7 2.5
PLANTECAM CAMP | wet camera Costus dubius 117.8 0.83
PLANTECAM CAMP | wet camera Impatiens etindensis 91.2 0.5
PLANTECAM CAMP | wet camera Impatiens frithii 153.3 6.67
PLANTECAM CAMP | wet camera Impatiens hians 1243 0.83
PLANTECAM CAMP | wet camera Impatiens mannii 449 13.33
PLANTECAM CAMP | wet camera Impatiens niamniamensis 121.8 12.5
PLANTECAM CAMP | wet camera Leea guineensis 13 0.5
PLANTECAM CAMP | wet camera Plectranthus decurrens 53.4 3.33
PLANTECAM CAMP | wet camera Psychotria thonneri 104.3 7.5
PLANTECAM CAMP | wet camera Thonningia sanguinea 123.7 5
PLANTECAM CAMP | wet camera Thunbergia fasciculata 107.4 3.33
DRINK GARI dry camera Acanthonema strigosum 227 28.33
DRINK GARI dry camera Aframomum sp. 218.7 14.17
DRINK GARI dry camera Dischistocalyx grandiflora 234.6 12.5
DRINK GARI dry camera Impatiens niamniamensis 237.3 5.83
DRINK GARI dry camera Ixora guineensis 241.9 61.67
DRINK GARI dry camera Pavetta neurocarpa 115 0.5
DRINK GARI dry camera Sabicea calycina 226.8 6.67




DRINK GARI dry camera Sabicea pilosa 229.3 11.67
DRINK GARI dry camera Voacanga bracteosa 208.3 3.33
DRINK GARI wet camera Acanthonema strigosum 95.9 94.17
DRINK GARI wet camera Aframomum sp1 40.5 0.83
DRINK GARI wet camera Bertiera racemosa 70.6 0.5
DRINK GARI wet camera Clerodendrum sylvanum 118.1 30.83
DRINK GARI wet camera Dischistocalyx grandiflora 106.2 26.67
DRINK GARI wet camera Impatiens niamniamensis 124.7 19.17
DRINK GARI wet camera Impatiens hians 110.1 4.17
DRINK GARI wet camera Impatiens macroptera 134.6 80.83
DRINK GARI wet camera Justicia laxa 105.1 25.83
DRINK GARI wet camera Leea guineensis 55.6 2.5
DRINK GARI wet camera Marantochloa monophyla 41.2 6.67
DRINK GARI wet camera Plectranthus decurrens 109 8.33
DRINK GARI wet camera Psychotria thonneri 55.8 32.5
MANN'’S SPRING dry personal Clausena anisata 64 0.5
MANN'’S SPRING dry personal Ixora foliosa 68 9.17
MANN'’S SPRING dry personal Nuxia congesta 64.1 2.5
MANN'’S SPRING dry personal Psydrax dunlapii 64 9.17
MANN'’S SPRING dry personal Shefflera abyssinica 65.1 0.83
MANN'’S SPRING dry personal Syzygium staudtii 64 6.67
CRATER LAKE dry personal Dicranolepis vestita 64 107.5
CRATER LAKE dry personal Englerina gabonensis 64 2.5
CRATER LAKE dry personal Kigelia africana 64 5.83
CRATER LAKE dry personal Mussaenda tenuiflora 64 0.5
CRATER LAKE dry personal Psydrax dunlapii 64 5.83
CRATER LAKE dry personal Syzygium sp. 64 5.83
CRATER LAKE dry personal Tabernaemontana 64 62.5
ventricosa
CRATER LAKE wet personal Anthocleista scandens 64 5
CRATER LAKE wet personal Mussaenda tenuiflora 62 0.5
PLANTECAM CAMP | dry personal Anthonotha fragrans 44 5.83
PLANTECAM CAMP | dry personal Cordia aurantiaca 16 0.5
PLANTECAM CAMP | dry personal Kigelia africana 60.2 8.33
PLANTECAM CAMP | dry personal Mussaenda tenuiflora 119.6 0.5
PLANTECAM CAMP | dry personal Tabernaemontana 70 11.67
ventricosa
PLANTECAM CAMP | dry personal Voacanga africana 64 8.33
PLANTECAM CAMP | wet personal Mussaenda tenuiflora 71.6 0.5
DRINK GARI dry personal Anthonotha fragrans 74.3 1.67
DRINK GARI dry camera Berlinia bracteosa 64 4.17
DRINK GARI dry personal Heinsia crinita 32 2.5




DRINK GARI dry personal Hugonia micans 48 0.5

DRINK GARI dry personal Psilanthus mannii 47.9 0.5

DRINK GARI dry personal Tabernaemontana 62 10.83
brachyantha

DRINK GARI wet personal Phragmanthera 77.2 0.83
kamerunensis

Table S2: Effect of season and forest type on bird and plant specialization, expressed as Bliithgen’s
specialization index (d’) and normalized degree (ND). Permutation ANOVA. * 0.01<p<0.05; **p<0.01

The analyses are the same as those in Table 1 in the main text of the manuscript, but the interaction
strengths in the networks were not considered per hectare. In other words, interaction strengths were
just visits/h on one individual of a particular plant species.

Bird d” Bird ND Plantd’ Plant ND
Fps. Pperm. Fps. Pperm. Fps. Pperm Fps. Pperm
Season 1.22 0.263 0.19 0.667 0.55 0.470 0.50 0.487
Forest 469 0.013* 5.27 0.004** 6.75 0.001** 12.72 0.001**
Forest*season 0.92 0.426 0.14 0.926 0.38 0.78 0.32 0.790

Table S3. Network-level specialization indices and their differences from the null models (A values) for
networks in individual forest types and seasons. H2" — network specialization index; Q — modularity; C—
connectance. Observed values marked by asterisks differ from the null model prediction: * 0.01<p<0.05;
**p<0.01. The analyses are the same as those in Table 2 in the main text of the manuscript, but the
interaction strengths in the networks were not considered per hectare. In other words, interaction
strengths were just visits/h on one individual of a particular plant species.

Lowland forest Mid-elevation Submontane Mountain forest
forest forest
dry wet dry wet dry wet dry wet
H2 0Bs 0.21%* 0.41 0.20** 0.51** 0.57**  0.45** 0.06**  0.19*
A H2’ 0.13 0.16 0.18 0.39 0.55 0.38 0.06 0.12
Qoss 0.19%** 0.24* 0.14**  0.37** 0.30** 0.21** 0.02**  0.04**
AQ 0.14 0.15 0.13 0.29 0.29 0.17 0.02 0.02

C 0.33 0.37 0.45 0.44 0.78 0.71 0.89 0.75




0.9
- (a) p =0.022

p=0.012
p =0.030

o Mean
[0 Mean+SE
T Min-Max

. + Median

o
N

S
o

=
o
+0

d’ (birds)
(=)
H

o o
N w
Ko |

o
-t

o
(=)

e
~

(b) p =0.002

p =0.007

p=0.032 -

2
o

S
N
]
1

=
H
1
1

d’ (plants)

o
w
sk
e

&
()

o
-
1
I
o

o
=)

dry wet dry wet dry wet dry wet
LF MEF SMF MF

Figure S1. Specialization of birds (a) and plants (b) in different forest types on Mt. Cameroon. d’ —
Blithgen’s specialization index; ND — normalized degree. d’ was calculated from networks where the
interaction strength was expressed as a number of visits h' per plant. Significant pairwise differences
between individual forest types are reported. LF — lowland forest; MEF — mid-elevation forest; SF —
submontane forest; MF —montane forest.
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Figure S6. Effects of sampling effort on species level specialization of plants measured by normalized
degree (ND). The x-axis shows the proportion of the entire dataset that was used for index calculation.
The lines surrounding the grey area are the fits based on the variance function. Note that there was
independent smoothing of the squares for the positive and negative residuals from the mean fit, and
then the square root of the fitted values was added to the mean fit.
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Figure S7. Effects of sampling effort on network connectance. The x-axis shows the proportion of the
entire dataset that was used for index calculation. The lines surrounding the grey area are the fits based
on the variance function. Note that there was independent smoothing of the squares for the positive and
negative residuals from the mean fit, and then the square root of the fitted values was added to the
mean fit.
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Figure S8. Effects of sampling effort on network complementary specialization (H,’). The x-axis shows the
proportion of the entire dataset that was used for index calculation. The lines surrounding the grey area
are the fits based on the variance function. Note that there was independent smoothing of the squares
for the positive and negative residuals from the mean fit, and then the square root of the fitted values
was added to the mean fit.
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Figure S9. Effects of sampling effort on network modularity (Q). The x-axis shows the proportion of the
entire dataset that was used for index calculation. The lines surrounding the grey area are the fits based
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mean fit.
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ABSTRACT

Thanks to the steep changes in various abiotic factors, elevational gradients offer an excellent
system to study plasticity in plant-pollinator interactions. Such knowledge is essential for
discussing recent ecological and evolutionary hypotheses on plant pollination systems. We can
assess how individual plants are specialized, if one pollinator can be replaced by another, and
how pollinator-mediated selection pressures act on floral traits. Our study focused on Mount
Cameroon, an underexplored biodiversity hotspot, using Hypericum revolutum (Hypericaceae)
as the model plant. We observed flower visitors across four elevations during two seasons.
Birds, bees, and flies have been observed as important groups of floral visitors. Among birds,
Cinnyris reichenowi (Nectariniidae) has been by far the most frequent visitor. Our findings
revealed the same pattern in visitation frequencies, without regard if we considered all bird
visitors or just C. reichenowi. This pattern was hump-shaped, peaking at approximately 2,700
meters above sea level, and visitation increased during the transition from wet to dry seasons.
Male C. reichenowi visited flowers more frequently than females. Considering insect visitors,
bee and fly activities decreased and did not change respectively with increasing elevation.
These results highlight the importance of altitude-driven shifts in pollinator communities, with
bees dominating lower elevations, birds dominating mid-elevations, and flies dominating
higher elevations. The observed patterns imply potential evolutionary pressures on plants to
adapt to the prevalent pollinator species, which could drive local adaptations and diversification

within plant populations as predicted by the mosaic of coevolution theory.

Keywords: Afrotropics, elevational gradients, floral visitor shifts, montane grasslands,

Nectariniidae, nectarivory, pollination.



1. Introduction

Elevational gradients, with their steep abiotic changes over short geographic distances,
play a crucial role in structuring biological communities by altering both climatic conditions
and resource availability (Korner, 2007; Sponsler et al., 2022). In this sense, elevational
biodiversity patterns are relatively well-documented for many animal (e.g., Colwell et al.,
2016; Peters et al., 2016; Beck et al., 2017; Maicher et al., 2020) and plant taxa (e.g., Grytnes,
2003; Bruun et al., 2006; Colwell et al., 2016). Additionally, these gradients not only affect
biodiversity distribution patterns, but also strongly shape inter-specific interactions, such as

plant-pollinator interactions (Maguifia-Conde et al., 2023).

Visitors of a single plant species can differ among individual populations or
phenological periods (Thompson, 2005). Plants with broad elevational ranges must adapt
locally to pollinator community changes due to the filtering effects of elevation on different
pollinator functional groups (Malo & Baonza, 2002). This scenario serves as a template for the
geographical mosaic of coevolution between plants and their floral visitors (Anderson &
Johnson, 2007). Pollinator turnover is often mediated by temperature as was shown for bees
and flies (i.e, bee-to-fly transition; McCabe & Cobb, 2021). In this context, bumblebees, known
for being cold-adapted, were identified as the primary pollinators of alpine populations of
Campanula rotundifolia in the Rocky Mountains (Bingham & Orthner, 1998). Contrastingly,
larger bumblebees were found to be replaced by smaller species at higher elevations on
Campanula punctata (Nagano et al., 2014) and Prunella vulgaris (Kuriya et al., 2015) in
central Japan. Moreover, higher elevations have shown increased relative frequencies of fly
visitors and decreased numbers of bees and beetles in pollination networks (Lay et al., 2013).
This pattern has also been confirmed by Sommaggio et al. (2022) which reported an elevation-
induced turnover between solitary bees and hoverflies. Therefore, there is a zonation of

different pollinator functional groups across elevational gradients due to the physiological



constraints of pollinators in coping with harsh mountain top conditions (Adedoja et al., 2018;

Lefebvre et al., 2018).

In contrast to insects, birds, as endothermic animals, are much less dependent on
ambient temperature, are able to fly in more windy and rainy conditions, and consequently, are
less affected by unfavourable weather conditions on mountain tops (Dellinger et al., 2021). For
instance, under rainy conditions at high elevations in Mexico, bird-pollinated plants were more
effectively pollinated than closely related bee-pollinated species, indicating an altitude driven
bee-to-bird transition (Cruden, 1972, but see Delinger et al., 2023). Similarly, Janecek et al.
(2022) reported more plants with bird-pollination syndrome to flower during the rainy season
on Mt. Cameroon, and Uceda-Gdomez et al. (2024) demonstrated that trait matching during this
period is more important. Lehmann et al. (2019) observed a shift from butterflies to
hummingbirds as the most effective pollinator group of Gonzalagunia hirsuta towards higher
elevations on Dominica island in the Caribbean. Moreover, pollinator exclusion experiments
in the eastern Himalayas demonstrated that several Rhododendron species are heavily
dependent on sunbirds (Nectariniidae) at high elevations (Huang et al., 2017). Contrastingly,
sunbirds showed decreased visitation frequency at higher elevations on the same plant taxa in

the Sikkim Himalaya mountains (Basnett et al., 2019).

Our study aimed to explore the relationship between floral visitors (bees, birds, and
flies) and elevation in the montane grasslands of Mount Cameroon. We used a dataset on flower
visitors of Hypericum revolutum (Hypericaceae) across an elevational gradient. Our main aim
was to answer the following question: How does the relative visitation of bees, birds, and flies
on H. revolutum change along the elevational gradient? H. revolutum is one of the main nectar
sources on the montane grasslands (Bartos et al., 2012; Janecek et al., 2024). We hypothesise
that there will be a turnover of pollinator functional groups across the elevational gradient.

Thus, we expect bees to be more frequent floral visitors at the lower elevations, with increasing



bird activity at high elevations. Moreover, we hypothesized a shift in insect visitor functional
groups across the elevational gradient. In this sense, we expect a turnover from bee to fly
dominated visitation. As a secondary aim, given that Cinnyris reichenowi (Nectariniidae) is the
main bird visitor of H. revolutum and is sexually dimorphic, we aimed to explore sexual
differences in floral visitation in relation to elevation. Nectar levels in the flowers inside the
territory are kept low by frequent bird visits, as observed in other nectar-feeding birds
(Feinsinger & Colwell, 1978; Lara et al., 2009). Thus, we expect males of C. reichenowi to
visit H. revolutum plants at a higher rate than females due to competitive exclusion from this

nectar rich sources and/or territorial behaviour.

2. Material and Methods

2.1. Study site

The study was conducted on Mount Cameroon (Fig. 1a). The data were collected at
four sites along an altitudinal gradient, representing four types of montane grasslands (Fig. 1b):
a) low elevation montane grassland around the locality of P&T dominated by tall grass
Loudetia simplex (c. 2300 m a.s.l.; P&T-1), b) mid-elevation montane grassland also around
the locality of P&T representing the transition from tall to short grassland vegetation (c. 2800
m a.s.l.; P&T-2), c) mid-elevation montane grassland around the 1989 lava flow (3200 m a.s.1.),
species rich grasslands with typical occurrence of grasses such as Andropogon spp., Sporobolus
montanus, and Koeleria capensis , and d) high elevation montane grassland around the locality
of Camp 2 (3500 m a.s.l.) with sparse vegetation dominated by Fesfuca abyssinica. Mount
Cameroon presents distinct seasonality (Maicher et al., 2020), with a period of water shortage
(mid-November to February) combined with a wet season of heavy rains (June to September).

Data were collected during two expeditions in two periods: one in the interseason period from



wet to dry (November 2021) and once in the interseason from dry to wet season (May 2022);

during each expedition all sites were sampled.
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Figure 1. Location of Mount Cameroon and our sampling points within Cameroon: A)
Topographical map of Cameroon; B) Topographical map of Mount Cameroon with the
geographical position of our sampling locations. Four different elevations were sampled: P&T-
1 (c. 2300 m a.s.l.), P&T-2 (c. 2800 m a.s.l.), Lava flow (3200 m a.s.1.), and Camp 2 (3500 m
a.s.l.) The different colours represent the two periods sampled: transition season from wet to
dry (in red) and from dry to wet (in purple); C) Male Cinnyris reichenowi (Northern double-

collared sunbird) visiting the flowers of Hypericum revolutum (Photo credit: Stépan Jane&ek).
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2.2. Study species

Our target plant species was Hypericum revolutum (Hypericaceae; Fig. 1c). H.
revolutum is a shrub or small tree of open forest, forest margins and montane woodland and
grasslands, native to the Arabian Peninsula and Africa (Robson, 1961). On Mount Cameroon
it is commonly found at altitudes between 2000 and 3700 m a.s.1 (personal observation). Single

bright yellow flowers form at the ends of branches, up to 5 cm in diameter.

The main bird visitor of Hypericum revolutum on Mount Cameroon montane grasslands
is Cinnyris reichenowi (Fig. 1¢). On Mount Cameroon, individuals of this sunbird weigh 7—10
g and have a bill length of 1.6-2.2 cm (Sejfova et al., 2021). Cinnyris reichenowi has a very
wide elevational range, occurring from 1100 (Janecek et al., 2024) up to 2780 m a.s.l on Mount

Cameroon (Cheke et al., 2001).
2.3. Observation of plant-bird and plant-insect interactions

Plant-bird interactions were recorded by direct observation of bird visitors. Due to the
openness of the landscape, we observed at least 10 shrubs at the same time. We observed each
shrub during an eight hour period. At each elevation, we aimed to observe 40 shrubs of our
target plant species. We carried out observations during two consecutive days at each elevation.
We chose those shrubs whose flowers were fresh and recently opened. Observations were made
simultaneously by two observers which were seated at least 100 m apart to avoid recording the
same bird visitor twice. We recorded all bird visitors to the species level. Moreover, when
possible, we recorded the sex of the visitors. Due to difficulties to find flowering plants at some

elevations the number of observed plants differ between each elevation.

We calculated bird visitation frequencies per shrub individual as follows:

Visitati ( n? of visits )
isitation frequency = | ————
freq Y observed time



thus, we obtained a visitation frequency that is standardized by the number of hours so all the

plant shrubs can be compared.

To estimate the abundance of insect visitors across the elevational gradient, we counted
the total number of insects present in the flowers of each shrub. The counting took place three
times per day (i.e., morning, noon, afternoon) and in all the plants observed. Moreover, insect
visitors were classified to functional groups: bees or flies. From every plant observed we also
recorded the number of flowers, thus, insect visitation was estimated as the abundance of

insects per flower, as follows:

n? of insects
Insect abundance = (—)
n? of flowers

2.4. Statistical analysis

To explore the general patterns along the elevational gradient in bird visitation we firstly
fit our dataset to Generalized Additive Models (GAM, Wood 2006) opting for a hurdle
approach. GAM models avoid the explicit specification of a functional form for the relationship
between the response variable and predictor variable, allowing the identification of nonlinear
relationships without the need for subjective and pre-determined model specifications. Instead,
nonparametric smoothers (i.e., splines) are employed to depict the relationship, offering
flexibility and adaptability in capturing complex patterns (Wood 2006). Hurdle models are

suitable for zero inflated datasets.

First, we dummy coded with zeros and ones bird visitation to calculate the probability
of visitation in relation to elevation (GAM;). We set the distribution to binomial with a logit
link. For the non-zero continuous part (visitation; GAMir), we set the distribution to “gamma”
with a link function and modelled the frequency of bird visitation. In both models, fixed factors
were elevation (with a smoothing term), number of flowers, and study period (i.e., wet-dry or

dry-wet). Second, and since, most of the visits recorded were made by Cinnyris reichenowi a



third GAM model (GAMu), with the same settings as model GAMMj, to model the probability
of visitation across the elevational gradient by C. reichenowi individuals. Third, since C.
reichenowi 1s a highly dimorphic species we aimed to investigate the effects of sex on bird
visitation. Hence, a fourth GAM (GAM]yr) model was built to account for differences in the
frequency of visitation of each sex. This model included elevation (with a smoothing term),
number of flowers, study period, and sex as fixed effects. In GAMMru and GAMM;v the
response variable was frequency of visitation. Last, to explore the interactive effects of season
and sex a fifth GAM model (GAMy.y1) was built. The structure of this model was the same as
model GAMy and GAMi. In this model, the response variable was the probability of visitation

by each sex.

We also created another set of GAMM models to explore the effects of elevation and
study period on the abundance of insects. First, we ran a logistic regression to predict the effects
of elevation on the presence of insects across the elevational gradient (GAM.,). We set the
distribution to binomial with logit link. Further, we ran another GAM model (GAM3) with only
the plants in which insects were found. In this model, the response variable was insect
abundance per flower in each observed plant. The distribution was set to Poisson with a log
link. In both models, fixed factors were elevation (with a smoothing term), number of flowers,
and study period. Further, to explore insect functional group shifts across the elevation we fit
another GAM model (GAMc). We set the distribution to binomial with logit link. In this model,
the proportion of flies relative to bees was used as a response variable. Fixed factors were
elevation (with smoothing term), number of flowers and study period. Finally, to explore the
activity of the different insect functional groups across the elevational gradient, we ran separate

models for bees and flies (GAMp.g) with the same specifications as model A and B.

In all models (i.e., GAMM1 and GAMM.,.c), we reduced the number of splines used

to calculate the smoothing term to five (Peters et al., 2019). We used the “gam” function from



the mgcv R package (Wood, 2011) to conduct these analyses. We carried out all the analyses

with R software V. 4.2.0 (2022).

3. Results

In total, we recorded 2727 bird visits on H. revolutum across the elevational gradient.
The visits were performed by five bird species: Euplectes capensis (Ploceidae), Cinnyris
bouvieri (Nectariniidae), Cinnyris reichenowi (Nectariniidae), Linurgus olivaceous
(Fringillidae), and Zosterops melanocephalus (Zosteropidae). Two of these species are
specialised nectarivores (C. reichenowi and C. bouvieri), whereas the other three species are
generalist passerine birds, mainly feeding on insects found on the flowers or flower parts
(personal observation). Of these five species most of the visits were made by C. reichenowi
(2541 visits, 93.18 % of all visits). C. reichenowi was recorded in all elevations during the wet
to dry transition period. Nonetheless, it was absent from the highest elevation during the dry to
wet transition period. We recorded the highest number of visitors at the locality of P&T-2 (1738
visits; ¢. 2800 m. a.s.l.). Plants at the lowest and highest localities received very few visitors
(50 and 55 visits respectively). Moreover, most the visits recorded happened during the
transition period from wet to dry season (e.g., 2311 visits; 84.75% of all the visits recorded).
Insect abundance was highest at the two lowest elevations during the dry to wet transition
season. Bees were most active at low elevations, whereas the activity of flies remained constant
across the elevational gradient. We recorded the highest proportion of bees in the lowest
elevation, with more than 75 % of insect visitors being bees. The relative proportion of bees to

flies decreased with elevation, with no bees recorded in the highest elevation.



3.1. Bird visitation and its relationship with elevation

The analysis of bird visitation probability in relation to elevation yielded a distinctive
hump-shaped pattern. As elevation increased, the probability of bird visitation initially
exhibited an upward trend, peaking at an optimal elevation range before gradually declining
(Fig. 2a). Moreover, the probability of visitation also increased with the number of flowers
each plant had (Fig. 2b). Additionally, we found an effect of the sampling period on the
probability of visitation. Plants during the interseason period from wet to dry season, had a
higher probability of visitation across the elevational range (Fig. 2a). The non-zero part of the
model showed similar results (see Table 1). We also observed a clear peak in visitation
frequency at around 2800 m a.s.l. and then a slight decrease towards the higher elevations

(Fig.2c). The interseason period from wet to dry had higher visitation frequencies (Fig. 2c¢).

3.2. Sex-specific visitation pattern on Hypericum revolutum

The probability of visitation by C. reichenowi individuals also showed a clear hump-
shape pattern in relation to elevation (Supplementary Fig. S1). Moreover, the study period had
a significant effect on this probability (Table 1). The probability of visitation by Cynniris
reichenowi males was not influenced by elevation (Table S1). Sampling period was the only
term of the model that influenced the probability of visitation by male individuals (Table S1).
Males showed higher probabilities in both interseason periods analysed (Supplementary Fig.
S2). Females showed a decrease in the probability of visitation from wet-dry to dry-wet
interseason periods. However, this pattern was opposite for males (Supplementary Fig. S2).
Elevation together with the number of flowers had a significant effect on the visitation
frequency of the species (Table 1). Its visitation frequency also peaked at around 2800 m a.s.1
(Supplementary Fig. S3). The term “sex had a nearly significant effect on the frequency of

visitation (Table 1).



Table 1. Summary of all GAM models for the bird dataset. Model I include all plants studied, both visited and non-visited. Model II includes only

the visited plants, and the frequency of visitation is pooled for all visitors a plant received. Models III and IV only include visits made by C.

reichenowi. Model III modelled the probability of visitation of C. reichenowi individuals, whereas Model IV shows the changes in visitation

frequency across the elevation for both sexes of C. reichenowi. Significant values are presented in bold.

Parametric coefficients

Approximate significance of smoothed terms

Model description Term  Estimate Std. t-value P-value  Term edf Ref. df F-value P-value
Error
I. Probability of visitation -
elevation
Z Family: Binomial Intercept  -1.771 0.321 -5.505 0.000  Elevation 2.784 3.115 59.21 0.000
=  Link function: logit Flowers 0.068 0.017 3912 0.000
= Period 1.055 0.381 2.765 0.005
T 1L Frequency of visitation -
2 elevation
< Family: Gamma Intercept  -0.835 0.203 -4.104 0.000 Elevation 3.057 3.309 17.3 0.000
Link function: log Flowers 0.065 0.007 8.642 0.000
Period 0.686 0.222 3.080 0.002
I11. Probability of
__ visitation-elevation
§ Family: binomial Intercept  -1.132 0.298 -3.799 0.000  Elevation 2.997 3.326 72.07 0.000
S Link function: logit Flowers 0.018 0.012 1.501 0.164
S Period 0.859 0.353 2428 0.015
¥ IV. Frequency of visitation-
£ elevation
S Family: Gamma Intercept  -0.792 0.305 -2.594 0.010  Elevation 2918 3.163 12.29 0.000
O  Link function: log Flowers 0.056 0.008 6.951 0.000
Period 0.143 0.274 0.522 0.602
Sex 0.384 0.198 1.940 0.054
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Figure 2. Results from the modelling of the probability of visitation and the frequency of

visitation by birds. a) Probability of visitation across the elevational gradient; b) Marginal effect

of the number of flowers in the probability of visitation; c) Modelled visitation frequency for

visited plants across the elevational gradient. Dots represent the observed interaction

frequencies at each sampled elevation. Results are presented for both seasons sampled:

interseason from dry to wet season (in light brown), and interseason from wet to dry season (in

dark blue).



3.3. Altitude-driven bee-to-fly transition

The logistic regression model, in which we tried to explain the probability of the presence of
insects on individual plants, showed that only the number of flowers was a significant factor
(Table 2). The probability of finding insect visitors increased with the number of flowers per
plant (Supplementary Fig. S4a). When considering only those plants where insects were found,
the number of visitors per flower increased with the total number of flowers (Table 2). The
highest number of insect visitors was found around 2800 m a.s.l. (Supplementary Fig S4b).
The proportion of flies to bees increased with elevation (Table 2; Supplementary Fig. S5). At
low elevations more than 75 % of insect visitors were bees. The turnover in insect pollinator
functional groups was observed at around 2600 m a.s.l. At high elevations only flies were
found, whereas at low elevation bees where more prominent. Moreover, the proportion of flies
to bees was higher irrespective of the interseason period considered (Supplementary Fig. S6).
When considering each insect functional group separately two main patterns were found. First,
the probability of finding bee visitors decreased with elevation (Table 3 and Supplementary
Fig. S6). Nonetheless, bee visitation frequencies on visited plants were not influenced by any
of the terms included in the model (Table 3). Second, the probability of fly visitation and its
frequency were not influenced by elevation (Table 3). Fly activity remained constant across the
elevational gradient (Fig. 3). Fly visitation probability increased with the number of flowers
and during the dry to wet interseason period, and their abundance per flower increased during

the transition season from dry to wet season (Supplementary Fig. S7).



Table 2. Summary of all GAM models run for the insect dataset. Model A includes all plants studied. Model B includes only plant where insects

were found. In models A and B, both insect functional groups are analysed together. Model C represents the proportion of flies relative to bees

across the elevational gradient. Significant values are presented in bold.

Parametric coefficients

Approximate significance of smoothed terms

Model description Term  Estimate Std. Error  t-value P-value  Term edf Ref. df  F-value P-value
A. Insect presence-elevation
Family: Binomial Intercept -1.141 0.259 -4.400 0.000 Elevation 1.269 1.486 0.426 0.474
Link function: logit Flowers 0.060 0.014 4.288 0.000

Period -0.532 0.346 -1.535 0.125
B. Insect count-elevation
Family: Poisson Intercept 0.115 0.297 0.372 0.710  Elevation  1.000 1.000 0.145 0.703
Link function: log Flowers 0.066 0.028 -2.293 0.021

Period -0.628 0.503 -1.248 0.212
C. Proportion of flies-elevation
Family: Binomial Intercept 2.858 0.936 2.545 0.002  Elevation 1.030 1.060 13.95 0.000
Link function: logit Flowers 0.017 0.033 0.164 0.600

Period -2.202 1.030 -1.626 0.032




Table 3. Summary of all GAM models run for the different insect functional groups. Two separate sets of models were run for bees and flies.

First the probability of visitation in relation to elevation for each insect functional group (Models D and F), and second the abundance (no. of

insects/flower) in relation to elevation (Models E and G). Models D and F include all plants observed, whereas models E and G include only those

plants where insects were found. Significant values are presented in bold.

Parametric coefficients

Approximate significance of smoothed terms

Model description Term Estimate Std. t- P- Term edf Ref. df F-value P-value
Error value  value
D. Bee presence-elevation
Family: Binomial Intercept -3.959 0.718 -5.511 0.000 Elevation 2.764 3.312 13.880 0.003
Link function: logit Flowers 0.036 0.019 1902 0.057
8 Period 0.896 0.684 1309 0.190
m  E. Bee count-elevation
Family: Poisson Intercept -4.724 1.190  -3.969 0.000 Elevation 1.000 1.000 2.739 0.098
Link function: log Flowers -0.005 0.047 -0.106 0.916
Period 0.652 1.370  0.476 0.634
F. Fly presence-elevation
Family: binomial Intercept -1.109 0.258 -4.297 0.000 Elevation 1.000 1.000 1.614 0.204
Link function: logit Flowers 0.054 0.013 3914 0.000
k] Period -0.893 0.358  -2.490 0.018
& G. Fly count-elevation
Family: Poisson Intercept -1.453 0.274 -5.293 0.000 Elevation 1.000 1.000 0.017 0.896
Link function: log Flowers -0.014 0.025 -0.580 0.561
Period -1.470 0.515 -2.851 0.004
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Figure 3. Activity of all the pollinator functional groups across the whole elevational gradient.
The fitted curves include both visited and not visited plants at each sampled location. The
activity was normalized (mean normalization; (x-mean)/(max-min)) allowing comparison
among different kinds of measurements. Pollinator activity is shown in two different ways.
Visitation frequency of birds (visits/h; red line), and insect abundance (no. insects/flower) for
bees (green line) and flies (purple line). For graphing purposes the fitted lines were produced
with a GAM smothing function. For a figure including the observed normalized data points

see supplementary material Figure S8.



4. Discussion

Our study confirms the turnover of pollinator functional groups across the elevational
gradient. Specifically, bees are the primary visitors to Hypericum revolutum at lower elevations,
while bird activity increases at higher elevations. The activity of flies remains constant across
the gradient. Therefore, the increased proportion of flies at higher elevations is attributed to a
decline in bee abundance rather than an increase in fly abundance. Consequently, our findings
align with previous studies indicating the dominance of birds and flies in providing pollination
services at higher elevations (Cruden 1972; McCabe & Cobb, 2021). These shifts in pollinator
functional groups across the elevational gradient present a challenge for H. revolutum
populations, forcing local adaptation to the varying pollinator community (i.e., mosaic

coevolution theory in plant-pollinator interactions; Anderson & Johson, 2007).

Further, we can confirm the difference in visitation frequencies among C. reichenowi
sexes. We found that male C. reichenowi individuals had higher visitation frequencies across
the whole elevational gradient. Female probability of visitation dramatically decreased during
the dry to wet transition period. These differences are likely due to exploitative competition
exerted by males, and downward altitudinal migration by females as pointed out by previous

studies (Janecek et al., 2024).

4.1. Bird visitation and its relationship with elevation

Cruden (1972) demonstrated that bee-pollinated plants at high altitudes were less
effectively pollinated compared to bird-pollinated plants, suggesting that harsh environmental
conditions at high altitudes act as an environmental filter for bee flower visitors. Similarly, our
study found a distinct hump-shaped relationship between bird visitation and elevation, with a
peak around 2800 m a.s.l. Huang et al. (2017) also observed that sunbirds were more efficient
pollinators for Rhododendron species at high elevations. Similarly, Hua-Qiang et al. (2021)

found that Eleagnus umbellata populations living at high elevations were more dependent on



sunbirds for providing pollination services. Nonetheless, Basnett et al. (2019) reported the
opposite pattern, with bird activity decreasing with increasing elevation. In their study, sunbird
abundance decreased at altitudes above the timberline suggesting that those species are
restricted to the forest elevational gradient. Contrarily, C. reichenowi is a generalised bird
species with a wide elevational range expanding from the mid-elevational forest to the high
altitude montane grasslands. In fact, our study reports a higher altitudinal maximum for C.
reichenowi than the previously reported by Cheke et al. (2001). We recorded visits of C.
reichenowi at 3500 m a.s.l., which is almost 1000 m higher than the previous altitudinal

maximum for the species.

Our study did not consider population sizes at each elevation which could also explain
the mid-elevation peak. However, two non-mutually exclusive explanations can be given. First,
the mid-elevation peak in bird visitation can be the outcome of processes acting at the
community level. In our study sites, we observed other generalised bird visitors on H.
revolutum plants specially at high elevations (personal observation, e.g., Linurgus olivaceus,
and Zosterops melanocephalus). These generalised bird visitors may compete with C.
reichenowi for nectar resources, making them less abundant at high elevations. Sunbirds are
known to be driven by nectar rewards (Chmel et al. 2021), therefore C. reichenowi individuals
might prefer to forage at mid-elevations where competition is less intense, and nectar resources

are higher.

Second, the lower frequencies observed at low elevations may also be attributed to
higher resource availability near the montane forest. For example, C. reichenowi individuals
might travel between the resource-rich montane forest and the low-elevation montane
grasslands. JanecCek et al. (2022; 2024) demonstrated that sunbirds feed on ornithophilous
plants such as Impatiens sakeriana and generalized plants like Nuxia congesta, which entail

big amounts of nectar in the montane forest.



4.2. Sex-specific visitation pattern on Hypericum revolutum

Besides the middle-elevation peak in bird visitation we also observed sexual differences
among C. reichenowi individuals. It is well known that nectarivorous birds display territorial
behaviour to defend their feeding patches (Cotton, 1998; Justino et al., 2012). In our system,
we often observed C. reichenowi males engaging in territorial behaviour, excluding not only
C. reichenowi females but other bird species (i.e., Zosterops melanocephalus). These
observations could explain female birds' lower visitation frequencies and probabilities, as
shown by Lara et al. (2009). On the other hand, females of C. reichenowi are less conspicuous,

which could affect their detectability.

In addition, the C. reichenowi breeding season occurs during the wet-dry transition and
dry seasons of Mount Cameroon, and therefore, out of this period, a balance sex-ratio is not
necessarily expected. In this sense, altitudinal migrations out of breeding areas are well
documented for many bird species (Boyle, 2010; Rappole, 2013; Barcante et al., 2017). Janecek
et al. (2024) showed a downward altitudinal migration of C. reichenowi females during the wet
season of Mount Cameroon. This observation could explain the lower frequencies and
probabilities of females observed. Therefore, males will remain in the breeding territories while
females would altitudinally migrate, coming back to higher elevations during the reproductive

s€ason.

4.3. Altitude-driven bee-to-fly transition

The abundances of Hymenoptera and Diptera along the elevational gradient in our study
supported the predicted bee-to-fly transition with increasing elevation, as many previous
studies have reported (Peters et al. 2016; Lefebvre et al. 2018; McCabe & Cobb 2021). Our
study found that the ratio of flies to bees increased with elevation, with the turnover occurring

around 2600 m a.s.l. Diptera species are well known to be better attuned to cooler



environments, due to their lower energy requirements and thermoregulatory capabilities
(Strathdee & Bale, 1998). On the other hand, hymenopterans are typically associated with

warmer and dryer conditions (Devoto et al., 2005).

The observed transition from bee to fly dominance in our study is attributed to a decline
in bee activity with increasing elevation, rather than an increase in fly abundance. Classen et
al. (2015) found that the number of bee-plant interactions increased linearly with temperature
on Mount Kilimanjaro, indirectly supporting our findings. Moreover, Kearns (1992)
demonstrated that the predominance of flies on flowers at high elevations appeared to result
from a decrease in the presence of other insect orders (e.g., Hymenoptera). Consequently,
elevation, serving as a proxy for decreasing temperatures, functions as an environmental filter,

excluding bee pollinators from higher altitudes.

This filtering effect of elevation can also help to explain why we observed that the ratio
of flies to bees was higher than that of bees irrespective of the study period considered. Our
lowest sampling location was at 2250 m a.s.l. Additionally, the ratio of flies to bees had an
upward trend during the dry to wet interseason period. This increase in the proportion flies is
likely caused by the increased probabilities and abundances observed during this period.
Dipteran larvae develop in semi-aquatic and moist conditions (McCabe et al., 2019). Thus, an
increase in precipitation during the transition period form dry to wet season can help to explain
the observed increase in fly abundances. Nonetheless, this explanation deserves further

investigation in the future.



4.4. Evolutionary implications of pollinator functional group turnover across the

elevational gradient

The differential distribution of flower visitors along the elevation serves as template for
the geographical mosaic of coevolution between H. revolutum and its floral visitors
(Thompson, 2005). These differences could make floral traits to be subjected to pollinator-
driven selection to increase plant reproductive success. For example, Maguifia-Conde et al.
(2023) found strong correlation between pollinator and floral traits of Costus guanaiensis along
a neotropical elevational gradient. Moreover, these authors found how sugar concentration in
nectar was more attuned to hummingbird pollination at higher elevations. Additionally,
Anderson & Johnson (2007) also found reciprocal coadaptation, which resulted in trait
covariation, among the long-tongued fly Prosoeca ganglbaueri and its main floral resource.
Cuartas-Hernandez et al. (2019) also showed how two sympatric Anthurium spp. species
covaried in their floral traits with their main floral visitors along an elevational gradient in the

Colombian Andes.

In our study, despite the prevalence of different pollinator groups across various
elevational zones, their actual effectiveness as pollinators remains largely unexplored, and this
should be object of next research. Effective pollination and related imposed selection pressures
are necessary condition for patterns of trait covariation among pollinators and floral traits. In
this sense, two studies demonstrated that bird floral visitors were not necessary pollinators of
H. revolutum in Bamenda highlands near the timberline where the bees are the main visitors
(Janecek et al., 2007; Bartos et al, 2015), which is in accordance with our observation of bee
prevalence in these elevations. Moreover, the contribution of flies to the pollination of
Hypericum revolutum is also questionable. For example, Bischoff et al. (2013) showed that
although flies were the most frequent visitors of plants at high elevations, thy do not collect the

pollen needed to provide effective crosspollination. Therefore, in high elevation ecosystems,



plants may increasingly rely on self-pollination because of reduced availability of insect

pollinators (Totland & Sottocornola, 2001).

4.5. Conclusions

The three functional groups of flower visitors, namely bees, birds, and flies, exhibit distinct
distributions along the elevational gradient. Lower elevations appear to be predominantly
populated by bees, whereas birds and flies become increasingly significant at mid and high
elevations, respectively. This zonation of pollinator functional groups across the elevational
gradient is similar to that reported by Adedoja et al. (2018). One question that remains
unanswered is how this differing distribution affects plant reproductive success. Therefore,
further investigation into the specific roles and effectiveness of each pollinator group is needed.
Future research on H. revolutum on Mount Cameroon should investigate how pollinator and
floral traits may covary across the elevational gradient, potentially driven by coevolutionary
processes at the population level. Finally, the role of self- and crosspollination at high

elevations should also be investigated.
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Table S1. Summary of the GAM model predicting the probability of visitation by males of C. reichenowi (GAMy.y1). Male visitation was coded

as one, whereas female visitation was coded as zero. The opposite model was also run. Only the one for males is presented.

Model description

Parametric coefficients
Term estimate  Std. t- P-
Error value  value

Approximate significance of smoothed terms
Term edf Ref. df F-value P-value

Probability of visitation male -elevation
Family: Binomial
Link function: logit

Intercept 3.123 1.029 3.033  0.002
Flowers -0.005 0.015 -0.377 0.706
Period | -2.747 1.051 -2.613 0.008

Elevation 1.776  2.227 0.328 0.785
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Figure S1. Probability of visitation across the elevation gradient by individuals of Cinnyris
reichenowi. Dots represent the observed probability values at each sampled elevation. Results
are presented for the two periods sampled: interseason from dry to wet season (in light brown),
and interseason from wet to dry season (in dark blue). The solid line represents the estimated

probability by the GAMm model, whereas the shaded area represents the confidence interval.
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Figure S2. Marginal effects of season on the probability of visitation of each sex of C.
reichenowi. Dotted lines represent the confidence intervals calculated by the model. Solid dots
represent the estimated probability of visitation in each study period. Solid lines represent the

trend between the two study periods.
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Figure S3. Visitation frequency (visits/h; A), and results of the GAM model (B) for C.
reichenowi across the elevational gradient. The shade areas represented the confidence interval

based on the model parameters and the dots represent the observed values for both males and

females.
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Figure S4. Results from the insect visitor dataset. A) Marginal effect of the number of flowers
on the presence/absence of insect visitors. B) Distribution of insect counts at each sampled

location for those plants where insects were found.
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Figure S5. Change in the relative proportion of insect functional groups across the whole
elevation gradient. The proportion of bees to flies becomes higher at high elevations, as
predicted by the bee-to-fly transition. The fitted curves correspond to the model predictions of
Model C (see methods section for a description of this model). Shaded areas correspond to the

confidence intervals of the model.
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Figure S6. Change in the relative proportion of insect functional groupsamong the interseason
periods studied. The fitted curves correspond to the model predictions of Model C (see methods
section for a description of this model). Dotted lines correspond to the confidence intervals of

the model.
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Figure S7. Results from the GAM models fitted for flies ( A,B, & C), and flies (D) separately.
A) Marginal effect of the number of flowers on the presence/absence of fly visitors. B)
Marginal effect of study period on the presence/absence of fly visitors. The solid lines represent
the prediction of the GAM model; dotted lines represent the confidence intervals of the model.
C) Marginal effect of study period on the activity (no. flies/no. flowers) of ly visitors. D)
Marginal effect of elevation on the presence/absence of bee visitors. The shaded are represents

the confidence interval of the model.
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Figure S8. Activity of all the pollinator functional groups across the whole elevational gradient.
The fitted curves include both visited and not visited plants at each sampled location. The
activity was normalized (mean normalization; (x-mean)/(max-min)), allowing comparison
among different kinds of measurements. Pollinator activity is shown in two different ways.
Visitation frequency of birds (visits/h; red line), and insect abundance (no. insects/flower) for
bees (green line) and flies (purple line). For graphing purposes the fitted lines were produced
with a GAM smothing function. The dots represent the observed normalized activities of each

pollinator functional group.
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