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Abstract—In pollination systems with a diverse community of floral visitors, qualitative and quantitative variations
in Pollination effectiveness can lead to a system in which higher effectiveness results from the synergetic contribution
of multiple pollinators. By employing a series of field and laboratory experiments in the south Andes of Ecuador, we
compared the effectiveness of hummingbirds and nocturnal mammals visiting Oreocallis grandiflora, an Andean
member of the Proteaceae. Pollinator effectiveness was measured with a quantitative component that assessed visitation
rates to inflorescences and number of contacted stigmas per visit, and with a qualitative component based on the
number of deposited pollen grains in stigmas. Effectiveness estimates were complemented with controlled pollination
experiments that contrasted fruit and viable seed set among flowers exposed to either diurnal or nocturnal pollination,
self-pollinated flowers, and a control group with flowers exposed to naturally occurring pollination. Six species of
hummingbirds and two species of nocturnal mammals visited the flowers of O. grandiflora. Hummingbirds
outperformed nocturnal mammals in the quantitative components of pollination, while mammals were more effective
than hummingbirds in the qualitative component. Pollination success was higher for the control group than for the
other treatments, while hummingbirds and mammals performed similarly. Our findings suggest a case of functional
complementarity in pollination: hummingbirds’ quantitative effectiveness complements nocturnal mammals’
qualitative effectiveness. Furthermore, our study demonstrates that pollination success in plants can be greater when
flowers are visited by the whole diversity of pollinators.
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INTRODUCTION

The vast majority of angiosperms rely on a diversity of
animal pollinators to successfully complete reproduction
(Ollerton et al. 2011). Nonetheless, there is a large variation
in the pollination performance as not all animal groups are
equally effective at pollinating the plants they visit (Stebbins
1970; Padysakové et al. 2013; Krauss et al. 2017). Although
the development of quantitative frameworks to measure
effectiveness of pollinators has provided important insights
into the reproduction effects that result from the visit of a
pollinator to a flower (e.g. Ne’Eman et al. 2010; Schupp et al.
2017; Willcox et al. 2017), there is still much to learn about
the factors influencing variations in effectiveness among
pollinators, especially in areas of high diversity such as the
tropical Andes. Comparing the effectiveness of pollinators
from different functional and taxonomic groups, such as birds
and mammals, can unveil key information about how different
foraging behaviours, activity times and morphologies can
determine the pollination performance of a pollinator. This
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information is also crucial for a better understanding of the
ecology and evolution of animals and plants that are part of
pollination interactions (Gémez & Zamora 2006; Schleuning

et al. 2015; Armbruster 2017).

Many methods have been proposed to measure the
effectiveness of pollinators (Ne’Eman et al. 2010; Schupp et
al. 2017); however, the most common approaches focus on
methods that partition effectiveness into quantitative and
qualitative components (Herrera, 1987, 1989; Wilcox et al.
2017). The quantitative component usually measures the
frequency of the interaction between a pollinator and a plant
(e.g. visitation rates; Herrera 1987; Vizquez et al. 201S5;
Schupp et al. 2017), and the qualitative component measures
the outcome of a pollinator visit (e.g. pollen deposition;
Muchhala & Thomson 2010; Dellinger et al. 2019, but see
Herrera 1987, Schupp et al. 2017 for other aspects of
measuring quality). When comparing pollination effectiveness
among poﬂinators, differences may arise from variation in
both components of effectiveness (e.g. Rodriguez-Rodriguez
et al. 2013; Zych et al. 2013). For example, a pollinator that
exhibits high visitation rates (quantitative component) may
deposit a small number of pollen grains (qualitative
component; Madjidian et al. 2008). In contrast, a pollinator
may have low visitation rates but deposit a high number of

pollen grains during each visit (Muchhala & Thomson 2010).
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In this context, detailed estimates of pollinator performance,
in quantitative and qualitative terms, are critical to the
understanding of how effectiveness varies among different
pollinators.

Moreover, although visitation-based methods are useful to
compare the relative contribution of multiple pollinators toa
commonly visited plant, they do not consider other factors
that can influence pollination success (e.g. genetic quality of
the pollen). Thus, measures of pollination effectiveness should
be complemented by information about pollination success,
such as fruit and seed set (Schupp et al. 2017; Willcox et al.
2017).

Pollination by vertebrates is widespread in the
Neotropical region, with hummingbirds and bats recognized
as the most important vertebrate groups (Bawa 1990; Fleming
et al. 2009; Garibaldi et al. 2011; Anderson et al. 20106). Birds
and bats can be highly effective pollinators because they are
active in variable environmental conditions (e.g. rain, variable
temperature, day and night, etc.) and have relatively large
home ranges that promote outcrossing among plants (Sahley
1996; Abe et al. 201I; Krauss et al. 2017). However,
morphological and  behavioural  differences  between
hummingbirds and bats may result in contrasting
contributions to the components of pollination effectiveness
(Sahley 1996; Amorim et al. 2013; Aguilar-Rodriguez et al.
2016). For instance, hummingbirds can have higher floral
visitation rates than bats (Queiroz et al. 2016), and thus be
quantitatively more effective. Nonetheless, the fur in
mammals could gather, hold and deposit more pollen grains
in consecutive visits to flowers compared to the feathers of
hummingbirds, resulting in qualitatively superior effectiveness
(Muchhala & Thomson 2010). Detailed studies comparing
pollination effectiveness between hummingbirds and bats are
still scarce in Neotropical regions (Muchhala et al. 2009;
Aguilar-Rodriguez et al. 2014).

Oreocallis grandiflora (Proteaceae) is an Andean shrub
ideally suited to explore variations in pollination effectiveness
among pollinators. It is a locally common species, with
inflorescences available throughout the year, and is pollinated
by difterent functional groups (Prance et al. 2007; Hazlehurst
etal. 2016). In the southern Andes of Ecuador, O. grandiflora
is visited by at least seven hummingbird species during day
hours, and the bat Anoura geoffroyi during night hours
(Hazlehurst et al. 2016). In addition, it was recently
discovered that O. grandiflora is also visited by the Andean
mouse, Microryzomys altissimus, during night hours

(Cérdenas et al. 2017).

We used observations and field experiments to compare
the quantitative and qualitative effectiveness of hummingbirds
and nocturnal mammals as pollinators of O. grandiflora. We
complemented effectiveness measures by assessing the
pollination success of flowers visited by hummingbirds and
mammals. We predicted that: I) hummingbirds would
outperform mammals in the quantitative component; 2)
mammals would outperform hummingbirds in the qualitative
component. Within this context, we expected to find a similar
pollination success in flowers of O. grandiflora visited by
hummingbirds and mammals.
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MATERIALS AND METHODS

Study area

The study was conducted in the Estacién Cientifica El
Gullan (3020'17.35" S, 79°10'16.89" W), a research station
owned and managed by Universidad del Azuay, located within
the Azuay province in the southern Andes of Ecuador. El
Gullan comprises 136 hectares, and covers an elevation range
from 2,800 - 3,100 m asl. There is a rainy season from
October to April and a dry season from May to September.
The total annual precipitation in the region averages 820 mm
(Luna-Romero et al. 2018). The vegetation is high-elevation
montane scrub. Representative plant species include Bejaria
resinosa (Ericaceae), Bomarea glaucescens (Alstroemeriaceae),
Hesperomeles obtusifolia (Rosaceae), Oreocallis grandiflora
(Proteaceae), Pernettya prostrata (Ericaceae) and Viburnum
triphyllum (Adoxaceae). Field work extended from August
2015 to July 2016.

Study species
Oreocallis  grandiflora Lam. R.Br. (Proteaceae) is

distributed from central Ecuador to southern Peru, across an
elevation range from 1,000 to 4,000 m asl (Prance et al.
2007). It can be found among a variety of vegetation types,
including montane forest, montane scrublands and high
elevation elfin forest (Ulloa Ulloa & Jorgensen 1993;
Homeier et al. 2008). It is typically a shrub, but some
individuals can grow into trees up to 10 m in height.

O. grandiflora displays terminal inflorescences 7 to 38 cm
in length, with flower colour and morphology varying among
populations (Ulloa Ulloa & Jergensen 2004; Hazlehurst et al.
2016). In the studied population, the flower colour was
uniformly creamy white (Fig. I). The flowers are protandrous,
and male and female flowers are present simultaneously; tepals
are connate and the style apex is modified into a disc-shaped,
slightly conical pollen presenter that surrounds the stigma and
faces up and away from the centre of the inflorescence (Fig.
I). Anthesis occurs when tepals curve back to free the style
apex/ pollen presenter, which can happen during the day or
night. Stigma receptivity lasts up to IS days, and selfing can
occur if pollen is left untouched on top of pollen presenters
(personal  observations). Nectar production  continues
throughout the day and night, with a mean 24 - hr nectar
accumulation rate of 31.7 £ 3.5 (SE) pl, and a mean sugar
concentration of 27.8 = 1.6 (SE) % Brix (Hazlehurst et al.
2016). The main flowering season goes from March to June,
although some flowers are available throughout the year.

Field methods

We explored differences in pollinator effectiveness
between hummingbirds and nocturnal mammals by obtaining
field data on the quantitative and qualitative components of
pollination. The quantitative component comprised visitation
rates to inflorescences and number of contacted stigmas per
visit, whereas the qualitative component was based on the
number of deposited pollen grains. Data on bats and mice
were combined in a “nocturnal mammals” group. Insects
rarely visit O. grandiflora inflorescences, and they do not seem

to play a role in the pollination of this species (Hazlehurst et
al. 2016; Cardenas et al. 2017).
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FIGURE I:  An individual of Oreocallis grandiflora from the
study area, detail of an inflorescence. Photo by Pedro Machado T.

Quantitative component:

Floral visitation rate and number of contacted stigmas:

Floral visits were recorded using video cameras during day
and night hours on 152 separate inflorescences from 152
different plants. During the daytime we used 4 Sony
Handycam DCR-SX45 cameras, each camera recording one
inflorescence for ten hours. Recordings were done during two
sampling periods, from 0600 to 1100 h and from 1200 to
1700 h. The same inflorescences were sampled again during
night-time with another set of 4 Bell & Howell DNVI6HDZ
night vision cameras equipped with infrared lights (Sony
HVL-LEIRI). The night-time sampling hours were from
1900 to 2400 h and from 2400-0500 h. Overall, we obtained
760 hours of day-time and 760 hours of night-time

recordings.

The videos were manuaﬂy processed to obtain two
complementary measures of the quantitative component of
pollination: Visitation rates to inflorescences and number of
contacted stigmas. Visitation rate to inflorescences provides
information about the potential number of pollinating visits.
It was calculated as:

Vi
RL' =
t
With:
R = Visitation rate to inflorescence 7
V: =Number of visits to inflorescence 1

t =Number of sampling hours

The number of contacted stigmas (single flowers) per visit
is related to the behaviour of a given pollinator once a visit to
an inflorescence occurs, and it was obtained for each visit of
an animal to an inflorescence.

Qualitative component
Number of deposited pollen grains:

Small pieces of clear double-sided adhesive tape (ABRO

Industries) were placed on top of stigmas in order to collect
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pollen grains transferred by pollinators during floral visits
(Muchhala & Thomson 2010). The pieces of adhesive tape
were attached to the stigmas by pasting one end to the other,
forming an adhesive loop around the pollen presenter. A total
of 621 stigmas from 68 inflorescences and 34 plants were
used (two inflorescences per plant). The number of stigmas
sampled per inflorescence was based on the availability of
flowers according to the following design:

- 4-8 stigmas exposed to hummingbird-pollination:
Adhesive tape applied just before dawn and removed just
before dusk.

- 4-8 stigmas exposed to nocturnal mammal-pollination:
Adhesive tape applied just before dusk and removed just

before dawn.

Because stigma receptivity in O. grandiflora can last for 15
days (personal obs.), pollen deposition was considered as a
cumulative process (Pady$ikovi et al. 2013). After 12 hours
of exposition, the adhesive pieces of tape were collected and
pasted onto microscope slides. The number of pollen grains
were counted using a microscope.

The number of deposited grains of pollen in stigmas
containing pollen loads was calculated as:

Piz?

With:

Pr= Deposited grains of pollen per stigma hour.
S= Number of pollen grains collected in stigma 1.
£ =Number of hours exposed.

Pollination success

To complement the information provided by the
qualitative and quantitative components of effectiveness, an
experimental exclusion study was done to measure pollination
success by means of fruit set and seed set (Willcox et al.
2017). In order to explore more about the dependence of O.
grandiflora  to animal pollination, O. grandiflora
inflorescences were exposed to four different experimental
treatments:

- Exposure to hummingbird pollination: Inflorescences
were exposed exclusively during day time hours and
covered during night time hours.

- Exposure  to  nocturnal  mammal  pollination:
Inflorescences were exposed during night time and
covered during day time hours.

- Full exclusion from pollinators: Inflorescences were
completely excluded during day and night to prevent any
visit of pollinators. This treatment allowed us to measure
fruit set under autogamy and compare it with animal
pollination.

- Control: Inflorescences were left uncovered for the
duration of the experiment; thus, they were available for

pollinators during night and day.
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Each experimental treatment was maintained for 15
consecutive days corresponding to the stigma receptivity
period. To cover inflorescences, we used a fine mesh, placed
over a cage of light wire to avoid contact of the mesh with the
flowers. The day the bagging process began, the number of
open and budding flowers was quantified and marked using a
cotton thread. In total, 27 pairs of neighbouring plants were
used in this study. Each plant contained two inflorescences,
each with one of two treatments; thus a pair of plants
contained all four experimental treatments. Fruit (follicle)
development was checked weekly for 28 weeks, and fruits were
collected when dehiscence began.

Fruit set:

Fruit set per inflorescence was obtained by comparing the
number of follicles produced to the overall number of flowers
that were exposed to the four pollination treatments using the
following relationship:

Fr= (Nif) -100
With:
Fr= Fruit set.
N= Number of follicles.
Nr= Number of flowers.
Viable seed set:

To obtain information on the influence of the different
pollinators on the production of viable seeds, we calculated
seed set. Seeds were collected from a random sample of mature
follicles resulting from the different exclusion treatments
previously described. In total, 3,201 seeds were collected from
285 follicles. Seeds were classified according to embryonic
development into ‘viable’ and ‘non-developed’. Only seeds
displaying a wide lateral and longitudinal section containing
the developed embryo (ie. swollen or wide seeds) were
considered to be viable (Sanchez 1991; Schmidt 2000). This
morphology-based classification was supported by the
application of the Tetrazolium Chloride Test (TTZ)
(Schmidt 2000) to a random sample of seeds: seeds tinted red
were classified as viable, whereas seeds that were not tinted
were classified as non-viable. Finally, viable seed set was
calculated for each pollination exclusion treatment as:

V= (S—v) 100
St
With:
V= Viable seed set
S» = Number of viable seeds

S = Number of total seeds

After obtaining fruit set and viable seed set, we multiplied
both variables (Fr - V) in order to obtain a measure of
pollination success as a function of both processes.
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Statistical analysis

Statistical analyses were conducted in R version 3.5.2 (R
Core Team 201S5). For all the models described below we
employed the statistical package Ime4 (Bates et al. 2015).

Quantitative component

We used generalised linear mixed effects models
(GLMM) with Poisson distribution to explore differences
among pollinators in visitation rates to inflorescences, and
numbers of stigmas contacted per visit. In the model of
visitation rates, the number of sampling hours was used as an
offset (Yan et al. 2009). The monitoring date was used as a
random factor in both models to control for potential
autocorrelations resulting from flowers that were observed on
the same day.

Qualitative component

To test for differences in the numbers of pollen grains
deposited by hummingbirds and nocturnal mammals, a
GLMM with Poisson distribution was used. An offset,
accounting for the sampling effort, was used in the model. To
account for the hierarchical structure of the data, in the
random component of these models, we nested stigmas within
inflorescences, and inflorescences within plants.

Pollination success

A linear mixed model (LMM) was used to determine the
effects of experimental treatments on pollination success. The
random term of the model was composed of inflorescences
nested within plants, and plants nested within pairs of

neighbouring plants.

RESULTS

Quantitative component

Eight species of vertebrates visited O. grandiflora flowers:

six hummingbirds, one bat (Anoura geoffroyr) and one rodent
(Microrizomys  altissimus), in 760 hours of daytime
recordings and 760 hours of night time recording (Tab. I).
Behaviour during floral visitations varied among pollinators.
Hummingbirds would perch or hover when feeding. Bats
always hovered when feeding, and rodents handled flowers
while feeding on nectar. Because of behavioural differences
during flower visitation, body-to-pollen presenter contact was
not consistent among pollinators (see Supplementary Material
1)
\/>isitation rates to inflorescences were higher for
hummingbirds = 0.8 +0.17 (mean + SE), than for mammals
= 0.34 = 0.06 (mean t SE Fig 2, A; Tab. 2). Moreover,
hummingbirds contacted 12.46 * 0.5 (mean T SE) stigmas
during a visit, significantly more than nocturnal mammals,
which contacted = 7.94 * 0.56 stigmas visit” (mean * SE
Fig 2, B; Tab. 2).

Qualitative component

The number of pollen grains deposited differed
significantly among pollinators (Tab. 2). Nocturnal mammals
deposited 2.27 + 0.31 pollen grains per flower h' (mean +
SE), and hummingbirds deposited 1.35 +0.26 pollen grains
per flower h'' (mean + SE Fig. 2, C).
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TABLE 1.
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List of vertebrate species visiting Oreocallis grandiflora flowers in the Estacién Cientifica El Gulln, southern Ecuador. The number

of visits to inflorescences in 760 hours during the day, and 760 h during night are listed for each species.

Activity time  Species names (Family)

Total number of visits

Diurnal

Heliangelus viola (Trochilidae)

Aglaeactis cupripennis (Trochilidae)

Metallura tyrianthina (Trochilidae)

Lesbra nuna (Trochilidae)
Coeligena iris (Trochilidae)

Lesbia vicroriae (Trochilidae)

Nocturnal

Anoura geoffroyi (Phyllostomidae)

Microryzomps altissimus (Cricetidae)

124
94
33

271
22

TABLE 2.

Results of generalised linear mixed effects models testing for differences between pollinators in visitation rates to inflorescences,

number of contacted stigmas per visit and number of deposited pollen grains between hummingbirds and nocturnal mammals. A linear mixed model

tests the effects of different experimental treatment on pollination success (fruit set x viable seed set).

Inflorescences visited per hour

Number of contacted stigmas

Deposited pollen grains per

hour

Pollination success

Coefficient SE p CI (low) CI (high)
Hummingbirds (intercept) -0.89 0.27 <0.01 -1.44 -0.37
Nocturnal mammals -0.69 0.35 0.05 -1.40 0.02
Hummingbirds (intercept) 3 0.13 <0.0I 244 2.97
Nocturnal mammals -041 0.04 <0.01 -0.49 -0.33
Hummingbirds (intercept) -042 0.16 0.01 -0.83 -0.33
Nocturnal mammals 1.32 0.66 0.04 -0.52 0.63
Control (Intercept) 1.69 0.25 <0.0I 1.21 2.17
Full exclusion -0.45 0.29 0.12 -1.01 0.11
Hummingbirds -0.63 0.33 0.06 -1.27 0.00
Nocturnal mammals -0.18 0.33 0.58 -0.82 0.46

Pollination success

The control group achieved higher success than the other
experimental treatments; pollination success was 10.09 +2.31
(mean + SE) for the control group; 6.99 T 214 (mean *
SE), for full exclusion; 7.45 + 1.57 (mean + SE) for
nocturnal mammals; and 5.33 £ 1.99 (mean * SE) for
hummingbirds (Fig. 3). However, no statistical differences
were found among the different experimental treatments

(Tab. 2).

DISCUSSION

Estimates of pollination effectiveness deriving from
different functional groups, such as the ones described in this
study, can contribute to a better understanding of community-
level dynamics in tropical ecosystems. For our study species,
Oreocallis  grandiflora, we found that hummingbirds
outperformed nocturnal mammals in the quantitative

component of pollination effectiveness, while nocturnal
mammals where more effective than hummingbirds in the
qualitative component. EXploring poﬂination success, we
found that flowers pollinated by either hummingbirds or
mammals had similar outcomes, while there was indication
that pollination success could increase in flowers exposed to
both pollinator groups. Overall, these results suggest a
functional complementary role of hummingbirds and
mammals as pollinators of O. grandiflora.

Visitation rates to inflorescences and number of stigmas
contacted per visit indicated that hummingbirds were more
effective than mammals in the quantitative component of
poﬂination. Differences in abundance between nectarivorous
bats and hummingbirds could result in hummingbirds having
higher visitation rates to inflorescences. However, we have no
density estimates of hummingbirds and mammals in our study
area to confirm this hypothesis. Physiological differences
between hummingbirds compared to nocturnal mammals,
may also lead to the higher visitation rates by hummingbirds.
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Quantitative component
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Qualitative component
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FIGURE 2:  Values of the effects of different pollinators on quantitative and qualitative subcomponents of pollination of Oreocallis grandiflora.
Values depicted are mean * SE. Different letters above the SE bars indicate statistical differences.
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FIGURE 3: Pollination success
of  Oreocallis  grandiflora  after
flowers were exposed to different
pollination  treatments:  flowers
exposed to hummingbird
pollination, flowers exposed to
nocturnal  mammal  pollination,
flowers  fully  excluded  from
pollination, and control group of
flowers available for all pollinators.
All values are means = I SE,

Hummingbirds Nocturnal mammals Full exclusion

Hummingbirds and nectivorous bats need to constantly feed
during their activity periods to satisfy their energetic demands
(Chittka & Thomson 2001; Altshuler et al. 2004; McCallum
et al. 2013); however, due to their smaller body size,
hummingbirds store less energy than nectarivorous bats, and
therefore, hummingbirds need to feed more frequently than
larger mammals (McCallum et al. 2013).

The variation in the number of stigmas contacted per visit
between hummingbirds and mammals might be related to
behavioural differences and the morphological fit between
flowers and the bodies of pollinators (see Supplementary
Material I). Hummingbirds are able to perform complex
manoeuvres in flight (Tobalske et al. 2004; Dakin et al.
2020), and are able to touch multiple stigmas in a single visit,
either by hovering from flower to flower or by perching in
styles of flowers. In the case of nocturnal mammals, bats
showed swift visits to inflorescences, where they hovered in
front of flowers and touched a limited number of stigmas
before leaving. Mice climbed around the centre of the

Control

inflorescence until reaching a flower with nectar, but their
bodies missed most stigmas located in the extremes of the
extended styles of O. grandiflora flowers (Hazlehurst et al.
2016).

The result of mammals outperforming hummingbirds in
the qualitative component of pollination is similar to what has
been found elsewhere (Muchhala et al. 2009). Fur on
mammals can store and retain pollen more efficiently than
feathers on birds (Muchhala & Thomson 2010), resulting in
mammals being more effective in transporting and transferring
pollen than hummingbirds (Muchhala 2003; Muchhala et al.
2009). However, pollination effectiveness in the qualitative
component is usually measured as per visit effectiveness
(Herrera 1987; Schupp et al. 2017). Due to practical
limitations we could not use that method, and instead
obtained data on number of pollen grains accumulated during
the 12 hours of each sampling period. Nonetheless, if we were
to assess pollen deposition per visit our conclusions should
not change. Stigmas were exposed during the same number of
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hours for each pollinator group, and according to our results
in the quantitative component, hummingbirds visit flowers
more frequently than mammals over time. The higher
effectiveness of mammals in the qualitative component was
very likely a result of mammals depositing more pollen grains
per visit. However, it will be interesting to incorporate other
measures of pollination quality to our study system, such as
the ratio of heterospecific and homospecific pollen
deposition. Moreover, the finding that hummingbirds visited
more flowers within inflorescences than mammals, indicates
that potentially they transfer more geitonogamous pollen to
flowers, thus O. grandiflora could be an ideal system to study
differences in the genetic diversity of pollen transferred by
different animal pollinator groups. Lastly, it is important to
mention that our estimates of pollinator performance are
focused only in the female phase, related to pollen reception,
and do not consider the male phase of pollination, which
accounts for pollen removal (Thomson 2003). Differences in
male phase effectiveness among pollinators can have effects on
fitness (Muchhala & Thomson 2012; Konzmann et al. 2020),
and future studies in O. grandiflora should incorporate
measures of pollen transfer efficiency to complement our

ﬁndings.

Functional complementarity of pollination occurs when
the performance of two or more animal pollinators results in
higher fitness of the plant they pollinate compared to the
fitness obtained by the Pouination of single species or animal
group (Bliithgen & Klein 2011). Our exclusion experiments
indicated that pollination success, a proxy for fitness, was ~ 2
times higher when O. grandiflora flowers were pollinated by
hummingbird and bats rather than by any group alone; thus,
hummingbirds and bats can have synergetic effects on
pollination as a form of functional complementarity. Niche
partitioning in daytime activity periods can commonly result
in such ecological complementarity among pollinators (Dar et
al. 2006). In this case, temporal niche partitioning in O.
grandiflora pollinators likely enhances reproductive success by
allowing pollination to happen during day and night.
Functional complementarity in the different components of
pollination could be a potential mechanism explaining the
positive effects of biodiversity in pollination success.

The functional complementarity of hummingbirds and
nocturnal mammals could be facilitated by the floral
architecture of O. grandiflora which presents open flowers
with little physical restrictions to access nectar. The shape of
its flowers allows large-bodied pollinators to feed on nectar
while contacting reproductive organs. Additionally, nectar
production in O. grandiflorais constant in both concentration
and volume during day and night time hours (Hazlehurst et
al. 2016), allowing hummingbirds and nocturnal mammals to
feed on nectar during their regular activity periods. Likewise,
sucrose concentration in nectar from O. grandiflora, fits
within the range preferred by hummingbirds (Bolten &
Feinsinger 1978; Tamm & Gass 1986; Fleming et al. 2005),
and bats of the genus Anoura (Herrera 1999).

The high levels of pollination success that resulted from
self-pollination may indicate a generalized pollination system
in O. grandiflora. Once anthesis has occurred in its flowers,
cross-pollination relies on a pollinator to ‘dust pollen off
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from pollen presenters before receptivity begins (personal
observation)‘ In the absence of pollinators, as was the case in
our experimental treatment that fully excluded cross-
pollination, pollen remained in pollen presenters and when the
presenters matured to become receptive stigmas, the flowers
self-pollinated. High levels of self-pollination have also been
reported in other Proteaceae species (Ayre et al. 1994).
However, our results differ from a similar experiment with O.
grandiflora performed in Peru where self-pollination resulted
in lower seed set compared to cross-pollinated flowers
(Hazlehurst et. al 2016). Thus, more studies are needed to
explore the effects of outcrossing rates on the fitness of O.

grandiflora plants.

Our study of pollination performance of vertebrates in a
mixed-pollination  system  contributes to a  better
understanding of the factors that influence variation in the
pollination effectiveness of hummingbirds and bats. Our
results suggest a negative quality and quantity correlation
among pollination components where hummingbirds can be
more effective than mammals in the quantitative component,
while mammals perform better than hummingbirds in the
qualitative component. Lastly, we show that hummingbirds
and nocturnal mammals have functional complementary roles
in pollination, demonstrating the importance of biodiversity
for the maintenance of key ecosystem functions (Loreau et al.

2001; Schleuning et al. 2015).
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APPENDICES

Additional supporting information may be found in the online
version of this article:

APPENDIX I. Video of different pollinators visiting
Oreocallis grandiflora.
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