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Abstract  

Hummingbirds and bromeliad species of the genus Puya occur exclusively in the Neotropics. Their 

interaction is important for the reproduction and genetic variability of these plants. To understand this 

relationship, it is important to study the phenology of Puya species, their floral characteristics, and their 

floral visitors. In this work, we studied the floral ecology of the Bolivian endemic Puya atra, which 

grows in the montane cloud forests of the Yungas. We made monthly visits to the study area for two 

years to record phenology data, to collect nectar samples, and to make direct observations of floral 

visitors (539 observation hours) during its three-months of flowering. In this period, P. atra produced 

8.09 ± 1.59 μL of nectar per flower, which contains fructose and glucose. We confirmed that P. atra is 

visited by two species of longed-bill hummingbirds: Coeligena violifer and Pterophanes cyanopterus, being 

males of both species the main visitors. The morphology of both visitors allows contact with the 

reproductive parts of its flowers and the transfer of pollen, while the plant rewards hummingbirds with 

nectar. It seems that P. cyanopterus showed a tight synchronisation with the plant’s phenology and 

visited more frequently with a greater abundance of flowers, showing a positive interaction with P. atra. 

However, it is necessary to continue with different studies on the breeding system and sugar production 

throughout the day of this Puya species as well as the behavioural response of these hummingbirds in 

its presence. 
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Resumen 

Los colibríes y especies de bromeliáceas del género Puya se distribuyen exclusivamente en el Neotrópico. 

Su interacción es importante para la reproducción y la variabilidad genética de dichas plantas. Para 

comprender esta relación, es importante estudiar la fenología de las especies de Puya, sus características 

y visitantes florales. En este estudio analizamos la ecología floral de la especie endémica boliviana Puya 

atra, que crece en el bosque nublado montano de los Yungas. Visitamos el área de estudio mensualmente 

durante dos años para registrar datos de fenología, colectar muestras de néctar y hacer observaciones 

directas de visitantes florales (539 horas de observación) durante tres meses de su floración. En este 

periodo, P. atra produjo 8.09± 1.59 μL de néctar por flor, el cual contenía fructuosa y glucosa. 

Confirmamos que P. atra es visitada por dos especies de colibríes de pico largo: Coeligena violifer y 

Pterophanes cyanopterus, siendo los machos los principales visitantes para ambas especies. La morfología 

de ambos visitantes permite el contacto con las partes reproductivas de las flores y la transferencia de 

polen, mientras que la planta ofrece a los colibríes néctar. Al parecer P. cyanopterus mostró una estrecha 

sincronización con la fenología de la planta y la visitó con mayor frecuencia cuando hay mayor 

abundancia de flores, mostrando una interacción positiva con P. atra. Sin embargo, es necesario 

continuar con diferentes estudios sobre su sistema de reproducción y la producción de azúcar a lo largo 

del día de esta especie de Puya, así como la respuesta comportamental de estos colibríes en su presencia. 

Palabras clave : Bolivia, Bosque nublado montano, Fenología, Ornitofilia, Trochilidae. 
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Introduction 

 

Angiosperms have developed several mechanisms to ensure 

the arrival of pollen to the stigma of the flower and the 

consequent fertilisation, which in many cases occurs with 

the participation of pollinating organisms (Dafni 1992). 

There are several examples of how plants attract pollinators 

and ways in which interspecific relationships are 

established (Faegri & Van der Pijl 1979). Thus, co-

adaptation between pairs or groups of species is partially 

explained by mutualistic interactions (Jordano 1987, 

Thompson 2005, Bascompte & Jordano 2007). This kind 

of relationships occur between birds and several 

angiosperms, since many bird species are effective 

pollinators, and most plants offer nectar as the main reward 

for this service (Snow 1981, Proctor et al. 1996). 

Bromeliaceae is a widely distributed Neotropical family 

with about 3600 species in 75 genera (Gouda et al. 2019). 

These plants are characterised by forming rosettes and 

having inflorescences with showy bracts and flowers in 

many of the species (Varadarajan & Brown 1988, Benzing 

2000). Of the 321 species of Bromeliaceae in Bolivia 

distributed from the Andean paramo to the tropical 

lowlands, there are 146 endemics (Krömer et al. 2014). 

One example is Puya atra L.B. Sm., which grows in rocky 

areas and humid montane forests of the Yungas in the 

departments of La Paz, Cochabamba, and Santa Cruz 

between 2,500-3,500 m (Krömer et al. 1999, 2014). This 

terrestrial or saxicolous plant can form thick patches or 

grow as isolated individuals. According to the 

morphological characteristics of its flowers, and 

considering other similar Puya species, ornithophily by 

hummingbirds (Trochilidae) has been deduced as the main 

pollination mode for this species (Krömer et al. 2006). 

Ornithophily has been reported to be the most common 

pollination syndrome for the family (Benzing 2000, 

Kessler & Krömer 2000, Krömer et al. 2008), and 

hummingbirds are their main visitors and pollen vectors 

(Canela & Sazima 2005, Krömer et al. 2006, Kessler et al. 

2020). Their interaction originated in the early Tertiary 

period, and apparently, a (diffuse) co-adaptation between 

both families has occurred since then (Buzato et al. 2000, 

Givnish et al. 2014). This system of mutualistic interaction 

between bromeliads and hummingbirds is quite particular, 

given the endemic nature of both families in the 

Neotropics. 

Nectar is the most common reward that animal-pollinated 

plants offer to their mutualists (Proctor 1996). Glucose, 

fructose, and sucrose are the main components of nectar 

sugars, which also represent the largest amount of energy 

for consumers (Stiles & Freeman 1993, Baker et al. 1998, 

Petanidou et al. 2006). Hummingbirds are the most 

important group of nectarivore birds in the Neotropics 

(Schuchmann 1999). Also, the primary visitors of 

bromeliad species whose nectar is usually sucrose rich, 

while bromeliads pollinated by bats or passerine birds tent 

to secrete hexose rich nectars composed mainly of sucrose 

(Scogin & Freeman 1984, Baker et al. 1998, Galetto & 

Bernardello 2003, Krömer et al. 2008, Göttlinger et al. 

2019). 

Characterising the reproductive phenology of plants is very 

important in mutualistic interactions, because it is 

fundamental to understand the dynamics of the 

community (Williams et al. 1999). The time, duration and 

degree of synchrony of the different phenological phases 

have important implications for the quantity and quality 

of resources available to consumers (Williams et al. 1999, 

Bascompte & Jordano 2007, Elmendorf et al. 2016). 

Due to the sessile nature of plants, pollination and seed 

dispersal are the most important processes to ensure gene 

flow among plant communities (Barrett & Harder 1996). 

Identification of key biotic dispersal agents is essential to 

conserve communities and ecosystems, especially for those 

families with many endemic species such as Bromeliaceae. 

In this sense, the present study aims to examine the floral 

ecology of the endemic bromeliad P. atra, in a cloud forest 

of the Cotapata National Park, La Paz, Bolivia. 

Specifically, we want to describe the phenology of this 

species, the nectar production and composition, and 

determine their floral visitors. 

Methods 

Study area 

The study was conducted in Cotapata National Park and 

Natural Area of Integrated Management located in La Paz, 

Bolivia, where P. atra populations were recorded along 

three transects, each one along the main trails of the 

protected area (Sillutinkara, Chojllapata and Vacus; 

67°53'28,848”W, 16°17 23,573”S, 3,000-3,500 m (Fig. 

1). The park is located about 30 km NE from La Paz city. 

It occupies the Yungas ecoregion (Ibisch 1998), 

characterised by the orographic influence of winds laden 

with high atmospheric moisture, which causes almost 

permanent fog, low temperatures (between 10–12ºC 

approximately) and high levels of precipitation (more than 

2500 mm). The vegetation is arboreal and shrubby, with 

twisted trunks and coriaceous leaves, and occurs in crests, 

tops and slopes of very steep mountains (Ribera 1995). 

This montane cloud forest has a vertical structure of three 

or four strata, with a continuous canopy that reaches up to 

10 meters high (Meneses et al. 2004). 
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Figure 1. Location of the three trails (Sillutinkara, Chojllapata, and Vacus) in the cloud forest of Yungas, within Cotapata National Park, department of La 

Paz, Bolivia. 

 

 

Species of study 

In the study area, P. atra occurs on rocky slopes between 

2,500 and 3,500 m (Krömer 2000). This endemic species 

consists of a shrubby rosette of 1 m in diameter and its 

inflorescence with scape up to 2 m high (Fig. 2a-c). Leaves 

are abundant, triangular and spiny. The inflorescence is 

large, cylindrical, woolly pubescent, and densely branched, 

with green to blue-green tubular flowers about 16-25 mm 

long (Smith & Downs 1974). 

Plant reproductive phenology 

The three transects were visited monthly from January 

2016 to December 2017 to record data on the reproductive 

phenology of the species. The phenophase of an average of 

182 individuals unevenly distributed on rocks and steep 

slopes across the whole three transects was recorded in the 

same order during each visit. Though these individuals 

were not marked due to difficult accessibility (Fig. 2a), they 

were easily identifiable and distinguishable by observation 

with the naked eye or use of binoculars from the transects.  

We described the phenophase as the following (Fig. 2d-g): 

(1) bud set, from the first appearance of the young 

inflorescence within the rosette, with about 13 cm until it 

reaches a height of 100 cm or more with scape, bracts and 

buds separated; (2) flowers, from the moment the first 

corolla leaves appear in the inflorescence, with light green 

or bluish-green colours; (3) flowers implanted, when all 

corollas have formed spirals, the stem and the petals 

acquire a yellow colour because they begin to wilt; (4) 

fruits, when the immature fruits develop; and (5) open 

fruits, when the dehiscent capsules have opened and they 

release the seeds in different periods without a particular 

sequence. At this time, the whole plant turns brown. With 

all these data, a diagram of plant phenology was elaborated 

(Fig. 3). 

Nectar composition 

Due to their easier accessibility fifteen selected 

inflorescences were covered with tulle bags to prevent the 

visitors’ entry. The total volume of nectar present in each 
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flower was harvested as soon as the flower opened between 

6:30-7:00 h by inserting micro capillaries of 80 μl (Scogin 

& Freeman 1984). The flower was extracted from an 

inflorescence in order to obtain each sample of nectar, and 

thus we were only able to measure each flower once. To 

estimate the volume of nectar produced by plants, 75 

nectar samples from individual flowers of these fifteen 

inflorescences were measured with micro capillaries. Then, 

the volume values of those were averaged (García & Hoc 

1998). The sugar composition was measured in nectar 

samples of 18 flowers from these inflorescences by Nuclear 

Magnetic Resonance (NMR) spectroscopy in the 

Laboratorio de Biorgánica of the Instituto de 

Investigaciones Químicas (at UMSA). 

 
Figure 2. a. Group of plants of Puya atra in different status, b. plants of P. atra growing on rocky slopes along the Sillutinkara trail; c. individual plant with 

shrubby rosette and woolly inflorescence; d. bud set; e. flowers; f. fruits; g. ripe fruits. 

 

 

Floral visitors 

Previous direct observations during five consecutive days 

and nights allowed us to determine that the only visitors of 

P. atra at our study area were hummingbirds, while no 

other diurnal or nocturnal animals such as insects or bats 

have been noticed. Thus, our observation was conducted 

without pause from 8:00-19:00 h; the duration was 

adjusted according to light availability and bird activity 

(Canela & Sazima 2005) for a total of 539 hours (49 days 

in total, for both years). 

Before collecting the data of interactions, we identified 

observation areas (three at Vacus, four at Chojllapata and 

five at Sillutinkara). We considered an observation area of 

a half circle with a 20 m radius, from a point on the trail 

and looking to one side of the trail (i.e., left or right due to 

visibility). This method allowed us for an accurate 

identification of visitors (Ortiz-Pulido et al. 2012). Each 

observation area included more than two individual plants 

with available flowers grouped in clusters. The edges of the 

observation areas were at least 100 m apart from each other 

(Gonzalez & Loiselle 2016). 

To analyse the activity of hummingbirds throughout the 

day, we divided the observation time in 11 one-hour 

intervals, in which we observed the frequency of visits for 

a whole hour each in the same Puya individuals (Woods & 

Ramsay 2001). This interval assignment allowed us to 

compare the daily activity patterns between hummingbird 

species and P. atra. Fifty-seven inflorescences were 
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observed during 2016 (Sillutinkara: 35, Chojllapata: 10 

and Vacus: 12), while only four inflorescences were 

observed along the Sillutinkara trail in 2017. We calculated 

the frequency of visits for each species, considering a visit 

as each event in which a hummingbird individual sipped 

nectar from a plant by inserting its bill into a flower within 

a one-hour interval (Vázquez et al. 2005). 

 

 
Figure 3. Reproductive phenology states of Puya atra throughout the year along the three studied trails during 2016 and 2017. Every point represents the total 

number of individuals per month belonging to each respective category (bud set, flower, implanted, fruit, and open fruit). 

 

Results 

Two species of hummingbirds (Coeligena violifer Gould 

1846, only males and Pterophanes cyanopterus Fraser 1839, 

both sexes) were recorded visiting 61 individuals of P. atra 

(Fig. 4a-b). In addition, there was a single event in which 

Colibri coruscans Gould 1846 sipped nectar from a single 

individual plant (Fig. 4c), and the passerine birds Cacicus 

chrysonotus d’Orbigny and Lafresnaye 1838 and Buthraupis 

montana d´Orbigny and Lafresnaye 1837 chewing the 

corolla of one plant each (Fig. 4d). 

Reproductive phenology 

We observed around182 individuals along the three trails 

(Sillutinkara: 75±26, Chojllapata: 50±16, and Vacus: 

57±20). The inflorescences of P. atra had an average of 19 

± 9.72 open flowers (CV: 87.64%; range: 1-35 flowers, n 

= 211) over its flowering period of three months, 

producing 7 flowers every 4 ± 1 days. The flowers of P. atra 

open early in the morning (≈ 6:00 am) and remain open 

for three days and nights. The different phenological states 

and durations were the following: bud set developed for 

about five months, from January to May; flowers were 

available from March to June, the implanted state lasted 

for six months (May to October), while the fruits lasted 

around nine months (August to April); and open fruits 

were recorded throughout the year (Fig. 3). 

Nectar composition 

Mean total nectar volume during anthesis was 61.78 ± 

13.87 µL per inflorescence per day (n = 75 flowers from 15 

individuals). Individuals produced 8.09 ± 1.59 µL of 

nectar per flower. According to the NMR results, it was 

determined that the major compounds in the nectar and 

their respective concentrations were the following: 3% β-

fructofuranose, 18% β -fructopyranose, 11% β-

glucopyranose and 6% α-glucopyranose, as well as traces 

of sucrose and 62% of water. 

Floral visitors 

The frequency of activity for the two identified floral 

visitors of P. atra during the two years of sampling showed 

that C. violifer had a higher activity during the second year: 

the highest peak of activity changed from one year to 

another (Fig. 5). For P. cyanopterus, the levels of activity 

were different between males and females, and there was a 

higher activity in general during the first year. Males were 

more active in the morning hours at 8:00-11:00 h, 

especially during the first year. Females showed roughly the 

same frequency of visits throughout the day (Fig. 5) with 

slightly more activity at 8:00-11:00 h and 15:01-18:00 h. 
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Figure 4. a. A male of Coeligena violifer in hovering flight visiting a flower of Puya atra; b. a male of Pterophanes cyanopterus visiting a flower perching; c. the 

only visit of Colibri corunscans to the flower; d. an individual of Buthraupis montana chewing the corolla of the plant. 

 

 

 

Figure 5. Frequency of Puya atra visits by each species of hummingbird (a visit was each event in which the hummingbird sipped nectar from flowers): 

Coeligena violifer (Cv; upper panel) and Pterophanes cyanopterus (Pc; lower panel). Intervals of hour, beginning at 8:00 h and finishing at 19:00 h; the sex is 

marked with F: female and M: male. 
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During the two years, the main flowering period was 

around June, but the numbers of inflorescences were 

highly variable in these two years (Fig. 3). However, during 

both years the plants received the same visitors, although 

in the first year the principal visitors were males of P. 

cyanopterus and in the second year males of C. violifer (Fig. 

6). 

Discussion 

Reproductive phenology 

Our results suggest that the reproductive cycle of P. atra is 

annual; the flowering period occurs once a year, similar to 

most other species of Bromeliaceae (Benzing 2000, 

Machado & Semir 2006, Wendt et al. 2008). During the 

two years of study P. atra had a well-delimited period of 

flowering from March to June, which is consistent with the 

dry season in the Yungas area (April to September). During 

this period, other plant species with flowers are scarce in 

the same area, which makes P. atra an important food 

resource for hummingbirds. This close relationship has 

also been reported in other studies on Puya species at high 

elevations in Peru (Salinas et al. 2007, Hornung-Leoni et 

al. 2013). 

 

 

 
Figure 6. Annual activity of hummingbirds: Total number of Puya atra plants (Pa) in flower status (upper panel), and total number of visits (lower panel), by 

Coeligena violifer (Cv) and Pterophanes cyanopterus (males: Pc M and females: Pc F). 

 

 

Nectar composition 

Within the nectar composition, we detected sugars of 

fructose and glucose in their different cyclic forms. These 

sugars, along with sucrose, have been reported for other 

species of Puya, although their respective proportions 

changed according to the group of visitors (i.e. high sucrose 

content in the nectars of hummingbird flowers vs. low 

sucrose content in perching bird flowers) (Scogin & 

Freeman 1984, Baker et al. 1998). A comprehensive study 

of nectar composition in different genera of Bromeliaceae 

showed that the nectar always contained glucose, fructose 

and sucrose (Krömer et al. 2008), and according to the 

floral syndrome, nectars of bromeliad species pollinated by 

hummingbirds are generally sucrose-rich (Galetto & 

Bernardello 2003, Krömer et al. 2008, Göttlinger et al. 

2019). However, the NMR, which detects cyclical 

structures of sugars more accurately, only detected trace 

amounts of sucrose and only found glucose and fructose in 

cyclical forms in the nectar of P. atra, which in our study 

area is only visited by hummingbirds. Thus, this species of 

Bromeliaceae is not sucrose-rich, but shows a 

predominance of hexoses as other Puya species pollinated 

by passerine birds (Scogin & Freeman 1984, Baker et al. 

1998). Nevertheless, hummingbirds are able to digest 

fructose and glucose equally and use them as a source of 

energy (Chen & Welch 2014). 

Floral visitors 

The results obtained in this study showed that P. atra is a 

species visited almost exclusively by two species of long-
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billed hummingbirds, consistent with its flower 

morphology (tubular corolla), anthesis (opens early in the 

morning), phenology and nectar characteristics (diluted 

with 62% of water and 38% of sugars). This is similar to 

other studies on mainly hummingbird-visited Puya species 

in the Colombian and Peruvian Andes, such as P. rauhii 

L.B. Sm., P. alpestris Poepp. Gay, P. coerulea Miers, P. 

raimondii Harms, P. venusta Phil., P. nitida Mez. and P. 

trianae Baker (Hornung-Leoni & Sosa 2005, Salinas et al. 

2007, Hornung-Leoni et al. 2013, Restrepo-Chica & 

Bonilla-Gómez 2017), supporting a co-adaptation 

between species of both families, Bromeliaceae and 

Trochilidae. However, passerine birds from different 

families (Emberizidae, Thraupidae, Mimidae, Tyrannidae 

and Icteridae) have also been observed visiting some of 

these Puya species, whereas bat-pollination has been 

recorded for two other Puya species (Aguilar-Rodríguez et 

al. 2019). The passerine birds C. chrysonotus and B. 

montana that visited P. atra chewed the plant’s corolla, 

which has also been reported for Zonotrichia capensis 

Statius Müller 1776, Geospizopsis plebejus Tschudi 1844, 

G. unicolor d´Orbigny and Lafresnaye 1837, and Phrygilus 

punensis Ridway 1887 in P. raimondii (Salinas et al. 2007). 

The flowers of P. atra remain open throughout three days 

and nights, when the reproductive organs of the plant 

remain accesible to visitors (anthesis). However, we did not 

observe other diurnal or nocturnal visitors such as insects 

or bats, only hummingbirds. This may be explained by the 

high elevation of 3,500 m in which the species grows, 

where the activity of bats and insects is very low, especially 

at night and early in the morning due to the low 

temperatures (Kessler & Krömer 2000, Krömer et al. 

2006). A probable reason for the predominance of 

hummingbirds as pollinators in cold and humid montane 

habitats is that they are the best-adapted major biotic 

pollinator group under these conditions, whereas insects 

and bats are physiologically limited (Givnish et al. 2014, 

Kessler et al. 2020). As endothermic organisms, 

hummingbirds can function even at low temperatures, and 

their ability to fall into torpor at night is highly energy-

efficient (Proctor et al. 1996, Abrahamczyk & Kessler 

2015). 

Pterophanes cyanopterus seems to be the main visitor of P. 

atra, whose plants are synchronising their flowering state 

with the visits of this hummingbird species. When the 

number of plants with flowers was high in the first year, 

the number of visits by P. cyanopterus was also high, and in 

the second year when the abundance of flowering plants 

decreased the number of visits was low as well. Although 

P. atra showed a high inter-annual variation, it seems that 

there is a specialisation with this hummingbird even 

though long-bill hummingbirds have been considered 

unspecialised (Cotton 1998) and it has been suggested that 

hummingbirds at high elevations can be flexible consumers 

and less dependent on particular sources of nectar 

compared to low elevation hummingbirds (Woods & 

Ramsay 2001). This contrasts to what was found in P. 

raimondii where the inter-annual variation does not permit 

a specialisation with its visitors (Salinas et al. 2007). 

Pterophanes cyanopterus showed greater activity in the 

morning during the first year, whereas during the second 

year, it had a more constant activity throughout the day. 

This may be a result of the possible synchronisation 

between the plant and hummingbird mutualism. It is 

possible that P. cyanopterus may have learned about the 

plant reward availability; and the plant, in turn, might 

replenish its nectar after visitor removal as has been shown 

for other bromeliad species (Nepi et al. 2001, Ordano & 

Ornelas 2004). Whereas C. violifer showed greater activity 

during the afternoon in the first year, and in the second 

year it showed activity throughout the day. This is in 

contrast to the results obtained for P. hamata L.B. Smith 

where the highest activity for feeding of hummingbirds was 

between 14:00-15:00 h (Woods & Ramsay 2001). 

Conclusions 

This study showed that P. cyanopterus and C. violifer are 

the primary visitors of P. atra, which is an important 

resource of nectar since there are not many other plants in 

bloom during the dry season in the montane cloud forest. 

Puya atra had a well-delimited period of flowering from 

March to June, which is consistent with the dry season in 

the Yungas area. Additionally, it seems that P. cyanopterus 

has a synchronisation with the plant and that it is more 

sensitive to temporal and spatial resource variation at high-

altitudes where climatic conditions become difficult 

(Woods & Ramsay 2012). Pterophanes cyanopterus is not 

only the main floral visitor of P. atra but also probably its 

main pollinator, as its morphology benefits the interaction 

between them. By having a larger body and bill size, this 

hummingbird usually made contact with the stigma and 

stamens when visiting the plant, which allows for 

transporting the pollen on the forehead. However, future 

studies about the breeding system and nectar production 

throughout the day would provide important information 

to better understand the dependence of cloud forest 

bromeliads to pollinators. 
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