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Abstract: Floral deception has been observed in several genera in angiosperms, but is most common
in the Orchidaceae. Pollination mechanisms in food deceptive plants are often difficult to assess,
as visitation frequency by insects requires numerous hours of field observations to ascertain.
Here, for the first time, we describe in detail and validate a simple and effective method that
extends previous approaches to increase the effectiveness of pollination studies of food deceptive
orchids. We used an orchid of southwest Australia, Diuris brumalis (Orchidaceae), that visually mimics
model plants belonging to the genus Daviesia (Faboideae). Arrays of orchid flowers were placed and
moved systematically in proximity to model plants, resulting in rapid attraction of the pollinators
of D. brumalis. We compared pollinaria removal (as an indicator of pollination success) in naturally
growing orchids with pollinaria removal in arrays of orchid flowers in the same sites. We showed
that the proposed method greatly enhances pollinator attractiveness in food deceptive systems with
very low pollination rates, and we compared its efficiency with other similar methods. The approach
can be used for observing pollinator behavioural patterns and confirming effective pollinators for
food deceptive species with low insect visitation rates.

Keywords: bait orchids; food deception; pollinator attraction; pollinator observation

1. Introduction

Floral deception has been observed in several hundred genera of angiosperms [1], but is most
common in the Orchidaceae where approximately 8000 species are believed to not have floral rewards for
pollinators [2,3]. Deceitful orchids lure their pollinators by many mechanisms that include generalised
food deception, through target mimicry of other flowers that do produce food such as nectar or pollen,
mimicking carrion odour and providing insect brood-sites or shelters, as well as by sexual deceit,
utilising pheromone attraction of insects [4]. Food deceptive orchids typically attract pollinators by
mimicking some of the floral traits of neighbouring rewarding species, such as inflorescence shape and
architecture, flower colour and brightness, scent, nectar guides and pollen marks [5–7]. Despite food
deception being a predominant strategy among deceptive orchids [8], especially in Australia, it has
been less studied relative to sexual deceit of specialised male pollinators.

The lack of nectar in deceptive orchids can lead to low visitation rates of pollinators and
pollination success [9–11], up to 30% lower relative to rewarding orchids [12]. Visually deceptive
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orchids in Western Australia show a variable range of reproductive success (0–48% fruit set) with
several species experiencing a fruit set close to zero in some flowering seasons [13]. This can be due
primarily to pollinators that quickly learn to avoid fraudulent orchids [14,15]. Infrequent visits by
pollinators extend the time necessary to carry out the observations, making the identification of effective
pollinators tedious. For sexually deceptive orchids, Stoutamire [16] and Peakall [17] developed a
method of floral presentation via baiting stations that has been deployed widely, and revisited in other
orchids showing sexual mimicry strategies, for almost 50 years (Table 1, i.e., Drakaea glyptodon Fitzg.;
e.g., [18–23]). In food deceptive orchids, a different “baiting station” approach, based on a bifurcated
stick presenting two inflorescences (one of the mimic species and another one of the model species) has
been developed with the precise aim to compare pollinator preference between the mimic orchid and its
rewarding model plants (i.e., pollinator choice or bee interview technique (Table 1) [24–27]). In greater
detail, the latter approach was used in Disa pulchra Sond. to test whether pollinators discriminated
between mimic and model plants, while in Orchis morio (Anacamptis morio (L.) R.M.Bateman, Pridgeon &
M.W.Chase) and Platanthera chlorantha (Custer) Rchb. it was used to measure the effect of different
nectar amounts on insect visitation rates.

During a study of the food deceptive orchid Diuris brumalis D.L.Jones in southwest Australia,
we developed an alternative strategy to consistently attract pollinators which were difficult to observe
due to their low visitation rates and fleeting floral visitation times (often ≤ 1 s) [28]. In D. brumalis there
was evidence of visitation by a potential panel of pollinator species (i.e., Trichocolletes spp., Hymenoptera,
Colletidae), but, despite several hours of observation, the removal of pollen by this pollinator species
was never observed, resulting in the absence of pollinator confirmation. Thus, Scaccabarozzi et al. [28]
used arrays of orchid flowers in proximity to model plants to attract more pollinators than would
typically be gained by observing stationary plants in their natural fashion.

Diuris brumalis is a terrestrial winter flowering orchid, which is common in Darling Range near
Perth, Western Australia [29]. Like congeneric species, it is capable of forming extensive clones by
producing daughter tubers [30] (Figure 1). Diuris brumalis has been shown to mimic rewarding pea
plants of the genus Daviesia Sm. (Faboideae), with which it shares pollinators (Trichocolletes spp.) [31]
and floral visual cues such as shape and colour spectral reflectance [28] (Figure 1). Based on the mimicry
pollination syndrome of multiple pea species in the genus Daviesia (Figure 1) [28], we developed and
validated a method that involves systematically moving artificial arrays of the orchid D. brumalis to
enhance attractiveness for insects, and therefore increase the number of pollinator observations
required to determine insect behavioural patterns. As D. brumalis grows in clonal groups [30],
Scaccabarozzi et al. [28] adapted the sexual deceptive baiting method and revisited the original
approach [17] to create artificial arrays or clumps of flowers [28]. In fact, several attempts applying
random baiting or choice experiments (Table 1) in D. brumalis did not lead to any improvement in
pollinator visitation. The originality of the method consists of systematically rotating these arrays
relative to the position of model plants. By doing so, Scaccabarozzi et al. [28] were able to attract a
larger number of effective pollinators for D. brumalis. Our study aims to (i) describe in detail how to
use this method, (ii) validate its effectiveness for increasing pollinator attraction in a food deceptive
orchid system, (iii) provide recommendations for its application in other food deceptive orchids and
(iv) provide a detailed comparison of its efficiency with other similar methods. Specific objectives
based on the D. brumalis study system were to compare the pollination success of naturally growing
orchids and arrays of orchid flowers, and to assess the limitations of the current method for wider
application, and its efficiency relative to other similar methods.
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Table 1. Methods for conducting orchid pollination studies on insect behavioural ecology; relative description; first application: reference to the author(s) that first
applied the method; orchid study species; orchid fruit set (average); aim of application; on which pollination strategy the method was first applied (SD: sexual deception;
GFD: generalised food deception; GFDF: generalised food deception with food foraging insects (minute amount of nectar produced by orchids); BFM: Batesian floral
mimicry (food mimicry); NR: nectar reward); potential limitations of the methods.

Methods for Orchid
Pollination Studies Description First Application Study Orchid

Species
Orchid Fruit Set

(Average) Aim Pollination
Strategy Limitations

Baiting Stations

picked inflorescences or
potted plants presented

randomly in the landscape;
from 2 to 15 min trials

SD: Stoutamire,
1974; Peakall, 1990
GFDF: Reiter et al.,

2018; 2019

Drakaea glyptodon

Caladenia versicolor
Caladenia concolor

20%

50%
30.5%

attract pollinators
SD

GFDF

SD: absence of males influences
the effectiveness

GFD: proximity to nest sites
influences the effectiveness

Choice Experiment or
Bee Interview

Technique

a bifurcated stick presenting
two inflorescences (one of the

mimic species and another
one of the model species, or

two orchid inflorescences
depending on the strategy)

Thomson, 1988;
Johnson & Nilsson,

1999; Johnson,
2000

Disa pulchra
Orchis morio
Platanthera
chlorantha

15%
51%
29%

test for food mimicry
or test for nectar effect

on visitation rate

BFM
GFD
NR

when the pollination success is
low, sufficient replicas are not
warranted; presence of nest

sites influences the effectiveness

Rotating Arrays

systematic rotation of arrays
of orchid flowers (picked

inflorescences) relative to the
position of various model

plants; 15 min trials

Scaccabarozzi
et al., 2018; 2020

Diuris brumalis,
Diuris magnifica

3% increase the visitation
rate by insects BFM

presence and abundance of
rewarding model plants

determines the effectiveness
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Figure 1. (A,C) The rewardless Diuris brumalis (Orchidaceae); (B,D) Daviesia decurrens (Faboideae), 
one of the model species involved in orchid floral mimicry. Scale bar: 5 mm. 

2. Materials and Methods 

This study was undertaken at three sites in orchid-rich habitats in southwest Australia, 30 km 
east of Perth (32°01’50.1” S, 116°06’01.2” E; 32°01’41.9’’ S, 116°05’41.7’’ E; 32°01’43.8’’ S, 116°05’12.1’’ 
E), where orchid populations were represented by a conspicuous number of plants ( > 50). 
Observations were made over six sunny days during the orchid flowering period (12th, 18th and 25th 
July, and 2nd, 9th and 15th August 2016) when pollinators were expected to be active. Experiments 
were conducted for two days per site across the sampling period, between 10.30 a.m. and 3.30 p.m., 
when temperatures were higher than 17 °C (around the optimum for pollinator activity) [28], as 
detected by an electronic thermometer (Smartsensor AR827) set 20 cm above the ground. 

Three experimental artificial arrays of orchid flowers comprised two inflorescences (with 4–6 
flowers each) that had been cut and placed in three glass vials filled with water and positioned to 
replicate the colony-forming pattern of D. brumalis (Figure 2). Vials were spaced 10–20 cm apart and 
positioned to create a conspicuous floral display, approximately one metre from flowering 
individuals of the model food pea-plant (Daviesia species). In fact, after some first attempts, we 
observed that this was a suitable distance between arrays of orchid flowers and model plants to 
induce bees to visit orchid arrays that were, at the same time, adequately far away to draw a distinct 

Figure 1. (A,C) The rewardless Diuris brumalis (Orchidaceae); (B,D) Daviesia decurrens (Faboideae),
one of the model species involved in orchid floral mimicry. Scale bar: 5 mm.

2. Materials and Methods

This study was undertaken at three sites in orchid-rich habitats in southwest Australia, 30 km east
of Perth (32◦01′50.1” S, 116◦06′01.2” E; 32◦01′41.9” S, 116◦05′41.7” E; 32◦01′43.8” S, 116◦05′12.1” E),
where orchid populations were represented by a conspicuous number of plants (>50). Observations were
made over six sunny days during the orchid flowering period (12th, 18th and 25th July, and 2nd,
9th and 15th August 2016) when pollinators were expected to be active. Experiments were conducted
for two days per site across the sampling period, between 10.30 a.m. and 3.30 p.m., when temperatures
were higher than 17 ◦C (around the optimum for pollinator activity) [28], as detected by an electronic
thermometer (Smartsensor AR827) set 20 cm above the ground.

Three experimental artificial arrays of orchid flowers comprised two inflorescences
(with 4–6 flowers each) that had been cut and placed in three glass vials filled with water and
positioned to replicate the colony-forming pattern of D. brumalis (Figure 2). Vials were spaced 10–20 cm
apart and positioned to create a conspicuous floral display, approximately one metre from flowering
individuals of the model food pea-plant (Daviesia species). In fact, after some first attempts, we observed
that this was a suitable distance between arrays of orchid flowers and model plants to induce bees
to visit orchid arrays that were, at the same time, adequately far away to draw a distinct foraging
bout. A total of four model plants randomly chosen per site were used. The arrays were rotated in
the following manner: every 15 min (including a minute for moving the arrays of orchid flowers),
the vials were moved in proximity to another model plant. A period of 15 min (the maximum period
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of the trial applied in sexually deceptive orchids [17]) was sufficiently adequate for flower recognition
and visitation by insects. The experiment was repeated hourly for 20 replicates (15 min each) per
day, moving the orchid arrays in rotation among the same four selected model plants (Figure 3),
accounting for a total of 30 h.
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Figure 3. Representation of arrays of rotating orchid flowers used to establish pollinator effectiveness in
Diuris brumalis (Orchidaceae). Filled red circles: model plants (Daviesia; Fabaceae); arrays of flowers in
water in the open blue circles (vials), each containing two inflorescences of the mimic orchid D. brumalis.

Each orchid flower in the arrays had pollinaria at the beginning of the experiment. At the end of
each day we scored pollinaria removal from intact clumps of flowering orchids. Observations were
conducted on the same day over the same time frame (in total 30 h), and the new natural orchid clump
from which to score pollinaria removal was selected daily. Floral display was standardised based on
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flower abundance by selecting natural orchid clumps comprising at least the same number of flowers
displayed by arrays of orchid inflorescences. To validate the effectiveness of these artificial arrays,
a pairwise comparison was performed by using the G-test GenAlEx 6.5 [32,33], based on the total
pollinaria removed in the three experimental artificial arrays and in the natural orchid clumps in the
same site. A final recommendation is provided for storing the orchid inflorescences and re-using them
for more days: as firstly done by [21,34], picked inflorescences can be maintained fresh up to 3–4 days
(before flowers start to wither) in plastic or glass sample vials stored in a refrigerator at 4◦C, with some
water in the bottom, and covering the inflorescence with a plastic bag.

To exclude any bias due to the location of arrays in proximity to target food plants, the approach
was applied between 10.30 a.m. and 3.30 p.m. over four days using the previous experimental
timeframe, accounting for a total of 20 h, using food plants other than Daviesia that are common
in understory vegetation (Acacia pulchella R.Br., Adenanthos barbiger Lindl., Bossiaea aquifolium
Benth., Calothamnus sanguineus Labill., Hakea lissocarpha R.Br., Hibbertia hypericoides (DC.) Benth,
Hovea chorizemifolia (Sweet) DC., Hovea pungens Benth. and Hypocalymna robustum Endl.). In total,
we performed eight observations per plant (15 min each) and we accounted for pollinaria removed on
orchid flowers in the array.

3. Results

The test showed a significant difference between pollinaria removed (n = 9) in natural orchid
clumps (N total flowers = 200) and pollinaria removed (n = 31) in rotating arrays of orchid flowers
in proximity to Daviesia plants (N total flowers = 180), with a higher and consistent outcome for the
latter (Gdf = 16.7311, p < 0.001; Figure 4A). A total of 68 Trichocolletes spp. bees visited the arrays
of orchid flowers, and only one bee deposited pollinaria on the stigma (Figure 4B). Visitation rate
was highest between 11.30 a.m. and 12.30 p.m., while pollinaria removal was highest between
12.30 p.m. and 2.30 p.m. (Figure 4B). Arrays of orchid flowers placed in proximity to the other food
plants (i.e., non-model plants) had no pollinaria removed. We also established that there was no bias
due to the vicinity of arrays to food plants (Acacia pulchella, Adenanthos barbiger, Bossiaea aquifolium,
Calothamnus sanguineus, Hakea lissocarpha, Hibbertia hypericoides, Hovea chorizemifolia, Hovea pungens,
and Hypocalymna robustum) and confirmed the orchid pollinator sharing only with Daviesia plants.
Exclusively, the proximity of orchid arrays to model plants on which Trichocolletes were intensively
foraging led the bees to visit orchid arrays. Rotating arrays of orchid flowers resulted in a practical,
robust and quicker approach for attracting pollinators to D. brumalis than traditional observations.
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Figure 4. A Proportion of flowers of Diuris brumalis (Orchidaceae) with pollinaria removal in orchid
clumps in their natural setting compared to rotating arrays of orchid flowers near model plants
(Daviesia; Fabaceae). The proportion is based on six days of experiments across three sites. nfl: number of
flowers; np: number of pollinaria removed. B Number of total visiting insects Trichocolletes spp.
(Colletidae) (black), insects removing pollinaria (white) and depositing pollinia (grey) over time (hours)
in six days of experiments involving rotating arrays of orchid flowers.
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4. Discussion

For the first time, the effectiveness of rotating arrays of orchid flowers to increase pollinator
visits in food deceptive orchid systems with very low insect pollination success has been confirmed.
Random baiting and choice experiments were not successful in attracting pollinators when applied in
D. brumalis. This may be due to the very low insect visitation rates and effectiveness of the methods,
constrained respectively by the presence of males and nest sites (Table 1). In the case of sexually
deceptive orchids where attraction operates via sexual pheromones, orchid baits randomly placed
in the landscape attract their male pollinators thanks to the sexually appealing compounds released,
even if the orchids are distant from their pollinators [35]. However, the attraction is not warranted in
food deceptive orchids that do not release pheromones. In “choice experiments”, proximity to nest
sites is crucial for the method’s effectiveness [20], but in the case of solitary bees like Trichocolletes,
it is not always feasible to find nest sites surfacing on the ground. In addition, just one female bee
builds an individual nest, limiting the possibility of insect attraction to rare events [36]. Random bait
trials were used in studying generalised deceptive orchids, and similarly, the proximity to nest sites
potentially influenced the method’s effectiveness (Table 1). It would be interesting to use rotating arrays
of orchid flowers near a suite of food plants (or alternatively generic model plants close to orchids),
encompassing a “general flower image” [37] when orchids have a very low fruit set (i.e., <10%).

The application of rotating arrays provided a continuous, refreshed landscape of orchid floral
displays. Moreover, the effectiveness of using arrays of orchid flowers is likely to be influenced by
the periodical moving of orchids close to various model plants. This would result in reducing the
“learning behaviour” of visiting insects when static displays are presented [38] and the consequent
avoidance of non-rewarding plants previously visited [39]. The peak of pollinaria removal was
highest in the afternoon, suggesting that bees continued to visit and remove pollinaria after visiting
flowers in the morning and were not conditioned by previous visits. This agrees with the expectation
that mimics that are surrounded by other mimics should receive fewer visits than those that are
surrounded by models [40]. This method has also been successfully applied in a congeneric food
deceptive orchid species, Diuris magnifica D.L.Jones [41]. In contrast to D. brumalis [41], D. magnifica
occupies a different habitat and mimics a broad range of model species, employing more generalised
mimicry. Both orchid species had very low and similar pollination success with approximately 3%
fruit set [28,41]. Even though the method was used but not validated in D. magnifica, it still allowed
confirmation of the pollination strategy suggesting its potential to be applied to other food deceptive
orchids, ranging from Batesian floral mimicry, where model species are engaged, to more generalised
deception [37]. Indeed, orchid baiting has also been applied to study pollination of Caladenia R.Br.
spp. that produces meagre amounts of nectar and is pollinated via nectar-foraging insects [42–45]
(Table 1, i.e., C. versicolor G.W.Carr and C. concolor W.Fitzg.). However, in these latter cases, the method
consisted of using randomly located bait trials through the landscape, while the “rotating arrays of
orchid flowers” method was customised for more specialised forms of floral deception such as Batesian
floral mimicry (Table 1). Depending on the visitation rate, the orchid pollination mechanism and the
study aim, a panel of methodologies, summarised in Table 1, can be employed to effectively conduct
the investigation.

Although our experimental approach is relatively simple, we found that its application can greatly
increase the success of a pollination study to overcome the limitations caused by observation time
and climate factors. Our approach allows observation of a higher pollinator rate, shortening the
number of observations, and reducing significantly the time typically required to observe stationary
plants. In general, we suggest this method be used for behavioural, ecological and mimicry studies
as it (i) can reveal the behaviour of the visiting insect in a quick and effective manner, (ii) ensure
sufficient and consistent replicates for data analysis and (iii) confirm the identity of model plants. In fact,
even though putative models are often identified based on floral traits’ resemblance to mimicked
plants, “pollinator sharing” between the model and the mimic is the fundamental criterion for assessing
floral mimicry [41].
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We also suggest that this approach may be applied to pollination studies on other plants with
low pollinator visitation rates. For shrubs and trees, parts of plants such as branches with flowers
can be used as flower arrays. In this case, arrays of flowers can be placed and moved in proximity to
magnet species [24] that increase the local abundance of pollinators (cf. [46]), or in sites characterized
by a high presence of potential pollinators (i.e., close to food plants), so favouring more visits to the
target species.

Recommendations

The method is recommended for studying pollination in food deceptive orchids with very low
pollination rates (<10 %; see Table 1).

Use of potted plants is recommended in the case of rare or endangered species, if picking
individual flowers may affect the conservation status of a species. This would also help if olfactory
cues are employed by the study species. In fact, picked flowers can emit a significantly lower amount
of volatiles than unpicked flowers, with variation in the odour bouquet that decreases their attraction
to pollinators [47]. The current method is also potentially constrained by the presence of model plants
and their abundance. However, multiple inflorescences of model plants can also be picked and located
in orchid populations where model plants are absent. This represents an alternative approach when
orchid species are rare or endangered and/or emit scent: instead of picking orchid inflorescences, it is
recommended that inflorescences of the model plants are picked (or food / magnet plants for more
generalised pollination mechanisms), “reversing” the experimental setup by rotating putative models
compared to naturally growing orchids.

5. Conclusions

We recommend the use of using rotating arrays of flowers to study the pollination strategies of
deceptive orchids, and to measure pollinator effectiveness across different habitats and ecosystems.
In particular, the use of this approach enhances the visitation rate of pollinators and shortens the time
required for pollinator observations, particularly for pollination studies on food deceptive orchids
where observation of potential pollinators is often very difficult and time-consuming.
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