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h Department of Evolution and Ecology, University of California, Davis. One Shields Avenue Davis, California, 95616, United States of America 
i Naturalis Biodiversity Center, Evolutionary Ecology Group, Sylviusweg 72, 2333, BE, Leiden, the Netherlands   

A R T I C L E  I N F O   

Edited by: Timotheus van der Niet  

Keywords: 
Euglossini 
Floral rewards 
Food deception 
Neotropics 
Orchids 
Pollination strategies 

A B S T R A C T   

Little is known about the pollination mechanisms of species belonging to the genus Vanilla (Orchidaceae). Both 
autonomous self-pollination and animal-mediated pollination mechanisms seem to exist amongst the Vanilla 
species, yet few studies provided real evidence on pollination events. The aim of this study was to better un
derstand the pollination mechanism of Vanilla hartii. Four V. hartii populations were selected within our study 
area in southern Costa Rica to observe pollination events and identify the natural pollinators of this Neotropical 
Vanilla species. We tested for nectar presence, analysed nectar composition, and examined floral fragrances. 
Furthermore, we identified floral visitors and documented their behaviour, quantified fruit set during two years, 
and compared morphological traits of flowers and their visitors. Sampled flowers contained 1.85 ± 1.07 µL 
nectar that averaged 34.79% sugar, dominated by sucrose. We observed orchid bees belonging to the genus 
Euglossa entering the tube formed by the labellum to search for nectar, indicated by their extended proboscis and 
prolonged visits, some of which exited the labellar tube with pollen masses attached to their scutellum. 
Combining our behavioural and phytochemical data, we demonstrate the presence of a nectar-rewarding 
pollination mechanism in the genus Vanilla that shows a higher natural fruit set compared to deceptive Va
nilla species. An overview of the pollination mechanisms known so far provides insights into the potential 
evolution of reproductive strategies within this commercially important orchid genus.   

1. Introduction 

Pollination services provide a wide range of benefits in terms of 
global food security, biodiversity conservation, and ecosystem stability 
(Potts et al., 2016; Porto et al., 2020; van der Sluijs, 2020). Approxi
mately 85–90% of all flowering plant species, including about 60% of 
food crops, require animal vectors for pollination (Ollerton, 2021). 
Plants attract their pollinators in various ways, using sensory signals (e. 
g., flower shape, colour, fragrance), offering floral rewards (e.g., nectar, 

pollen, oils, resins), or by deception (e.g. based on sex, food, brood-site) 
(e.g. van der Pijl, 1966; Dafni, 1984; Ackerman, 1986; Jersáková et al., 
2006; Wright and Schiestl, 2009; Schiestl, 2011). Within the orchid 
family (Orchidaceae), about 46% of the species display deception stra
tegies, with food deception being the most common form of deceit 
(Ackerman et al., 2023). 

Despite being a highly valued spice used in several industries, little is 
known about the natural pollination and phenology of species belonging 
to the orchid genus Vanilla Plum. ex Mill. (1754). In vanilla plantations, 
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flowers of the crop species Vanilla planifolia Jacks. ex Andrews are hand- 
pollinated, a technique that was established due to the lack of natural 
pollinators in cultivation areas outside Mesoamerica, the native region 
of V. planifolia and other species producing fragrant fruits (Vanilla sect. 
Xanata) (Bory et al., 2008; Karremans et al., 2020). In their natural 
habitat, Vanilla species seem to be pollinated by means of autonomous 
self-pollination or animal vectors (Bateman et al., 2004; Lubinsky et al., 
2006; van Dam et al., 2010; Pansarin and Pansarin, 2014; Gigant et al., 
2016; Watteyn et al., 2022), yet few studies provided real evidence on 
pollination events. amongst the animal-pollinated species, orchid bees 
(Apidae: Euglossini) have been suggested as the effective pollinators of 
Neotropical Vanilla species (e.g. Ackerman, 1983a; Lubinsky et al., 
2006; Householder et al., 2010; Pansarin and Pansarin, 2014; Anjos 
et al., 2016; Watteyn et al., 2022), and seem to be attracted to the 
flowers by means of deception or a dual attraction mechanism. The 
latter refers to the hypothesized dual attraction of Eulaema cingulata to 
V. pompona flowers (Watteyn et al., 2022) that involves (i) the 
long-distance attraction to a flowering V. pompona population, by of
fering floral fragrance rewards for the bees to collect on the sepals and 
petals, and (ii) the short-distance attraction into the labellar tube once 
the bees are present within a flowering population and lured into the 
nectarless flowers to seek food, leading to successful pollen removal. 
Through a combination of visual flower inspection, field methods for the 
sampling of potentially available nectar, and behavioural observations 
of floral visitors, the authors showed that V. pompona flowers do not 
offer nectar rewards. These observations conform to Soto Arenas and 
Dressler (2010), who suggested that V. pompona, and possibly other 
Vanilla species, are pollinated through food deception, but may produce 
floral volatile compounds (VOC) that play a role in pollinator attraction. 
Euglossini are known for their fragrance collection behaviour, whereby 
male bees collect VOC, offered by the flower as a reward, for use in 
courtship (Cameron, 2004). 

In contrast to prior studies, Pansarin (2022a) stated that V. pompona, 
as well as other Neotropical Vanilla species, offer nectar rewards, rather 
than being food deceptive. The study was based on histochemical flower 
analysis indicating sugar traces and did not apply methods to sample 
potentially available nectar for measurement of nectar volume and 
composition, nor did they observe floral visitors or pollination events. 
These data are, however, essential to correctly asses any pollination 
mechanism. Available nectar quantity, concentration and composition 
are expected to reflect the energy requirements and nectar consumption 
mode of the plant’s effective pollinators (Heinrich and Raven, 1972; 
Shrestha et al., 2020). The suggested pollinators of the Neotropical 
Vanilla species, mainly euglossine bees, have high energy requirements 
due to their long-distance foraging behaviour (Suarez et al., 2005; 
Pokorny et al., 2014) and large body size (Nicolson and Thornburg, 
2007; Rodríguez-Riaño et al., 2014). Euglossini are known to forage on 
nectar resources that are easily measurable (3.7–51.1 µl / flower) and 
have sugar concentrations of 25.5–38% (Roubik et al., 1995). As suffi
cient nectar resources generate consistent visits and effective pollinator 
services (Ackerman et al., 1982), we expect that nectar-rewarding Va
nilla species offer quantifiable nectar to its pollinators and are more 
frequently visited compared to their congeneric nectarless species. 

The present study aims to reveal the pollination mechanism of the 
Neotropical species Vanilla hartii Rolfe, previously suggested to be a 
nectar-rewarding species based on visual flower assessment (Soto 
Arenas and Dressler, 2010; Pansarin, 2022a). We will combine behav
ioural observations with phytochemical data to link the potential pres
ence of floral rewards (e.g. nectar, floral volatile compounds) with 
pollinator attraction and pollination events. Our study sites are on the 
Osa Peninsula in southern Costa Rica, a biodiversity hotspot (Kohlmann 
et al., 2010) where several V. hartii populations can be found. We expect 
that (i) the pollination mechanism is based on floral nectar rewards, (ii) 
the fruit set is higher compared to Vanilla species lacking food rewards, 
as rewarding flowers are believed to be visited more frequently by po
tential pollinators, and (iii) natural reproduction is achieved by animal 

vectors belonging to the Euglossini tribe. A comparative overview of 
putative and confirmed pollination strategies amongst the Vanilla spe
cies is presented and discussed to assess potential evolutionary trajec
tories within this genus. 

2. Materials and methods 

2.1. Study area and study species 

The Osa Peninsula includes protected areas (national parks, forest 
reserves, wildlife refuges), that are surrounded by cattle ranches, agri
culture and human settlements. The average annual precipitation ranges 
from 2500 to 6000 mm, and the average annual temperature is 25 ◦C 
(Kappelle et al., 2015). Four sites with V. hartii populations were 
selected to observe pollination events and reveal the pollination mech
anism of this Vanilla species: Bambu (8.5267 N, 83.3254 W; 80 m a.s.l.), 
Bangeas (8.6767 N, 83.5195 W; 119 m a.s.l.), Los Mogos (9.7331 N, 
83.4119 W; 117 m a.s.l.), Piro (8.4102 N, 83.3307 W; 166 m a.s.l.) 
(Fig. 1). All four sites are in old-growth forest, where V. hartii grows on 
understory trees, in deep shade. 

Vanilla hartii, featured on the IUCN list as an endangered species 
(Wegier et al., 2020), has a distribution from Mexico to Brazil (Soto 
Arenas and Dressler, 2010; Ferreira et al., 2020; Karremans et al., 2020; 
Watteyn et al., 2020). The inflorescence is a short raceme with 5–8 
flowers, of which 1–3 flowers open simultaneously and last for one day. 
Flowers consist of three greenish sepals, two lateral white petals, a white 
lip with greyish to brown lines, and a white, penicillate callus at the lip 
apex (Fig. 2A). The lip or labellum is partially fused to the column, 
which bears a single ventral stigma, separated by the rostellum from the 
anther holding two pollinia-like pollen masses (henceforward pollen) 
that are deposited as smears on the pollinator’s body. The margin is 
crenulated at the apex. The fruits have a characteristic vanilla aroma 
when ripe (personal observations). 

2.2. Floral rewards 

2.2.1. Nectar 
During the flowering period of December 2020 - February 2021, we 

bagged a total of 20 flowers (five per population) a day before anthesis 
to avoid nectar removal by floral visitors, and visually inspected the 
presence of nectaries by dissecting flowers using a stereoscopic micro
scope (Fig. 2B). Next, we collected 35 nectar samples from additionally 
bagged flowers (Bambu: 10, Bangeas: 8, Los Mogos: 9, Piro: 8) using 5 µL 
microcapillary tubes (Drummond Scientific Company, Broomal, PA, 
USA), a non-destructive sampling method whereby nectar is drawn into 
the tubes by capillary action (Morrant et al., 2009). Nectar sampling was 
carried out from 0600 h onwards, which corresponds to the observed 
activity peak of potential pollinators during early morning hours 
(Ackerman, 1983b; Montalvo and Ackerman, 1986; Armbruster and 
McCormick, 1990). We quantified nectar volume and analysed nectar 
sugar content by high-performance liquid chromatography (HPLC) in an 
Agilent 1260 Infinity system (Santa Clara, USA) with a refractive index 
detector (G1362A). Sample preparation for injection consisted of 
diluting an aliquot of nectar from individual flowers in ultrapure water, 
type 1 (Milli-Q®, Millipore Corporation, Burlington, USA), using dilu
tion ratios ranging from 5- to 58-fold as needed. Sugar separation was 
achieved by injecting 9 to 15 μL of sample solution into a Hi-Plex Ca2+

column (Agilent, Santa Clara, USA) (300 × 7.7 mm, 8 μm) at 45 ◦C, in 
isocratic mode with a flow of 0.5 mL/min. Adequate separation occurred 
in 25 min chromatographic runs. Sugars were identified by comparing 
the resulting chromatographs with those obtained from standard sugar 
mixtures, and peak identification was performed through retention time 
matching. Each sugar was quantified by relating the peak area obtained 
for a particular sugar in the samples to that of the standard sugar 
solutions. 

C. Watteyn et al.                                                                                                                                                                                                                                
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2.2.2. Floral volatile analyses 
Floral fragrance of V. hartii flowers was collected using static head

space sampling (Tholl et al., 2006). Sampling took place at three pop
ulations (Bambu, Banegas, Piro), during the flowering period of 
December 2019 - February 2020. We sampled newly opened flowers 
from 0700 h onwards, the activity peak of potential pollinators 
(Ackerman, 1983b; Montalvo and Ackerman, 1986; Armbruster and 
McCormick, 1990). The single-use scent trap consisted of a glass tube 
(2.4 mm ID, 3.5 cm length), filled with 20 mg of bulk carbide (charcoal) 
and 20 mg of Tenax GC (SUPELCO, Bellefonte, PA, USA; mesh size 
60/80), and of which both ends were plugged with glass wool. We 
bagged an inflorescence with open flower(s) using a plastic, scentless 
oven bag (Reynolds Kitchens, Richmond, VA, USA) that was closed at 
the top with a plastic strip. The scent traps, cleaned with 5 mL of hexane, 
were connected to an electrical vacuum pump (Parker, Cleveland, OH, 
USA) via Tygon tubing (ID 3.3 mm). For three hours, air was extracted 
through the scent trap at a flow rate of 2.5 L min−1. We subsequently 
eluted the scent traps with 2 mL of hexane into sealed, 2 mL 
auto-sampler vials (Agilent Technologies). Ambient air was collected 
simultaneously as control samples to identify compounds present in the 
background. Samples were analysed via gas chromatography-mass 

spectrometry (GC–MS) in an Agilent 7890B GC fitted with a 30 m ×

0.25 mm × 0.25 µm HP-5 Ultra Inert column coupled to an Agilent 
5977A mass spectrometer (Agilent Technologies). 

Individual compounds were identified using the NIST05 mass spec
tral database and the NIST MS Search software v2.0. Compound iden
tification was confirmed by comparing relative retention times of 
authentic chemical standards run under the same conditions. Moreover, 
Kovats Retention Indices, estimated with a series of alkane standards 
(C7-C30), were compared with that of published data (Adam, 2007). 
Putative contaminant compounds were removed when present in both 
control and sample to obtain the final set of floral volatile compounds. 
The peak areas of the compounds of the final set of floral volatiles were 
converted to relative frequencies and averaged per compound amongst 
the 12 samples to select the dominant floral volatiles present in 
V. pompona flowers. Finally, we compiled information on the attrac
tiveness of orchid bees to each of the identified compounds from the 
literature, including field behavioural assays (Dodson et al., 1969; 
Williams and Dodson, 1972; Williams and Whitten, 1983; Ackerman, 
1989; Hetherington-Rauth and Ramirez, 2016). 

Fig. 1. The Osa Peninsula, our study area in southern Costa Rica, with the four study sites with a Vanilla hartii population shown: (1) Bambu, (2) Banegas, (3) Los 
Mogos, (4) Piro. 

Fig. 2. Complete Vanilla hartii flower (A), V. hartii flower section with removed sepals and petals to indicate the presence of a nectary (white arrow) (B), and 
measured floral traits: L1 = length of labellar tube, L2 = length of pedicel, T_co = thickness of column at anther height, T_la = height of labellar keels, T_ca = height 
of labellar callus, H = height of labellar tube below anther, W = width of labellar tube (C). Photographs by AK and CW (vouchers at Jardín Botánico Lankester). 
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2.3. Floral visitors and their behaviours: identifying potential pollinators 

We observed V. hartii flowers and their potential visitors using 
CANON SX60 HS cameras, located at a minimum distance of three 
meters from the flowers to avoid potential disturbance. Observations 
took place during two flowering periods (December 2018 - January 
2019 and December 2019 - February 2020), from 0600 h (anthesis) to 
1300 h (when they start to wither). Each of the four populations flow
ered for about two to three weeks, but with varying starting dates. This 
results in a complete flowering period of two to three months during the 
dry season, which conforms with previous observations by Soto Arenas 
and Dressler (2010). In total, we spent about 210 h observing V. hartii 
flowers. In Costa Rica, V. hartii also has a short flowering period from 
August to September, but no camera observations were carried out 
during this period due to logistical constraints caused by heavy rains. We 
used Canon SX60 HS cameras that were manually activated upon visitor 
approaches, and a Canon HD camcorder (with DC coupler and dummy 
battery) for continuous recording. We subsequently analysed the video 
footage to distinguish floral visitors from potential pollinators based on 
their behaviour that we categorized as follows: (i) approaching flower, 
(ii) landing on sepals or petals and demonstrating probing behaviour, 
(iii) landing on labellum and demonstrating probing behaviour, (iv) 
landing on labellum and entering the labellar tube, thereby potentially 
or effectively removing the pollen. The floral visitors that were observed 
removing the pollen of V. hartii flowers were identified and determined 
by sex (Roubik and Hanson, 2004). 

Considering orchid bees to be effective pollinators of animal- 
pollinated Neotropical Vanilla species, potential Euglossini pollinator 
species were additionally determined based on a morphological fit be
tween bee body and flower traits. For this, we haphazardly located three 
chemical baits (eucalyptol, eugenol, methyl salicylate) shown to be 
effective Euglossini attractants (Ackerman, 1989; Dressler, 1982; Rou
bik and Hanson, 2004; Williams and Dodson, 1972) within the V. hartii 
populations during the flowering period of December 2020 - February 
2021 (one day in each population, from 6 am to 9 am). Attracted in
dividuals were identified and the following bee body traits were 
measured and compared with V. hartii floral traits to assess a potential 
morphological-fit-to-flower structure: total body length, mesosoma 
height and width, and proboscis length. Previous research (Watteyn 
et al., 2022) has shown that the gap between the labellar tube entrance 
at the apex of the anther (“An”) and the labellar tube measured at the 
height of the callus below the rostellar flap (“Cn”), plays an important 
role in predicting the goodness-of-fit with the mesosoma height of its 
pollinator Eulaema cingulata. Since V. hartii has a similar floral structure 
as V. pompona, we used the same framework to determine potential 
V. hartii pollinators. The following traits were measured on 40 V. hartii 
flowers (10 per population): width (W) and length (L1) of the labellar 
tube, height of the labellar tube below the anther (H), thickness of the 
column at anther height (T_Co), height of the labellar callus (T_Ca), 
height of the labellar keels (T_La), and length of the pedicel (L2) 
(Fig. 2C). The traits An and Cn were estimated by, respectively, “H - 
T_La” and “H - T_Ca”. Moreover, captured Euglossa individuals were 
placed together with V. hartii flowers in a flying cage (Fig. B.1) to 
observe their behaviour (after measuring the bees). Individuals that 
entered the labellum and exited with pollen attached to their scutellum 
were identified at species level. 

To further demonstrate the essential role of animal vectors in the 
natural pollination of V. hartii flowers, we covered twenty inflorescences 
with newly-opened flowers, of which no pollen was deposited on the 
stigma, with an insect-proof nylon bag until floral senescence. In case of 
fruit development within the bags, we cannot exclude that V. hartii 
flowers may also be autonomous autogamous. This experiment took 
place in two populations (Bambu and Banegas) at the beginning of the 
second flowering period. 

2.4. Reproductive success 

We counted the number of inflorescences per population, the number 
of flowers per inflorescence, and at the end of each flowering period we 
recorded the number of developed fruits per inflorescence. Fruit set was 
then calculated at the inflorescence level and averaged per population 
(Piro, Banegas, Bambu, Los Mogos) and observation period (2019, 
2020). 

3. Results 

3.1. Floral rewards 

The average nectar volume (± SD) per flower at an initial stage of the 
anthesis was 1.85 ± 1.07 µL, ranging from 0.26 to 4.46 µL. Sugar con
centration (± SD) averaged 34.79 ± 6.01%, and we identified four 
nectar sugars (Fig. A.1). The disaccharide sucrose (83.64 ± 23.01%) 
represented the highest proportion of the nectar sugar composition, 
followed by the two hexoses, glucose (8.92 ± 14.20%) and fructose 
(5.91 ± 7.20%), and the trisaccharide raffinose (1.52 ± 2.43%). Based 
on the results of the GC–MS analysis, we identified two floral volatile 
compounds: 1,8-cineole and methyl salicylate. These two compounds 
were found in trace quantities (< 2% of the total peak area) in respec
tively three and four of the ten samples (Fig. A.2). The other observed 
peaks were identified as contamination as they were present in both 
sample and control. 

3.2. Floral visitors and their behaviour: identifying potential pollinators 

All but two of 58 visitor individuals observed approaching V. hartii 
flowers were bees (Apidae). More specifically, 27.6% were Euglossini 
belonging to the genera Euglossa (24.2%) and Eulaema (3.4%), and 69% 
were Trigona (Meliponini). The two other approaches were by hum
mingbirds (Phaethornis). 

The approaching Eulaema and about 78.6% of the approaching 
Euglossa landed on the labellum and displayed a nectar search behaviour 
indicated by their extended proboscis when exiting the flower (Video 1). 
Only certain Euglossa individuals (n = 9), both male (n = 7) and female 
(n = 2), fully entered the labellum to search for nectar, of which four 
(three males and one female) were observed with pollen attached to 
their scutellum when exiting the labellar tube (Video 2). The average 
time (± SD) that individuals spent inside the labellar tube was 11.8 ±
2.5 s. As they exited, an extended proboscis was observed, indicative of 
nectar search. About 80% of the Meliponini (n = 40) landed on the 
flower, i.e. the sepals, petals, or labellum edge. They all showed the 
same probing behaviour of touching the flower surface with their pro
boscis or antennae. Both hummingbirds inserted their beaks into the 
labellum and also pierced the labellar tube with their beaks, a behaviour 
indicative of nectar search (Video 1). No pollen removal by any Eulaema, 
Meliponini or hummingbird species was observed. Covering the flowers 
with insect-proof nylon bags resulted in zero fruit development, sug
gesting that V. hartii needs an animal vector to successfully pollinate its 
flowers. This conforms with our camera observations indicating suc
cessful pollen removal by orchid bees belonging to the genus Euglossa, as 
these bees were observed lifting the rostellum (Video 2). The latter is 
necessary to release the pollen and deposit it as smears on the bee’s 
scutellum. 

A list of potential V. hartii pollinator species was obtained by per
forming the bee-to-flower trait assessment with euglossines caught at 
baits (Fig. 3). All except Euglossa imperialis, Euglossa cognata and Eulaema 
have a mesosoma width (± SD) smaller than the width of the floral tube 
(6.00 ± 0.51 mm), but only the following Euglossa species have a mes
osoma height (± SD) that fits in the gap between the labellar tube 
entrance at the apex of the anther (An) and the labellar tube measured at 
the height of the callus below the rostellar flap (Cn): E. allosticta, E. 
championi, E. cybelia, E. flammea, E. mixta, E. tridentata, E. villosiventris. 
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All except Euglossa allosticta and E. flammea have a proboscis length that 
equals or is smaller than the nectar tube length (± SD) of V. hartii flowers 
(15.42 ± 0.51 mm). These species would need to enter the labellum to 
reach the nectar reward. On the contrary, Euglossa allosticta and 
E. flammea have a longer proboscis (23.4 ± 3.1 mm and 35.1 ± 1.9 mm 
respectively), and may not necessarily need to enter the labellar tube to 
reach the nectar. Moreover, Euglossa cybelia and E. tridentata were 
observed entering the labellar tube and effectively removing V. hartii 
pollen when placed in the flying cage (Fig. B.2). 

3.3. Reproductive success 

The fruit set was measured at population level during the two periods 
of observation: Piro (2019: 12.9 ± 15.2%; 2020: 8.5 ± 13.7%), Banegas 
(2019: 11.2 ± 16.0%; 2020: 10.8 ± 15.2%), Bambu (2019: 6.6 ± 10.9%; 
2020: 7.2 ± 11.4%), and Los Mogos (2019: 3.6 ± 7.0%; 2020: 6.2 ±

15.1%). Overall fruit set (averaged over the four populations) for 2019 
and 2020 was 9.4 ± 13.9% and 8.3 ± 13.8% in 2020, respectively. 

4. Discussion 

Vanilla hartii rewards its floral visitors by offering extractable 
amounts of sugar-rich nectar. Previous Vanilla pollination studies have 
described pollinator attraction via floral fragrances (Soto Arenas and 
Dressler, 2010), food deception (Nielssen and Ackerman, unpubl.; 
Pansarin and Pansarin, 2014; Pansarin et al., 2014; Anjos et al., 2016), 
or a combination of both (i.e. dual pollinator attraction mechanism) 
(Watteyn et al., 2022). We present novel insights into the adaptation of 
Vanilla species to food-seeking pollinators, whereby the 
nectar-rewarding strategy tends to result in higher fruit set. 

4.1. Nectar-rewarding pollination mechanism 

The GC–MS identified two floral volatile compounds, 1,8-cineole and 
methyl salicylate, known as general Euglossini-attractants and common 

odour constituents of several Euglossini-pollinated orchid species (e.g. 
Dodson et al., 1969; Williams and Whitten, 1983; Roubik and Knudsen, 
2017). These volatile compounds, however, were only present in a few 
samples, and in trace quantities. Conversely, nectar was present in all 
sampled flowers. An overall dominance of the disaccharide sucrose was 
observed, which is typical for bee-pollinated flowers (Nicolson, 2007; 
Patiny, 2011; Parachnowitsch et al., 2019; Scaccabarozzi et al., 2020). 
Furthermore, nectar sugar concentration in V. hartii conforms with those 
found in previous orchid bee pollination studies (Ackerman et al., 1982; 
Roubik et al., 1995) demonstrating that Euglossini exploit flowers with 
nectar containing sugar concentrations between 25 and 40%, as this 
concentration provides an optimal energy intake rate by means of their 
typical suction feeding style (Pokorny et al., 2014). Male Euglossini are 
known for their fragrance collection behaviour, displayed on the flowers 
they pollinate. More precisely, specific mixtures of floral volatile com
pounds selectively attract male Euglossini to flowers (Dodson et al., 
1969; Dressler, 1982; Eltz and Lunau, 2005; Hetherington-Rauth and 
Ramírez, 2016; Ramírez et al., 2011; Williams and Dodson, 1972). Even 
though we identified two Euglossa-attractive compounds, no fragrance 
collection behaviour on the sepals, petals or labellum of V. hartii was 
observed - a sharp contrast with the observation of continuous fragrance 
collection on the flowers of the sympatric V. pompona (Watteyn et al., 
2022). Instead, all the Euglossa individuals visiting V. hartii flowers were 
observed searching for nectar in the labellum, indicated by the observed 
prolonged visits and extended proboscis. Certain individuals were able 
to fully enter the tube formed by the labellum; four of these were 
observed with pollen attached to their scutellum when existing the 
labellar tube. The potential role of the floral fragrances could, however, 
be further examined. Nectar is rarely detectable at long distances and 
sugar concentration or composition cannot be perceived from a distance 
(Pyke et al., 2020). Therefore, the volatile compounds may function as 
long-distance attractants, coupled with the white labellum which stands 
out in the dark understory of old growth forests. 

Fig. 3. Comparison of the mesosoma heights (mm) of the caught Euglossa spp. with the flower morphological traits “An” (mm) and “Cn” (mm) of Vanilla hartii. The 
potential pollinators are Euglossa species with a mesosoma height that fits into the “An-Cn” gap and a mesosoma width smaller than the diameter of the labellar tube. 
The potential Euglossa pollinator species are shown in green, with a photograph of Euglossa tridentata with V. hartii deposited on its scutellum. Photograph by CW 
(vouchers at Jardin Botánico Lankester). 
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4.2. Floral visitors and potential pollinators 

The most common floral visitors were stingless bees (Trigona), fol
lowed by orchid bees (Eulaema, Euglossa) and occasionally humming
birds. The orchid bees and hummingbirds inspected the floral tube in 
search of nectar. Only median- or small-sized Euglossa species were able 
to fully enter the tube formed by the labellum. A subset of these bees was 
observed with pollen attached to their scutellum when exiting the 
labellar tube, acting as effective V. hartii pollen removers. Both male and 

female Euglossa were observed visiting and entering the labellum in 
search of nectar, which is consistent with previous studies demon
strating the attraction of both sexes towards nectar-rewarding plant 
species (e.g., López-Uribe et al., 2008; Rocha-Filho et al., 2012). Due to 
their swiftness when exiting the flowers and the height at which the 
flowers were located (> 3 m), we were not able to physically capture 
these individuals. Nevertheless, the pollinators observed on video 
footage were identified based on morphology using Roubik and Hanson 
(2004), and compared to Euglossini captured at baits. 

Table 1 
Overview of the pollination strategies, pollinators, and reproductive success (fruit set (%)) of Vanilla species studied so far, grouped by subgenus and section according 
Soto Arenas and Cribb (2010) and Karremans et al. (2020). All pollinator species are bees belonging to the Apidae family, except for V. saimensis, which is pollinated by 
Halictidae.  

Subgenus Section Species Pollination strategy Pollinator Fruit set References 

Xanata Xanata Vanilla hartii Rolfe Animal-pollinated | Nectar- 
rewarding 

Euglossini: Euglossa spp. 3.6–12.9 Present study 

Vanilla pompona Schiede1 Animal-pollinated | Dual Euglossini: Eulaema cingulata 0.9–2.4 Watteyn et al., 2022   
Euglossini: Eulaema meriana  Lubinsky et al., 2006; Householder 

et al., 2010   
Euglossini: Eulaema nigrita  Ackerman 1983a 

Vanilla bahiana Hoehne2 Animal-pollinated | Food- 
deceptive 

Euglossini: Eulaema spp. 2.4 Anjos et al. 2017 

Vanilla dubia Hoehne3 Animal-pollinated | Food- 
deceptive 

Euglossini: Eulaema nigrita 0.4–3.2 Pansarin and Pansarin 2014   

Euglossini: Eufriesea violacea   
Vanilla cribbiana Soto 
Arenas4 

Animal-pollinated | Food- 
deceptive 

Euglossini: Eulaema spp. n.a. Soto Arenas and Dressler 2010 

Vanilla insignis Ames4 Animal-pollinated | Food- 
deceptive 

Euglossini: Eulaema 
polychroma 

n.a. Soto Arenas and Dressler 2010 

Vanilla odorata C. Presl4 Animal-pollinated | Food- 
deceptive 

Euglossini: Euglossa spp. n.a. Karremans and Watteyn unpubl. 

Vanilla planifolia 
Andrews4 

Animal-pollinated | Food- 
deceptive 

Euglossini: Euglossa spp. 0.1–1.0 Soto Arenas and Dressler 2010 

Vanilla trigonocarpa 
Hoehne4 

Animal-pollinated | Food- 
deceptive 

Euglossini: Euglossa 
asaraphora 

n.a. Soto Arenas and Dressler 2010   

Euglossini: Eulaema spp.  Karremans and Watteyn unpubl. 
Vanilla bicolour Lindl. Autogamous  42.5–75 Householder et al., 2010; van Dam et al. 

2010 
Vanilla chamissonis 
Klotzsch 

Autogamous  15.2 Reis 2000 

Vanilla palmarum Lindl5 Autogamous  70.3–76 Pridgeon et al. 2003; Householder et al., 
2010 

Vanilla planifolia 
Andrews4 

Autogamous4  4.0–6.0 Hernández 1997; Gigant et al. 2011 

Xanata Tethya Vanilla barbellata Rchb. f.4 Animal-pollinated | Food- 
deceptive 

Centridini: Centris 
haemorrhoidalis 

1.0 Nielsen and Ackerman unpubl. 

Vanilla bosseri Animal-pollinated | Food- 
deceptive 

Allodapini: Allodape spp. n.a. Petersson, 2015 

Vanilla claviculata Sw. 4 Animal-pollinated | Food- 
deceptive 

Centridini: Centris 
haemorrhoidalis 

5.3 Nielsen and Ackerman unpubl. 

Vanilla dilloniana Correll 4 Animal-pollinated | Food- 
deceptive 

Centridini: Centris 
haemorrhoidalis 

0.5 Nielsen and Ackerman unpubl. 

Vanilla humboltii Rchb. f. Animal-pollinated | Food- 
deceptive 

Allodapini: Allodape 
obscuripennis 

0.62–1.2 Gigant et al., 2016 

Vanilla roscheri Rchb. f. Animal-pollinated | Food- 
deceptive 

Allodapini: Allodape variegata 26.3 Gigant et al. 2014   

Allodapini: Allodape rufogastra  Gigant et al. 2014   
Anthophorini: Anthophora  Gigant et al. 2014 

Vanilla siamensis Downie Animal-pollinated | Food- 
deceptive 

Halictini: Trinchostoma spp. 3.6 Chaipanich et al., 2020 

Vanilla griffithii Rchb. f. Autogamous  n.a. Cameron and Soto Arenas 2003 
Vanilla Vanilla edwallii Hoehne Animal-pollinated | Food 

deceptive 
Centridini: Epicharis affinis n.a. Pansarin et al. 2013 

Vanilla mexicana Mill. Autogamous  53.9 Gigant et al., 2016 
Vanilla guianensis Splitg. Autogamous  78 Soto Arenas 2003; Householder et al., 

2010 
Vanilla inodora Schiede4 Autogamous  n.a. Soto Arenas and Dressler 2010  

1 Dual refers to the dual pollinator attraction mechanism that combines floral fragrances and food-deception. 
2 Anjos et al. (2017) mention the observation of a visiting Eulaema sp., but no pollen removal or deposition was recorded. 
3 Pansarin and Pansarin (2014) provide footage of Eulaema nigrita collecting fragrances on the petals of V. dubia and Eufriesea violacea landing on the labellum of 

V. dubia with pollen of Catasetum sp., no evidence was provided of Eulaema nigrita or Eufriesea violacea acting as potential pollinators. 
4 Statements are based on unpublished data. 
5 A recent study of Pansarin and Ferreira (2022b) reported the hummingbird Amazilia fimbriata as potential pollinator of V. palmarum. However, no pollen removal 

was presented, and the proposed bird-pollination would require further mechanical explanation. 
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Based on the morphological assessment between bee and flower 
traits, we suggest that V. hartii is possibly pollinated by a range of 
functionally similar Euglossa species. Five of the species caught (Euglossa 
championi, E. cybelia, E. mixta, E. tridentata, E. villosiventris) had a mes
osoma height that allows them to fit into the labellar tube (“An-Cn” gap) 
and a proboscis length that is similar to the nectar tube length of V. hartii 
flowers. Both morph traits are required for pollen removal and deposi
tion to occur in this orchid species. Such an interpretation conforms with 
previous studies demonstrating the link between pollinator proboscis 
length and floral nectar tube length (e.g. Inouye, 1980; Klumpers et al., 
2019; Naghiloo et al., 2021). When placed together in an enclosed space, 
males of E. cybelia and E. tridentata were observed successfully entering 
the labellar tube and effectively removing pollen of V. hartii. As such, we 
identified the same potential pollinator species from both the morpho
logical assessment as well as experimental evaluation using Euglossa 
bees inside a flying cage with V. hartii flowers. 

4.3. Evolution of vanilla pollination strategies 

Within each subgenus and section of Vanilla, we grouped species 
according to their pollination strategy and added their reproductive 
success (Table 1). So far, the pollination biology of 16 species is fairly 
well understood (exclusively including studies with concise data on 
pollination events, fruit set and identification of potential pollinators), 
which corresponds to only ± 13% of the known Vanilla species (Karre
mans et al., 2020). Yet, this overview allows us to gain some first insight 
into potential evolutionary trends of Vanilla pollination strategies and 
pollinator species. As documented in other orchid genera (Tremblay 
et al., 2005), autonomous autogamous Vanilla species tend to have a 
higher reproductive success compared to animal-pollinated species. 
Ortiz-Barney and Ackerman (1999) discussed various drivers of this type 
of autogamy, of which reproductive assurance was the most common 
one. As observed by Gigant et al. (2016), autonomous autogamy seems 
to be more of an ancestral feature within the Vanilla genus (V. mexicana 
and V. palmarum group), raising questions about the evolutionary di
rection in shifts between autonomous self-pollination and 
animal-mediated pollination mechanisms. 

Vanilla species pollinated by animal vectors seem to attract their 
pollinators by means of deception, floral rewards (nectar, fragrance), or 
a combination of both (i.e. dual pollinator attraction mechanism in 
V. pompona). As far as we know, all but one animal-pollinated species are 
pollinated by Apidae (Hymenoptera), and there seems to be some 
specificity between the Vanilla species groups (i.e. sections) and the 
genera of corresponding bee pollinators (Table 1). For example, only 
genera of euglossine bees (Euglossa, Eulaema and Eufriesia) have been 
observed to successfully pollinate members of Vanilla subg. Xanata sect. 
Xanata - which includes V. planifolia and all other fragrant Vanilla spe
cies. The genus Allodape (Apidae: Allodapini) has been reported to 
pollinate members of Vanilla subgen. Xanata sect. Tethya, and the genus 
Epicharis (Apidae: Centridini) has been observed to pollinate members of 
Vanilla subg. Vanilla. Only V. siamensis of subg. Vanilla sect. Tethya is 
pollinated by bees other than Apidae: Thrinchostoma spp. (Halictidae: 
Halictini). Even though there are large information gaps regarding the 
pollinators of many Vanilla species, the available studies suggest the 
presence of multiple pollinator groups and pollination mechanisms in 
the genus, potentially with biogeographic specialization. Members of 
Vanilla sect. Xanata are endemic to the Neotropics, and so are the 
Euglossini that have been shown to pollinate some of them. Species of 
Vanilla sect. Xanata not only produce fragrant fruits, but many are also 
known for their fragrant flowers (Soto Arenas and Dressler, 2010; Kar
remans et al., 2020) and possibly exploit the fragrance-seeking behav
iour of male euglossine bees. Hence, nectarless species with fragrant 
flowers may actually display a dual pollinator attraction mechanism 
(fragrance reward as long-distance attraction and food deception as 
short-distance attraction), as has been hypothesized for V. pompona 
(Watteyn et al., 2022). The present study confirms the presence of a 

nectar-rewarding species within this group, as suggested by Soto Arenas 
and Dressler (2010) and Pansarin, 2022a. Phylogenetic reconstruction 
(Bouetard et al., 2010; ; Azofeifa-Bolaños et al., 2017) shows that 
V. hartii has an isolated position as sister to most of the other members of 
Vanilla section Xanata. We recommend further research to link the 
evolutionary divergence within this section to the observed differences 
in pollination mechanisms. This could be done by whole genome 
sequencing of species with contrasting pollination mechanisms. For each 
of the obtained genomes, a high-quality assembled transcriptome could 
be used for consensus calling (SNP calling) of candidate loci hypothe
sized to be associated with pollination-related traits, followed by an 
evaluation of the role these candidate genes may play in evolutionary 
shifts in pollinator species and mechanisms. As such, we could be able to 
detect a possible interplay of phylogenetic history with adaptive evo
lution leading to the diversification of pollination-associated traits 
within the Vanilla genus. 

Based on the current limited information, we see great value in 
future studies that (a) combine observational data (identification of 
pollinator species as well as their behaviour, pollination success, flower 
shape) and phytochemical flower analysis (presence of nectar and floral 
volatile compounds) to further understand evolutionary trends amongst 
the Vanilla species, and (b) compare habitat requirements, phenology 
and pollinator species to reveal ecological adaptations that may have 
driven the evolution of different pollination strategies within the genus. 
As such, we will be able to better frame Vanilla-pollinator interactions 
within a wider evolutionary context. 
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