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“I den blombiologiska litteraturen rörande Europas nordliga Iänder äro 

uppgifterna om de blombesökande insekterna i allmänhet sparsamma eller 

ofullständiga, särskildt beträffande de högnordiska växtarterna.” 

 

(In the floristic literature of the northern countries of Europe, information 

on flower-visiting insects is generally scarce or incomplete, especially 

regarding the high-Nordic plant species.) 

 

  - Frans F. Silén, Blombiologiska iakttagelser i Kittilä Lappmark (1905) 
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Summary 

Summary 

 

The majority of wild plants and crops depend on animal pollinators for reproduction; hence, animal 

pollination is essential for maintaining biodiversity and ensuring food security. However, pollinators 

and plants currently face a variety of anthropogenic threats, including climate change. The impacts of 

climate change can be complex and operate at different spatial and temporal scales. For example, the 

effects of increasing average temperatures become only apparent over long time spans, while the 

increasing frequency of extreme weather events might produce changes over short time spans. The 

effects of climate change are also not uniformly distributed across the globe, but they are more 

pronounced at higher latitudes compared to the global average. Understanding the natural dynamics of 

plant-pollinator interactions, and the potential effects of climate change on these dynamics, at different 

temporal and spatial scales is therefore of great interest. However, our current understanding of plant-

pollinator interactions is based predominantly on short-term data that is temporally and spatially 

aggregated, and underlying processes that happen at fine or broad grains may be obscured. 

This dissertation consists of six chapters that contribute to our understanding of dynamics in plant and 

pollinator communities and their interactions, as well as the potential effects of climate change on these 

dynamics, at different temporal and spatial scales. Chapter 1 broadly introduces the topics of pollination, 

plant-pollinator interaction networks, and the threat of climate change. I present the current state of 

knowledge about the temporal and spatial dynamics of plant-pollinator networks in the literature and 

identify major gaps in our current knowledge. I also argue for the use of historical data and high latitudes 

as study regions to fill some of these knowledge gaps.  

Chapters 2 - 5 present my original research. These four chapters are also stand-alone studies that have 

been published in, or submitted to, peer-reviewed scientific journals. In Chapter 2, I investigated plant 

and pollinator communities and their interactions at different latitudes of Finland, spanning 750 km. 

Specifically, I was interested in the variation of plant and pollinator richness, diversity, and composition 

across latitudes, dissimilarity of interactions, and in potential differences in specialization of interaction 

networks across these spatial distances. I found a decrease in species diversity but an increasing 

dominance of muscoid flies at higher latitudes, resulting in lower network specialization at the 

northernmost latitudes. I also found that species turnover introduced high dissimilarity in interactions, 

especially across latitudes, but also across sites within the same latitude.  

In Chapter 3, I examined daily dynamics in pollinator communities across the 24-hour cycle during the 

Arctic Summer. I compared these dynamics in two climatically very different summers, including an 
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extreme heat summer. I found that pollinators show a robust pattern of daily foraging activity despite 

conditions of constant daylight in the Arctic summer. However, I also showed a marked difference in 

foraging activity patterns between years. In particular, flies, which are the main pollinators at high 

latitudes, showed strong responses in daily behavior patterns, likely as behavioral reaction to the high 

temperatures.  

In Chapter 4, I present a unique historical dataset of plant-pollinator interactions in northern Finland, 

recorded by Frans Silén in the late 1900s, and I describe how I digitized and curated the dataset. The 

curated historical dataset is archived on a public repository and is openly accessible. At the same location 

where the historical dataset was collected, I resampled plant-pollinator interactions over two years. The 

results of the comparison between the historic and current datasets, which were collected more than a 

century apart, are presented in Chapter 5. I have shown that plant-pollinator interactions have changed 

dramatically during the last century. In particular, proportional abundance of moth and hoverfly 

pollinators has declined, and muscoid flies now provide large parts of the pollination service. Specialized 

pollinators in particular have declined disproportionately, leading to a decrease in specialization at the 

network level. This could potentially have a negative impact on the pollination service. In final Chapter 

6, I synthesize and discuss the results of the four previous research chapters. I show how the results from 

these chapters contribute to our overall understanding, but I also describe their limitations. Finally, I 

explain the utility of my findings for future research and conservation action.  
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Zusammenfassung 

Zusammenfassung 

 

Die meisten Wild- und Kulturpflanzen sind für ihre Fortpflanzung auf tierische Bestäuber angewiesen, 

demnach ist die Bestäubung durch Tiere von entscheidender Bedeutung für die Erhaltung der 

biologischen Vielfalt und die Gewährleistung der Ernährungssicherheit. Bestäuber und Pflanzen sind 

jedoch einer Vielzahl von anthropogenen Bedrohungen ausgesetzt, darunter auch dem Klimawandel. 

Die Auswirkungen des Klimawandels können vielfältig sein und auf verschiedenen räumlichen und 

zeitlichen Skalen wirken. So sind die Auswirkungen steigender Durchschnittstemperaturen nur auf 

langen Zeitskalen erkennbar, während die zunehmende Häufigkeit extremer Wetterereignisse zu 

Veränderungen in kurzen Zeiträumen führt. Auch räumlich sind die Auswirkungen des Klimawandels 

nicht einheitlich, sondern sind in höheren Breitengraden bereits stärker spürbar als in vielen anderen 

Teilen der Welt. Gerade deshalb ist es wichtig, die natürlichen Dynamiken der Beziehungen zwischen 

Pflanzen und Bestäubern - und die möglichen Auswirkungen des Klimawandels darauf - auf 

verschiedenen zeitlichen und räumlichen Skalen zu untersuchen. Gegenwärtig basiert unser Verständnis 

der Beziehungen zwischen Pflanzen und Bestäubern jedoch überwiegend auf zeitlich und räumlich 

aggregierten Daten, deshalb bleiben zugrundeliegende Prozesse, die auf feineren Skalen ablaufen, oft 

verschleiert. 

Diese Dissertation besteht aus sechs Kapiteln, die zu unserem Verständnis der Dynamiken von Pflanzen-

Bestäuber-Gemeinschaften und deren Interaktionen, sowie zu den möglichen Auswirkungen des 

Klimawandels auf diese Dynamik auf verschiedenen zeitlichen und räumlichen Skalen beitragen. 

Kapitel eins bietet eine umfassende Einführung in die Thematik der Bestäubung, der 

Interaktionsnetzwerke zwischen Pflanzen und Bestäubern und der Bedrohungen durch den 

Klimawandel. Ich stelle den aktuellen Wissensstand in der Literatur über die zeitliche und räumliche 

Dynamik von Pflanzen-Bestäuber-Netzwerken dar und zeige Lücken in unserem derzeitigen Wissen auf. 

Ich plädiere auch für den Nutzen historischer Daten und hoher Breitengrade als Studienregionen, um 

einige dieser Wissenslücken zu schließen.  

In den Kapiteln zwei bis fünf stelle ich meine eigene Forschung vor. Bei diesen vier Kapiteln handelt es 

sich um eigenständige Veröffentlichungen, die bereits in wissenschaftlichen Fachzeitschriften mit Peer-

Review veröffentlicht, oder zur Veröffentlichung eingereicht wurden. In Kapitel zwei untersuchte ich 

Pflanzen- und Bestäubergemeinschaften und ihre Interaktionen in verschiedenen Breitengraden 

Finnlands, mit einer räumlichen Spanne von insgesamt 750 km. Insbesondere interessierte ich mich für 

potentielle Variationen in der Artenvielfalt und -zusammensetzung von Pflanzen- und 
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Bestäubergemeinschaften, und für mögliche Unterschiede in Interaktionen und in der Spezialisierung 

von Interaktionsnetzwerken über die räumlichen Entfernungen hinweg. Ich stellte fest, dass die 

Artenvielfalt in höheren Breitengraden abnahm, aber die Dominanz der Fliegen zunahm, was zu einer 

geringeren Spezialisierung der Netzwerke in den nördlichsten Breitengraden führte. Außerdem stellte 

ich fest, dass die Interaktionen aufgrund einer Fluktuation von Arten sehr unterschiedlich waren, 

insbesondere zwischen den Breitengraden, aber auch zwischen den verschiedenen Studienstandorten 

innerhalb desselben Breitengrades.  

In Kapitel drei untersuchte ich die Dynamiken der Bestäubergemeinschaften während des 24-Stunden-

Zyklus im Arktischen Sommer. Ich verglich außerdem diese Dynamiken in zwei klimatisch sehr 

unterschiedlichen Sommern, einer davon ein extremer Hitzesommer. Ich stellte fest, dass die Bestäuber 

trotz des konstanten Tageslichts im Arktischen Sommer ein robustes Muster der täglichen 

Nahrungssuche aufweisen. Ich zeigte jedoch einen deutlichen Unterschied in den Aktivitätsmustern 

zwischen den Jahren. Insbesondere Fliegen, die in hohen Breitengraden die wichtigsten Bestäuber sind, 

zeigten starke Reaktionen im täglichen Verhaltensmuster, was wahrscheinlich auf ein verändertes 

Verhalten aufgrund der Hitze zurückzuführen ist.  

In Kapitel vier präsentiere ich einen historischen Datensatz über die Interaktionen zwischen Pflanzen 

und Bestäubern in Nordfinnland, der von Frans Silén in den späten 1900er Jahren aufgezeichnet wurde. 

Ich beschreibe, wie der Datensatz digitalisiert und kuratiert wurde. Der kuratierte historische Datensatz 

ist nun öffentlich archiviert und frei zugänglich. An demselben Standort, von dem der historische 

Datensatz stammt, habe ich eine erneute Datenaufnahme der Interaktionen zwischen Pflanzen und 

Bestäubern durchgeführt. Die Ergebnisse des Vergleichs zwischen den beiden Datensätzen, die mehr als 

ein Jahrhundert auseinanderliegen, werden in Kapitel 5 vorgestellt. Ich habe gezeigt, dass sich die 

Interaktionen zwischen Pflanzen und Bestäubern im letzten Jahrhundert drastisch verändert haben. 

Insbesondere die Häufigkeit von Nachtfaltern und Schwebfliegen hat proportional abgenommen, 

während Fliegen vom Genus Thricops heutzutage vermehrt die Blüten besuchen. Insbesondere 

spezialisierte Bestäuber sind überproportional zurückgegangen, was zu einem Rückgang der 

Spezialisierung auf der Netzwerkebene führte. Dies könnte sich negativ auf die Bestäubungsleistung 

auswirken. Im sechsten und letzten Kapitel fasse ich die Ergebnisse der vier Forschungskapitel 

zusammen und diskutiere sie. Ich zeige auf, wie die Ergebnisse aus den Forschungskapiteln zu unserem 

Gesamtverständnis beitragen, beschreibe aber auch ihre Grenzen. Abschließend erkläre ich den Nutzen 

meiner Ergebnisse für künftige Forschungs- und Naturschutzmaßnahmen.  
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General Introduction 

1.1. Pollination – a vital process 

Insects account for 75-90% of the world´s animal species (Erwin, 2004; Gaston, 1991; Grimaldi 

and Engel, 2005; Stork et al., 2015). They are found all over the world and are the most numerous, 

biomass-rich and diverse group of animals (Grimaldi and Engel, 2005). Because of this prevalence, 

insects form the basic framework of terrestrial ecosystems. Individual organisms interact with one 

another in numerous ways and through the interactions of insects with their environment and with 

other organisms, a range of fundamental ecological functions is realized. For example, mutualistic 

interactions between plants and insect pollinators can result in pollination. It is estimated that 87.5% 

of wild plant species rely on animal pollination for reproduction (Ollerton et al., 2011). Thus, 

pollination is crucial for maintaining the biodiversity of native plant species (Garibaldi et al., 2013; 

Klein et al., 2007; Memmott et al., 2004). This in turn benefits a wide range of other organisms, as 

plants provide food, habitat and numerous other ecosystem functions such as the circulation of 

nutrients, uptake and storage of carbon, or release of oxygen. Animal pollinators are also crucial for 

human food security, as they contribute to the pollination of more than 75% of the world's important 

crops (Klein et al., 2007) and are thus of immense economic value (Gallai et al., 2009; Lautenbach 

et al., 2012).  

1.2  Plant-pollinator interaction networks – blueprints of the architecture of pollination 

Historically, plant-insect interactions were often regarded in isolation and were described as highly 

specialized relationships resulting from co-evolution between one plant and one insect species. One 

famous example stems from an orchid species from Madagascar - Angraecum sesquipedale, now 

referred to as Darwin´s orchid - whose nectar tube measures an impressive 30 cm. Charles Darwin 

predicted that the orchid should be pollinated by an insect that has mouthparts to match the length 

of the Orchid’s nectar tube (Arditti et al., 2012; Darwin, 1862). No such insect was known from 

Madagascar at that time, but four decades after Darwin´s prediction, a moth with the matching 

physiological features was discovered (Rothschild and Jordan, 1903). However, when researchers 

started examining pollination in a community context (Herrera, 1996; Jordano, 1987; Waser et al., 

1996), it became clear that such extreme specialization is more the exception than the rule. 

Nowadays we know that pollinators typically visit multiple plant species, and plant species are in 

turn visited by various different pollinator species, thereby forming a complex network of 

interactions (Bascompte et al., 2003; Memmott, 1999; Vázquez and Aizen, 2003; Vázquez and 

Simberloff, 2002).  
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Studying interaction networks is of great interest, as they provide a way to organize and quantify 

the structure of a community beyond simply identifying the presence and abundance of species. 

Furthermore, descriptive network properties can provide information on robustness (the ability of a 

community to withstand change after disturbance) and resilience (the ability of a community to 

recover after disturbance), or the maintenance of biodiversity and the provision of ecosystem 

services in a community (Memmott et al., 2004; Stouffer and Bascompte, 2011; Thébault and 

Fontaine, 2010). Network properties can be calculated on the level of the whole network, but also 

on the level of individual species in the network (Dormann et al., 2021). Commonly reported 

network-level properties include nestedness (Bascompte et al., 2003), modularity (Olesen et al., 

2007) and specialization (Blüthgen et al., 2006).  

In a nested network, the core group of common generalized pollinators interact with a wide range 

of generalized as well as specialized plant species, while specialist pollinators interact with a subset 

of the generalized plant species (Bascompte et al., 2003). Nestedness reportedly promotes stability 

in networks, as there is a high redundancy of interactions, and random species loss will not lead to 

cascading extinctions of interaction partners (Fortuna and Bascompte, 2006; Memmott et al., 2004). 

Modularity describes the presence of distinct subgroups (“modules”) in a network, in which species 

interact with each other more than with species from other modules (Olesen et al., 2007). Modularity 

is also proposed to stabilize a network, as perturbations do not cascade into other modules(Grilli et 

al., 2016; Olesen et al., 2007).  

Specialization measures the extent to which species in the network restrict their choice of partners 

to a subset of all available partners (Blüthgen et al., 2006). Highly generalized networks are better 

able to maintain their structure and services in the face of perturbation, as interactions involving 

generalist species tend to be highly redundant (Brosi, 2016; Elmqvist et al., 2003; Waser et al., 

1996) and more persistent in time and space (Resasco et al., 2021). On the other hand, generalized 

pollinators usually carry and deliver a lower proportion of conspecific pollen (pollen from other 

individuals of the same species) and therefore provide a poorer pollination service (Ashman et al., 

2020; Waser and Ollerton, 2006).  

Typically, mutualistic networks share a similar, non-random structure, even across different habitats 

and irrespective of species make-up. For example, mutualistic networks tend to be nested and 

modular and have a skewed distribution of interactions (i.e. a few common generalist species are 

involved in a large number of interactions, while most species have fewer interactions) (Montoya 

et al., 2006; Vázquez et al., 2022). These properties increase the stability of networks. However,  
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there are concerns that in the face of severe disturbance a tipping point may be reached once 

common generalist species disappear, beyond which the network may collapse (Fortuna and 

Bascompte, 2006; Memmott et al., 2004; Potts et al., 2010). Hence, ongoing evidence of marked 

declines in insect abundance and diversity (Biesmeijer et al., 2006; Hallmann et al., 2017; Klink et 

al., 2020; Potts et al., 2016b, 2010; Seibold et al., 2019) are rising global concern.  

1.3  Spatio-temporal variation in networks, and the importance of scale 

The probability of an interaction to occur depends first and foremost on the spatiotemporal overlap 

between interaction partners, but also a range of other factors, including species abundance, 

environmental conditions (e.g. temperature, light availability or wind speed), and morphology, 

phenology and behavior of species (CaraDonna et al., 2021; Peralta et al., 2020; Vázquez et al., 

2022). For example, abundant species are more likely to encounter each other, increasing the 

likelihood of interaction. Matching morphological traits of the interaction partners (e.g. length of a 

plant´s floral nectar tube and length of an insect´s mouth parts) can increase the feeding rewards 

obtained by a pollinator and thus increase the frequency of interaction through pollinator preference 

(Peralta et al., 2020). 

The identity of species and their interactions are not static, but can vary considerably over time and 

space (Alarcón et al., 2008; Brosi and Briggs, 2013; CaraDonna and Waser, 2020; Dupont et al., 

2009; Olesen et al., 2008; Petanidou et al., 2008; Trøjelsgaard and Olesen, 2016). Variation in 

interactions emerges when an interaction is gained or lost due to changes in the presence or absence 

of species in a community (“species turnover”), or because existing species change their interaction 

partners (“interaction rewiring”) (CaraDonna et al., 2021). The underlying drivers of species gain, 

loss, and change in frequency of interactions, however vary across temporal and spatial scales 

(CaraDonna et al., 2021). For example, at fine temporal scales spanning minutes to hours, activity 

or inactivity of species determine if interactions form or dissolve. Environmental conditions, 

determine a physiological window of activity for plants and pollinators (Stone et al., 1999) and 

within this window, other local factors, such as level of competition, predation and availability of 

resources, influence if a pollinator forms an interaction with a plant (CaraDonna et al., 2021; 

Schwarz et al., 2021; Vázquez et al., 2022). Currently, our understanding of interaction networks is 

predominantly based on data collected during the day that is then aggregated over weeks, seasons 

or years (CaraDonna et al., 2021), therefore underlying processes shaping communities at fine 

grains can be masked.  
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At broader temporal scales spanning several years to decades, the presence, absence or abundance 

of species is driven by population dynamics, interannual climate variation, local or global species 

extirpation, and new arrival of species through invasion or range expansion. While interannual 

variation in interactions often appears to influence network properties only weakly (Chacoff et al., 

2018; Petanidou et al., 2008), at scales ranging from decades to centuries, network structure may 

be dramatically reshaped through continued shifts in interactions (CaraDonna et al., 2021). 

However, empirical evidence on temporal changes spanning decades or centuries is largely absent, 

as the vast majority of studies on ecological interaction networks consider short time scales, 

typically 1-4 years (CaraDonna et al., 2021).  

1.4  Historical data: Opportunities and challenges 

Historical documents and museum collections can help bridge this knowledge gap, as they provide 

information that allow reconstruction of diversity and composition of plant and pollinator 

communities and plant-pollinator interaction networks (Burkle et al., 2013; Rakosy et al., 2022). 

Furthermore, historical data can improve our understanding of mechanisms driving variation in 

interactions over long time. For instance, information on the phenology of species can be an 

indicator for potential phenological mismatch that could lead to a shift in interactions (Burkle et al., 

2013; Rakosy et al., 2022), or resampling historical datasets can help link effects of human stressors 

to changes in network structure. To date, only a handful of studies have investigated network 

variation over long time intervals using historical data, finding high degrees of interaction rewiring 

(Burkle et al., 2013), disproportionate loss of specialist species (Jacquemin et al., 2020) and an 

increasingly important role of exotic species (Mathiasson and Rehan, 2020). 

 Despite the opportunities that historical data provide, there are also challenges that come with 

working with historic data. For example, it requires careful consideration of potential 

methodological or taxonomic biases of the collector, or missing or incomplete information, such as 

lack of quantitative information or an underrepresentation of common species (Rakosy et al., 2022). 

Most of these challenges can be overcome by careful planning of resampling strategies or the use 

of statistical tools. Hence, historic data can provide unprecedented insights into long-term changes 

in plant-pollinator interaction. This is particularly important due to rapidly advancing anthropogenic 

global change. To tease apart the effects of human stressors, we need to understand the baseline 

fluctuations of species and the networks they are involved in, at different spatial and temporal 

scales. Furthermore, comparisons over long time scales made possible by historical data are 

necessary to quantify the rate of change in interactions, and to investigate responses to shifts in 
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species abundance and diversity due to human stressors that take a long time to transpire, such as 

climate warming. 

1.5  Human stressors as threats to pollination 

A series of multifaceted anthropogenic stressors remain the main drivers for biodiversity decline, 

from land-use change, increased use of agrochemicals, invasion of non-native species  and the 

spread of pathogens to climate change (e.g. Hegland et al., 2009; Stout and Morales, 2009; Winfree 

et al., 2009; Cameron et al., 2011; Potts, Imperatriz-Fonseca, et al., 2016). These stressors differ in 

their biotic and abiotic nature as well as in their spatial and temporal scales of impact, and they 

rarely act in isolation. Climate change is probably the most geographically prevalent factor and is 

most likely to act in conjunction with other stressors (Halsch et al., 2021; Kühsel and Blüthgen, 

2015; Pecl et al., 2017; Scheffers et al., 2016). Impacts of climate change on insect communities 

have the potential to be substantial, even surpassing the importance of habitat loss (Bowler et al., 

2017; Halsch et al., 2021; Thomas et al., 2004; Urban, 2015). 

Climate change does not only encompass long-term gradual changes in average weather conditions 

(e.g. global warming), but also shifts in maxima and minima of conditions and changes in frequency 

and strength of extreme weather events (IPCC, 2001; Jentsch et al., 2007). Furthermore, climate 

change is not evenly distributed across the globe (IPCC, 2014), and regions at higher latitudes and 

elevations experience the most severe increases in temperature (Post et al., 2009). Thus, climate 

change is a multifaceted phenomenon acting at different temporal and spatial scales, and the 

responses of plant and insect communities are as of yet poorly understood but likely to be manifold 

(Halsch et al., 2021). For instance, on a short term, extreme events such as heatwaves or droughts 

may affect the behavior of pollinators, or alter local resource availability in plant species, for 

instance through lower production of nectar (Arroyo et al., 2020; Descamps et al., 2021).  However, 

it remains unclear if this potentially links to changes in network structure, and due to the stochastic 

nature of extreme weather events, not many studies so far have studied such potential effects.  

In the long term, climate change may shift previously suitable climatic conditions in time and space. 

This in turn can cause shifts in phenology and geographical ranges of pollinators and/or the plants 

associated with them, potentially leading to temporal and spatial mismatches between interaction 

partners (Burkle et al., 2013). Species with limited abilities to track climatic changes, e.g. due to 

limited mobility or high specialization in habitat or dietary requirements, are likely to be particularly 
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affected. However, the literature on long-term responses of insect populations and plant pollinator 

interactions to climate and other human stressors is taxonomically and spatially incomplete.  

1.6  Major knowledge gaps 

Despite the ever growing literature, there remain a number of major gaps and biases in our present 

understanding of plant-pollinator interactions.  

Taxonomic biases: As bees are considered to be the most important pollinators globally (Hung et 

al., 2018; Rader et al., 2016), large parts of the pollination literature have focussed on this taxonomic 

group. However, responses of pollinators to human stressors can differ among functional and 

taxonomic groups. This highlights the need to include all pollinator groups in pollination network 

studies (Doré et al., 2021; Orford et al., 2015).  

Temporal biases: Most data on plant-pollinator interactions cover one or a few years (CaraDonna 

et al., 2021) and data are typically aggregated over seasons or years. Therefore, long-term patterns 

in plant-pollinator interactions remain largely unknown and short term mechanistic processes might 

be obscured by data aggregation.  

Spatial biases: Our knowledge on plant-pollinator interactions is not evenly distributed across space, 

but comes mainly from Western Europe and North America, while tropical and high latitude regions 

remain underrepresented  (Bennett et al., 2018; Knight et al., 2018; Ollerton, 2017). This is 

concerning, as tropics tend to have very high species richness, and high latitudes are 

disproportionally affected by climate change. Even within Europe and North America, the major 

part of data and literature focus on temperate regions. For example, the plant-pollinator networks 

presented in this thesis are the first to be published from Finland (Bennett et al., 2018). 

1.7  High latitudes offer a good model system 

High latitude regions offer a good model system to address many of the previously raised 

knowledge gaps. First, high latitudes can provide a spatial way to examine effects of climate change. 

Polar amplification describes the phenomenon that warming near the poles has progressed much 

faster in recent decades than in the rest of the world. Estimates range from double to four times the 

rate of warming compared to the global average (Rantanen et al., 2022). Therefore, the effects of 

global warming are likely to be particularly pronounced at high latitudes, and the impacts now 

observed at high latitudes are likely to be harbingers of future changes in many other regions of the 

world. On the other hand, other drivers of global change, such as land-use change and agricultural 
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intensification often play a less important role at high latitudes compared to other regions (Sala et 

al., 2000). 

Second, flies are ranked second after bees in terms of global pollinator importance, and at high 

latitudes, they are particularly abundant and are known to be important pollinators (Kevan, 1972; 

Pont, 1993). As our knowledge on the impacts of global change on non-bee pollinators remains 

scarce, there is a need to collect more data from regions where non-bee insects are the dominant 

pollinators.  

Third, biodiversity generally decreases with increasing latitude (MacArthur, 1972; Pianka, 1966). 

Hence, the relatively species poor fauna and flora of high latitude regions are simplified and more 

easily traceable (Olesen and Jordano, 2002) compared to the typically highly complex interaction 

networks from other regions of the world (Evans et al., 2013; Fontaine et al., 2011). The limited 

species numbers and short growing season also facilitate the task of adequately sampling species 

communities and their interactions. Therefore, high latitude regions may provide a suitable model 

system for understanding the links between network structure and functioning. Furthermore, 

important predictors of insect activity, such as temperature and light availability, are less variable 

across the diel cycle during the Arctic summers. These 

particular environmental conditions allow for many 

interesting questions related to physiological and 

behavioral adaptations of Arctic insects, such as the diurnal 

activity patterns of pollinators.  

1.8  Aims of this thesis 

In this dissertation, I aimed to bridge some of these 

knowledge gaps by investigating how pollinator 

communities and plant-pollinator interactions vary across 

a latitudinal gradient and two different temporal scales at a 

high latitude site. Over the summers 2018 and 2019, I 

collected an extensive dataset on plant-pollinator 

interactions in Finland. Sampling sites were located in 

three different regions across Finland (Kittilä, Pudasjärvi 

and Lammi), situated along a latitudinal gradient spanning 

750 km (Figure 1).  
Figure 1: Location of the different 

sampling sites throughout Finland. 
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First, I quantified how plant-pollinator communities and their interactions vary across three 

locations along a latitudinal gradient at a national scale (Chapter 2). Here, I expected that latitudinal 

change in climate will dramatically influence plant-pollinator interactions, due to the loss of species 

that are not cold-adapted from the higher latitude locations. Second, focussing on Kittilä, a high 

latitude site located 120 km north of the Arctic Circle, I investigated diel-scale dynamics of 

pollinators during the polar day and across two climatically very different years (Chapter 3). Here, 

I expected that pollinators will be most active during mid-day, when temperatures are warmest. 

However, extreme heat might shift diel-scale patterns. Third, to understand changes across very 

long temporal scales, I digitized and curated a unique historic data set on plant-pollinators 

interactions from Kittilä, my high latitude site (Chapter 4). The historic dataset was collected by 

Frans F. Silén in the late 1800s, and contains spatially and temporally explicit observations of 

interactions involving four orders of pollinators. I compared historic and current data to investigate 

changes in the plant-pollinator interaction network across two time points spanning 120 years 

(Chapter 5). Here, I expected that highly specialized pollinators might be more vulnerable to 

extinction through time and that climate change might have resulted in pollinators immigrating from 

lower latitudes into this high latitude site through time. In Chapter 6, I synthesize my key findings 

and place them in a broader context. Furthermore, I discuss the limitations of my research and the 

future implications of my findings for the field of pollination ecology and species conservation. 

My dissertation aims to fill knowledge gaps on the role of climate on plant-pollinator networks by 

tackling the problem from a variety of different spatio-temporal scales (Figure 2). At the largest 

spatial grain, I examine plant-pollinator interaction changes across sites nested in three locations 

along a latitudinal gradient (Lammi, Pudasjärvi, and Kittilä). The detailed observations at the 

smallest temporal grain and the historical recollections that allowed me to quantify change at the 

largest temporal grain all took place at a smaller spatial grain, at locations within the site of Kittilä. 
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Figure 2: Schematic overview of the spatial and temporal grains of the different research chapters in this 

thesis. 
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Chapter 2 – Patterns of variation in plants, pollinators 
and their interactions along a latitudinal gradient in 

Finland 
  

Chapter 2 
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Abstract: 

Understanding the distribution of biodiversity along environmental gradients has long been an 

important endeavor for scientists, but latitudinal patterns in species interactions remain less 

explored. We collected data on plant-pollinator interactions at three different latitudes in Finland 

and examined patterns of alpha- and beta diversity of plants, pollinators, and their interactions, as 

well as patterns of specialization of plant-pollinator networks across latitudes. Our results show that 

plant and pollinator diversity, as well as network-level specialization, generally decreased towards 

higher latitudes, and that flies became more dominant in the north. The dissimilarity of plant-

pollinator interactions across latitudes was greater than across sites within latitudes, but site-to-site 

heterogeneity at small spatial scales was also very important in shaping communities and species 

interactions. Our results highlight the importance of local studies to provide a foundation for future 

research on variation in plant and pollinator communities and their interactions across space and 

time.  

 

Keywords: boreal, subarctic, bipartite, beta-diversity, community composition 
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Introduction 

Biodiversity is not uniformly distributed across the Earth, and understanding the distribution of 

biodiversity and the factors that determine it has long been a key question in ecological research. 

One of the most striking patterns in global biodiversity distribution is the general decline in species 

richness towards higher latitudes and elevations (Gaston and Blackburn, 2000; Hillebrand, 2004; 

Jablonski et al., 2017; Kerkhoff et al., 2014; Pianka, 1966; Rahbek, 2005; Rohde, 1992). The 

mechanisms underlying this latitudinal diversity gradient are still a topic of debate, and many 

potential explanatory factors have been put forward, such as temperature, climate stability, available 

energy or the strength of biotic interactions. Generally, all these factors decrease towards higher 

latitudes (Belmaker and Jetz, 2015; Brown, 2014; Fine, 2015; Jablonski et al., 2017; Mittelbach et 

al., 2007; Pianka, 1966; Rohde, 1992) For example, at high latitudes, climatic conditions are 

typically colder and more variable than those at lower latitudes, and the decrease in species diversity 

towards the poles might be due to fewer species being able to physiologically tolerate these 

conditions (Kearns, 1992; Totland, 1994).  

The spatial distribution patterns of insect pollinators vary across orders (Devoto et al., 2005; Kearns, 

1992; Müller, 1880); hymenopterans are generally more abundant in warmer and dryer conditions 

found at lower elevations and latitudes (Arroyo et al., 1982; Devoto et al., 2005; Lázaro et al., 2008; 

Müller, 1880), whereas dipterans are the prevailing pollinators at high latitudes (Elberling and 

Olesen, 1999; Kearns, 1992; Kevan, 1972; Tiusanen et al., 2016). The success of flies in harsh 

environments might be related to their low energy requirements compared to bees and butterflies, 

their ability to effectively use microhabitats for thermoregulation, or the flexibility that many 

species of flies have in their adult and larval food and habitat requirements (Kearns, 1992). In lower 

elevations and latitudes, the abundance and diversity of plants is lower, and plant species with disk 

flowers are more dominant (Pellissier et al., 2010). These conditions favor generalist pollinators, as 

generalists are more able to meet their foraging energy requirements when flower resources are less 

abundant (Carvell et al., 2011) and disk flowers grant access to a wide range of pollinators, 

including those with short proboscises, like flies (Olesen et al., 2007; Pellissier et al., 2010).  

While latitudinal patterns have been extensively documented at a single trophic level, they remain 

less explored for interactions among species. However, through interactions between species, a 

range of fundamental ecological functions and ecosystem services are realized (Hagen et al., 2012; 

Tylianakis et al., 2010). A notable example is the ecosystem service of pollination. An estimated 

87.5% of all plant species rely on animal pollinators for reproduction (Ollerton et al., 2011), 



 

24 

 

Chapter 2 

including more than 75% of the world´s most important crop species (Klein et al., 2007). Variation 

in interactions across environmental gradients can be quantified by interaction beta-diversity, which 

in turn can be decomposed into partitions of species turnover (changes in the presence or absence 

of species in a community) and interaction rewiring (reassembly of interactions among co-occurring 

species) (Poisot et al., 2012). Analyzing beta-diversity and it´s components can advance our 

understanding of causes generating spatiotemporal interaction dissimilarity. For example, species 

turnover is expected if climate environment filtering of species is the mechanism responsible for 

interaction turnover across latitudes, whereas interaction rewiring is expected if animals must 

change their foraging to meet their energy requirements at high elevations.  

Quantifying and comparing the magnitude of interaction dissimilarity in relation to geographic 

distance can help identify the relevant spatial grains of interaction dissimilarity. If several sites are 

sampled at each latitude band, then it is possible to ask whether interaction turnover across latitudes 

is greater than the change across sites within a latitude. It has been suggested that latitude creates a 

strong environmental gradient, and thus that beta diversity of species should be greater across 

latitudes than within sites at a similar latitude (Hillebrand, 2004), and thus a similar pattern might 

be expected for interaction dissimilarity. Alternatively, there may be a high heterogeneity in natural 

and anthropogenic factors across small spatial scales, such as soil moisture, topography or land 

cover type, which might be of overwhelming importance in shaping dissimilarity in interactions. 

In this study, we investigate patterns in alpha- and beta-diversity of plants, pollinators and their 

interactions, as well as patterns in specialization of plant-pollinator networks across 12 sites, four 

in each of three locations at different latitudes spanning 750 km in Finland. Specifically, we ask (1) 

how does richness, diversity and composition of plants and pollinators change across three locations 

in Finland? (2) How dissimilar are plant-pollinator interactions across sites within a location and 

across locations, and is this dissimilarity attributed more to nestedness or to turnover? And (3), how 

does network level specialization change across the three locations? We hypothesize that the 

richness, diversity and species composition is dissimilar across locations, with lower diversity and 

a dominance of fly pollinators and generalized floral forms at higher latitudes. Further, we expect 

that the interaction dissimilarity across locations is higher than the dissimilarity across sites within 

a location, and that interaction rewiring would contribute more to dissimilarity within locations, 

while species turnover would be more important with increasing latitudinal distance. Finally, we 

expected network specialization to be lower at higher latitudes. Studies like ours that consider 

latitudinal gradients and include high latitude sites are relevant to understanding the potential effects 

of climate change. Further, because high latitude locations are experiencing more rapid climate 
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change, baseline studies on interactions are needed that set up the possibility for future research 

across latitude and time. 

Methods 

Sampling area and dates: The study was conducted in June and July of 2019 in three locations 

across Finland, spanning a total distance of 750 km: In Northern Finland in the surroundings of the 

village Kittilä (henceforth referred to as “North”), in Central Finland near the municipality 

Pudasjärvi (henceforth called “Center”) and in Southern Finland in the proximity of the village 

Lammi (henceforth referred to as “South”). Most regions in Finland are dominated by forest, while 

artificial areas make up only a small percentage of land cover. Urban regions are concentrated in 

Southern Finland, and croplands are also most common in Southern and Southwestern Finland, as 

climatic conditions and soil are more favorable compared to the Eastern and Northern Finland 

(Kivinen et al., 2006). There is a latitudinal gradient in temperature and precipitation, with Northern 

Finland being on average colder and dryer than the South. In the summer of 2019, the mean summer 

temperature and precipitation were 12.5°C and 151.9 mm in Kittilä, 14.7°C and 145.7 mm in 

Pudasjärvi (region Oulu) and 16.2° and 137.1 mm in Lammi (region Hämeenlinna) (FMI, 2023).  

Site selection: In each of the three locations (Kittilä, Pudasjärvi and Lammi), we selected four sites 

that represented common habitats in the respective region, were non-densely forested and contained 

flowering herbaceous plant species. In Northern Finland, agriculture is sparse, and open habitats 

with herbaceous plants are usually found in transitional woodland/shrub. In Southern Finland on 

the other hand, there is proportionally more arable land. Hence, we have included more sites 

classified as transitional woodland/shrub in the North, while we have included more sited classified 

as arable land in the South. Even though land cover classification differed across the selected sites, 

we ensured that there is an overlap in vegetation across the sites and locations. Multiple common 

and abundant plant species were present at all locations, for example Achillea millefolium, 

Chamaenerion angustifolium, Filipendula ulmaria and Ranunculaus acris. 

Data collection: On each of the 12 sites, we established several 30x2 m transects, with the distance 

between two transects being at least 20 meters. To ensure that each of the sites was sampled as 

completely as possible, the amount of transects and sampling rounds per transect were adapted 

according to the size of a site. In Northern Finland, areas that are not covered by forest are sparse 

and patches with herbaceous plants tend to be small, hence not many transects were required to 

adequately sample a site. A total of 8 transects were established in northern Finland (four sites each 

containing two transects), and each transect was sampled four times within four weeks, resulting in 



 

26 

 

Chapter 2 

32 sampling rounds. In central Finland, open patches are typically larger, therefore, more transects 

were established per site. We established a total of 12 transects (four sites each containing 3 

transects) and each transect was sampled twice within one week, resulting in a total of 24 sampling 

rounds. In southern Finland, again more transects were required to adequately sample a typical site. 

A total of 36 transects were established (three sites containing 10 transects and one site containing 

6 transects), whereby each transect was sampled once within one week, resulting in a total of 36 

sampling rounds (See Table 1 for an overview of the sites, transects and sampling effort in each 

location). For analyses, data of all transects at a site were aggregated.  

 

Table 1: Information on location, land cover and sampling effort for the 12 study sites 

  

During one sampling round, we walked along a transect for a 15-minute observation period 

(excluding handling time) and recorded all active flower visitors and the plant species on which 

they were observed. Heretofore, we consider pollinators to be active flower visitors in the orders 

location site coordinates elevation 

(m) 

Corine land cover 

2018 

No. of 

transects 

sampling 

effort (min) 

North 

(Kittilä) 

K1 67.684N 

24.857E 

177 Transitional 

woodland/shrub  

2 120 

K2 67.590N 

24.946E 

186 Transitional 

woodland/shrub 

2 120 

K3 67.666N 

24.893E 

180 Non-irrigated 

arable land 

2 120 

K4 67.655N 

24.919E 

176 Transitional 

woodland/shrub 

2 120 

Center 

(Pudasjärvi) 

PJ1 65.375N 

26.917E 

111 Transitional 

woodland/shrub 

3 90 

PJ2 65.350N 

26.733E 

111 Non-irrigated 

arable land 

3 90 

PJ3 65.284N 

26.540E 

103 Arable land 

 

3 90 

PJ4 65.265N 

26.734E 

110 Transitional 

woodland/shrub 

3 90 

South 

(Lammi) 

L1 61.055N 

25.042E 

122 Arable land 

 

10 150 

L2 61.215N 

25.118E 

136 Non-irrigated 

arable land 

8 120 

L3 61.062N 

25.042E 

141 Non-irrigated 

arable land 

10 150 

L4 61.119N 

24.940E 

112 Transitional 

woodland/shrub 

10 150 
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Diptera, Hymenoptera or Lepidoptera, that intentionally moved on a flower thereby coming into 

contact with the reproductive organs of the flower. Here, we refer to flower visitors and pollinators 

synonymously, although we realize that not all flower visitors are equally efficient pollinators. If 

possible, pollinator species were identified in the field. When direct identification was not possible, 

the specimens were collected for later identification in the lab using a hand net.  45.7% of all insect 

species were identified to species level, 53.0 % to genus level (mainly non-syrphid Diptera), and 

1.3 % to family or order level. Furthermore, we surveyed the flowering vegetation along each 

transect by identifying all the flowering plant species and recording the number of floral units. A 

floral unit was defined as a single flower or collection of flowers (e.g. an umbel), within which a 

pollinator can walk, but between which it flies (Baldock et al., 2015; Carvalheiro et al., 2008). All 

statistical analyses and indices were computed using the highest level of taxonomic resolution 

available for plants and pollinators. 

Statistical Analysis:  

All statistical analyses were conducted in R version 4.0.3 (R Core Team, 2020), and all figures were 

produced using the ggplot2 package (Wickham, 2016). Prior to all ANOVA, we identified extreme 

outliers in the data, checked variables for normal distribution by means of QQplot and Shapiro-

Wilk test of normality (shapiro_test in package rstatix) (Kassambara, 2021), and computed 

Levene´s test for homogeneity of variance across groups (levene_test from package rstatix), to 

ensure that assumptions for performing ANOVA were fulfilled. If these assumptions were not met, 

we used non-parametric Kruskal-Wallis rank sum tests instead (kruskal_test from rstatix). If 

ANOVA or Kruskal-Wallis rank sum test indicated a significant difference, we proceeded to 

perform post-hoc Tukey test (tukey_hsd from rstatix package), or post-hoc Dunn´s Test of Multiple 

Comparisons (dunn_test from rstatix package, p-values adjusted using the Benjamini-Hochberg 

method) respectively.  

Sampling coverage: Differences in sampling effort, method, by site or over time can affect the 

proportion of plants, pollinators or interactions that have been observed, therefore compromising 

the comparability of ecological network analyses (Petanidou et al., 2008). Due to the differences in 

sampling effort across locations in our study, it was therefore important to check if sampling 

coverage (i.e. the observed species/interactions in relation to the estimated total number of 

species/interactions in a network (Chao and Jost, 2012)) of plants, pollinators and interactions was 

comparable across sites and locations. We calculated sample coverage at each site using the iNEXT 
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function from package iNEXT (Hsieh and Chao, 2020), and tested if mean sampling coverage 

differed across locations using ANOVA.  

Estimated richness and diversity: Observed number of species in biodiversity samples is known to 

be an underestimation of the true species richness, and asymptotic estimators of species richness 

provide a robust way to compare sites and locations (Chao et al., 2014). We calculated the estimated 

richness and Shannon diversity (asymptotic diversity estimates for Hill numbers of order q = 0 and 

q = 1), for plant and pollinator species at each site using the iNEXT function. Then, we compared 

mean estimated species richness and Shannon diversity across locations using ANOVA (Fig. 1). 

Community composition and relative abundance: To visualize the distances of plant and pollinator 

assemblages across sites and locations, we used non-metric multi-dimensional scaling (NMDS) 

ordination based on Bray-Curtis dissimilarity index, using metaMDS from vegan package (Fig. 2) 

(Oksanen et al., 2020). To statistically test for differences in the assemblage of plant and pollinator 

species across locations, we performed a permutational multivariate analysis of variance 

(PERMANOVA) using adonis from package vegan. We tested significance using 999 

permutations, and used Bray-Curtis dissimilarity as distance metric. PERMANOVA works with the 

assumption that the dispersion of the data among groups is equal, and unequal variance among 

groups can therefore cause false positive results. To ensure that our ANOVA results are reliable, 

we therefore tested whether on ore more groups is more variable than the others using permutest 

from package vegan. If the PERMANOVA indicated significance, we performed pairwise post-hoc 

tests using pairwise.adonis from pairwise.adonis package (p-values adjusted using the Benjamini-

Hochberg method) (Martinez Arbizu, 2020). To further explore differences in plant and pollinator 

assemblages across locations, we calculated and visualized the proportional abundance of plant and 

pollinator functional groups at the three locations (Fig. 3).  

Beta-diversity of interactions and turnover and nestedness components: We were interested in 

whether dissimilarity was higher across locations than across sites within locations. For this, we 

first calculated pairwise overall interaction dissimilarity between all 12 sites (βWN), as well as the 

two additive partitions of dissimilarity (βOS and βST) using betalinkr implemented in the package 

bipartite (Dormann et al., 2021). βOS describes the dissimilarity of interactions established between 

species shared between two sites, and βST represents the dissimilarity of interactions due to species 

turnover (Poisot et al., 2012); All results of pairwise comparisons are listed in Supporting Table 1). 

We then compared the means of βWN, βOS and βST within and between locations, and  also for each 
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pairwise location comparison. We tested for significant differences across locations using Kruskal-

Wallis rank sum tests.  

Network level specialization: We visualized the bipartite interaction networks for each location 

using plotweb from package bipartite. We then calculated and visualized network-level 

specialization (H2´) for each of the three locations (data was pooled across the four sites of each 

location). The H2´ metric is insensitive to the number of species in the network, but to further ensure 

that the metric is comparable across the locations with different interaction sample sizes, we 

bootstrapped H2´ 1000 times for each location using boot_networklevel in the package bootstrapnet 

(Stefan and Knight, 2021).  

Results 

In total, we observed 1922 pollinator individuals belonging to 40 families and 156 species. Due to 

the different sampling effort across regions, we first calculated and compared sampling coverage 

across locations to ensure that potential sampling bias was not affecting the validity of our results. 

Sampling coverage of pollinators ranged from 76.7% (site L1 in the South), to 94.3% (site P1 in the 

Center), and did not significantly differ across locations. Sampling coverage of plants was >99% at 

all sites. Sampling coverage of interactions ranged from 63.4%, (site L1 in the South) to 90.6% (site 

P4 in the Center), and was significantly lower in the South compared to the Center (ANOVA: F = 

8.993, p = 0.007, Tukey´s post hoc test, adjusted p = 0.006). 

Estimated richness and diversity: The estimated pollinator species richness did not significantly 

differ across locations (ANOVA: F = 1.713, p = 0.234; Fig. 1a), but the estimated Shannon diversity 

of pollinators was significantly different across locations (ANOVA: F = 6.367, P = 0.019), with the 

diversity in the South being significantly higher than in the Center (Tukey´s post-hoc test: adjusted 

p = 0.02), and a trend that the diversity is higher in the South than in the North (Tukey´s post-hoc 

test: adjusted p = 0.058) (Fig. 1c). Furthermore, we counted a total of 122397 flowering units, 

belonging to 24 plant families and 97 plant species. The estimated richness of plant species differed 

significantly across locations (ANOVA: F = 43.371, p < 0.001), being significantly higher in the 

South compared to two more northern locations (Tukey´s post-hoc test: adjusted p < 0.001 for both 

pairwise comparisons) (Fig. 1b). Similarly, the estimated Shannon diversity of plants was 

significantly different across locations (ANOVA: F = 11.601, p = 0.003), with the South harboring 

more diversity than the North and Center (Tukey´s post-hoc test: adjusted p = 0.005 and 0.008 

respectively) (Fig. 1 d).  
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Figure 3: Estimated species richness and Shannon diversity of plants and pollinators in three 

locations at different latitudes in Finland. Diversity metrics were compared using ANOVA based 

on the means of 4 sites sampled at each location. 

 

Proportional abundances and community composition: Considering all locations combined, the 

most common pollinator groups were flies (68.83% of all individuals, specifically, 49.43% muscoid 

flies, 12.23% hoverflies and 7.18% other flies), bees and wasps (27.73%, specifically 24.97% 

bumblebees, 0.94% solitary bees, 0.1 % honeybees and 1.72% other Hymenoptera), and moths and 

butterflies (3.43%, specifically, 2.34% butterflies and 1.09% moths). The most abundant and 

common pollinators were flies from the genus Thricops, (42.4% of all observations). The most 

common plant family was Asteraceae, and the most common type of floral form was disk flowers 

with nectar ± hidden. The community composition of pollinators and plants was significantly 

different across locations (PERMANOVA: Pollinators: F = 1.979, R2 = 0.305, p = 0.014; plants: F 

= 2.230, R2 = 0.331, p = 0.002). The groups did not have significantly different spreads, suggesting 

that the PERMANOVA results are reliable. Pairwise post-hoc testing revealed that the pollinator 

composition is significantly different in the South compared to the other locations (Pairwise 

PERMANOVA: North vs South: F = 2.344, R2 = 0.281, adjusted p = 0.045; Center vs South: F = 
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2.006, R2 = 0.251, adjusted p = 0.045), while there was no significant difference between North and 

Center (Fig. 2a). Comparably, plant species composition was significantly different in the South 

compared to the Center (Pairwise PERMANOVA: F = 2.733, R2 = 0.313, adjusted p = 0.045 and 

the North (Pairwise PERMANOVA: F = 2.268, R2 = 0.274, adjusted p = 0.045) (Fig. 2b).  

 

 

Figure 4: Non-metric multidimensional scaling ordination (NMDS) visualizing Bray Curtis 

dissimilarity distances of pollinator and plant communities across sites (symbols) and locations 

(colors).  

 

Relative abundance of pollinator families changed across the three locations. In the North, muscoid 

flies and hoverflies were particularly dominant, while in the Center and South bumblebees were 

relatively more abundant (Fig. 3a). The relative abundances of plant families and floral form types 

also changed along the locations. In the North, plants with disk flowers were the most dominant. In 

the Center, there was a higher relative abundance of plant species with lip flowers, while in the 

South, plants with flag blossoms made up the largest proportion (Fig. 3b). 



 

32 

 

Chapter 2 

 

Figure 5: Proportional composition of pollinator taxonomic groups and plant floral forms across 

locations. Flies are the dominating pollinators in the North, while bumblebees become 

proportionally more abundant towards the South. In the North, plants with disk flowers are 

proportionally most abundant. In the Center, lip flowers were proportionally more abundant that 

at the two other sites, and in the South, flag blossoms made up the largest proportion of the floral 

forms.  

  

Beta-diversity of interactions and turnover and nestedness components: Mean βWN of interactions 

was significantly higher across pairwise sites between locations than across sites within locations 

(Kruskal-Wallis test: p = 0.008). Overall, most of the dissimilarity was due to the component related 

to species turnover. The rewiring component βOS was significantly higher across sites within 

locations (Kruskal-Wallis test: p = 0.001), while the species turnover component βST was 
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significantly higher across sites between locations (Kruskal-Wallis test: p < 0.001) (Supporting Fig. 

1, Supporting Table 1).  

 

This pattern became more nuanced when considering the identity of the pairwise comparisons. 

Across-location dissimilarities comparing sites in the South to those in the other two locations (N-

S and C-S) were significantly higher than comparing North and Center sites (N-C). Within the South 

(S-S), we detected dissimilarities across sites that were as high as the across-location differences 

(C-S and N-S). In contrast, the dissimilarity across sites within the Northern (N-N) and Center (C-

C) locations was lower than the dissimilarity between these locations and the South (N-S, C-S) (Fig. 

4a, Supporting Table 2). The dissimilarity between sites in the South compared with sites in the 

North (N-S) and Center (C-S), was explained by components related to species turnover to a 

significantly higher degree than in the other pairwise comparisons, apart from within-location 

dissimilarity in the South (S-S). Related to this, the dissimilarity component related to rewiring 

explained a significantly lower proportion in these comparisons (Fig. 4b-c, Supporting Table 2).   

 

 

Figure 6: Boxplots of overall interaction dissimilarity (βWN) and the partitions related to species 

turnover (βST) and interaction rewiring (βOS) for all pairwise location comparisons. Groups with 

shared letters are not statistically significant from each other.  

 

Interaction networks and network level specialization: We visualized the plant-pollinator 

interaction networks at each location (Fig. 5) and quantified the network-level specialization (H2´). 

When comparing network-level specialization (H2´), we found that the network in the North was 
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the most generalized, followed by the network in the South. The Center network was the most 

specialized (Fig. 6).  

 

  

 

Figure 5: Plant pollinator interaction networks for the three sampled locations. Green boxes to the 

left of each network represent the plant species, the boxes to the right of each network represent 

the pollinator species, and the lines between them indicate the weighted interactions. Pollinators 

are sorted according to functional groups using the same colors as in Fig. 3.  
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Figure 6: Bootstrapped network-level specialization (H2´) of networks at the three study 

locations (data pooled across sites). Dashed lines are 95% confidence intervals. 

 

Discussion 

We found that species richness, diversity and composition of pollinators differed significantly 

across locations at three different latitudes. As expected, species diversity was lowest in the North 

and included a larger proportion of flies. Also as expected, plant-pollinator interaction turnover was 

larger across latitudes than across sites within latitudes. However, these patterns were not as 

dramatic as expected, and some pairwise comparisons of sites across latitudes were not statistically 

distinguishable from pairwise comparisons of sites within a latitude. These results suggest that site-

to-site heterogeneity at small spatial scales is very important for shaping communities and species 

interactions, and in some cases can be as strong as heterogeneity across latitudes. Dissimilarity was 

mainly driven by species turnover, both across sites within locations as well as across locations. 

Finally, as hypothesized, network specialization was lowest in the North. However, against our 

expectations, we found network specialization to be highest in the Center, and not in the South. 

Plant community composition was significantly different in the South compared to the North and 

Center (Fig. 2), and estimated plant richness was significantly higher in the South (Fig. 1). Between 

North and Center, we detected no statistically significant difference in the community composition. 

This is likely because the most common flowering plant species found in the North have broad 

distributions and are not restricted to cold biomes. In the North, 65% of all floral units belonged to 

the plant species Ranunculus acris (26.8%), Anthriscus sylvestris (13.46%), Silene dioca (9.62%), 



 

36 

 

Chapter 2 

and Geranium sylvaticum (11.94%).  In the Center, 67% of all floral units belonged to only three 

plant species, Veronica longifolia (26.85%), Ranunculus acris (23.59%) and Trifolium hybridum 

(6.7%). In the South, the plant species Achillea millefolium, Vicia cracca, and Trifolium pratense 

were the most prominent (15.4%, 13.02% and 11.14% of floral units, respectively).  

As expected, pollinators in the North were less diverse and more fly-dominated compared to the 

Center and South locations (Fig. 1). In the North, flies, in particular muscid flies of the genus 

Thricops, were the dominant flower visitors and were involved in 52.56% of all interactions. 

Bombus jonellus was the second most frequent visitor, but with only 4.62% of all visits, it was far 

less frequent than Thricops. All other pollinators were responsible for less than 3% of visits each 

(Fig. 5a). In the Center, Thricops was also the most frequent pollinator, and was involved in 41.91% 

of all interactions. Additionally, several bumblebees were frequent flower visitors, such as Bombus 

pascuorum (14.8% of visits), B.cryptarum (8.99% of all visits,), or B.sporadicus (5.26% of all 

visits) (Fig. 5b). In the South, Thricops were still the prevalent flower visitors, but with 20.73% 

markedly less so than in the North and Center. Similarly to the Center, several bumblebees were 

frequent flower visitors, including Bombus pratorum (9.15% of all visits), B.lapidarius (6.71% of 

visits), and flies of the genus Sarcophaga (5.2% of all visits) (Fig. 5c). Our results confirm the lower 

species diversity and prevalence of flies at higher latitudes that has already been previously 

proposed in multiple contexts (Jablonski et al., 2017; Kevan, 1972; Pianka, 1966; Tiusanen et al., 

2016) and might be due to weaker environmental filters in lower latitudes allowing for more species 

(Kearns, 1992; Totland, 1994). However, for pollinators it has to be noted that many non-syrphid 

flies were not taxonomically resolved to species level; hence, it could be that there is a higher 

species diversity of flies in the North that is masked by our taxonomic resolution. 

Contrary to our hypotheses, we did not find more generalized floral forms towards the North. In the 

North, Ranunculus acris was our most common plant species, and its flower is considered more 

specialized (stalk disk with hidden nectar) because scales cover the nectary. Floral forms that hide 

the nectary are thought to have evolved to exclude ineffective visitors and therefore increase 

visitation and pollen transfer by effective visitors. There is contrasting evidence in the literature for 

the idea that generalized floral forms are favored in colder biomes. For example, Pellissier et al. 

(2010) found an increase of generalized floral forms towards higher altitudes in the Alps, while 

Junker and Larue-Kontić (2018) did not detect any trend of in floral traits with altitude. It is also 

unclear if how well these broad categories of floral forms determine pollination syndromes (Fenster 

et al., 2004; Wang et al., 2020), particularly at high latitudes where the overall strength of biotic 

interactions might be lower (Rosas-Guerrero et al., 2014; Wang et al., 2020). In our study, 
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Ranunculus acris was able to attract a diversity of pollinators, such as Thricops muscoid flies and 

hoverflies such as Syrphus ribesii, but also bumblebees such as Bombus jonellus, solitary bees such 

as Panurgus calcaratus or butterflies such as Plebejus optilete. 

 

Site-to site turnover in interactions was high across sites within locations (Fig. 4). In part, this might 

be explained by our study design, which purposely sampled different grassland types at each 

latitude, including transitional woodland/shrub areas, and different types of arable land. Despite 

this, we still expected the effect of latitude to be stronger, as the latitudinal gradient was substantial, 

spanning 750km, and 3.7°C change in mean summer temperature in the year of sampling. The 

observed dissimilarity in interactions was mainly explained by species turnover, both within sites 

and across sites. This suggest that, even at a local scale, heterogeneous grasslands can support a 

diverse range of insect pollinators, thus the conservation of these habitats is of great importance for 

safeguarding the ecosystem service of pollination (Motivans Švara et al., 2021).  

Network level specialization was lowest in the North as expected, likely due to the dominant role 

of the highly generalist Thricops flies (Fig. 5a). The Network in the Center exhibited the most 

specialization, even more so than in the South. This appears to be due to the dominance of 

interactions between a few abundant species in the community, such as the bumblebee species B. 

pascuorum, B. caryptarum, B. sporadicus and B. jonellus interacting with Veronica longifolia, and 

the exclusiveness of these interactions likely results in high apparent specialization (Fig. 5b).  The 

same bumblebee species were present in the North and South, where they interacted with a wider 

range of plant species. These results highlight that species that are typically considered generalists 

can be locally specialized.  

In complementary studies located at our North location, we demonstrate that the specialization of 

networks is also not static in time (Zoller et al., 2023) and that several common pollinator-dependent 

plant species currently do not have their reproduction limited by pollen (Koch et al., 2020). Network 

level specialization decreased over the past 120 years, and this is attributed to a disproportionate 

loss of specialist species. Such shifts towards generalization could lead to lower pollinator services, 

if the generalist pollinators deliver more heterospecific pollen (Ashman and Arceo-Gómez, 2013). 

However, at this time, the reproductive success of plant species in our northernmost study region 

were not observed to be limited by pollen receipt (Koch et al., 2020), suggesting that the common 

generalist fly visitors are providing adequate pollination services (Giménez-Benavides et al., 2007). 

Both of these studies highlight the importance of local studies to create a baseline for future research 

on variation in plant and pollinator communities and their interactions across space and time.  
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General Discussion 

6.1 Synopsis 

Pollination is of immense ecological and economic importance, and increasing evidence of declines 

in pollinators and their associated plants due to human stressors is a cause for concern. Interactions 

between plants and pollinators can be presented as networks whose properties can provide 

information about the robustness or resilience of communities. Because the occurrence of an 

interaction depends on a number of factors, plant-pollinator interactions are highly variable in time 

and space. To adequately understand and ultimately predict the effects of human stressors on the 

ecosystem service of pollination, it is critical to quantify patterns and understand the potential 

processes that result in plant-pollinator interaction variation across space and time. However, our 

current understanding of variation among plants, pollinators, and their interactions has gaps. For 

example, most research considers patterns across seasons or a few years. Examining network 

change at different time periods within a day provides valuable information about how pollinator 

activity changes due to weather, cloud cover and other factors. Examining network change across 

longer time intervals, such as across decades or a century, provides important insight into the 

potential effects of drivers such as land use and climate change. However, research across long time 

horizons is sparse because obtaining appropriate data to study these time scales can be difficult. In 

addition, our current knowledge is focused on a few taxonomic groups (e.g., bees, butterflies, and 

syrphid flies), while little is known about other groups, such as non-syrphid flies. Finally, the current 

literature is spatially biased, with tropical and high latitude regions underrepresented. High latitude 

systems are important areas for research on plant-pollinator interactions because climate change is 

progressing more rapidly compared to lower latitudes, and thus findings from high latitudes could 

provide early information about the patterns to expect for the rest of the world as climate change 

progresses. 

In this dissertation, I address the aforementioned knowledge gaps by examining patterns of variation 

in the composition of pollinators, plants, and their interactions across different spatial and temporal 

scales at a high latitude site, and by addressing the potential role of climate change as a driver. I 

have collected an extensive dataset spanning three locations along a latitudinal gradient in Finland 

(Chapter 2). At the northernmost location, Kittilä, I examined pollinator community change at two 

different temporal grains (24-hours and 120 years), first by collecting data across the entire 24-hour 

cycle (Chapter 3) and second by digitizing and processing a historical dataset of plant-pollinator 

interactions at the same site dating back over 120 years (Chapters 4 and 5). 
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In Chapter 2, I show that species richness and community composition changed across three 

locations along a latitudinal gradient. I confirm the generality of the diversity-latitude gradient at 

regional scales, as well as the increasing dominance of fly pollinators and a general decrease in 

network specialization at higher latitudes. Furthermore, I show that beta diversity of interactions 

was high across latitudes, with species turnover being the main driver of this pattern, but also that 

dissimilarity of interactions can vary considerably at local scales. The results obtained in Chapter 3 

show that patterns in daily foraging activity of pollinators during the polar day were robust. 

However, there were substantial differences in activity patterns between two climatically 

contrasting years, with particularly strong responses in fly behavior to changing environmental 

conditions (i.e. high temperatures). In Chapter 4, I present the process of digitizing and curating a 

historical dataset collected by Frans F. Silén and advocate for the value of historical data. Finally, 

in Chapter 5, I find that interaction networks changed dramatically over two time points more than 

120 years apart. In particular, muscoid flies became more abundant over time, while specialized 

species declined disproportionately. 

6.2 Discussion 

Across the different research chapters, I found great variation in species diversity and composition 

and in the structure of interaction networks across space and time. In my study system, I found that 

interactions involving highly generalized muscoid flies persisted over large geographic distances 

and over a time span of more than a century. These results suggest that flies are providing a constant 

pollination service across highly variable environments. It is well documented in the literature that 

most interactions are highly variable over space and time, with only few interactions persisting 

(Aizen et al., 2012; Carstensen et al., 2014; Chacoff et al., 2018; Dupont et al., 2009). For example, 

Chacoff et al. (2018) found that few interactions occurred consistently over six years, and Aizen et 

al. (2012) detected few shared interactions across spatially isolated hills. 

The few interactions that persist across time or space generally involve common generalist species 

(Aizen et al., 2012; Chacoff et al., 2018; Resasco et al., 2021). Because of their flexibility in diet or 

nesting requirements, generalist species are generally better able to persist in a wide range of 

environmental conditions, and have more potential interaction partners than species with narrower 

tolerances (Resasco et al., 2021). Generalists are integral to network stability, and communities 

dominated by generalists are more robust, with many theoretical studies showing that there are 

fewer secondary extinctions in response to species loss (Dunne et al., 2002; Lever et al., 2014; 

Memmott et al., 2004; Thébault and Fontaine, 2010). 
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I found in my research that the network property of specialization changed over time and space, and 

I found a pattern of higher generalization of networks in the modern time period and at higher 

latitudes. This is likely due to the prevalence of highly generalized muscoid flies in the present and 

in the north and the disproportionate decline of specialized species across time. This is contrasting 

to studies that report, that despite high variability in species composition and identity of interactions, 

structural properties of networks tend to remain relatively unchanged (Alarcón et al., 2008; 

CaraDonna et al., 2021; Dupont et al., 2009; Miele et al., 2020). However, network structure is 

likely to remain stable over shorter timespans, but over longer temporal distances, network structure 

is predicted to change significantly (CaraDonna et al., 2021). Less diversity and greater 

generalization of species are also predicted in more variable and less predictable environments 

(Optimal Foraging Theory (MacArthur and Pianka, 1966)), and in response to human stressors 

(Doré et al., 2021). Although generalists are integral to network stability, higher generalism could 

negatively affect pollination service. Generalist pollinators are considered less effective because 

they deliver an increased proportion of heterospecific pollen to plant stigmas (Aizen and Feinsinger, 

2003; Waser and Ollerton, 2006). On evolutionary time scales, differences in network specialization 

could influence the co-evolutionary dynamics of pollinators and their associated plant species. For 

example, specialists may have a higher rate of diversification because host switching can lead to 

rapid reproductive isolation (Kay and Sargent, 2009). Therefore, loss of specialists could also mean 

loss of unique ecological interactions and co-evolutionary pathways (Aizen et al., 2012).  

Thus, both specialist and generalist species are integral to the ecosystem service of pollination. 

Specialists are particularly at risk of decline (Burkle et al., 2013; Jacquemin et al., 2020), and thus, 

many conservation strategies are primarily focused on helping these taxa. Conservation efforts tend 

to ignore common and widespread species such as flies (Kearns, 2001; Orford et al., 2015). As these 

taxa are currently performing a large portion of pollination services, it is important for future 

conservation research to know more about their threat status. Because ecological requirements may 

differ between different insect groups, such as flies and bees (Kearns, 2001), flies may not benefit 

from measures taken for bees. I have shown that in Kittilä, the northernmost of my study locations, 

where flies play a particularly important role, there was an increase in the relative abundance of 

flies during the last century. However. I also showed that a heatwave disproportionately affected 

the foraging behavior of flies, thus they may be particularly vulnerable to the effects of climate 

change. It is likely that as climate change progresses, the suitable habitat of the typically cold-

adapted fly pollinators will decrease (Larson et al., 2001). A dramatic decline in flies has already 

been noted in the high Arctic (Tiusanen et al., 2016). 
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While flies are of particular importance at high latitudes and altitudes (Arroyo et al., 1982; Kearns, 

1992; Kevan, 1972; Lefebvre et al., 2018; Tiusanen et al., 2016), they are also ubiquitous in many 

other ecosystems. The flowers of over 1100 species of plants from 172 families are reportedly 

visited by flies, – no doubt an underestimate of the actual number, as the authors themselves note 

(Inouye et al., 2015). Flies are also important in agricultural systems (Orford et al., 2015) and they 

are integral pollinators of numerous crops and plants around the world, such as cocoa, mango, oil 

seed rape, and onion (Dag, 2009; Kaufmann, 1975; Rader et al., 2009; Saeed et al., 2008; Thompson 

et al., 2021). Dipterans are generally considered less sensitive to human stressors (Doré et al., 2021), 

and may be less sensitive to agricultural practices (Orford et al., 2015). However, it is possible that 

any declines have been overlooked, and further studies are needed to assess their vulnerability. 

Given the current decline in pollinators, along with large unknowns, such as the effects of climate 

change, it is time to better understand the role of lesser-known pollinator groups and to consider 

community dynamics and potential threats at multiple scales. 

6.3 Limitations 

I have often discussed the link between the observed patterns and climate change in the research 

chapters of this thesis, and it is possible that the patterns we observed are due to climate change, 

which has been dramatic in my study region. However, it remains to be mentioned that the patterns 

presented are descriptive in nature, and the data do not allow us to draw definitive conclusions about 

the causal factors of the observed patterns. In general, this is difficult in network studies with large 

temporal and spatial distances because so many environmental factors correlate with space and 

time. It is a major task of future studies to disentangle the effects of different drivers of network 

variation, such as land-use change or aspects of climate change. Moreover, it is unknown how 

generalizable my results are to other regions of the world, such as the Southern Hemisphere (Pauw 

and Stanway, 2015).  

My thesis considered how the structure of visitation networks varied across space and time, but I 

did not measure pollen transport or plant reproductive success, and so the consequences of changing 

visitation structure on the ecosystem service of pollination is not known. I expect that plants in more 

generalized visitation networks might receive lower quality services if visiting pollinators deliver 

mostly heterospecific pollen (Ashman et al., 2020), but I did not empirically confirm whether this 

occurs in my system. Most studies that measure plant-pollinator interactions across space and time 

do not consider pollen transport and plant reproductive success because it labor-intensive to do this 

across many networks (Arceo-Gómez et al., 2019; Ashman et al., 2020; Bennett et al., 2020).  
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Sampling interactions among plant pollinators is also labor intensive, and thus no network study 

has complete information about all interactions that occur in a defined spatial and temporal grain. 

Spatiotemporal overlap and abundance of interacting species are the most important determinants 

of interaction patterns, thus interactions are more likely to be detected in species that occur at higher 

abundances (Chacoff et al., 2018).  

Disentangling sampling effects from biological processes in network studies remains an important 

challenge (CaraDonna et al., 2021; Vázquez et al., 2009). Sampling artifacts can arise from a variety 

of sources, including insufficient sampling effort, broad taxonomic resolution, unequal probabilities 

of species detection, or sampling methods (Vázquez et al., 2009), and they can cause significant 

changes in observed interactions and in network metrics (Blüthgen et al., 2008; Chacoff et al., 2012; 

Dormann et al., 2017; Fründ et al., 2016; Jordano, 2016; Nielsen and Bascompte, 2007; Schwarz et 

al., 2020). Such sampling effects can be remedied by achieving the highest possible sample 

completeness, however this is not always possible to control, for example, when working with 

historical data. Then, sampling effects can be mitigated by standardizing the data in terms of sample 

size, method, or effort to allow comparisons across different systems, and by using network metrics 

that are insensitive to sampling effort (Gibson et al., 2011; Rakosy et al., 2022; Vázquez et al., 

2009).  

6.4 Future implications 

This dissertation has highlighted the important role of common and generalist species, such as 

muscoid flies, and I suggest that more effort should be invested in the future in understanding their 

conservation status. For example, globally, there are over 5000 described species of flies in the 

family Muscidae (Merritt et al., 2009), but only two species are currently listed on the IUCN Red 

List - one of which is categorized as data deficient. Furthermore, very little is known about their 

physiology, such as their critical thermal thresholds, making it virtually impossible to predict the 

effects of climate change on them. This highlights the need for future basic research on distribution, 

abundance and physiology of flies, and for pollination studies to take a multitaxa approach and 

include pollinators other than bees and butterflies. Furthermore, common and widespread species 

should not be ignored in biodiversity conservation efforts.  

Plant-pollinator interactions involve both visitation and pollen transport. Methodology for 

quantifying visitation involves observing and/or collecting pollinators in the field and identifying 

them to species using microscopy, as I did for this thesis. Pollen transport is rarely quantified in a 
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next step, but when it is, it is typically done by identifying pollen on insects using microscopy (e.g. 

de Manincor et al., 2020). Pollen identification is time consuming and requires expert knowledge 

in palynology. However, automated methods, for example using flow cytometry and machine 

learning (Dunker et al., 2021) might accelerate the speed of this data collection, and make this 

pollen transport a more feasible response variable to measure in the future.  

Although not part of this dissertation, I supervised an MSc student on a project to investigate pollen 

limitation - the insufficient reception of compatible pollen - in eight plant species at my 

northernmost study region. Surprisingly, none of the pollinator-dependent plant species were found 

to be pollen-limited (Koch et al., 2020). These insights have been valuable for providing a more 

complete understanding of the state of the pollination service at this study site. Relating structure 

and functionality of pollination networks is something that has rarely been attempted so far 

(Ballantyne et al., 2015; Ferrero et al., 2013; Kaiser-Bunbury et al., 2010), and future work would 

benefit from adding a functional perspective to better understand changes in plant-pollinator 

interactions.  

Spatial variation in plant and pollinator communities and their interactions have been well studied 

at different spatial scales, and in many different geographic regions, and the insights of these studies 

have often been reviewed and synthesized (e.g. Doré et al., 2021; Hagen et al., 2012; McCabe and 

Cobb, 2021; Trøjelsgaard and Olesen, 2016; Tscharntke and Brandl, 2004; Tylianakis and Morris, 

2017; Vizentin-Bugoni et al., 2018). Temporal variation has been less well studied, and the use of 

historical data in ecological studies remains underutilized (Rakosy et al., 2022). As historical 

documents and museum collections become more digitized, historical data will become more 

available and more researchers are likely to study long temporal trends in plant-pollinator 

interactions. This provides an opportunity to synthesize patterns of variation over long periods of 

time and to determine the generality of the patterns described in Chapter 5. 

6.5 Concluding remarks 

To summarize, in this dissertation I have attempted to fill knowledge gaps about variation in plant 

and pollinator communities and their interactions in the context of climate change. For this, I have 

investigated different spatial and temporal scales. Working with historical data is time consuming 

and presents significant challenges, and thus there are few studies that have attempted to do this 

despite the recognized importance of the approach. Here, I demonstrate the importance of 

considering different temporal and spatial scales for understanding patterns and the potential drivers 
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that may affect pollinator communities. Furthermore, I show that specialized, highly efficient 

pollinators have declined significantly, and that generalized and common species now play even 

more pivotal roles for network robustness. Thus, conservation threat assessments are needed for 

both specialists and generalists. Regarding the latter group, our knowledge is currently too limited 

to properly assess the threats they face, and there are virtually no conservation measures in place. 
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Supplementary Material Chapter 2 

 

 

Supporting Figure 1: Boxplots of overall interaction dissimilarity (βWN) and its components 

related to species turnover (βST) and interaction rewiring (βOS) for all pairwise site comparisons. 

Between location site dissimilarity (N-C, C-S, N-S) is compared to within location site 

dissimilarity (N-N, C-C, S-S). 
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Supporting Table 1: Beta-diversity of interactions and turnover and nestedness components: βS 

describes the dissimilarity in the species composition of communities and βWN describes the overall 

interaction dissimilarity. βOS  and βST  are the two additive partition of βWN , with βOS describing  the 

dissimilarity of interactions established between shared species, and βST the dissimilarity of 

interactions related to species turnover.  

 

sites 
compared 

localities compared type of comparison βS βOS βWN βST 

K1-K2 N-N within location 0.508 0.2 0.783 0.583 

K1-K3 N-N within location 0.668 0.155 0.845 0.69 

K1-K4 N-N within location 0.63 0.134 0.751 0.616 

K1-P1 N-P between location 0.861 0.119 0.901 0.782 

K1-P2 N-P between location 0.635 0.152 0.75 0.598 

K1-P3 N-P between location 0.738 0.252 0.946 0.693 

K1-P4 N-P between location 0.388 0.286 0.659 0.373 

K1-L1 N-L between location 0.764 0.083 0.884 0.801 

K1-L2 N-L between location 0.849 0.055 0.974 0.92 

K1-L3 N-L between location 0.71 0.265 0.918 0.654 

K1-L4 N-L between location 0.906 0.097 0.986 0.889 

K2-K3 N-N within location 0.533 0.267 0.669 0.402 

K2-K4 N-N within location 0.678 0.277 0.845 0.568 

K2-P1 N-P between location 0.843 0.098 0.909 0.811 

K2-P2 N-P between location 0.715 0.114 0.826 0.712 

K2-P3 N-P between location 0.626 0.297 0.852 0.555 

K2-P4 N-P between location 0.568 0.15 0.841 0.691 

K2-L1 N-L between location 0.798 0.129 0.975 0.846 

K2-L2 N-L between location 0.831 0.031 0.957 0.926 

K2-L3 N-L between location 0.654 0.129 0.84 0.711 

K2-L4 N-L between location 0.844 0.151 0.962 0.811 

K3-K4 N-N within location 0.72 0.178 0.907 0.729 

K3-P1 N-P between location 0.867 0.126 0.917 0.791 

K3-P2 N-P between location 0.771 0.097 0.891 0.794 

K3-P3 N-P between location 0.742 0.206 0.944 0.738 

K3-P4 N-P between location 0.738 0.171 0.899 0.728 

K3-L1 N-L between location 0.811 0.061 0.977 0.916 

K3-L2 N-L between location 0.867 0.01 0.977 0.967 

K3-L3 N-L between location 0.745 0.043 0.942 0.899 

K3-L4 N-L between location 0.909 0.036 0.99 0.954 

K4-P1 N-P between location 0.759 0.318 0.904 0.586 

K4-P2 N-P between location 0.483 0.255 0.709 0.454 

K4-P3 N-P between location 0.635 0.348 0.891 0.543 

K4-P4 N-P between location 0.651 0.264 0.76 0.496 

K4-L1 N-L between location 0.824 0.038 1 0.963 

K4-L2 N-L between location 0.845 0.056 1 0.944 

K4-L3 N-L between location 0.668 0.168 0.929 0.761 
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K4-L4 N-L between location 0.831 0.094 1 0.906 

P1-P2 P-P within location 0.746 0.079 0.903 0.824 

P1-P3 P-P within location 0.562 0.451 0.783 0.332 

P1-P4 P-P within location 0.809 0.634 0.863 0.229 

P1-L1 P-L between location 0.906 0.05 0.992 0.942 

P1-L2 P-L between location 0.895 0.088 0.994 0.905 

P1-L3 P-L between location 0.827 0.035 0.935 0.9 

P1-L4 P-L between location 0.879 0 1 1 

P2-P3 P-P within location 0.634 0.221 0.894 0.673 

P2-P4 P-P within location 0.631 0.439 0.738 0.299 

P2-L1 P-L between location 0.773 0.029 0.975 0.946 

P2-L2 P-L between location 0.801 0.034 0.967 0.933 

P2-L3 P-L between location 0.682 0.31 0.899 0.589 

P2-L4 P-L between location 0.729 0.163 0.888 0.725 

P3-P4 P-P within location 0.729 0.334 0.893 0.559 

P3-L1 P-L between location 0.808 0.036 0.992 0.955 

P3-L2 P-L between location 0.802 0.056 0.966 0.909 

P3-L3 P-L between location 0.646 0.131 0.853 0.722 

P3-L4 P-L between location 0.733 0.15 0.95 0.8 

P4-L1 P-L between location 0.828 0.035 0.977 0.943 

P4-L2 P-L between location 0.87 0.024 0.969 0.945 

P4-L3 P-L between location 0.689 0.398 0.89 0.492 

P4-L4 P-L between location 0.924 0.044 0.973 0.929 

L1-L2 L-L within location 0.738 0.203 0.933 0.731 

L1-L3 L-L within location 0.746 0.077 0.968 0.89 

L1-L4 L-L within location 0.75 0.207 0.904 0.697 

L2-L3 L-L within location 0.804 0.251 0.972 0.721 

L2-L4 L-L within location 0.784 0.05 0.956 0.906 

L3-L4 L-L within location 0.599 0.437 0.908 0.471 

K1-K2 N-N within location 0.508 0.2 0.783 0.583 

K1-K3 N-N within location 0.668 0.155 0.845 0.69 

K1-K4 N-N within location 0.63 0.134 0.751 0.616 

K1-P1 N-P between location 0.861 0.119 0.901 0.782 

K1-P2 N-P between location 0.635 0.152 0.75 0.598 

K1-P3 N-P between location 0.738 0.252 0.946 0.693 

K1-P4 N-P between location 0.388 0.286 0.659 0.373 

K1-L1 N-L between location 0.764 0.083 0.884 0.801 

K1-L2 N-L between location 0.849 0.055 0.974 0.92 

K1-L3 N-L between location 0.71 0.265 0.918 0.654 

K1-L4 N-L between location 0.906 0.097 0.986 0.889 

K2-K3 N-N within location 0.533 0.267 0.669 0.402 

K2-K4 N-N within location 0.678 0.277 0.845 0.568 

K2-P1 N-P between location 0.843 0.098 0.909 0.811 

K2-P2 N-P between location 0.715 0.114 0.826 0.712 

K2-P3 N-P between location 0.626 0.297 0.852 0.555 
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K2-P4 N-P between location 0.568 0.15 0.841 0.691 

K2-L1 N-L between location 0.798 0.129 0.975 0.846 

K2-L2 N-L between location 0.831 0.031 0.957 0.926 

K2-L3 N-L between location 0.654 0.129 0.84 0.711 

K2-L4 N-L between location 0.844 0.151 0.962 0.811 

K3-K4 N-N within location 0.72 0.178 0.907 0.729 

K3-P1 N-P between location 0.867 0.126 0.917 0.791 

K3-P2 N-P between location 0.771 0.097 0.891 0.794 

K3-P3 N-P between location 0.742 0.206 0.944 0.738 

K3-P4 N-P between location 0.738 0.171 0.899 0.728 

K3-L1 N-L between location 0.811 0.061 0.977 0.916 

K3-L2 N-L between location 0.867 0.01 0.977 0.967 

K3-L3 N-L between location 0.745 0.043 0.942 0.899 

K3-L4 N-L between location 0.909 0.036 0.99 0.954 

K4-P1 N-P between location 0.759 0.318 0.904 0.586 

K4-P2 N-P between location 0.483 0.255 0.709 0.454 

K4-P3 N-P between location 0.635 0.348 0.891 0.543 

K4-P4 N-P between location 0.651 0.264 0.76 0.496 

K4-L1 N-L between location 0.824 0.038 1 0.963 

K4-L2 N-L between location 0.845 0.056 1 0.944 

K4-L3 N-L between location 0.668 0.168 0.929 0.761 

K4-L4 N-L between location 0.831 0.094 1 0.906 

P1-P2 P-P within location 0.746 0.079 0.903 0.824 

P1-P3 P-P within location 0.562 0.451 0.783 0.332 

P1-P4 P-P within location 0.809 0.634 0.863 0.229 

P1-L1 P-L between location 0.906 0.05 0.992 0.942 

P1-L2 P-L between location 0.895 0.088 0.994 0.905 

P1-L3 P-L between location 0.827 0.035 0.935 0.9 

P1-L4 P-L between location 0.879 0 1 1 

P2-P3 P-P within location 0.634 0.221 0.894 0.673 

P2-P4 P-P within location 0.631 0.439 0.738 0.299 

P2-L1 P-L between location 0.773 0.029 0.975 0.946 

P2-L2 P-L between location 0.801 0.034 0.967 0.933 

P2-L3 P-L between location 0.682 0.31 0.899 0.589 

P2-L4 P-L between location 0.729 0.163 0.888 0.725 

P3-P4 P-P within location 0.729 0.334 0.893 0.559 

P3-L1 P-L between location 0.808 0.036 0.992 0.955 

P3-L2 P-L between location 0.802 0.056 0.966 0.909 

P3-L3 P-L between location 0.646 0.131 0.853 0.722 

P3-L4 P-L between location 0.733 0.15 0.95 0.8 

P4-L1 P-L between location 0.828 0.035 0.977 0.943 

P4-L2 P-L between location 0.87 0.024 0.969 0.945 

P4-L3 P-L between location 0.689 0.398 0.89 0.492 

P4-L4 P-L between location 0.924 0.044 0.973 0.929 

L1-L2 L-L within location 0.738 0.203 0.933 0.731 
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L1-L3 L-L within location 0.746 0.077 0.968 0.89 

L1-L4 L-L within location 0.75 0.207 0.904 0.697 

L2-L3 L-L within location 0.804 0.251 0.972 0.721 

L2-L4 L-L within location 0.784 0.05 0.956 0.906 

L3-L4 L-L within location 0.599 0.437 0.908 0.471 
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Supporting Table 2: Dunn´s test result and statistics of comparisons of βWN, βST and βOS  

βWN  

group1 group2 statistic adjusted p-value  
C-C C-S 2.949 0.008 ** 
C-C N-C 0.313 0.754 ns 
C-C N-N -0.466 0.740 ns 
C-C N-S 3.214 0.004 ** 
C-C S-S 2.030 0.071 ns 
C-S N-C -3.569 0.002 ** 
C-S N-N -3.511 0.002 ** 
C-S N-S 0.360 0.754 ns 
C-S S-S -0.500 0.740 ns 
N-C N-N -0.875 0.572 ns 
N-C N-S 3.928 0.001 ** 
N-C S-S 2.136 0.061 ns 
N-N N-S 3.776 0.001 ** 
N-N S-S 2.497 0.027 * 
N-S S-S -0.765 0.606 ns 
βST  

C-C C-S 3.596 0.001 ** 
C-C N-C 0.977 0.442 ns 
C-C N-N 0.331 0.794 ns 
C-C N-S 3.616 0.001 ** 
C-C S-S 1.57 0.191 ns 
C-S N-C -3.545 0.001 ** 
C-S N-N -3.197 0.003 ** 
C-S N-S 0.028 0.978 ns 
C-S S-S -1.691 0.170 ns 
N-C N-N -0.578 0.650 ns 
N-C N-S 3.573 0.001 ** 
N-C S-S 0.927 0.442 ns 
N-N N-S 3.21 0.003 ** 
N-N S-S 1.248 0.318 ns 
N-S S-S -1.712 0.170 ns 
βOS 

C-C C-S -3.611 0.005 ** 
C-C N-C -1.210 0.339 ns 
C-C N-N -0.857 0.534 ns 
C-C N-S -3.407 0.005 ** 
C-C S-S -1.293 0.327 ns 
C-S N-C 3.251 0.006 ** 
C-S N-N 2.578 0.030 * 
C-S N-S 0.276 0.838 ns 
C-S S-S 2.052 0.086 ns 
N-C N-N 0.177 0.860 ns 
N-C N-S -2.974 0.011 * 
N-C S-S -0.349 0.838 ns 
N-N N-S -2.374 0.044 * 
N-N S-S -0.436 0.828 ns 
N-S S-S 1.848 0.121 ns 
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