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Lämsä, Juho, Behavioural mechanisms underlying food-deceptive pollination and
neonicotinoid exposure of bumblebees. 
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 763, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Pollination is often used as a classic example of mutualism. However, not all plants produce any
food reward for their pollinators. Such non-rewarding pollination strategies are called pollinator
deception, as plants take advantage of innate and learned sensory traits that interest their
pollinators. Pollinator deception has evolved several times in different plant lineages but reduces
the seed production in relation to rewarding plant species. Resource allocation to growth and
increased cross-pollination have been both presented as plausible hypotheses for the evolutionary
ecology of deceptive pollination. However, it is still unclear if there are ecological factors
affecting the profitability of pollinator deception.

My aim was to study spatial effects of pollinator deception. I started my studies by monitoring
the pollination of a deceptive orchid Calypso bulbosa in natural plant populations. My results
show that C. bulbosa competes for pollinator attraction, as increasing neighbour distances and
small local populations both positively affected male pollination success. After that I wanted to
study similar questions experimentally in controlled settings. For that reason, I developed an
automated computer controlled robotic flower system. Using bumblebees as test animals, my
results show that pollinators move longer flower-to-flower distances when foraging on deceptive
artificial plants compared with rewarding settings, probably increasing cross-pollination in real
plant populations. My results also show that in patchy and deceptive settings, a greater proportion
of flower visitations are patch-connecting, compared with patchy and rewarding settings. By
avoiding trapping the pollinators into distinctive rewarding patches, pollinator deception could
increase the gene flow and effective population size in fragmented habitats.

During my experiments, I became interested in a timely question related to pollination, the
inadvertent effects of neonicotinoid pesticides on pollinator behaviour. My results show that
bumblebee’s foraging motivation reduces before any effects on physical performance or learning
abilities appear. Such reduction in foraging motivation could partly explain bee pollinator decline,
as similar concentrations of neonicotinoids as were used in the study are commonly measured
from plant nectar and pollen in agriculturally intensive regions.

Keywords: bumblebees, data automatisation, deceptive pollination, density,
neonicotinoids, pesticides, pollination, spatial effects





Lämsä, Juho, Käyttäytymismekanismeja huijaavien pölytysstrategioiden ja
kimalaisten neonikotinoidialtistuksen taustalla. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 763, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Kasvien ja pölyttäjien vuorovaikutuksia pidetään usein klassisena esimerkkinä mutualismista.
Kaikki kasvit eivät kuitenkaan palkitse pölyttäjiään ruualla, vaan huijaavat pölyttäjiä niiden sisä-
syntyisillä ja opituilla preferensseillä. Huijaavia pölytysstrategioita on kehittynyt useissa kehi-
tyslinjoissa, ja ne ovat erityisen yleisiä kämmekkäkasveilla. Pölyttäjiä huijaavilla kasveilla on
keskimäärin kaksi kertaa huonompi siementuotto medellisiin verrattuna. Meden tuottamiseen
käytettävän energian allokointi kasvuun ja vähäisempi itsepölytys ovat yleisimpiä hypoteeseja
selittämään kuinka pölyttäjien huijaus voisi olla evolutiivisesti vakaa pölytysstrategia. Vielä ei
ole kuitenkaan selvyyttä, mitkä ympäristötekijät voivat suosia medettömyyttä.

Tässä työssä pyrin tutkimaan vaikuttaako kasvipopulaatioiden spatiaalinen rakenne pölyttäji-
en huijauksen kannattavuuteen, ja erityisesti onko pölyttäjien huijaus kannattavampaa pirstoutu-
neissa habitaateissa. Tulokseni osoittavat, että medettömän neidonkengän (Calypso bulbosa)
luonnonpopulaatioissa paras pölytysmenestys on, kun neidonkenkäyksilöt ovat kaukana toisis-
taan ja kun paikallispopulaatiot ovat pieniä. Tämän tutkimuksen jälkeen halusin tutkia vastaavia
kysymyksiä kontrolloiduissa olosuhteissa, mitä varten kehitin tietokoneohjasteisen robottikuk-
kasysteemin. Tämän systeemin avulla sain selville, että medettömillä keinokukilla vierailevat
kimalaiset lentävät pitempiä matkoja kukasta kukkaan medellisiin verrattuna, mikä tukee ristipö-
lytyshypoteesia. Lisäksi pölyttäjien huijaus laikkumaisissa habitaateissa lisäsi kasvilaikkujen
välisiä pölytystapahtumia, mikä voi kasvattaa pirstoutuneiden paikallispopulaatioiden välistä
geenivirtaa ja efektiivistä populaatiokokoa. 

Näiden tutkimusten aikana tulin kiinnostuneeksi minkälaisia käyttäytymismuutoksia torjunta-
aineena käytetyt neonikotinoidit aiheuttavat kimalaisille. Tulosteni mukaan kimalaisyksilöiden
motivaatio ravinnonkeräykseen heikkenee ennen kuin mitään fyysiseen suorituskykyyn tai oppi-
miseen liittyviä muutoksia on havaittavissa. Kokeessani käytettyä neonikotinoidipitoisuutta on
mitattu yleisesti kasvien medestä ja siitepölystä intensiivisen maatalouden alueilta. Tämä neoni-
kotinoidien aiheuttama heikentynyt motivaatio ravinnonkeräykseen voi osaltaan selittää pölyttä-
jäkatoa.

Asiasanat: datan keräyksen automatisointi, huijaava pölytys, kimalaiset,
neonikotinoidit, pölytys, spatiaaliset vaikutukset, tiheys, torjunta-aineet
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1 Introduction  

Pollination of plants by animals is a major interaction in terrestrial ecosystems, 

essential for both biodiversity and human economy. The scientific field of 

pollination ecology is now more important than ever before, as insect pollinators 

are in decline worldwide (Hallmann et al. 2017, Klink et al. 2020). Without 

pollinators and the many plant species dependent on them for sexual reproduction 

our planet – and food supplies - would be something quite different from the world 

we know today.  

1.1 History of pollination ecology 

Pollination has raised interest among great natural historians. Early pioneers in 

pollination biology include Rudolf Jacob Camerarius, who performed experiments 

by manipulating availability of plant stamens and pistils, providing substantial 

evidence for sexual reproduction of plants in his 80-page letter “De sexu plantarum 

epistola” (1694). Clearly ahead of his time, when plants were considered inherently 

asexual based on philosophical reasoning of authorities such as Aristotle, the work 

of Camerarius laid the path to an experimental approach for studying biological 

phenomenon (Zarsky & Tupy 1995). Other notable biologists studying pollination 

include perhaps the greatest of them all, Charles Darwin. Obviously more famous 

for the “Origin of Species”, and other pivotal contributions to the theory of 

evolution, Darwin was intrigued also by plants and their pollinators, especially of 

orchids. In “On the Various Contrivances by Which British and Foreign Orchids 

Are Fertilised by Insects, and On the Good Effects of Intercrossing” Darwin (1877) 

described plant adaptations for outcrossing in detail. Such observations included 

the first notations of the slow bending of orchid pollinia stalk after detachment from 

the plant in order to reduce the likelihood of geitenogamy, as the pollinia would 

have to be in precise position to strike the stigma. Darwin also presented detailed 

drawings on the anatomy of pollinia attachment to various insect pollinators. These 

notations were described in the light of natural selection as evidence for the 

coevolution of plants and their pollinators.  

While Darwin made pioneering advances also in the field of pollination biology, 

some of his views were falsely restrained. He never accepted early notions by 

Sprengel (1793) that some orchids seemed completely nectarless and may be 

pollinated by organized deception (Jersakova et al. 2006). Darwin thought 

deceptive pollination could not have evolved by means of natural selection – as 



16 

coevolution between nonrewarding plants and pollinators would have been 

impossible.  

He who believes in Sprengel's doctrine must rank the sense or instinctive 

knowledge of many kinds of insects, even bees, very low in the scale. (Darwin 

1877, p. 37)  

Later studies have shown that nature is more complex than that, and even bees have 

their cognitive limitations. Plants can evolve to exploit pollinators without any 

coevolution on the insect side of the interaction – just as well as pollinators can 

learn to exploit plants without any pollination services, such as the behaviour of 

nectar robbery  (Irwin et al. 2010). There is even recent evidence that pollinators 

could manipulate plants to flower earlier in times of food shortage 

(Pashalidou 2020), highlighting the dynamic nature of plant-pollinator interactions. 

1.2 Pollinator deception 

Pollination of plants by animals is often considered a classic example of mutualism. 

Mutualistic pollination is described as a two-species interaction involving the 

exchange of food for transfer of gametes (Boucher 1985). As in symbiotic 

interactions in general, pollination too is prone to switches away from mutualism, 

as not all plants provide reward for their pollinators. Non-rewarding (deceptive) 

animal pollinated plants are common, especially in the specious orchid family, 

where every third species is deceptive (Ackerman 1986, Dressler 1993). Deceptive 

pollination is observed in at least 32 plant families, but from the total number of c. 

7500 deceptive species worldwide, c. 6500 are orchids (Renner 2005). 

The mechanisms by which deceptive orchids attract pollinators vary from 

generalized food deception, through specific mimicry of other flowers or 

oviposition sites of Diptera (such as carrion and dung), and even to sexual deceit 

of male wasps leading in many cases to pseudocopulation (Jersakova et al. 2006). 

In this work, I focus on the evolutionary ecology of the most common type of 

deceptive pollination, the generalized food deception, in which flowers of non-

rewarding species generally resemble the signals of rewarding flowers without 

mimicry of any particular model species (van der Cingel 1995, Schiestl 2005, 

Jersakova et al. 2006). 

Despite the small brains of insect pollinators, they can typically discriminate 

between rewarding and non-rewarding flowers - except in some rare cases of floral 

mimicry. As a result of the cognitive abilities of pollinators, non-rewarding plant 
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species often have poor pollination success – on average half of the capsule 

production compared with rewarding species. Deceptive pollination strategies 

seem to have evolved multiple times independently in different plant lineages 

(Renner 2005), so the strategy should have some benefits if it is an evolutionary 

stable strategy. 

1.3 Two hypotheses; resource limitation and cross-pollination 

Not producing food for pollinators has direct metabolic benefits for plants – less 

sugar is allocated to their symbionts, and more can be allocated to plant growth and 

seed production. The resource limitation hypothesis (Jersakova et al. 2006) 

certainly explains part of the fitness benefits of deceptive pollination. Whether 

resource limitation is the primary driver in the evolution of deception pollination is 

unclear, however. The seed production of deceptive orchid species is often limited 

by pollen availability even during their whole lifetime (Calvo 1993, Alexandersson 

& Ågren 1996, Tremblay et al. 2005, Jersakova et al. 2006), thus making it difficult 

to explain deceptive pollination solely by the resource allocation hypothesis. As 

such, other possible cues have been searched for from the behaviour of pollinators.  

There is some evidence that pollinators disperse from deceptive inflorescences 

more quickly and visit fewer flowers compared with rewarding ones (Johnson & 

Nilsson 1999, Johnson 2000, Johnson et al. 2004, Jersakova & Johnson 2005). As 

such, the pollen transfer distances could be longer in deceptive plants, with possible 

fitness benefits in terms of lower levels of geitenogamy. As such, the cross-

pollination hypothesis is the other primary hypothesis that could explain pollinator 

deception as an evolutionary stable strategy (Jersakova et al. 2006). According to 

the hypothesis, if the benefits of increased quality of seeds outweigh the 

disadvantages of lower quantity of seeds produced, then pollinator deception is a 

viable option. 

1.4 Optimal foraging and avoidance learning 

The expected pollinator behaviour associated with rewarding plants is optimal 

patch foraging, where pollinators optimize their energy gain in each location by 

moving to the closest flower after emptying the previous one, until their net energy 

gain per time unit decreases under a threshold when departure to a new location is 

more profitable than staying (i.e. Charnov 1976, Pyke et al. 1977). With non-

rewarding plants, the expected behaviour of pollinators could be described as 
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avoidance learning (Internicola & Harder 2012), as pollinators learn to avoid the 

empty flowers. The learning process and memory consolidation (McGaugh 2000) 

requires several trials, and by the time each naive forager has generalized the 

signals of a deceptive plant species as a non-profitable source of food, several of 

the flowers are fertilized. The consequences for plant pollination in terms of cross-

pollination are quite different in the two scenarios. In optimal patch foraging 

associated with rewarding plants, pollen transfer distances are generally short. 

Avoidance learning enables higher levels of cross-pollination, which could be 

especially beneficial for rare plants living in scattered populations. However, 

experimental evidence comparing the two behavioural types seems scarce in terms 

of profitability of mutualistic/deceptive pollination, and even less is known about 

the role of environmental effects on pollen dispersal in each case. 

1.5 Conspecific competition among deceptive plants 

Non-rewarding plants compete for pollinator visitation with rewarding species that 

pollinators require for their food. However, there can also be interspecific 

competition between different deceptive species, and competition between 

individuals of deceptive conspecifics. As the pollinator behaviour when 

encountering non-rewarding flowers is avoidance learning, it is theorized that 

neighbouring conspecific plants should negatively affect the likelihood of 

pollinator visitations to other conspecifics (Stoutamire 1971). As such, pollination 

success should decrease in high densities, as the non-rewarding flowers are 

encountered more often in shorter time, enabling faster learning (Ferdy et al. 1998). 

Therefore, pollinator avoidance learning could create a pattern of negative density 

dependence and consequently, a stable demographic equilibrium preventing the 

deceptive species from ever becoming very common (Ferdy et al. 1999).  

While the theory of negative density dependence has solid mechanistic 

foundations, empirical studies show mixed results (Schiestl 2005). Pollination 

success can either increase (Kropf & Renner, 2005, Sun et al. 2010, Sakata et al. 

2014), decrease (Gumbert & Kunze 2001, Internicola et al. 2006, Sun et al. 2009, 

Vandewoestijne et al. 2009), or peak at an intermediate level (Sabat & Ackerman, 

1996) in relation to increased flower density - or there may be no density effect at 

all (Pellegrino et al. 2005). In addition, many other factors affect pollinator 

behaviour besides flower density – inclusion of essential micro-topographical and 

habitat factors could help in detecting the density effects in vivo. 



19 

1.6 Pesticides and pollinator decline 

The importance of essential ecosystem services provided by pollinators for food 

production (Klein et al. 2007, Winfree et al. 2008, Potts 2010) and for biodiversity 

(Kleijn et al. 2015) is undisputed. In line with the general biodiversity loss of the 

current era of mass extinctions (Ceballos et al. 2015), populations of insect 

pollinators are in steep decline in many agricultural regions (Potts et al. 2010, 

Vanbergen 2013). Causes for the decline are multifaceted, and include changes in 

land use, climate change, and invasive species, including pathogens (Potts et al. 

2010, Cameron 2011, Vanbergen 2013). One of most prominent drivers for the 

insect pollinator decline is the use of pesticides, and especially neonicotinoid 

insecticides (Vanbergen 2013, Godfray et al. 2014, Godfray et al. 2015, Potts et al. 

2016, Wood & Goulson 2017). 

Neonicotinoid insecticides were introduced in the 1990’s, and quickly became 

the most widely used class of insecticides (Wood & Goulson 2017). The common 

use of neonicotinoids in outdoor cultivations is the treatment of seeds. As the plants 

grow, their tissues are still infused with the pesticide, making the leaves and other 

tissues poisonous for herbivorous insects even with such low concentrations. While 

being highly efficient as an insecticide, the downside of neonicotinoids is the 

inadvertent effects on non-target insects such as pollinators – also the plant nectar 

and pollen is infected with the pesticide, on concentrations sufficient to affect 

pollinator behaviour. 

Despite the numerous studies with neonicotinoids and bee pollinators, the 

mechanistic effects of field realistic concentrations on pollinator behaviour are still 

largely unknown. Most of the effects on foraging individuals is derived from bees 

equipped with RFID-tags on their thorax, which can be used as identification on 

individuals returning to their colonies (e.g. Feltham et al. 2014, Stanley et al. 2016). 

Such methods can only give indirect measures of foraging efficiency, as the 

decisions made by the bees in the field are not measured. In addition, it seems a 

general bias exists in neonicotinoid studies in using higher concentrations of 

neonicotinoids (typically in the 10 ppm range) than the concentrations usually 

found in plant pollen and nectar (average maximum values in the 2 ppm range for 

nectar (Godfray et al. 2014, Carreck & Ratnieks 2014, Wood & Goulson 2017). 
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1.7 Aims of this study 

The cross-pollination hypothesis of pollinator deception has gained support over 

the past decades. However, it is largely unknown whether there are environmental 

factors affecting the profitability of pollinator deception. I aim to study whether 

conspecific density (I) and spatial arrangement (III) have effects on plant 

reproductive success and pollinator movement patterns. I predict that the cheater 

plants have a negative effect on the cheating success of other cheater plants (I). I 

also predict that in rare and fragmented habitats the deception can help in 

maintaining genetic connections between local populations by encouraging 

pollinators to disperse from a patch after a few trials, compared with rewarding 

patches, where most pollination events happen inside a patch (III). 

As I developed methods of automated feeding and data collection for 

bumblebees (II), which were intended to give mechanistic evidence of pollinator 

deception on different spatial arrangements, I came across another research 

question where mechanistic evidence of pollinator behaviour is urgently needed – 

the pollinator decline linked to neonicotinoid insecticides. Despite the numerous 

studies showing the negative effects of neonicotinoids on bees, the behavioural 

responses of the concentrations typically found in the field remain largely 

unknown (IV). 
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2 Material and methods 

2.1 Pollination success of deceptive plant – how to stand out from 

the crowd (I) 

Calypso bulbosa (L) is a single flowered, single leaved orchid (Orchidaceae) 

species with a circumboreal distribution in the northern hemisphere. The monotypic 

Calypso is more closely related to tropical epiphytic orchid species than most other 

terrestrial orchid species in its holarctic distribution, as it is taxonomically 

classified as a part of the subfamily Epidendroideae (Chase et al. 2015). Calypso 

flowers in late May – middle June in our study region. In northern Finland, it is 

most often found in calcareous and mesic spruce (Picea abies) forests but is also 

found in pine (Pinus sylvestris) and mixed forests on calcareous soils. 

C. bulbosa is pollinated by bumblebee (Bombus sp.) queens recently awakened 

from their winter hibernation (Mosquin 1970, Ackerman 1981, Boyden 1982, 

Alexandersson & Ågren 1996, Tuomi et al. 2015). Based on our observations, 

worker bumblebees are generally too small to detach pollinia, and only occur when 

most Calypsos have already flowered. The flowers emit a weak vanilla-like 

fragrance but have no nectar reward. Pollen is tightly packed in two pairs of pollinia, 

and they attach to the thorax of a bumblebee queen as it is backing off from the 

flower. The attachment site is such that the bumblebees cannot detach them with 

their legs. When the bumblebee again enters a Calypso flower, the pollinia stick to 

the stigma of the flower, and a new pair pollinia can be attached to thorax. Calypso 

can be fertilized by its own pollen, but they need a vector such as a pollinator for 

the pollen transfer into the stigma (Efimov et al. 2012). 

The aim of the study was to find out whether conspecific flower density, and 

factors affecting flower visibility for pollinators (such as microhabitat features and 

height of the flower stalk) affected the male (pollen removal) and female (capsule 

production) pollination success of Calypso bulbosa. To achieve this, pollination of 

Calypso was monitored during three flowering periods (2009, 2010 & 2013). The 

research was carried out in Oulanka National Park, north-eastern Finland (66°22′

N, 29°19′E). The data consisted of marked individuals on 22 study plots (10 x 

10 m each), 11 plots on the region around Oulanka Research Station, and 11 on 

another region close to the Russian border. Each study plot generally featured most 

of the Calypsos in their immediate vicinity. 
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For each flowering plant, I measured the height of the flower stalk, distances 

to three closest flowering conspecifics, and estimated the small scale 

(50 cm x 50 cm) micro-topography (convex/flat/concave) and vascular plant cover 

(open/semi-open) around each flowering Calypso. The neighbour distances were 

measured at the flowering peak when practically all flowers had emerged. Capsule 

production was surveyed in July each year. 

2.2 Automatization of foraging data (II) 

In the previous study, I monitored the pollination success of individual plants in 

natural populations. At best, that procedure can give indirect evidence of pollinator 

behaviour. To find the mechanistic effects of pollinator deception for plant 

pollination and outcrossing, I continued my research in controlled artificial 

environment using bumblebees (Bombus terrestris) as test animals and developed 

automatized feeders and data collectors. I was not quite satisfied with earlier 

automatized computer-controlled feeders/data collectors (“artificial flowers”) 

serving discrete doses of sugar solution using electric magnets (e.g. Keasar 2000, 

Cnaani et al. 2006, Lihoreau et al. 2010), as, by our prototyping experience, they 

seemed mechanistically somewhat unreliable, laborious to build and operate, and a 

bit expensive for small budgets.  

Due to the rapid advances of affordable open source prototyping platforms 

such as Arduinos, together with my colleague, I developed a system, where I used 

servo motors as the mechanical component for food delivery, and IR-light sensors 

as the way to collect flower visitation data, via our own software running on a 

regular laptop. All software and hardware design are open source and freely 

modifiable. 

2.3 Pollinator deception increases outcrossing and helps 

maintaining gene flow in patchy plant populations (III) 

The experiment was intended to mimic a field situation, in which a bumblebee has 

some foraging experience before encountering a new habitat, where either 

rewarding or non-rewarding flowers are found, arranged either in a patchy or 

homogenous spatial assembly. I arranged a two-stage experiment in laboratory 

conditions. In the first (training) stage, naïve bumblebees (Bombus terrestris) were 

allowed to forage on robotic flowers and pollen in a smaller nest cage (62 x 75 x 

80 cm) for five days. In the second (testing) stage, individual bumblebees were 
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released one at a time to a larger flight arena (240 x 620 x 190 cm) equipped with 

27 automatized robotic flowers (II). The flowers were either 1. spread evenly in the 

flight arena (minimum flower to flower distance 75 cm), or 2. arranged in patches 

of 9 flowers (minimum flower to flower distance 20 cm, patch distance 200 cm). 

All flowers were either rewarding or non-rewarding in each spatial setup. During 

each foraging bout, the flower visitation sequence was automatically recorded. 

After the bumblebee had visited flowers and stopped foraging for over 5 minutes, 

data collection was finished, and each bumblebee was marked with an individual 

tag and released back to the colony. 

Experiments were carried out in a greenhouse at the University of Oulu 

Botanical Gardens in January-April 2014 (Oulu, Finland). The room was 

illuminated with high pressure sodium lamps (12/12 photoperiod). Temperatures 

were 20-25 °C at the experiment room. Bumblebees were imported from Syngenta 

Bioline Ltd. (UK). During times of data collection, artificial flowers were placed 

in a plexiglass tube connecting the nest cage and flight arena. Manual shutters in 

the connecting plexiglass tube were used, and a foraging bumblebee was thus 

released to the flight cage for data collection. In the training stage the robotic 

flowers had pink petals and in the experimental stage all flowers were similarly 

shaped, but yellow in all treatments, to simulate some degree of novelty. 

Only one flight for each bumblebee was recorded. The reward was 1,7 µl of 

30% w/w sucrose solution both in the training phase and in the experiment phase. 

The robotic flowers were not set to refill during the experiments. As a bumblebee 

continued foraging during the rewarding treatments, the experimental setup in 

rewarding setups thus changed slowly from rewarding to non-rewarding. For this 

reason, I had to limit the number visitations in the rewarding setups for answering 

my research questions. As such, flights after 28th visitation were removed from the 

analyses. 28 was the maximum number of visitations in the non-rewarding setups. 

The purpose of the 5-day training stage was to familiarize the naïve 

bumblebees with foraging outside the nest box where their initial food supply was 

placed, and to train them to feed from the robotic flowers. The nest cage was always 

equipped with five robotic flowers with the refill period set up to 50 ± 15 seconds 

of random variance. The 5 robotic flowers were not enough for the energy 

requirements of the colony, so similarly shaped gravitation feeders were placed in 

the nest cage. 

Actual testing and data collection began as an individual forager bumblebee 

was released to the flight arena. Each bumblebee was allowed to explore the flight 

arena and visit the 27 robotic flowers as they wished. Each visitation was 
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automatically recorded. Data collection was considered finished when a bumblebee 

had visited at least one robotic flower and had flown to a cage wall or roof to rest. 

The bumblebee was then captured and marked with an individual tag at the thorax 

and released back to the colony. In the rewarding setups, the robot arm was in the 

normal feeding position and refilled at the beginning of the experiment. In the non-

rewarding setups, the nectar cups and feeding holes were cleaned and locked in the 

feeding position while empty. There was always sugar solution in the nectar 

reservoir (below the nectar cup and the feeding hole) of the robotic flowers also in 

the non-rewarding setups. Non-rewarding setups were thus equal to rewarding 

setups in every other way except for not having a reward in the nectar cup. 

2.4 Field realistic neonicotinoid dose induces behavioural changes 

in bumblebees (IV) 

The general experimental setup was similar to the previous experiment in terms of 

equipment, infrastructure and animals used. Naive bumblebees (Bombus terrestris) 

were imported from Syngenta Bioline, UK. Bumblebee colonies were placed in a 

nest cage (62 × 75 × 80 cm) equipped with five robotic flowers (II), gravity feeders 

and a pollen cup (collected from honeybees, imported by CoCoVi, Kihniö, Finland). 

Gravity feeders and robotic flowers contained 35% w/w sucrose solution. In this 

experiment, on the upper side of each robotic flower was a coloured matte photo 

paper disk instead of petals. To familiarize the bumblebees to differently coloured 

flowers, all robotic flowers differed in their photo paper colour (three yellowish 

and two bluish hues). The naive bumblebees thus learnt to feed from the artificial 

flowers. The nest cage was connected to the (6.2 × 2.4 × 1.6 m) flight arena via a 

closable Plexiglas tube. 

This experiment was designed to identify if any aspects of bumblebee foraging 

behaviour are affected by an exposure to a field realistic dose (1 ppb) of 

imidacloprid, a neonicotinoid insecticide. I aimed to measure basic traits related to 

foraging efficiency, including: 1. physical performance (speed of movements 

between flowers, linear distance moved between flowers), 2. learning abilities 

(discrimination of rewarding sugar and bitter quinine by symbol colours), and 

3. foraging motivation (time taken until first flower visitation, number of flowers 

visited, willingness to try foraging from flowers of all colours). To achieve these 

goals, bumblebee colonies were assigned into two treatments: 1. those exposed to 

imidacloprid and 2. control colonies not exposed to the pesticide. Control colonies 

were provided with sucrose solution as their food supply, while bumblebees in the 
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pesticide treatment were fed with similar sucrose solution containing 1 ppb 

imidacloprid (commercial product Confidor). Pollen, the additional food supply, 

was not treated with imidacloprid. Imidacloprid was not used in the flight arena 

where testing took place. Before assigning a new colony to each treatment, all 

equipment was carefully cleaned. Testing was started after one week of training (in 

the nest cage only), and with simultaneous imidacloprid exposure for the pesticide 

treatment. The data collection principle was similar to the previous experiment (III), 

a bumblebee was released in the flight arena and was allowed to explore the new 

habitat and forage on the robotic flowers. Testing was considered finished when the 

bumblebee had visited at least one robotic flower and had stopped foraging and 

flying. After data collection, each bumblebee was captured and put into a freezer. 

The experiments were performed in two years, March–April of 2015 and 

March–April of 2016 in the same greenhouse in the Botanical gardens of University 

of Oulu as in the previous experiment. The flight arena contained 27 robotic flowers 

arranged in three patches of nine flowers. The distance between adjacent flowers 

within a patch was 20 cm, and the distance between patches was 200 cm. Fourteen 

flowers provided 35% (w/w) neonicotinoid-free sucrose solution (reward) and 13 

flowers provided 0.12% (w/w) quinine solution without sugar (bitter tasting 

punishment). Rewarding flowers were yellow, while the non-rewarding 

(punishment) flowers were orange or blue to provide a source of relatively difficult 

(orange, n = 7 flowers, two or three flowers per patch) or easy (blue, n = 6 flowers, 

two flowers per patch) decisions to discriminate between rewarding and non-

rewarding flowers.  The size of the feeding cup in each flower was 1.7 µl. In the 

flight arena, every cup was filled regularly every 5 minutes for all flowers 

simultaneously. 

I calculated how different the colours used are in the eyes of the bumblebees 

by a hexagonal method developed by Chittka (1992). The hexagonal colour 

distance between yellow and orange flowers was 0.076 hexagonal units, which is 

just above the level (approximately 0.05) that the bumblebees can discriminate 

visually (Dyer & Chittka 2004); blue flowers were approximately 0.4 hexagonal 

units from the yellow and orange flowers, and thus could be easily discriminated 

from either yellow or orange flowers. I used data measured with a spectrometer 

(Ocean Optics USB 3000) from the colour disks, illumination, and the floor of the 

flight cage to model the hexagonal distances using custom R code (Professor Klaus 

Lunau 2014, personal communication) that included the sensitivity functions of B. 

terrestris eye photoreceptors. Robotic flowers differed only in their disk colour and 

in the delivery of a reward or punishment solution. 
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3 Results and discussion 

3.1 Pollination success of deceptive plant – how to stand out from 

the crowd (I) 

The number of flowering Calypso individuals varied considerably during the study 

years – in 2009 there were 929 flowering individuals, in 2010 741, and in 2013 

only 355. Also, the proportion of pollinia removal varied, in 2009 only 42% of 

flowers lost their pollinia during the flowering season, compared with 89% in 2010 

and 81% in 2013. Capsule production varied between years as well. In 2009, 

33% of plants that produced a flower had a capsule, in 2010 54%, and 2013 35%, 

respectively. The fruit set of Calypso is remarkably high for a deceptive orchid 

(Abeli et al. 2013), comparable with rewarding species (Tremblay et al. 2005). 

2010 was an especially good year with 54% capsule production, largely because of 

relatively high pollinator activity due to warm weather in the Calypso flowering 

period. More general reasons for the high female reproductive success of Calypso 

in our study region could include low interspecific competition for pollinators in 

the species poor boreal habitats, a phenomenon described as ´phenological 

window´ (Tuomi et al. 2015) between the main food sources (Salix sp., Vaccinium 

myrtillus) of bumblebee queens in the early spring of our study area at the Oulanka 

National Park.  

Local Calypso flower density (estimated by the log-transformed average 

distance of three closest flowering individuals) affected the probability of pollinia 

removal on the individual level data. As neighbour distances increased (or as local 

density decreased), the probability of losing pollinia increased. The effect was 

similar each year. Our results thus show that the possible attractive features of 

conspecifics (i.e. Conner & Rush, 1996, Makino & Sakai, 2007, Suetsuguru et al. 

2015) do not outweigh the negative effects of spatially close conspecifics in this 

deceptive species. As pollinators of Calypso typically visit only a few flowers in 

each location (Tuomi et al. 2015), a smaller proportion of flowers is visited in larger 

patches compared to smaller patches, thus resulting in a negative density 

dependence, as predicted by the avoidance learning behaviour of bumblebees 

(Stoutamire 1971, Internicola & Harder 2012). 

The factors associated with the visibility of plants had an effect for pollinia 

removal, as the height of the flower stalk had a positive effect on pollinia removal 

probability. The local topography had a clear effect on pollinia removal probability, 
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with the highest probability on a hill-like convex surface, second highest on flat 

and lowest probability on concave local topography. Taking these factors into the 

models was necessary to unfold the effect of neighbour distances and helped to add 

the vertical dimension to the data, as obviously pollinators are not restricted to a 

2D plane while searching for food and nest cavities. The vascular plant vegetation 

cover of the field layer had no significant effect on pollinia removal on our data, 

possibly because the small orchid is not typically found in habitats with dense field 

layer vegetation. 

For capsule production, the trends were similar as for pollinia removal, except 

the effect of local conspecific density was statistically not significant. The 

probability of producing a capsule increased as the flower stalk increased in height. 

Local topography had an effect on capsule production as plants were more likely 

to have a capsule on a convex surface compared with flat surface or concave surface. 

Vegetation cover had no statistically significant effect on capsule production either. 

For the plot level data, the increasing number of flowering individuals on a plot 

seemed to have a negative effect for pollinia removal (P=0.02), but the number of 

flowering individuals on a plot had no statistically significant effect for capsule 

production (P = 0.86), similarly to Alexandersson & Ågren’s study (1996) on 

Calypso in Sweden. As hand pollinated Calypsos had 1.8 times the capsules 

compared to naturally pollinated plants, while showing no reduction in plant or 

flower sizer or survival (Alexandersson & Ågren 1996), this rare northern orchid 

seems to be pollination limited for its reproduction (Abeli et al. 2013). Mutations 

enabling nectar production could thus increase seed production, but possibly at the 

cost of more inbreeding and lower quality of seeds, as the crosspollination 

hypothesis for pollinator deception predicts (Jersakova et al. 2006). 

Another complicating issue in the density effects is the ambiguity in the 

definition of density itself (Gunton & Kunin, 2007). Simple measures of density 

(as individuals per unit area) lose information about spatial structure, such as 

uneven distribution of individuals. If competition effects were assumed to be 

strongest between the closest neighbours, such as in our study (I), then a better 

option for individual level analyses would be measuring those distances and 

possibly deriving an index of local density around each plant, rather than having a 

single value of density per unit area for a local population. Our research is likely, 

and hopefully, not the final word on this research question, due to the complexity 

of interactions in natural plant populations.  Especially interesting would be data 

from the tropics, where most of the deceptive species occur. In the three-
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dimensional, fragmented habitats of epiphytic orchids, simple measures of 

individuals per unit area can become particularly arbitrary. 

3.2 Automatisation of foraging data (II) 

The computer controlled robotic flower system developed by us proved to work 

reliably with easy maintenance and use. The system got some recognition soon after 

publication (Greenville & Emery 2016) and has been so far used in one other 

publication (Pozo et al. 2020) in addition to my own research (III, IV). I have 

helped to set up one modified robotic flower system to the University of Freiburg 

in Germany and know the system has been in use in other still unpublished studies 

as such, proving validity of the approach. 

3.3 Pollinator deception increases outcrossing and helps 

maintaining gene flow in patchy plant populations (III) 

The data consisted of flower visitation sequences of 81 individual bumblebees from 

five colonies (homogenous & rewarding: 19 individuals, homogenous & deceptive: 

17 individuals, patchy & rewarding: 19 individuals, patchy & deceptive: 26 

individuals). Seven individuals visited only one flower, so the spatial data of flower 

to flower visitations consists of 74 bumblebees. The bumblebees made 2346 flower 

visitations in total, moved a linear distance of 2.1 km from flower to flower and 

spent four hours in the feeding hole of the flowers during the experiment.  

The data were arranged as two datasets; 1: multiple values per bumblebee (the 

foraging sequence) for testing the spatial aspects of cross-pollination, and 2: single 

value per bumblebee, for testing possible differences in the number of flowers 

visited in different treatments. The rewarding of pollinators decreased the linear 

flight distances from flower to flower (P=0.002), indicating that pollinator 

deception increases outcrossing also in the artificial lab conditions. Flight distances 

were shorter in the patchy setup (P=1.3x10-10) due the more congregated spatial 

assembly of the flowers. However, interaction between spatial setup 

(homogenous/patchy) and flower type (rewarding/non-rewarding) was not a 

statistically significant explanatory variable for the flight distances (P=0.695), 

indicating that pollinator deception increases outcrossing regardless of the spatial 

setup.  

In the patchy spatial setup, rewarding of pollinators decreased the probability 

of patch connecting movements (P =1.80*10-5). On average, 7% of the movements 
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in rewarding setups were patch connecting, compared with 18% in the deceptive 

setup. It seems in such patchy flower assemblies, pollinators easily get “trapped” 

foraging within a rewarding patch. Such behaviour could be beneficial for the bees 

in terms of optimal patch foraging (I.e. Pyke 1984), especially as the bumblebees 

did not have learned information about the distribution of food sources in the novel 

habitat they were released in. As such, the bumblebees did not have information 

what the threshold of optimal departure time for a search of a new patch was, which 

could have made the bees less motivated for a departure. In the patchy non-

rewarding setup, bumblebees generally departed from a patch after a few trials, 

which is in line with data from natural plant populations (Tuomi et al. 2015). From 

the plant’s point of view, such behaviour helps in maintaining genetic connections 

between the patches and could increase the effective population size of plants living 

in such fragmented populations.  

The total number of visitations was higher in the rewarding setups 

(P=8.91*10-13), but there was no difference between spatial setups (P=0.879). This 

indicates that patchiness does not increase the visitation rates to non-rewarding 

flowers, somewhat contrary to a study by Keasar (2000). However, in her study the 

non-rewarding flowers were either dispersed randomly among rewarding flowers 

(homogenous setup), or there were four pure patches of differently coloured 

flowers, one of which was a pure non-rewarding patch, making the results 

somewhat inconclusive. Based on our results, patchiness does not increase the 

attractive properties of non-rewarding plants as such, and it is not more beneficial 

for their flower visitation rates to occur in such pure patches. Also, the interaction 

between homogenous vs patchy spatial setup and flower type was not statistically 

significant (P= 0.720) explanation for the number of visitations, meaning that the 

effect of rewarding of pollinators was similar in both spatial assemblies for the 

visitation rates. 

Average visitation duration was lower in the rewarding setups (P=0.008). This 

somewhat unintuitive result could be explained by our small reward size (1.7 µl), 

which was quickly emptied by the relatively experienced foragers, accustomed to 

feeding on similar robotic flowers. While monitoring the bees in non-rewarding 

setups, the bumblebees were at times seemingly confused when facing series of 

empty flowers, without a trace of sugar, and they stayed at the feeding hole longer 

trying to locate the sugary reward they were accustomed to. This result is more 

likely a case of learned reward expectation (Gil 2010), and may not be generalized 

to natural plants, but if the trend is similar on natural plant populations, it could 

benefit the deceptive plants by attaching more pollen to the pollinators on their 
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longer stays. Difference in visitation durations between homogenous and patchy 

spatial setups was not statistically significant (P=0.417), and also the interaction 

between flower type and spatial setup was statistically not significant (P=0.499), 

so the trend was similar regardless of spatial assembly of the flowers. 

It seems taking over the world is not an option for the generally small deceptive 

plant species. Firstly, many of them live in marginal habitats such as tree branches, 

fragments of calcareous soils, rock formations, or other rare habitats. Secondly, if 

a deceptive species ever gets common at the landscape level, they are easily 

avoided by their pollinators (Ferdy et al. 1999), leading to failure in sexual 

reproduction. However, if their strategy is to persist in their remote and dispersed 

habitats, pollinator deception could be the optimal pollination strategy, as 

pollinators are not trapped into foraging the separate patches in a similar manner as 

with rewarding species, and are not easily being avoided due to rareness. 

Maintenance of gene flow between patches could thus increase the effective 

population size of the deceptive plants and help in avoiding extinction in a mosaic 

landscape. 

3.4 Field realistic neonicotinoid dose induces behavioural changes 

in bumblebees (IV) 

The data consisted of foraging behaviour of 159 bumblebees (65 control bees & 94 

pesticide bees) from 6 colonies (3 control colonies & 3 pesticide treatment 

colonies). Over a total foraging period of 70 hours, these bumblebees made 6644 

visits to the robotic flowers in total, spent about 6 h in total feeding and moved a 

total linear distance of 3.9 km from flower to flower while foraging. 

I did not find any decline in the physical performance of the bumblebees (speed 

of movements between flowers, linear distance moved between flowers) caused by 

the pesticide treatment. Nor did we find any statistical difference in the avoidance 

learning abilities of the bees in the two treatments. However, I found statistically 

significant effects in behavioural aspects related to the foraging motivation. 

Bumblebees were slower to make the first flower visitation in the pesticide 

treatment (on average 188 s in the control and 728 s in the pesticide group; 

P=8.32 × 10−8), and could not compensate for the slower start by foraging later, as 

the time of last visitation was not statistically significant between the two treatment 

groups (on average 1540 s in the control and 1619 s in the pesticide group; P = 

0.633). There were some signs of shorter foraging time in the pesticide group, but 

the difference was not statistically significant (1394 s versus 911 s; P=0.061). 
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Pesticide treated bees also visited fewer flowers in total (on average 12.6 visitations 

versus 14.9 visitations; P=0.037). As the bumblebees in the pesticide treatment 

visited fewer flowers and spent their time on something other than active foraging, 

they were spending energy for their own metabolism instead of bringing food for 

their colony. The cumulative effects of these small individual actions probably scale 

to poor colony-level efficiencies observed in other studies. Our data thus shed light 

on the reasons behind reduced foraging efficiency (Gill et al. 2012, Feltham et al. 

2014, Stanley et al. 2016, Gill & Raine 2014) measured with an RFID system, or 

poor colony performance (Whitehorn et al. 2012, Rundlöf et al. 2012) of 

bumblebees exposed to neonicotinoids. 

The pesticide treatment also had an impact on the foraging patterns, as 

bumblebees in the pesticide groups failed to visit all three colours more often than 

control bees (P=3.19 × 10−5); 55% of the control bees visited all three colours, while 

only 22% of the pesticide treated bees did so. An apparent disinterest for blue 

colours drove the effect, as only 27% of the pesticide treated bees visited the blue 

(punishing) flowers, compared with 58% of the control group (P=5.32 × 10−4). By 

contrast, almost every bumblebee visited the orange (punishing) flower in both 

treatment groups (94% and 95% of bumblebees from the pesticide and control 

treatments respectively). This effect could be interpreted as a decline in curiosity 

to try the strikingly different blue colour – compared with the dominant yellowish 

flowers. Neonicotinoids can alter bumblebee preferences also with real flowers 

(Stanley & Raine 2016), with possible detrimental effects for the food intake of the 

colonies, as the flower species assembly and phenology are in constant change 

during the colonies' life cycles. A lack of curiosity to try different flowers could 

thus reduce the colonies´ food intake during the growing season. 
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4 Conclusions and future directions 

This thesis provides insights into mechanisms behind pollinator deception and the 

neonicotinoid-related decline in bee pollinators. According to my results, deceptive 

plants compete for pollinators, and negatively affect the pollination success of their 

neighbours, as it is beneficial for them to stand out from the crowd of conspecifics, 

for which better visibility on higher ground also helps (I). The result holds true at 

least for male pollination success of Calypso but does not imply that there are 

effects for female reproductive success, for which many other factors than 

pollinator behaviour play a significant role. Controversies about the density effects 

of pollination success of deception culminate in the question whether the attractive 

properties of large inflorescences/the number of flowering plants outweighs the 

pattern of avoidance learning of pollinators. Except for one study with a related 

species Changnienia amoena (a positive effect of density on pollinia removal, Sun 

et al. 2010), all other studies we have found focus on species with a multiple, and 

varying number of flowers on an inflorescence. In addition, most other studies are 

from warmer climates compared to our boreal research site, and likely feature 

higher biodiversity and more interspecific competition. My study is a rare 

contribution of ecologically reduced conditions in terms of pollination dynamics, 

with one flower per Calypso´s inflorescence, and with practically no other 

flowering species at Calypso habitats affecting pollinator behaviour. 

Largely stripped from interspecific interactions and from the additional spatial 

level of large inflorescences, my study provides evidence for the negative density-

dependence of pollination success in the deceptive plant species, as predicted by 

the avoidance-learning behaviour of pollinators. My results also show that 

deceptive pollination can sometimes be quite an efficient strategy, as resources are 

saved from nectar production while still having good pollination success, and 

possibly reduced inbreeding compared to rewarding species.  

Inspired by the study performed in natural plant populations (I), I wanted to 

strip off the distracting elements often found in nature and move to controlled 

artificial habitats. I together with Erno Kuusela developed a novel computer-

controlled feeder/data collection system for behavioural studies with bumblebees 

(II). Our success in using affordable open-source prototyping platforms highlights 

the possibilities of automatisation in behavioural studies, as manual recordings are 

often time-consuming and inaccurate with fast moving animals such as most 

pollinators. I hope our work inspires others to use the system as such – or to modify 

it to other animals and experimental settings. All hardware design and the source 
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code of our software is published as open source so that the “ecosystem” of people 

working with such automatisation schemes could use it in their projects easily.  

With the help of the previous methodological work (II), I studied the effects of 

spatial aggregation of plants on the profitability of pollinator deception in 

laboratory conditions (III). I showed that pollinator deception indeed increases 

outcrossing, with probable fitness benefits for plants in terms of higher quality 

seeds. To my knowledge, this is the first study to show an increased cross-

pollination of deceptive plants in a fully controlled artificial environment. I also 

showed that patchy habitats may impose an “inbreeding trap” for rewarding plants, 

as most pollination events occur between plants in the same aggregation, as few 

pollination events occur between patches. Such pollination mechanism will induce 

repeated inbreeding with possibly closely related plants – and the plants will 

inevitably become closely related in the following generations, especially as long-

distance seed dispersal is rare even among orchids with dust-like seeds. Based on 

our results, pollinator deception can help to avoid the inbreeding trap caused by 

pollinator behaviour, as a greater proportion of pollination events are patch-

connecting if pollinators are not rewarded. It is dubious whether pollinator 

deception is an adaptation for increasing outcrossing especially in patchy habitats. 

However, most deceptive plant species seem to occupy naturally fragmented 

habitats, as most deceptive plants are epiphytic orchids living on tree branches and 

hollows, separated by inhabitable space as in the classic metapopulation models. 

A substantial amount of evidence has shown the negative effects of 

neonicotinoids on bee pollinators (e.g., Lundin et al. 2015, Wood & Goulson 2017, 

Godfray et al. 2014, Godfray et al. 2015). It is not very surprising that the most 

potent insecticides known to science have negative impacts on insects. An 

ecologically more relevant question would be what are the effects of the commonly 

observed concentrations of neonicotinoids on bumblebee behaviour – and thus 

what are the potential behavioural mechanisms behind the observed pollinator 

decline. My study aimed to fill that knowledge gap, as I found out that the 

motivation for foraging declines before any effects on physical performance or 

learning. That decline in the individual bee’s motivation for searching for food 

could be the behavioural mechanism behind the observed bee population declines 

related to neonicotinoid use. As such, I hope this study inspires others working with 

ecotoxicology to study multiple aspects of behaviour relevant to the species’ 

ecology and life cycle, and not rely on single measures such as proboscis extension 

reflex as an index of harmfulness of certain pesticides.  
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Computer simulations could provide further insights to the role of spatial 

effects on different pollination strategies. Further work with “artificial world” 

experimental settings, or bumblebee “Big Brother” world would be interesting too 

- at least in a world with unlimited research funds.  Pollinator individuals could be 

marked for example with machine vision readable tags and the research premises 

could be equipped with high-precision video cameras enabling automatic recording 

of foraging data from individual to colony level. If some research group manages 

to build and maintain such experimental site, various questions related to pollinator 

behaviour and gene flow between plant individuals could be answered. Such 

research infrastructure could be used also for the evaluation of pesticide exposure 

on bee behaviour, colony growth and queen production. My experimental work was 

a small push somewhere in that direction. I hope researchers keep on applying new 

automatisation technologies in their research to gather mechanistic understanding 

of ecological phenomenon. Without good data even Darwin can be mistaken. 
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