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ABSTRACT 

The area north of the Arctic circle has long, cold winters and short summers with 

midnight sun. In the face of climate change, this area has warmed the most, resulting 

in a reduced spring snow cover and extended summer season. Plant-pollinator 

interactions is an important ecosystem function, but pollinators worldwide are 

declining. Warming of the Arctic will amplify in the future, which may lead to even 

longer summers or species invasions, events that could negatively affect native plants 

and pollinators.  

 For two successive years, I studied the plant-pollinator system of a coastal 

subarctic region in northern Norway. The first year, I observed flower visitation 

throughout the summer and along an elevation gradient from sea level to the tree line, 

a proxy for ambient climatic conditions. I also estimated seed set of three focal plant 

species – Cornus suecica, Melampyrum sylvaticum and M. pratense. The second year, 

I performed a bagging experiment on M. sylvaticum and M. pratense and I observed 

flower visitation throughout the day during continuous light conditions. 

 Elevation negatively affected seed set of C. suecica but did not affect flower 

visitation or seed set of M. sylvaticum and M. pratense, which indicate a robustness to 

changes in season length. However, my environmental recordings did not detect a 

climatic gradient along the elevation gradient.  I showed that M. sylvaticum and M. 

pratense self-pollinate, perhaps as an adaptation to low pollinator availability. Flower 

visitation was affected by seasonal variation, probably due to differences in climate or 

the phenology of plants and insects. Last, I found that flower visitation followed a 

diurnal rhythm despite continuous light conditions, and independent of temperature, 

humidity or the presence of sun. I discuss that floral signals (e.g. scent emission) could 

control flower visitor rhythmicity, but that the plants in my study area do not exploit 

the opportunity of nocturnal pollination.  

 With continued Arctic warming, plant-pollinator interactions could be at risk. 

However, my results from a coastal subarctic region indicate a robustness towards 

changes related to a warmer climate and longer summers.  
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1 Introduction 

«I de siste dager har jeg tenkt og tenkt på Nordlandssommerens evige dag. Jeg sitter 

her og tenker på den og på en hytte som jeg bodde i og på skogen bak hytten og jeg 

gir meg til å skrive noe ned for å forkorte tiden og for min fornøielses skyld.» 

Knut Hamsun - Pan (p 1), 1894. 

 

Atmospheric temperatures have risen dramatically during the last century, a 

global warming that has been most intense for the last 35 years (Osborn and 

Jones 2014, Huang et al. 2017, GISTEMP 2018). As temperatures rise, we see 

changes in weather events and ecosystems around the world. The area north of 

the Arctic circle (hereafter: Arctic) suffers some of the most severe climatic 

changes. Here, the terrestrial surface temperature has increased at more than 

double the rates of lower latitudes (e.g. Serreze et al. 2009, Cowtan and Way 

2014, Huang et al. 2017). Precipitation (Stocker et al. 2013, Vihma et al. 2016) 

and the number of extreme weather events (Hartmann et al. 2013) have 

increased. Furthermore, the spring snow cover has decreased by up to 11% in the 

Northern Hemisphere (Brown and Robinson 2011), decreasing more the further 

north you go (Déry and Brown 2007). This reduction advances the spring season 

and could impact the seasonal responses of organisms who live in the Arctic.  

 The Arctic is characterized by strong seasonality that influences all 

organisms living there. A dark, freezing winter restricts plant growth for half of 

the year and, with spring thaw out, life emerges from all corners of the land. The 

short summer is vital for the ecosystems’ primary productions and the nights are 

bright due to the midnight sun. 

 Global warming is expected to increase in the future (Collins et al. 2013, 

Frölicher and Paynter 2015, Yang et al. 2016). Model projections of future 

climatic changes in the Arctic are – to put it mildly – depressing. Here, 

temperatures will increase the most (Holland and Bitz 2003, Bekryaev et al. 

2010, Hao et al. 2017) and, because warm air readily carries water vapour, 

precipitation will increase too (Chou and Lan 2012, Wu et al. 2015). There will 

also be more extreme weather events, in the form of warm and cold days, and 
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heavy precipitation (Saha et al. 2006, Sillmann et al. 2013). Furthermore, Arctic 

warming will be most profound during winter (Lu and Cai 2009, Kumar et al. 

2010, Alexander et al. 2018) which leads to a continued decrease in spring snow 

cover (Brown and Mote 2009, Brutel-Vuilmet et al. 2013). 

 In this study, I have looked at how climate change may impact plant-

pollinator interactions of a coastal subarctic region in northern Norway. I use the 

term subarctic to define the area north of the Arctic Circle (66°33’N) and south of 

the High Arctic (i.e. MJuT1 <10°C). Along the coast of northern Norway, the 

climate is more stable than in the rest of the subarctic. This is due to the warm 

North Atlantic Current, which creates relatively mild winters through a strong 

anticyclone (i.e. a large cluster of high-pressure winds). The anticyclone weakens 

during summer, bringing humid air, precipitation and strong winds (Fogg 1998). 

This has a cooling effect on the summer temperatures which, in comparison, may 

become extremely high in inland subarctic regions. As the effects of climate 

change will vary between different regions, it is important to consider the effects 

of climate change in coastal subarctic ecosystems.  

 

Ecosystems provide an array of services that are of value to humans; from the 

plants’ creation of oxygen from carbon dioxide, to the recreational beauty of 

nature itself. These services and the stability of ecosystems are determined by 

biodiversity, or the variation of organisms in a community. Generally, 

biodiversity decreases with latitude (Hillebrand 2004) which implies that the 

subarctic is an area less diverse than regions at lower latitudes. Today, 

ecosystems suffer a global loss of biodiversity which may be caused, in part, by 

climate change (Dirzo and Raven 2003, Butchart et al. 2010). The best way to 

predict the impacts climate change could have on subarctic biodiversity would be 

to conduct observations over several years. However, such long-term studies do 

not exist for most subarctic regions. Space-for-time substitution is an approach 

that can be used to predict how species will respond to a different environment 

by observing their responses between sites with different climates. In other 

                                                           
1 MJuT = Mean July Temperatures. Regions where MJuT are ca. 10°C marks the Arctic tree 

line, or the southern limit of the High Arctic. 
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words, using spatial variation to hypothesize temporal trends. A drawback with 

this approach is that we assume the effects of climate to be equal across time and 

space. Still, using the method as an alternative to long-term observational 

studies is generally supported (Pickett 1989, Fukami and Wardle 2005, Blois et 

al. 2013). Another difficulty with predicting ecosystem changes, is to consider the 

complexity of communities. Certainly, species are directly affected by changes in 

climate, but the ecosystem is not a rigid collection of species. It consists of fluent 

communities where organisms interact. Interactions among species are 

influenced by climatic factors, even though they are often not mentioned in 

climate change assessments (Tylianakis et al. 2008, Gilman et al. 2010). To 

contemplate the qualities of species interactions in subarctic regions is a vital 

part of understanding ecosystem dynamics in the light of recent climate change. 

 

The interaction between plants and their pollinators is an important and 

ubiquitous ecosystem service. Plants provide food to the pollinator, typically in 

the form of pollen or nectar. In turn, the pollinator is instrumental in the plants’ 

reproduction by moving pollen between flowers in a series of flower visits. If 

pollen is transferred to the stigma of a conspecific flower, successful pollination 

(i.e. fertilization) can occur. Morphology and behaviour of flower visitors differ so 

that some pollinate more effectively than others. For instance, bumblebees tend 

to visit conspecific flowers successively and pollen readily attaches to their body 

hairs. Plants attract pollinators with visual cues and by emitting floral scents. 

In the absence of effective pollinators, however, many plants can still produce 

seeds by adapting to self-pollination (Lloyd 1992, Kalisz et al. 2004). 

 In the Arctic, all flower visitors are insects, most notably flies (Kevan 

1972, Elberling and Olesen 1999, Klein et al. 2008). Of these, muscid flies are the 

most important, probably due to some species with specialized flower-visiting 

behaviours (Pont 1993, Brown and McNeil 2009, Tiusanen et al. 2016). In 

addition, bumblebees are expected to be influential pollinators where they are 

present (Kevan 1973, Ranta and Lundberg 1981, Potapov et al. 2014, Ollerton 

2017). Studies from the tundra and taiga indicate that many plants are 

dependent on insects to maximize their seed sets (Kevan 1972, Kevan et al. 1993, 
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Tiusanen et al. 2016). However, plants must also adapt to assure reproduction 

in years with high levels of stress. A plant’s pollination strategy is related to the 

predictability of pollinators in different environments (Moeller 2006). Self-

pollination should be a selective advantage when pollinator availability is low or 

fluctuating (Baker 1955, Lloyd 1979), which could be the case in regions with 

seasonal climates like the Arctic. Yet, Moeller et al. (2017) did not find a higher 

proportion of self-pollinating plants with increased latitude. 

 During the Arctic summer, the midnight sun provides continuous light 

conditions; an opportunity for anyone who can adjust her innate diurnal pattern 

(i.e. active during day-time), like ptarmigans (Stokkan et al. 1986, Reierth and 

Stokkan 1998, Reierth et al. 1999) and reindeer (Stokkan et al. 2007, van Oort 

et al. 2007) do. It could be advantageous the plant-pollinator interaction would 

happen at all bright hours, i.e. the whole day during Arctic summers. Many 

plants in non-Arctic regions increase their seed set by adapting to both diurnal 

and nocturnal pollination (e.g. Stephenson and Thomas 1977, Haber and Franke 

1982, Morse and Fritz 1983, Dar et al. 2006, Giménez‐Benavides et al. 2007, 

Amorim et al. 2013, Chapurlat et al. 2018). However, temperature, light 

intensity and quality is generally lower at night. The only study that has looked 

at flower visitation during the midnight sun found no activity (Bergman et al. 

1996), although this was in an inland alpine region where nights can be very 

cold. Nevertheless, there is an urgent need for more observations to find out if 

plants and pollinators exploit the continuous light conditions of Arctic summers. 

 

Assessments over the last decades have led researchers to believe that we are 

facing a pollination crisis: from global to local scales, pollinators are declining in 

diversity and abundance (see Biesmeijer et al. 2006, Potts et al. 2010, Ollerton 

2017). This is alarming as nearly 90% of all flowering plants are, more or less, 

dependent on pollinators to reproduce (Ollerton et al. 2011). The Arctic is 

expected to be more affected by climate change than anywhere else. In coastal 

High Arctic Greenland, muscid fly abundance has declined by 80% over 18 years 

in relation to increased summer temperatures (Loboda et al. 2017). Reports of 

bumblebee declines are also extensive (see Williams and Osborne 2009, Rasmont 
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et al. 2015), but it is not yet clear how the pollinator declines will affect plant-

pollinator interactions in general. 

 The phenology of plants and their pollinators (i.e. plant flowering season 

and insect flight season), should be synchronized. Phenology could be determined 

by environmental cues, like temperature (e.g. vernalization1 (Amasino 2005) or, 

on insects, see Danks (2007)) or snow melt (e.g. Kudo 1991). Climate change could 

therefore alter phenology asymmetrically between plants and their pollinators, 

causing a phenological mismatch (i.e. no temporal overlap in phenologies) 

(Hegland et al. 2009). Climate-driven mismatches can negatively affect plant 

reproduction (Thomson 2010, Kudo and Ida 2013) or pollinator survival, if 

warming causes shorter flowering seasons (Høye et al. 2013). Yet, the importance 

of these mismatches compared to other impacts of climate change is poorly 

understood (Forrest 2015). 

 A meta-analysis by Parmesan and Yohe (2003) showed that many species 

have shifted their geographical ranges in response to global warming. As 

temperatures increase, species are forced to disperse to areas that fit their 

thermal limits. In the Northern Hemisphere, this usually means dispersing 

northwards. However, Kerr et al. (2015) showed that, concordant with warming, 

bumblebees have failed to shift their northern distributions. Yet, they have 

shifted their southern distributions, which means that bumblebees disappear in 

their southern regions, while they do not expand towards the north. This could 

have severe consequences for plants that are dependent on bumblebees for 

pollination. Tragically, climate-related local extinctions are extensive among 

plants and insects (Wiens 2016). Range shifts could also result in species 

invasions (i.e. species establishments in new habitats) and several studies 

predict massive invasions related to climate change (e.g. Peterson 2003, Ward 

and Masters 2007, Peterson et al. 2008). Because environmental factors often 

limit species’ establishment, climate change can alter a habitat to make it 

suitable to novel species. Recently, two bumblebee species – Bombus terrestris 

and B. lapidarius – have expanded their distributions northwards into subarctic 

Fennoscandia (Martinet et al. 2015). The introduction of new pollinators in a 

                                                           
1 Vernalization = flowering is only initiated if plants have been exposed to cold from a typical winter. 
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habitat can negatively affect native pollinators through interspecific competition 

on floral resources.   

 

With this thesis, I have gained insight into spatial and temporal dynamics of the 

plant-pollinator system at a coastal subarctic site in northern Norway. I did this 

by observing flower visitation and estimating seed set of three focal plant species 

– Cornus suecica, Melampyrum sylvaticum and M. pratense. Observations of 

flower visitation and seed set can only describe a fraction of the plant-pollinator 

system in this area. However, observing specific responses in the field could give 

a better understanding as to how the system may respond to future climate 

change. By using two successive seasons of field observations, I approached the 

following three objectives and respective hypotheses: 

OBJECTIVE I: SPATIAL VARIATION 

For this part of my study, I observed flower visitation and estimated seed set at 

different elevations from the sea level to the tree line. The goal was to assess how 

climatic conditions affect the plant-pollinator system in coastal subarctic regions.  

 The elevation gradient represents an environmental context for the 

residing species. For instance, spring snow melting happens later at high, 

compared to low, elevations (e.g. Blöschl and Kirnbauer 1992, Giorgi et al. 1997, 

Bell and Moore 1999). Similarly, snow arrives earlier at high elevations, which 

means that the summer, or snow-free, season will be shorter at high elevations. 

I also intended to find a climatic gradient along the elevation by recording 

temperature and humidity. The elevation gradient was supposed to be used as a 

proxy for ambient climatic conditions, following the space-for-time substitution 

approach. 

  

SPATIAL VARIATION IN FLOWER VISITATION 

H1.1: Flower visitation frequency is affected by climatic conditions. 

I observed flower visitation and recorded environmental variables along the 

elevation gradient. The aim was to identify the most important variables 

affecting flower visitation in this area. I predicted flower visitation to decrease 

with increased elevation. If the elevation gradient represents a climatic gradient, 
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plants and pollinators living higher up are forced to adapt to a harsher 

environment. This will limit the amount of energy they can use on the plant-

pollinator interaction. 

 

SPATIAL VARIATION IN SEED SET  

H1.2-a: Seed set of C. suecica is affected by climatic conditions and/or flower 

visitation frequency. 

H1.2-b: Seed set of M. sylvaticum is affected by climatic conditions and/or 

flower visitation frequency. 

H1.2-c: Seed set of M. pratense is affected by climatic conditions and/or flower 

visitation frequency. 

I estimated seed set and observed flower visitation of the three focal species along 

the elevation gradient. The aim was to identify the importance of climate and 

flower visitation on the species’ seed production. I predicted the seed set to 

decrease with elevation and/or be directly linked to the observed flower 

visitation. Higher elevations may have shorter growing seasons and a harsher 

environment. Environmental stress and pollinator availability should affect the 

number of seeds an insect-pollinated plant manages to produce.   

 

OBJECTIVE II: POLLINATOR LIMITATION IN Melampyrum spp. 

H2.1-a: Melampyrum sylvaticum produces seeds in the absence of pollinators. 

H2.1-b: Melampyrum pratense produces seeds in the absence of pollinators. 

I conducted a bagging experiment to exclude potential pollinators of M. 

sylvaticum and M. pratense. The aim was to investigate their abilities to self-

pollinate. 

 

OBJECTIVE III: TEMPORAL VARIATION 

For this part of my study, I observed flower visitation at two temporal scales – 

within a season and within a day (i.e. 24h-periods). I wanted to find out how 

temporal variation affect the plant-pollinator system in a seasonal region with 

midnight sun. 
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SEASONAL VARIATION IN FLOWER VISITATION  

H3.1: Flower visitation frequency is affected by seasonal variation. 

I observed flower visitation and recorded environmental variables throughout 

the flowering season (along an elevation gradient). The aim was to investigate if 

seasonal variation was limiting flower visitation in this area. I predicted flower 

visitation to vary throughout the flowering season and seasonal variation to 

differ along the elevation gradient. Arctic climates are characterized with 

seasonal differences, where extremely cold or warm days make the environment 

variable and unpredictable. The plant-pollinator system in my study area should 

be adapted to seasonal fluctuations, which means being active when 

environmental conditions are favourable. 

 

DAILY VARIATION IN FLOWER VISITATION  

H3.2: Flower visitation frequency is affected by daily variation. 

I observed flower visitation and recorded environmental variables throughout 

the day. The aim was to investigate if daily oscillation was affecting flower 

visitation in this area. The photoperiod during an Arctic summer lasts 24 hours, 

making it possible for pollinators to see flowers both at night and day. Still, 

earlier studies suggest that plants and pollinators do not exploit this (Lundberg 

1980, Bergman et al. 1996, Stelzer and Chittka 2010). I predicted flower 

visitation to be affected by daily oscillation, which would mean that the 

interaction is rhythmic regardless of continuous light conditions or the recorded 

environmental variables.  



9 
 

2 Methods 

«Essentially, all models are wrong, but some are useful.» 

George Box - Empirical model-building and response surfaces (p 424), 1987 

2.1 STUDY AREA 

 

Figure 2.1. Overlapping aerial photos of Tromsø, Karlsøy and Lyngen municipalities [1:150.000] 

(Kartverket 2016a). The study area is situated at the southern tip of Reinøya, marked in yellow. 

 

My study was conducted at the southern tip of Reinøya, Troms County, northern 

Norway (69°50’21’’N, 19°27’54’’E) (Figure 2.1). Reinøya is an island with 

relatively steep elevation gradients and a low tree line (~320 m a.s.l.). The 

vegetation is dominated by alpine tundra, birch forests, heaths, peat bogs and 

cultural landscapes. The region has a coastal subarctic climate with mean annual 

temperatures of 3.6°C (MJuT: 11.8°C) and rainfall of 1032 mm (Appendix A). The 
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area is exposed to midnight sun from 19th May to 25th July (however, the civil 

twilight period1 is from 29th April to 14th August) (Thorsen 2018). 

 The study area is located around the farm Lunde, historically part of a 

fishing-based rural community when the land was occupied by agricultural land 

and pastures. Today, most inhabitants have moved into more urban areas and 

most of the farms are left as lodges. Recently, novel species of geometrid moth 

larvae have defoliated birch forests in coastal subarctic Norway, including 

Reinøya (Jepsen et al. 2008, Jepsen et al. 2011). 

2.2 STUDY SPECIES 

2.2.1 Cornus suecica L. 

Cornus suecica L. is an herbaceous perennial of the Cornaceae family, order 

Cornales (Byng et al. 2016). The species form rhizomes underground that can 

develop both vegetative and reproductive shoots. It is often found growing in 

dense tufts because one individual may give rise to many shoots. It typically 

grows in habitats with nutrient-poor soil and its distribution is circumpolar 

throughout the boreal forest belt (Taylor 1999). 

 Each reproductive shoot of C. suecica bears a single terminal 

inflorescence. This consists of 8-25 darkly coloured and highly reduced flowers 

that are clustered together. The flowers are protandrous and the anthers open 

simultaneously. Surrounding the inflorescence are four white bracts that serve 

as advertisment for potential pollinators, creating an illusion of the inflorescence 

being a single flower. According to Mosquin (1985), the flower has an “explosive 

[pollination] mechanism”; a projectile on each flower that catapults the pollen 

upwards, if stimulated by touch. Knowledge on the pollination biology of C. 

suecica is scarce, but it is generally believed that their main flower visitors are 

dipterans (Kevan et al. 1993, Taylor 1999, Meen et al. 2012). Considering these 

observations and the morphology of its inflorescence, C. suecica flowers are 

surely visited by insects. However, self-pollination could happen after the stigma 

                                                           
1 Civil twilight = the period where the sun will not go below 6° of the horizon. Data is from 

Tromsø (69°40’N). 
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becomes receptive, as the anthers are still full of pollen at that time and the 

flowers are clustered closely to each other (Taylor 1999).  

2.2.2 Melampyrum spp. L 

Melampyrum pratense L. and M. sylvaticum L. are herbaceous species in the 

Orobanchaceae family (Olmstead et al. 2001), order Lamiales (Byng et al. 2016). 

The species are entomophilous annuals and often grow in perennial-dominated 

forest communities with limited light availability (Dalrymple 2007, Průšová et 

al. 2013, Světlíková et al. 2018). Being generalist root hemiparasites, these 

plants manage to continuously establish in such stable environments by 

acquisition of additional water and nutrients through their host plant. The 

species are found on shallow soils (Tennant 2008, Mossberg and Stenberg 2016) 

and are distributed throughout Eurosiberia in temperate and subarctic regions. 

The fruit is a capsule and carries (0-)1-4 large seeds that resemble ant pupae and 

bear an elaiosome. They are dispersed passively or by ants (Dalrymple 2007, 

Heinken and Winkler 2009).  

 Melampyrum pratense and M. sylvaticum are morphologically quite 

similar, but do have some traits separating them. Both may be branched and 

typically bear yellow flowers. However, M. pratense is branched more frequently 

and the corolla often has a paler shade of yellow with a smaller entrance. 

Furthermore, the seeds of M. sylvaticum are heavier than those of M. pratense 

(Molau 1993), but the seed set is often lower (Mossberg and Stenberg 2016). 

Melampyrum pratense has occasionally been used in studies on plant-pollinator 

interactions (Jennersten and Kwak 1991, Kwak and Jennersten 1991, Molau 

1993, Antonsen 1997, Totland et al. 2006), due to its reproductive biology and 

high abundance in various habitats. 

 The flowers of Melampyrum are arranged in pairs forming indeterminate 

spikes with sequential flowering. This means that as fruits emerge at the lower 

part of the inflorescence, flowers may still be receptive in the upper part. The 

individual flower is zygomorphic with a tubular bilabiate corolla, traits typically 

found within many genera of the Lamiales. Hairs with nodules at the corolla’s 

lower lip act as imitation anther markings, increasing the attractiveness of the 
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flower (Willmer 2011a). The hooded upper lip encloses the style and the lower lip 

the filaments. The lower lip is slightly longer than the upper and presents a 

landing platform for potential pollinators. An insect that lands there must push 

its body into the corolla to collect nectar. The stamens will then bend upwards 

(slightly behind the dorsally placed stigma) and over the insect, depositing pollen 

onto its notum. If the insect visits a conspecific flower, this pollen may be 

delivered to the flower’s exposed stigma. However, if outcrossing does not 

happen, there is a chance of delayed self-pollination because of the proximity 

between stigma and stamen in the flower (as has been shown for Pedicularis spp. 

(Sun et al. 2005)). 

 Tubular entomophilous flowers usually present nectar rewards to insects 

with long proboscides. In most studies recording flower visitation patterns of M. 

pratense, the predominant flower visitors have been bumblebees (Bombus spp.) 

(Jennersten and Kwak 1991, Antonsen 1997, Totland et al. 2006). This species 

has been shown to be both a pollen and nectar provider (Kwak and Jennersten 

1991, Molau 1993). It is likely that the visitation patterns of M. sylvaticum are 

similar to those of  M. pratense (Dalrymple 2007) but no data on nectar content 

or flower visitors currently exists for M. sylvaticum (but see Haug (2017). Neither 

species reproduce vegetatively nor do they hybridize, and Kwak and Jennersten 

(1991) showed that they can be pollen limited. Populations that can self-pollinate 

(Kwak and Jennersten 1991, Molau 1993, Crichton et al. 2016) might thus have 

an advantage if pollinator availability is low. 

2.3 STUDY DESIGN 

2.3.1 Elevation gradient 

To study the spatial and seasonal variation of the plant-pollinator system at 

Reinøya, I selected twelve study plots at four elevations along an elevation 

gradient from sea level to the tree line (Figure 2.2). A plot was defined as being 

within a 5-m radius of a permanently marked centre. There were three replicates 

per elevation (12 plots1) which were situated approximately 100 m apart. Despite 

                                                           
1 4 elevations × 3 replicates = 12 study plots. 
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a short elevation gradient (ca. 20-280 m a.s.l.), the vegetation changed 

considerably for each elevation level and the tree line was low (ca. 320 m a.s.l.). 

The ascent was steep, and most plots were in a south-facing slope.  

 The aim was to record flower visitation data mainly for the three focal 

species Cornus suecica, Melampyrum pratense and M. sylvaticum. I chose the 

study site because it had continuous distributions of C. suecica and M. pratense, 

as well as an extensive distribution of M. sylvaticum. 

 

Figure 2.2. Aerial photo of southern Reinøy [1:10.000] showing the twelve plots in an elevation 

gradient from sea level to the tree line. Each orange line represents a 20 m elevation increase 

(Kartverket 2016b). Plot 1-3 ~ 20 m, 4-6 ~ 80 m, 7-9 ~ 180 m and 10-12 ~ 280 m a.s.l. 
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2.3.2 Bagging experiment 

Figure 2.3. Mesh tent placed over shoots of Melampyrum sylvaticum and M. pratense on 16th 

June 2017.  

 

To see if M. sylvaticum and M. pratense had the ability to self-pollinate, I 

conducted a bagging experiment to exclude potential pollinators of the species. 

On the 16th June 2017, I established six ~2.08 × 2.08 × 0.5 m mesh tents1 (mesh 

size: 1.2 x 1.4 mm) over patches of Melampyrum shoots (Figure 2.3). The mesh 

was made of fiberglass, a plastic that has been used earlier in pollinator exclusion 

experiments (Kauffeld and Williams 1972, Whitney 1984, Keys et al. 1995). The 

tents were lifted with an iron rod and fastened with nails and stones to prevent 

ground-dwelling insects to enter. Three tents were set up in each of two areas 

(Plot 1 and 2; Figure 2.2). Unfortunately, there were no controls, neither for the 

physical effects of the mesh tents, nor an experimental control (i.e. Melampyrum 

shoots with no exclusion treatment). Because of the latter, I could not test if there 

                                                           
1 2.2 × 2.2 m squares were cut out and lifted 0.5 m above ground. Not considering construction 

errors or elasticity, and following the Pythagorean theorem (a2 + b2 = c2), the area of the tent 

floors was 2.08 × 2.08 m. 
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was a significant difference in Melampyrum seed set inside, as compared to 

outside, of the mesh tents. 

 Sadly, only two tents were eligible for assessment by the end of the 

experiment. One was destroyed due to harsh weather, while all three tents at 

Plot 2 had to be removed due to a rabid landowner. 

2.3.3 Daily variation 

 

Figure 2.4. Aerial photo of Lunde [1:1500] showing Plot N and S, situated ~60 m apart (Norkart 

AS 2018). Plot 1-3 (Figure 2.2) were situated across the road at the top left corner. 

 

To study daily variation of the plant-pollinator system at Reinøya, I selected two 

plots in a cultural landscape close to the sea (Plot N and S; Figure 2.4). The area 

was situated beneath a mountain that hid the sun during night, overshadowing 

Plot N first. The plots were situated in what used to be part of an agricultural 

field until the 1970s and were placed ~60 m apart. Despite the proximity, the 

vegetation cover and plant species composition differed between the plots. 

Generally, Plot N had taller vegetation dominated by Deschampsia cespitosa, 
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Allium schoenoprasum ssp. sibiricum, Geum rivale and Geranium sylvaticum. 

Plot S was dominated by Avenella flexuosa, Achillea millefolium, Alchemilla sp. 

and Geranium sylvaticum.  

2.4 DATA COLLECTION 

2.4.1 Flower visitation data – elevation gradient 

For 14 days between 29th June and 25th July 2016, three field workers recorded 

flower visitation along the elevation gradient (Plot 1-12; Figure 2.2). The data 

was collected during 10-min long sampling events by observing flowers in a plot 

area and recording flower visits to them. Each day in the field, I tried to collect 

data in all twelve plots. No data was collected when it was raining, as I expected 

to find little (or no) insect activity on flowers at that time. Prior to each sampling 

event, the following variables were recorded: plant species in bloom, the number 

of open flowers of each species, date, time and environmental variables (see below 

for details). Inflorescences of Cornus suecica and Asteraceae species were 

counted as single open flowers. All flowering plants were identified to species or 

genus level following Lid (2013). 

A flower visit was defined as an insect performing an activity on a flower 

with the possibility that it would either receive pollen from the androecium or 

deliver pollen to the gynoecium. The set of flowers chosen to be observed during 

a sampling event was determined by the field worker following three criteria: (1) 

it had to include more than one open flower of each species chosen, (2) all flowers 

had to be close enough, so they could be observed simultaneously, and (3) flowers 

of either Melampyrum sylvaticum or M. pratense, and if possible also C. suecica, 

had to be included. The set of flowers varied for each sampling event within each 

plot according to both plant species composition and number of flowers. 

 Flower visitors were identified (if possible) to ‘functional pollinator 

groups’, which varied in taxonomical levels. These were based on a priori 

information on their flower-visiting habits. The functional groups identified 

were: (1) ‘bumblebees’ – genus Bombus, (2) ‘flies’– order Diptera (no Syrphidae 

observed), (3) ‘ants’ – family Formicidae, (4) ‘Micropterigidae’ (mandibulate 
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archaic moths) – a family in order Lepidoptera, (5) ‘others’ (beetles – order 

Coleoptera, or unidentified).  

 The environmental variables temperature (°C) and relative air humidity 

(%) were measured with a handheld weather recorder (WeatherHawk: SM-28 

Skymaster). In the field, the weather recorder was carried alfresco to stabilize 

the device. Additionally, the weather was described according to the presence of 

sun (‘Sun’, ‘Some sun’ or ‘No sun’).  

2.4.2 Seed set – elevation gradient 

 

Figure 2.5. Field worker counting number of vegetative and reproductive shoots of Cornus 

suecica within a defined area in Plot 3 on 27th July 2016 
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On 27th July 2016, seed set of C. suecica was estimated in all twelve plots along 

the elevation gradient. Seed set was estimated by counting the proportion of 

flowers developing into a drupe within a reproductive shoot1. In each plot, the 

first patch of C. suecica with reproductive shoots that was approached, was 

assigned and defined by encapsulating it with a rope (Figure 2.5). The patch 

would vary in size because most C. suecica shoots were vegetative (and I was 

interested in finding reproductive shoots). This technique for assigning patches 

of C. suecica was useful in plots with few reproductive shoots but represents a 

potential bias to the sampling procedure. Replicated samples with a 

standardized measure, for instance a quadrat, could prove useful in future 

studies with the same implications. 

Inside the defined patch, I counted the number of vegetative and 

reproductive shoots (Table 2.1). For each reproductive shoot inside the patch, I 

counted the number of drupes and flowers with no sign of fruit development.  

                                                           
1 As each drupe bears only one seed, the number of drupes equals the number of seeds. 

Table 2.1. The number of vegetative and reproductive shoots 

of Cornus suecica counted 27th July 2016 at twelve plots 

(Figure 2.4)a. 

Plot Vegetative shoots Reproductive shoots 

1 130 59 

2 154 70 

3 271 62 

4 326 44 

5 210 30 

6 259 35 

7 221 11 

8 109 26 

9 168 15 

10 235 2 

11 219 32 
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From 20th to 27th July 2016, seed set of M. sylvaticum and M. pratense were 

estimated along the elevation gradient by sampling fruits and counting the 

number of seeds in them. Initially, I wanted to sample 30 fruits from each species 

twice in all plots. However, as the number of available fruits from the two species 

varied considerably between the plots, I ended up sampling 30 fruits in total at 

each plot. Furthermore, fruits were sampled twice only at Plot 1-3 (i.e. closest to 

sea level; Table 2.2) due to a limited number of plants in the other plots. 

Table 2.2. The number of sampled fruits for Melampyrum 

sylvaticum and M. pratense species in twelve study plots 

from sea level to the tree linea. 

Plot M. sylvaticum 
fruitsb 

M. pratense 
fruits 

Date 

1 20 10 20.07.2016 

1 20 10 27.07.2016 

2 20 10 20.07.2016 

2 20 10 27.07.2016 

3 20 10 20.07.2016 

3 20 10 27.07.2016 

4 0 30 20.07.2016 

5 0 30 20.07.2016 

6 15 15 20.07.2016 

7 10 20 23.07.2016 

8 20 10 23.07.2016 

9 0 30 23.07.2016 

10 0 30 23.07.2016 

11 0 30 23.07.2016 

12 0 30 23.07.2016 

12 150 19 

a Lines separate the rows according to elevation (four levels 
from sea level to the tree line; Figure 2.2). 
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a Lines separate the rows according to elevation (four levels 
from sea level to the tree line; Figure 2.2). Fruits were 
sampled twice at Plot 1-3. 

b Melampyrum sylvaticum was not present in all plots. 

 

2.4.3 Seed set – bagging experiment 

On 14th August 2017, seed set of bagged M. sylvaticum and M. pratense (Figure 

2.3) were estimated by collecting all fruits in the tents and counting the seeds of 

each fruit. From the first tent, 21 fruits of M. sylvaticum and 26 fruits of M. 

pratense were collected. From the second tent, only two M. pratense plants had 

produced five fruits. 

2.4.4 Flower visitation data – daily variation 

From 29th July to 13th August 2017, four field workers collected flower visitation 

data over four 24-h periods. When working, the field workers attempted to 

sample each hour of the day, in the end resulting in 77 hourly observation 

periods. For each hour, data was collected in both plots (Figure 2.4), with the 

same sampling event procedure as the previous year (specified in section 2.4.1), 

but with minor alterations: 

a) there were no criteria on which plant species were included during a 

sampling event, 

b) non-micropterigidian ‘Lepidoptera’ and Syrphidae were observed, and 

treated as two additional functional groups of pollinators, and 

c) bumblebees were identified to species level following Ødegaard et al. 

(2015). 

2.5 STATISTICAL ANALYSES 

All calculations, diagrams and statistical analyses were produced in the R 

programming environment, version 3.4.3 (R core team 2017). Hypotheses of 

Objective II (‘Bagging experiment’) were investigated with null hypothesis 

testing. To investigate the hypotheses of Objective I and III (‘Spatial and 

Temporal patterns’), I chose, however, to use a model selection procedure. 
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Instead of focusing on the falsification of a null hypothesis, I wished to identify 

which variables were explaining the variation in my response variables (e.g. 

number of flower visits). Model selection finds the model that is expected to 

explain future observations, given my data and included variables, i.e. the best 

approximating model (Buckland et al. 1997, Anderson et al. 2000, Cubedo and 

Oller 2002, Aho et al. 2014). It does not evaluate which model is correct, as a 

model essentially cannot be true (Popper 1959, Wit et al. 2012). 

 The data for Objective I and III were analysed using Generalized Linear 

Mixed Models (GLMMs, using ‘glmer’ function in lme4 package version 1.1-14 

(Bates et al. 2014)). I chose to use Generalized Linear Models (GLMs) because 

they handle non-normal error distributions. This is relevant for my analyses as 

the response variables were counts and assumed to follow a Poisson distribution 

(Zuur et al. 2009). The model parameters were estimated using loge-link because 

the expected value deriving from a Poisson distribution must be positive (Bolker 

et al. 2009, Zuur et al. 2009). Therefore, the presented model outcomes are given 

on the natural logarithmic scale. I chose to use Mixed Models – i.e. adding more 

complexity to the ‘standard’ GLM – because it allows me to interpret predictor 

variables as fixed or random effects (Henderson Jr 1982, McLean et al. 1991). 

Fixed effects are included to calculate a variable’s exact effect on the response 

variable, for instance including temperature because I assume it to directly 

impact flower visitation. The meaning of random effects, however, is to calculate 

the variation among units, like the replicated plots in my study (Figure 2.2, 2.4). 

This variation can affect the response variable but including it as a random effect 

deals with this potential dependency.  

 I did not standardize the response variables – i.e. divide the counts by the 

exposure (e.g. number of visits / number of flowers) – because the exposure could 

vary for each observation. To account for this variation in the analyses, I defined 

the exposures as offset variables (Reitan and Nielsen 2016). This means that 

while the input values are, for instance, ‘number of visits’ and ‘number of flowers’, 

the modelled response is nonetheless the number of visits per flower (i.e. flower 

visitation frequency). 

 I used a stepwise model selection method (Reitan 2017) that starts with a 

list of covariates that I identify as ecologically relevant to explain the variation 
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in the response variable. The procedure then tries all covariates in a collection of 

models and finds the best model based on a Bayesian Information Criterion 

(BIC), i.e. the one with the lowest BIC value1 (Schwarz 1978, Wit et al. 2012). 

Information criterion-based approaches are founded on the principle of 

parsimony and thus favours the model that is “as simple as possible, but not 

simpler” (Aho et al. 2014). Because I wished to try many covariates, I chose to 

use BIC because it is conservative, i.e. it penalizes the number of parameters (k) 

based on the number of observations (n) (Schwarz 1978, Johnson and Omland 

2004). After finding the best model, I quantified the relative contributions of each 

predictor variable in the model, by using the squared standardized regression 

coefficients (Afifi et al. 2003). 

 

An overview of all the investigated hypotheses is listed in Table 2.3. I have 

included some of the necessary information to translate the biological hypotheses 

to mathematical models: the response variable, statistical method and the 

parameters of interest, i.e. covariates that are of concern to the hypothesis 

approached with model selection. Support is given to these hypotheses, if at least 

one of their parameters of interest is included in the best model. Conversely, if a 

best model does not include a parameter of interest, I will discuss which other 

biological processes (not included as parameters) might be causing the variation 

in the observations.

                                                           
1 BIC (M) = _ 2 ln L(θ) + k ln (n), where M = model, θ = the parameter set values that 

maximizes the likelihood function of the model, L(θ), k = the number of parameters estimated 

by the model and n = the number of data points in the observed data. 



23 
 

 

Table 2.3. An overview of all hypotheses investigated, the response variables, statistical methods and parameters of interest. 

 

Hypothesis 

 

Response variable 

 

Statistical 
methoda 

 

Parameters of interestb 

 

 

OBJECTIVE I 

SPATIAL VARIATION 

 

SPATIAL VARIATION IN FLOWER VISITATION 

H1.1. Flower visitation frequency is affected by climatic 
conditions. 

The number of flower visits per 
10 min 

GLMM Elevation, Elevation x «Environmental 
variables» 

H1.2-a.  Seed set of Cornus suecica is affected by climatic 
conditions and/or flower visitation frequency. 

Number of drupes per 
reproductive shoot 

GLMM Elevation, Visitation frequency 

H1.2-b. Seed set of Melampyrum sylvaticum is affected by 
climatic conditions and/or flower visitation frequency. 

Number of seeds per fruit GLMM Elevation, Visitation frequency 

H1.2-c. Seed set of Melampyrum pratense is affected by 
climatic conditions and/or flower visitation frequency. 

 

Number of seeds per fruit 

 

GLMM Elevation, Visitation frequency 

 

 

OBJECTIVE II 

POLLINATOR LIMITATION IN Melampyrum spp. 

 

HA2.1-a. Melampyrum sylvaticum produces seeds in the 
absence of pollinators. 

 

Number of seeds per fruit 

 

t-test 
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HA2.1-b. Melampyrum pratense produces seeds in the 
absence of pollinators. 

Number of seeds per fruit t-test  

 

OBJECTIVE III 

TEMPORAL VARIATION 

 

SEASONAL VARIATION IN FLOWER VISITATION 

H3.1. Flower visitation frequency is affected by seasonal 
variation. 

The number of flower visits per 
10 min 

GLMM DOY, DOY2, DOY x Elevation 

H3.2. Flower visitation frequency is affected by daily 
variation. 

 

The number of flower visits per 
10 min 

GLMM Daily oscillation, daily oscillation x 
«Environmental variables» 

a GLMMs were investigated with a model selection function (Section 2.5), and t-tests with null hypothesis testing. 

b Covariates (Appendix C Table C1, C2) tested with a model selection method that returns the best model based on a BIC criterion.  

- ‘Elevation’ includes both the categorical and continuous predictors. ‘Elevation’ is only the continuous predictor.  

- DOY = Day of year.  

- «Environmental variables» includes temperature (°C), relative air humidity (%) and sun presence (‘Sun’, ‘Some sun’ or ‘No sun’). 

- Daily oscillation includes six sine and cosine oscillations of different frequencies based on a continuous linear variable of each minute of the day. 
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2.5.1 Spatial variation in flower visitation (H1.1) 

Twenty-six covariates were tried with the model selection procedure (explained 

in Section 2.5), including fixed effects, quadratic terms, statistical interactions 

and random effects (Appendix C Table C.1). The parameters of interest to this 

hypothesis were the categorical and continuous predictors of the numerical 

variable ‘Elevation’, as well as their possible interaction with ‘Temperature’, 

‘Humidity’ and ‘Sun presence’. I included a factor variable with a unique level for 

every data point (‘Unexplained variation’ w/429 levels) as a random effect to 

account for possible overdispersion (Harrison 2014).  

 The aim was to use the space-for-time substitution approach, where 

elevation from sea level to the tree line would act as a proxy for climatic 

conditions. Prior to the analysis, observations including plant species only found 

at one height, or with visitation frequencies equal to zero, were excluded (see 

Appendix B Table B.1). The entire system was dominated by flies and 

preliminary model outputs showed no clear differences between specific insect 

groups. Therefore, the total number of flower visits (by all insects) was used as a 

response. The number of flowers observed was included as an offset variable in 

the model. 

2.5.2 Spatial variation in seed set (H1.2-a-c) 

The parameters of interest for the hypotheses were the continuous predictor of 

‘Elevation’ and ‘Visitation frequency’ which were tried with the model selection 

procedure (explained in Section 2.5). The latter was estimated from data that 

was collected from flower visitation observations (subsection 2.4.1) as average 

flower visits per flower per 10 min per plot. A factor variable specific for each plot 

was included as a random effect (‘Plot number’). Additionally, for the analysis on 

C. suecica seed set (H1.2-a), I included a fixed effect accounting for the proportion 

of reproductive shoots at a site (‘Site fertility’1). I included a factor variable 

unique for every data point as a random effect to account for possible 

                                                           
1 ‘Site fertility’ = number of reproductive shoots / number of reproductive and vegetative 

shoots. 
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overdispersion (Harrison 2014). This represented each reproductive shoot that 

was counted and was equal to the number of rows in the dataset (see Table 2.1; 

‘Unexplained variation’ w/443 levels). In the model explaining the seed set of C. 

suecica, the total number of flowers before fruit development in a reproductive 

shoot was used as an offset variable1. 

2.5.3 Pollinator limitation in Melampyrum spp. (HA2.1-a-b) 

To test if the seed set of M. sylvaticum or M. pratense from the bagging 

experiment (subsection 2.4.3) was significantly larger than zero, I used simple 

(one-sided) t-tests. These are simple null hypothesis tests that are appropriate 

for experiments (Whitlock and Schluter 2009). 

2.5.4 Seasonal variation in flower visitation (H3.1) 

I used the same dataset and covariates list as explained in subsection 2.5.1. 

However, the parameters of interest to this hypothesis were the continuous 

predictor of the numerical variable ‘Day of year’, its quadratic term and its 

interaction with ‘Elevation’.  

2.5.5 Daily variation in flower visitation (H3.2) 

Thirty covariates were tried with the model selection procedure (explained in 

Section 2.5), including fixed effects, quadratic terms, statistical interactions and 

random effects (Appendix C Table C.2). The parameters of interest to this 

hypothesis were variables of ‘Daily oscillation’ and their interactions with 

‘Temperature’, ‘Humidity’, ‘Sun presence’ and ‘Day of year’. ‘Daily oscillation’ was 

represented by six oscillatory transformations of a continuous linear variable of 

each minute of the day (1 - 1440)2. The transformations were done by using cosine 

(cos) and sine (sin) functions of different frequencies. Single-frequency functions 

(‘cos 1’ and ‘sin 1’) were the principal variables to describe daily oscillation. 

Double- (‘cos 2’ and ‘sin 2’) and triple- (‘cos 3’ and ‘sin 3’) frequency functions were 

added to test if a more detailed description of daily oscillation could better 

                                                           
1 Offset = log (‘Number of drupes’ + ‘Number of flowers with no sign of fruit development’) 
2 Daily oscillation (sin x ∨ cos x) = (2 × pi × sin ∨ cos × ‘Minute of day’ × x)/1440, where x = 

the frequency of the function 
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describe the daily variation in flower visitation by adjusting the single-frequency 

functions. I included a factor variable with a unique level for every data point 

(‘Unexplained variation’ w/397 levels) as a random effect to account for possible 

overdispersion (Harrison 2014). Before the analysis, observations including the 

plant species Achillea millefolium were excluded as these presented severe 

outliers to the dataset. The total number of flower visits (by all insects) was used 

as a response variable. The number of flowers observed was used as an offset 

variable. 
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3 Results 

«(…) the stupider one is, the closer one is to reality. The stupider one is, the clearer 

one is. Stupidity is brief and artless, while intelligence wriggles and hides itself. 

Intelligence is a knave, but stupidity is honest and straightforward.» 

 

Fyodor Dostoyevsky – The brothers Karamazov (p 259), 1879 

3.1 SPATIAL VARIATION 

3.1.1 Spatial variation in flower visitation 

Flower visitation data was recorded along the elevation gradient in 176 sampling 

events, recording 818 visits (0.2 visits per flower per 10 min). Of them 87.4% were 

by flies (no Syrphidae recorded), 3.4% by bumblebees, 3.3% by ants, 2.1% by 

micropterigids and 3.8% by other insects (beetles or unidentified). 

 Twenty-three plant species were observed (Appendix B Table B.1). 

Ranunculus acris received most visits (203; 0.74 visits per flower per 10 min), 

while the three focal plants Melampyrum sylvaticum, M. pratense and Cornus 

suecica had relatively low average visitation frequencies (0.022, 0.019 and 0.055 

visits per flower per 10 min, respectively). Visits to almost all species were 

dominated by flies, but more than half of the visits to C. suecica were by ants 

(20%), micropterigids (17.5%) or other insects (13.6%). 

 The mean temperature for all recordings was 17.9ºC (Q1-Q31: 15.1-20.2ºC) 

and for relative air humidity 62.5% (57.5-67.4%). I did not find that the elevation 

gradient represented a true gradient in neither temperature nor humidity (Table 

3.1). Therefore, elevation could not be used as a proxy for climatic conditions 

following the space-for-time substitution approach. 

 

Table 3.1. Mean flower visitation frequencies, temperature (ºC) and relative 
air humidity (%) per 10 min along an elevation gradient from sea level to the 
tree line (Figure 2.2) from 29th June to 25th July 2016. 

Elevation 
(m a.s.l.) 

Visitation 
frequency 

Temperature (ºC) Humidity 
(%)    

                                                           
1 Q1 = 1st quartile, Q3 = 3rd quartile. 
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20 0.205 17.7 64.5 

80 0.159 18.1 63.0 

180 0.238 18.3 61.4 

280 0.194 17.6 60.1 

 

Hypothesis 1.1 – “Flower visitation frequency is affected by climatic conditions” 

– was not supported as none of the elevation variables were included in the best 

model explaining flower visitation. The model included the fixed effect ‘Plant 

species’. The different plant species varied strongly in visitation frequencies 

(Table 3.2). 

Table. 3.2. Generalized linear mixed model outputa of observed flower visitation frequency per 

10 min along an elevation gradient from sea level to the tree line (Figure 2.2) from 29th June to 

25th July 2016b. 

 95% confidence limitsc 

Fixed effect Estimate SE Lower Upper 

Intercept -22.3 2.65 -24.9 -19.7 

Day of yeard 0.0959 0.0138 0.0821 0.110 

Minute of dayd -0.0178 0.000711 -0.0185 -0.0170 

Alchemilla sp. -1.07 0.675 -1.74 -0.394 

Bistorta vivipara 0.949 0.873 0.0763 1.82 

Campanula rotundifolia 2.24 0.791 1.45 3.03 

Dactylorhiza sp. -0.233 0.698 -0.930 0.465 

Geranium sylvaticum 2.20 0.377 1.8179 2.5721 

Hieracium sp. 1.18 0.734 0.448 1.92 

Melampyrum pratense -2.13 0.355 -2.48 -1.77 

Melampyrum sylvaticum -1.95 0.379 -2.33 -1.57 

Othilia secunda 1.03 0.697 0.333 1.73 

Pinguicula vulgaris -0.645 1.31 -1.95 0.664 

Ranunculus acris 2.57 0.350 2.22 2.92 

Rhinanthus minor -0.758 0.718 -1.48 -0.0399 
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Solidago virgaurea 1.36 0.592 0.770 1.95 

Trientalis europaea 0.340 0.571 -0.232 0.911 

a Flower visit per 10 min ~ Day of year + Minute of day + Plant species + Unexplained variation 

+ offset (log (‘Total number of flowers’ × ‘Sampling event length’)).  

- ‘Plant species’ is fitted as a factor variable with 15 levels and Cornus suecica as a 
reference. 

- ‘Unexplained variation’ is fitted as a random effect. 

b The best model using a BIC criterion when testing a list of covariates (Appendix C Table C.1). 
Values are on a natural logarithmic scale. 

c 95% confidence limits = Estimate + SE (standard error). 

d Fitted as continuous predictors. 

 

Table 3.3. Variance contribution (%) of covariates in a 

generalized linear mixed model of flower visitation 

frequency per 10 min for any plant species from 29th 

June to 25th July 2016 (Table 3.2). 

Covariate Variance 
contribution 

Unexplained variation 71.1% 

Day of year 26.2% 

Minute of day 2.7% 

 

3.1.2 Spatial variation in seed set 

Mean Cornus suecica seed set (the proportion of flowers to develop into a drupe) 

was 0.157. Along the elevation gradient, seed set was highest at the lowest 

elevation (20 m a.s.l.; 0.216) and then gradually decreased (Figure 3.1).  

 Hypothesis 1.2-a – “Seed set of C. suecica is affected by climatic conditions 

and/or flower visitation frequency” – was supported as the best model explaining 

variation in seed set included negative effects of ‘Elevation’ and ‘Visitation 

frequency’ (Table 3.4). The model also included a positive effect of ‘Site fertility’. 

‘Site fertility’ and ‘Elevation’ had the strongest effects, contributing to >80% of 

the variation in seed set (Table 3.5).  
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Figure 3.1. Boxplot showing Cornus suecica seed set (proportion of flowers developed into 

drupes) at four elevations on 27th July 2016. Scattered points are showing the variation in the 

dataset, not exact values. 

 

 

Table 3.4. Generalized linear mixed model outputa of Cornus suecica seed setb in an elevation 

gradient from sea level to the tree line (Figure 2.2) on 27th July 2016. 

   95% confidence limitsc 

Fixed effect Estimate SE Lower Upper 

Intercept -2.01 0.130 -2.14 -1.88 

Elevationd -0.00259 0.000652 -0.00324 -0.00194 

Site fertility 1.47 0.269 1.45 1.50 

Visitation 
frequency 

-2.00 0.747 -2.75 -1.26 

a Number of drupes per reproductive shoot ~ Elevation + Site fertility + Visitation frequency + 
offset (log (‘Number of flowers’ + ‘Number of drupes’)). 

b The best model using a BIC criterion when testing a list of covariates (see subsection 2.5.2). 
Values are on a natural logarithmic scale. 

c 95% confidence limits = Estimate + SE (standard error). 

d Fitted as a continuous predictor. 
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Table 3.5. Variance contribution (%) of covariates in a 
generalized linear mixed model of Cornus suecica seed 
set on 27th July 2016 (Table 3.5). 

Covariate Variance contribution (%) 

Site fertility 44.3% 

Elevation 36.8% 

Visitation frequency 18.9% 

 

Mean M. sylvaticum seed set (number of seeds per fruit) was 2.45 (n = 165 fruits) 

and for M. pratense 2.53 (n = 285 fruits). Seed set of both species was highest at 

180 m a.sl. (Table 3.6).  

 Neither hypotheses H1.2-b nor -c – “Seed sets of M. sylvaticum/M. 

pratense is affected by climatic conditions and/or flower visitation frequency” – 

were supported as ‘Elevation’ or ‘Visitation frequency’ was not included in the 

best models explaining variation in seed set.  

 

Table 3.6. Mean seed seta of Melampyrum pratense and M. sylvaticum, and the number of 

fruits collected along an elevation gradient from sea level to the tree line (Figure 2.2) from 20th 

to 27th July 2016.  

 M. pratense M. sylvaticum 

Elevation 
(m a.s.l.) 

Seed set Fruits 
collected (n) 

Seed set Fruits collected 
(n) 

20 2.45 60 2.43 120 

80 2.37 75 1.88 15 

180 2.8 60 2.37 30 

280 2.57 90 _ 0 

a Seed set was estimated by counting the number of seeds in a fruit (max. four). 
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3.2 POLLINATOR LIMITATION IN Melampyrum 

spp.  

H02.1-b – “M. sylvaticum does not produce seeds in the absence of pollinators” – 

was rejected as the mean number of M. sylvaticum seeds per fruit (1.67, n = 21 

fruits) from the bagging experiment was significantly larger than zero (one-

tailed t(164) = 36.1, p = <0.01).  

 

H02.1-c – “M. pratense does not produce seeds in the absence of pollinators” – was 

rejected as the mean number of Melampyrum pratense seeds per fruit (2.81, n = 

31 fruits) from the bagging experiment was significantly larger than zero (one-

tailed t(284) = 42.8, p = <0.01).  

3.3 TEMPORAL VARIATION 

3.3.1 Seasonal variation in flower visitation 

 

Figure 3.2. Flower visitation frequency (the number of flower visits per flower per 10 min) in the 

elevation gradient from 29th June to 25th July 2016. The green line shows a LOESS smoother 

fitted on the data with shaded confidence interval (for method see Wickham 2009). 

 

Hypothesis 3.1 – “Flower visitation frequency is affected by seasonal variation” 

– was supported as ‘Day of year’ was included in the best model explaining flower 
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visitation throughout a flowering season (Table 3.2). The model also included 

another temporal variable, the fixed effect ‘Minute of day’. ‘Day of year’ 

contributed to more than a quarter of the variation in the model (Table 3.3). 

Flower visitation frequency gradually increased throughout the season (Figure 

3.2). 

3.3.2 Daily variation in flower visitation 

Daily flower visitation data was recorded in 170 sampling events, recording 2612 

visits (0.44 visits per flower per 10 min). Of them, 79.1% were done by flies (only 

0.2% hoverflies), 15.5% by bumblebees, 4.1% by ants and 1.3% by others 

(lepidopterans, or unidentified). 

 Ten plant species were recorded (Appendix B Table B.2). Solidago 

virgaurea received most visits (1035; 0.436 visits per flower per 10 min). All 

species received more than half of their visits by flies, except for Geum rivale that 

was visited almost exclusively by bumblebees (98% of visits). Five bumblebee 

species were recorded (Appendix D). 

 The average temperature for all recordings was 14.5ºC (Q1-Q3: 

11.9-17.0ºC) and relative air humidity 73.6% (66.8-81.3%). 

 

Hypothesis 3.2 – “Flower visitation frequency is affected by daily variation” – 

was supported as the best model explaining variation in flower visitation 

throughout the day included ‘Daily oscillation’ (Table 3.7). Although ‘Day of year, 

‘Sun presence’ and ‘Humidity’ were also included in the model, more than half of 

the variation was explained by ‘Daily oscillation’ alone (Table 3.8). Estimating 

from this model, the highest flower visitation frequency is expected at 11.50 a.m. 

(Figure 3.3). The expected frequency when there is sun (1.840) is about twice as 

high as when there is no sun (0.916). Nocturnal flower visitation was never 

observed in the focal plots, but occasionally on an ornamental plant in their 

vicinity (Appendix E). 
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Table 3.7. Generalized linear mixed model outputa of daily flower visitation frequency 

per 10 min from 29th July to 13th August 2017b. 

   95% confidence limitsc 

Fixed 
effect 

Estimate SE Lower Upper 

Intercept 33.8 2.79 31.0 36.6 

Humidity -0.0245 0.00877 -0.333 -0.0157 

Sun 
presence 
(some sun) 

-0.699 0.215 -0.914 -0.484 

Sun 
presence 
(no sun) 

-0.569 0.189 -0.758 -0.380 

Day of year -0.154 0.0131 -0.167 -0.141 

Daily 
oscillation 
(cos 1) 

-2.22 0.166 -2.39 -2.06 

Daily 
oscillation 
(sin 1) 

-0.451 0.116 -0.568 -0.335 

Daily 
oscillation 
(cos 2) 

-0.463 0.118 -0.581 -0.346 

Daily 
oscillation 
(sin 2) 

-0.227 0.119 -0.346 -0.109 

a Flower visit per 10 min ~ Humidity + Day of year + Sun presence + Daily oscillation 
(cos 1) + …(sin 1) + …(cos 2) + …(sin 2) + Unexplained variation + offset (log (‘Total 
number of flowers’)).  

- ‘Sun presence’ is fitted as a factor variable with three levels and ‘Sun’ as a 
reference level. 

- ‘Unexplained variation’ is fitted as a random effect. 

- ‘Day of year’ is fitted as a continuous predictor. 

b The best model using a BIC criterion when testing a list of covariates (Appendix C 
Table C2). Values are on a natural logarithmic scale. 

c 95% confidence limits = Estimate + SE (standard error). 
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Table 3.8. Variance contribution (%) of covariates 

in a generalized linear mixed model (Table 3.7) of 

daily flower visitation frequency per 10 min from 

29th July to 13th August 2017. 

Covariate Variance 
contribution 

Daily oscillationa 58.1% 

Unexplained variation 19.8% 

Day of season 16.4% 

Sun presence 4.1% 

Humidity 1.5% 

a The summed variance contribution of all single- 
and double-frequency daily oscillation variables. 

 

 

 
Figure 3.3. Expected flower visitation frequency (number of flower visits per flower per 10 min) 

throughout the day. Estimated from a generalized linear mixed model (Table 3.7) at 29th July 2017 

with mean relative air humidity (73.1%). Orange line = sun, grey line = no sun.  
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4 Discussion 

«Truth is not always in a well. In fact, as regards the more important knowledge, I 

do believe that she is invariably superficial. The depth lies in the valley where we 

seek her, and not upon the mountain-tops where she is found.» 

Edgar Allan Poe – Murders in the rue morgue (p 16), 1841. 

 

In this study, I looked at spatial variation of the plant-pollinator system along 

an elevation gradient from sea level to the tree line (Objective I). By far, the most 

frequent flower visitors for the whole system were non-syrphid flies, contributing 

to 87.5% of all flower visits. Unexpectedly, the elevation gradient did not 

represent a climatic gradient, at least not during the sampled period (29th June 

to 25th July 2016); I documented no systematic change in temperature and/or 

humidity with increasing elevation. Neither flower visitation (H1.1) nor seed set 

of Melampyrum sylvaticum (H1.2-b) nor M. pratense (H1.2-c) were affected by 

elevation. However, seed set of Cornus suecica decreased with elevation, giving 

support to H1.2-a. This represents a partial confirmation that C. suecica seed set 

shows spatial variability at a scale from sea level to the tree line, which in theory 

could be linked to climatic conditions.  

 The reason why I did not find temperature or humidity to vary along the 

elevation gradient could be the relatively mild coastal subarctic climate in the 

study area. As the elevation gradient was rather short, climatic differences could 

be small. However, my temperature and humidity data are based on a handheld 

weather recorder that was difficult to stabilize in the field. Moreover, I only 

measured temperature and humidity in situ. By doing this, I implicitly assume 

that the weather prior to the sampling event, and at other locations than the 

study plots, does not affect flower visitation. The same technique and device was 

used by Nielsen et al. (2017), but then as an addition to stationary loggers that 

recorded temperature every hour throughout the day. They found that the logger 

temperatures were better at explaining honeybee and bumblebee visitation. This 

suggests that bumblebees are dependent on temperature at other locations and 

times than when they are visiting flowers. This could be the case for flies as well, 

as they are poikilothermic, i.e. their internal temperatures largely depend on 

their surroundings. The temperature at other locations and times than during a 

flower visit therefore presents constraints, or benefits, to a fly. 
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 Flower visitation was not affected by elevation (H1.1). If different 

elevations have similar climates (as suggested by my temperature and humidity 

recordings), then the plant-pollinator system at sea level might be like the one 

observed at the tree line. However, temperature and humidity are not the only 

abiotic factors affecting the plant-pollinator interaction. The melting of snow in 

spring generally happens earlier at low elevations, while snow emerges later in 

the autumn (e.g. Peterson 2003, Ward and Masters 2007, Peterson et al. 2008). 

For this reason, the summer season should be longer at sea level and shorter 

further up, and flower visitation seems not to be affected by season length. The 

system appears robust to challenges related to shorter winters, as is expected in 

the future (Brown and Mote 2009, Brutel-Vuilmet et al. 2013) 

 The seed set of C. suecica did not only decrease with elevation (H1.2-a), 

but also increased with ‘Site fertility’, i.e. the proportion of reproductive shoots. 

This variable is probably an indicator of how well the species is doing at a site 

because there is a cost in producing reproductive shoots. The species should 

produce more inflorescences at sites where the plants are less limited by 

environmental stress. Therefore, my result suggests that C. suecica seed set 

decreased with elevation due to environmental stress, perhaps of a shorter 

growing season further up (as discussed above). Interestingly, C. suecica seed set 

was negatively influenced by flower visitation frequency. While flower visitation 

is often beneficial for plants (by leading to successful pollination), this might not 

always be the case. A large proportion of the flower visits to C. suecica were from 

micropterigidans (17.5%), who are pollen-eaters, or ants (20%). Ants are 

considered ineffective pollinators (Puterbaugh 1998, Willmer 2011b), for several 

reasons: They move over short distances (except for alate individuals, which were 

not observed in this study) and pollen do not adhere readily to their hairless 

bodies. Several studies (e.g. Hull and Beattie 1988, Gómez and Zamora 1992, 

Galen and Butchart 2003) have found reduced pollen viability following ant 

visitation, probably due to antibiotic secretions from the ant thorax. As flower 

visitation in general was not beneficial for C. suecica, seeds must have been 

produced either by a few specialized pollinators, or by self-pollination. Even 

though C. suecica flowers are protandrous, self-pollination can occur within an 

inflorescence. First, because pollen remains on the anthers after the stigma 
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becomes receptive, and second, because the flowers are clustered closely together 

(Taylor 1999). However, it is important to note that the sample size from which 

I estimated C. suecica seed set, could be lower than what it appears. Although I 

sampled many shoots of C. suecica, I only sampled from a single patch within 

each plot. As an individual often grows many shoots in dense tufts, there is a 

possibility that each patch (i.e. a sample) could represent only one individual. 

Thus, my results could be biased because of variation between individuals, and 

not represent a true sample of C. suecica populations in the study area. 

 Seed set of M. sylvaticum (H1.2-b) and M. pratense (H1.2-c) were not 

affected by elevation or flower visitation. Although I expected the species to be 

pollinated by bumblebees, they were visited almost exclusively by flies1. 

However, as flower visitation did not affect seed set, my results suggest that M. 

sylvaticum and M. pratense are not well pollinated by flies. This is supported 

when considering their morphologies; Melampyrum flowers have an elongated 

corolla, and most flies have short proboscides. Yet, I did not identify flies to 

species level, or record pollination efficiency. I can therefore not know if there are 

any specialized fly pollinators of Melampyrum in the study area, as has been 

shown for Arctic Dryas (Tiusanen et al. 2016). 

 

If M. sylvaticum and M. pratense were not pollinated by the observed flower 

visitors, they must have been self-pollinating. I investigated this by conducting 

a bagging experiment (Objective II) which confirmed that M. sylvaticum and M. 

pratense self-pollinate (HA2.1-a and -b, respectively). Melampyrum sylvaticum 

and M. pratense have several requirements to retain their populations. They are 

annual hemiparasites, which mean that they need to find a suitable host and 

reproduce during one growing season. Indeed, Moeller et al. (2017) found that 

self-pollination is more common for annual plants. Living in the Arctic can 

present additional challenges, because climate varies a lot between years, or 

throughout the summer. Moreover, M. sylvaticum and M. pratense cannot 

reproduce vegetatively and they do not hybridize. Kwak and Jennersten (1991) 

found M. pratense to be pollen limited – i.e. a higher seed set in hand-pollinated, 

                                                           
1 Except for three bumblebee visits (by one individual) to M. pratense flowers during only 

one sample event. 
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compared to bagged, flowers. Yet, ~20% of the bagged flowers developed into 

fruits. Similarly, Crichton et al. (2016) found M. sylvaticum to be highly 

inbreeding in Great Britain where it is endangered. If environmental stress is 

high, the ability to self-pollinate can be advantageous (Baker 1955). My results 

show that M. sylvaticum and M. pratense can sustain seed production, even when 

pollinator availability is low. However, as I lacked an experimental control and 

several replicates were destroyed, these results should be interpreted with 

caution. 

 

In this study, I also looked at temporal varation of the plant-pollinator system in 

a coastal subarctic region (Objective III). As expected, flower visitation was 

affected by seasonal and daily variation, giving support to hypotheses H3.1 and 

H3.2, respectively. This confirms that flower visitation in my study area shows 

temporal variability at two different scales – within a season and within a day. 

Flower visitation was affected by seasonal variation (H3.1) and gradually 

increased throughout the season (Figure 3.2). Arctic climates are seasonal, and 

the weather conditions during some periods or days could be limiting for the 

plant-pollinator interaction, thus contributing to variation in flower visitation. 

However, seasonal variation in flower visitation did not differ along the elevation 

gradient. If the elevation gradient represents climatic differences (e.g. shorter 

summers with increased elevation), then seasonal variation did not represent 

climatic variation. If so, seasonal variation could be attributed to phenological 

differences between plants or pollinators. For instance, a flower visitor species 

that is highly active, but has a short flight season, could contribute to much 

variation in flower visitation. However, as I did not find a climatic gradient along 

the elevation, or record species’ phenologies, I can only speculate on the reasons 

why seasonal variation affect flower visitation in my study area. 

 I found that flower visitation was affected by daily variation, independent 

of temperature, humidity and the presence of sun (H3.2). The most frequent 

flower visitors during my observations were non-syrphid flies (79% of visits) but 

bumblebees were also common (15.5% of visits). Despite the midnight sun, flower 

visitation was strictly diurnal: it started at about 5 a.m., peaked at noon, and 

ended before 10 p.m. (Figure 3.3). I recorded no flower visits in the focal plots 
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during night, even though it was light, and the flowers were open. The Arctic 

summer is short with unpredictable weather conditions that could be challenging 

for plant-pollinator interactions. The midnight sun offers an opportunity for 

organisms to be active during both day- and night-time, thereby lengthening the 

summer season. Foraging at night can be a benefit to pollinators as it could 

reduce the risk of interspecific competition or predation.  

 My result regarding diurnal flower visitation is supported by the other 

studies that have looked at pollinator activity during the midnight sun 

(Lundberg 1980, Bergman et al. 1996, Stelzer and Chittka 2010). In my best 

model, ‘Daily oscillation’ during continuous light conditions explained most 

variation in flower visitation (58.1%). Therefore, flower visitor rhythmicity must 

be controlled by a rhythmic signal that I did not measure. While I only recorded 

the presence of sun, foraging rhythms could be controlled by the intensity 

(Bergman et al. 1996) or quality (Krüll 1976) of light. For instance, UV radiation 

levels drop drastically during Arctic summer nights and synchronize bumblebee 

foraging rhythms (Chittka et al. 2013). It is also possible that floral signals (e.g. 

scent emission) can initiate foraging at night, as for the most common bumblebee 

in my study area (Bombus pascuorum; Appendix E). If floral signals control 

flower visitor rhythms, the diurnal pattern I observed in flower visitation could 

be due to adaptations of the plants in the area. 

 Continuous light conditions can be beneficial to the reproductive success 

of insect-pollinated plants if they are pollinated both during day and night; many 

populations adjust to both diurnal and nocturnal pollination according to their 

environments (e.g. Morse and Fritz 1983, Chapurlat et al. 2018). Bloch et al. 

(2017) suggested that scent emission by day-pollinated plants is regulated by the 

light through light-dark cycles, like seen in Trifolium repens (Jakobsen and 

Olsen 1994). However, in my study area, where the plant species had typical day-

pollinated flowers (including T. repens), there was not a regular light-dark cycle 

(due to the midnight sun). If the plants can emit scent during night, and the 

flower visitors can respond to this, it is intriguing that they do not do so. 

Adaptations to both diurnal and nocturnal pollination is often seen in plants that 

are pollen-limited (Morse and Fritz 1983, Dar et al. 2006, Amorim et al. 2013). 

Even though the Arctic summer is short and unpredictable, the meadow I 
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observed was swarming with life at daytime. At noon, when it was sunny, 

(nearly) two visits were expected to each flower per ten minutes (Figure 3.3). One 

reason why plants in my study area do not adapt to nocturnal pollination could 

be because they receive sufficient visits (to optimize seed production) during day. 

 

The Arctic is warming at a fast rate, and this trend is expected to amplify in the 

future (Holland and Bitz 2003, Bekryaev et al. 2010). Recently, some studies 

have tried to predict how spring snow cover will change in a situation of increased 

temperature and precipitation (e.g. Brown and Mote 2009, Brutel-Vuilmet et al. 

2013). They find that the duration of snow cover is extremely sensitive to climate 

change, and that this sensitivity is greatest in coastal regions. If the observed 

warming continues, native species could face intense changes in length of the 

winter, or summer, season. However, my results indicate a robustness to this in 

a coastal subarctic region; flower visitation (H1.1) and seed production of M. 

sylvaticum (H1.2-b) and M. pratense (H1.2-c) do not vary along an elevation 

gradient, presumably representing differences in season length.  

 I found that flower visitation was affected by seasonal variation (H3.1) 

which may represent phenological differences between plants and pollinators. 

Climate change could alter phenologies of plants and pollinators differently, 

potentially causing a phenological mismatch between interacting species 

(Hegland et al. 2009). In response to increased temperatures, phenologies of 

plants  have already advanced (see Bertin 2008). The temporal overlap between 

the flowering and pollinator season has shrunk markedly in coastal High Arctic 

Greenland (Schmidt et al. 2016), even though the cause of this is not well 

understood. Although phenological changes will vary largely between habitats 

and species (Høye et al. 2014, Forrest 2016), a review by Forrest (2015) assert 

that few mismatches have been observed, and none are from long-term studies. 

More importantly, they do not seem to increase in frequency with climate change 

(Forrest 2015). 

 In response to global warming, Parmesan and Yohe (2003) found that 

species have shifted their distributional ranges 6.1 km per decade northwards on 

average. These range shifts may lead to massive species invasions if they manage 

to outcompete native species or find available niches (Peterson 2003, Ward and 
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Masters 2007, Peterson et al. 2008). Indeed, there are reported expansions of 

novel bumblebee species into the Arctic (Martinet et al. 2015). In my study area, 

I found that the plant-pollinator system is diurnal, despite continuous light 

conditions (H3.2). However, two species of bumblebees did forage at night on a 

non-native ornamental plant that seems to be adapted to nocturnal pollination 

(Appendix E). If other plants or pollinators with the same pollination strategy 

invade the Arctic, they may have competitive advantages to native species. 

However, the expected warming of the Arctic does not necessarily lead to species 

invasion by outcompeting natives. Deutsch et al. (2008) found that warming may 

increase growth of terrestrial ectotherms living at high latitudes, because they 

have broad thermal tolerances. This apparent robustness of native insects in the 

Arctic is concordant with my results on flower visitation along the elevation 

gradient. Moreover, the plants in my study area may gain sufficient visits during 

day or, if they do not, self-pollinate (as shown for M. sylvaticum and M. pratense). 

In the face of new climatic regimes, plant-pollinator systems in coastal subarctic 

regions could adapt and respond well.  

 

In conclusion, I have gained insight into spatial and temporal dynamics of the 

plant-pollinator system in a coastal subarctic region in northern Norway and I 

discuss how it may respond to future climate change. As far as I know, this is the 

first study to observe and report flower visitors to Melampyrum sylvaticum. 

Overall, non-syrphid flies were the dominant flower visitors in the area, while 

bumblebees were common visitors of specific plant species. I found that seed set 

of M. sylvaticum and M. pratense, and flower visitation were not affected by 

elevation, which may indicate a robustness to differences in season length. 

However, my recordings did not detect a true climatic gradient along the 

elevation gradient. Melampyrum sylvaticum and M. pratense were also found to 

self-pollinate, which could be a response to pollinator limitation as their seed set 

were not affected by flower visitation. I found a negative relationship between 

flower visitation and C. suecica seed set, indicating that their main flower 

visitors did not contribute to pollination. I did not test if C. suecica can self-

pollinate, but its seed set decreased with elevation, suggesting that this species 

suffered from increased environmental stress at higher elevations. For the whole 
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system, I found that flower visitation was affected by seasonal variation, which 

may imply that there are climatic or phenological differences between plants and 

pollinators throughout a season. My last, and perhaps most interesting, finding 

was that flower visitation followed a diurnal pattern despite continuous light 

conditions. I showed that the rhythmicity of the plant-pollinator interaction must 

be controlled by a different signal than temperature, humidity or the presence of 

sun. I suggested that flower visitor rhythmicity could be controlled by floral 

signals (e.g. scent emission), though this was not measured. If so, the plants in 

the study area do not exploit the opportunity of receiving additional flower visits 

at night, perhaps due to sufficient visits during the day. If the warming that is 

observed in the Arctic continues, plants and pollinators may face shorter winters 

and species invasions. However, my results indicate that the plant-pollinator 

system in coastal subarctic regions are robust to these challenges. 
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5 Future studies 

My main aim in this study was to gain insight into spatial and temporal 

dynamics of the plant-pollinator system in my study area. However, I only 

recorded flower visitation and, for three plant species, estimated seed set. In 

truth, this will only describe a fraction of the plant-pollinator system in the area. 

First, flower visitation does not necessarily equal successful pollination. Second, 

seed set alone does not necessarily describe plant reproductive success, not even 

if the seed set reflects insect-mediated fertilization. Future studies in the region 

should try to record successful pollination and assess whether it is linked directly 

to plant reproductive success. One way to do this is to observe flower visitation 

of tagged plants at specific times, bag the flowers when they are not being 

observed, and later estimate fruit and seed set of the plants1. 

 Flower visitation in the study area was dominated by non-syrphid flies, 

which I treated as one ‘functional pollinator group’. By doing this, I implicitly 

assume that all species within this group are equally effective as pollinators. 

However, this is a misconception as we know that there are non-syrphid fly 

species with specialized flower-visiting behaviors (Pont 1993, Brown and McNeil 

2009, Tiusanen et al. 2016). If this is the case in my study area, my results and 

interpretations regarding flower visitation, and how flower visitors may respond 

to future climate change, could be misleading. For instance, this would be the 

case if a specialized, and highly important, fly pollinator decreases in abundance 

with elevation while all other fly species do not. In the future, it is crucial that 

we identify flower visitors to species level and assess their relative contributions 

as pollinators. 

 As I found temporal variation to affect flower visitation at two different 

scales – within a season and a day –, there is a chance that annual variation also 

affects flower visitation in my study area. Long-term studies are needed to 

properly assess how plant-pollinator systems in coastal subarctic areas respond 

to future climate change. 

 

                                                           
1 Fruit set (flower:fruit ratio) × seed set (seed:ovule ratio) is an estimate of relative reproductive success 
sensu Molau (1993). 
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My environmental data was based on in situ recordings of temperature and 

humidity, which implicitly assumes that these variables at other times and 

locations are not important for flower visitation. It could be beneficial to use a 

different method, as well, for instance stationary loggers that measure 

temperature and humidity throughout the whole day. Furthermore, the 

elevation gradient in my study was rather short (20-280 m a.s.l.) due to a low 

tree line. Similar studies could find it useful to include more environmental 

variables, for instance time of snow melt, to get a more detailed description of 

the climate along an elevation gradient. 

 Melampyrum sylvaticum or M. pratense seed set was not affected by 

elevation. However, I did not estimate total fruit set of the plants, because the 

fruits emerge sequentially over a time span that was too long to monitor that 

summer. Future studies on Melampyrum should account for this, if they wish to 

assess the species’ reproductive success. Moreover, seed quality (e.g. seed weight) 

could be a better indicator of seed production in M. sylvaticum and M. pratense 

because they produce only 1-4 large seeds per fruit. I also found that both species 

self-pollinate by conducting a bagging experiment. However, the experiment was 

prone to several biases as there was no experimental control and four (out of six) 

mesh tents were destroyed. Furthermore, M. sylvaticum and M. pratense seed 

set was not affected by flower visitation, and they were (unexpectedly) visited 

predominantly by flies. More research, including bagging and hand-pollination 

experiments, is needed to assess if seed set in these species are limited by a lack 

of effective pollinators. Future studies on Melampyrum pollination or 

reproductive biology could hopefully benefit from my experiences and 

suggestions.  

 Cornus suecica seed set decreased with elevation and flower visitation, but 

at each plot, I only estimated seed set from a single patch of shoots. As a patch 

could represent only one individual of C. suecica, the results may be biased due 

to differences among genetic individuals. To sample several patches at each plot, 

for instance within a quadrate, could be advantageous in similar studies.  

 

I found that flower visitation followed a diurnal rhythm during the Arctic 

summer. However, I do not know if this rhythmicity is mediated by the flower 
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visitors, the plants, or the plant-pollinator interaction itself (i.e. the 

synchronization between plant and pollinator rhythmicity). I recommend future 

studies to test native pollinator’s foraging activity or plant’s floral signals (e.g. 

scent emission or nectar production) under constant conditions in the laboratory. 

It is urgent to assess the variables that control these rhythms or, if they are 

circadian, the zeitgebers that synchronize them. The field work I conducted was 

at the end of the summer, during the civil twilight period (technically not 

midnight sun). At this time, daily variation in light intensity and quality should 

be higher than during midnight sun. Chittka et al. (2013) found UV radiation to 

synchronize Bombus terrestris foraging rhythms. Floral scent could be another 

variable controlling, or synchronizing, flower visitor foraging rhythms, as I saw 

for B. pascuorum (Appendix E). Intriguingly, the only nocturnal visitation I 

observed was at an ornamental plant that probably is adapted to nocturnal 

pollination. Future studies on flower visitation during Arctic summer nights are 

recommended to look at typical night-pollinated plants that lives in the Arctic, 

e.g. Platanthera bifolia (Lid 2013, Mossberg and Stenberg 2016). 
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A. Weather data of Reinøya 

Precipitation (mm) and temperature (°C) measures were estimated from data 

given by seven weather station (Table A1) situated in proximity to Reinøya. The 

data was retrieved from The Norwegian Meteorological Institute. Mean annual 

precipitation is only estimated from two stations (Table A1), due to missing 

values at the other stations. 

 

Table A.1. An overview over the weather stations from where data was used to estimate temperature and 
precipitation measurements for Reinøya. 

Station name m a.s.l. Latitude (°N’) Longitude (°E’) Municipalitya 

Tromsøb 100 69.65 18.94 Tromsø 

Tromsø – Holt 20 69.65 18.91 Tromsø 

Tromsø – Langnesb 8 65.68 18.91 Tromsø 

Kvaløysletta 63 69.70 18.88 Tromsø 

Fakken 57 70.10 20.11 Karlsøy 

Torsvåg fyr 21 70.25 19.50 Karlsøy 

Arnøya – Trolltinden 850 70.08 20.43 Skjervøy 

a All municipalities are situated in Troms County, Norway. 

b Stations from where precipitation data were used.  
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B. Plant species 

Table B.1. An overview of all the plant species observed in the elevation gradient (Plot 1-12; Figure 2.2) during 
field work from 29th June and 25th July 2016a. 

Plant species Elevation   
(plot number) 

Visitation 
frequencyb 

Flower 
visits 

Proportions (%)c 

    Black 
flies 

Bumble-
bees 

Others 

Achillea 
millefolium 

20 m a.s.l. 

(2) 

0.500 7 100 0 0 

Alchemilla sp. 20 - 280 m a.s.l. 

(1, 5, 8, 11) 

0.116 12 16.7 0 83.3 

Andromeda 
polifolia 

80, 280 m a.s.l. 

(5, 10-11) 

0 0 - - - 

Bartsia alpina 280 m a.s.l. 

(12) 

0 0 - - - 

Bistorta vivipara 20 - 80, 280 m a.s.l 

(1, 4, 10) 

0.400 5 100 0 0 

Campanula 
rotundifolia 

20 - 180 m a.s.l. 

(3, 5, 9) 

1.392 22 100 0 0 

Cornus suecica 20 - 280 m a.s.l. 

(1-12) 

0.055 80 48.8 0 51.2 

Dactylorhiza sp. 20 - 80, 280 m a.s.l. 

(3, 5, 11) 

0.173 22 100 0 0 

Euphrasia sp. 20 m a.s.l. 

(1) 

0 0 - - - 

Geranium 
sylvaticum 

20 - 280 m a.s.l. 

(1-5, 7-8, 10-12) 

0.671 130 88.5 6.9 4.6 

Geum rivale 80 m a.s.l. 

(4) 

0.167 2 0 100 0 

Hieracium sp. 80 - 280 m a.s.l. 

(7, 9, 12) 

0.861 12 100 

 

0 0 

Melampyrum 
pratense 

20 - 280 m a.s.l. 

(1-12) 

0.019 84 91.7 3.6 4.7 
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Melampyrum 
sylvaticum 

20 - 180 m a.s.l. 

(1-3, 6-8) 

0.022 65 93.8 0 6.2 

Othilia secunda 80 - 280 m a.s.l. 

(5, 7, 9, 12) 

0.482 32 84.4 15.6 0 

Pinguicula 
vulgaris 

20 - 280 m a.s.l. 

(3, 4, 8, 11) 

0.014 1 100 0 0 

Potentilla erecta 20 m a.s.l. 

(3) 

1.000 17 100 0 0 

Ranunculus acris 20 - 280 m a.s.l. 

(1-5, 7-8, 10-12) 

0.740 203 99.5 0 0.5 

Rhinanthus minor 20 - 80 m a.s.l. 

(2,4) 

0.062 10 100 

 

0 0 

Rumex acetosa 180 m a.s.l. 

(8) 

0.050 4 75 0 25 

Solidago 
virgaurea 

20, 180 m a.s.l. 

(2-3, 8-9) 

0.800 94 81.9 9.6 8.5 

Trientalis 
europaea 

20 - 280 m a.s.l. 

(2-3, 5, 7-8, 11-12) 

0.060 16 

 

100 

 

0 0 

Vaccinium vitis-
idaea 

180 m a.s.l. 

(9) 

0 0 - - - 

a Species in grey colour were excluded from the GLMM analyses because they were: never visited, only 
present at one height or sampled only once. 

b Flower visits per 10 min per flower. 

c Numbers in bold indicate that an insect groups contributed to more than 5% of the flower visits. 
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Table B.2. Visitation data of all plant species recorded from 29th July to 13th August 2017, and 
the proportions (%) of different flower visitorsa. 

Plant 
species 

Visitation 
frequencyb 

Flower 
visits 

Proportions (%)c 

   Black 
flies 

Bumble-
bees 

Ants Others 

Achillea 
millefolium 

2.04 210 98.6 0 0 1.4 

Allium 
schoenoprasum 

0.941 250 98 1.2 0 0 

Comarum 
palustre 

1.14 226 87.2 12.8 0 0 

Campanula 
rotundifolia 

0.949 295 97.6 2 0 0.3 

Geranium 
sylvaticum 

0.464 421 97.6 1.2 0.7 0.5 

Galeopsis 
tetrahit 

0.130 10 60 40 0 0 

Geum rivale 0.182 147 2 98 0 0 

Ranunculus 
acris 

1.63 123 97.6 0 0 2.4 

Solidago 
virgaurea 

0.436 1035 68 19.5 9.9 2.6 

Trifolium repens 0.528 105 89.5 9.5 1 0 

a Achillea millefolium was excluded from the GLMM analyses because of outliers. 

b Flower visits per 10 min per flower. 

c Numbers in bold indicate that an insect group contributed to more than 5% of the flower visits. 
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C. Covariates 

Table C.1. A list of covariates that were included in the model selection function to find the best 

GLMM of number of flower visits recorded from 29th June to 25th July 2016 (H1.1 and 3.1; Table 

2.3).  

 Covariate Description 

FIXED EFFECTS 

Spatial 

variables 

Elevation Categorical predictor w/four levels  

(20, 80, 180, 280 m a.s.l.) 

  Continuous predictor (20 to 280 m a.s.l.) 

Temporal 

variables 

Day of year (DOY) Continuous predictor (181 to 207).  

1 = 1st January 2016. 

 Minute of day (MOD) Continuous predictor (590 to 1311).  

1 = 00.01 A.M. 

Environmental 

variables 

Temperature (°C)  

Continuous variables measured with a 

handheld weather recorder (WeatherHawk: 

SM-28 Skymaster).  (Relative air) Humidity 

(%)  

 Sun presence Factor variable w/three levels  

(‘Sun’, ‘Some sun’, ‘No sun’). 

Other  

variables 

Plant species Factor variable w/15 levels (all species 

written in black in Table B1). 

Quadratic terms Temperature2 Tests for non-linear effects of temperature 

(°C). 

 Humidity2 Tests for non-linear effects of humidity (%). 

 Day of year2 Tests for non-linear effects of DOY. 
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Statistical 

interactions 

  

Both predictors of ‘Elevation’ were tested for 

interactions with ‘Temperature’, ‘Humidity’, 

‘Sun presence’, ‘DOY’ and ‘Plant species’. 

 

RANDOM EFFECTS 

Spatial 

variables 

 

Plot number 

 

Categorical predictor w/12 levels (1-12). 

Temporal 

variables 

 

Day of year 

 

Categorical predictor of DOY w/14 levels. 

Other  

variables 

 

Field worker 

 

Factor variable w/3 levels (ID of each field 

worker). 

 Sampling event Factor variable w/176 levels (unique ID for 

each sampling event). 

 Unexplained variation Factor variable w/429 levels (unique ID for 

each data point) to account for possible 

overdispersion. 

 

Table C.2. A list of covariates that were included in the model selection function to find the best 

GLMM of number of flower visits recorded from 29th July to 13th August 2017 (H3.2 and 3.3; 

Table 2.3).  

 Covariate Description 

FIXED EFFECTS 

Temporal 

variables 

Daily oscillation… Continuous variables.  

Oscillatory transformations from a linear daily 

covariate. 
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 ... (sin 1) 

... (cos 1) 

... (sin 2) 

... (cos 2) 

... (sin 3) 

... (cos 3) 

- Single frequency sine function. 

- Single frequency cosine function. 

- Double frequency sine function. 

- Double frequency cosine function. 

- Triple frequency sine function. 

- Triple frequency cosine function. 

 Day of year (DOY) Continuous predictor (210 to 225).  

1 = 1st January 2016. 

  

Temperature (°C) 

 

Continuous variables measured with a 

handheld weather recorder (WeatherHawk: 

SM-28 Skymaster). Environmental 

variables 

(Relative air) Humidity 

(%)  

  

 Sun presence Factor variable w/three levels  

(‘Sun’, ‘Some sun’, ‘No sun’). 

Other  

variables 

Plant species Factor variable w/9 levels (all species written 

in black in Table B.2). 

Quadratic terms Temperature2 Tests for non-linear effects of temperature 

(°C). 

 Humidity2 Tests for non-linear effects of relative air 

humidity (%). 

 

Statistical 

interactions 

  

Daily oscillation (cos 1 + sine 1) was tested 

for interactions with ‘Temperature’, 

‘Humidity’, ‘Sun presence’, DOY and ‘Plant 

species’. 
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RANDOM EFFECTS 

Spatial 

variables 

Plot number Categorical predictor w/2 levels (N, S). 

Other variables Field worker Factor variable w/5 levels (ID of each field 

worker) 

 Sampling event Factor variable w/170 levels (unique ID for 

each sampling event). 

 Unexplained variation Factor variable w/397 levels (unique ID for 

each data point) to account for possible 

overdispersion. 
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D. Bumblebee visits 

 

Table D.1. Flower visitation matrix between bumblebees (columns) and plants 
(rows) at Reinøya, northern Norway from 29th July to 13th August 2017. Numbers 
indicate visits. 

 Bombus 

 

 

 

Plant species 
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Solidago virgaurea 141 12 17 28 4 

Geum rivale 91 53 0 0 0 

Comarum palustre 0 9 20 0 0 

Trifolium repens 7 0 0 3 0 

Galeopsis tetrahit 2 2 0 0 0 

Campanula rotundifolia  0 0 0 0 6 

Geranium sylvaticum 5 0 0 0 0 

Allium schoenoprasum 3 0 0 0 0 
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E. Nocturnal pollination 

During field work between 29th July and 13th August 2017, a field assistant and 

I observed two species of bumblebees visiting an ornamental woody plant close 

to Plot N and S during night (Figure E.1b). The plant was probably of the species 

Syringa josikaea (family Oleaceae). It had typical features to suggest nocturnal 

pollination: strong smell during night, numerous inflorescences and the 

individual flower was light in colour and elongated (Figure E.1a). The most 

frequent visitor was Bombus pascuorum, but B. hortorum was also observed. 

 

 

Figure E.1 a) Syringa josikaea in the garden of Lunde farm at Reinøya, b) Bombus pascuorum 

visiting Syringa josikaea in the middle of the night. 

 


