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Abstract 

Traditionally managed temperate semi-natural meadows are generally considered as one of the 

most diverse habitats worldwide. During the past decades, management changes and 

abandonment of meadows pose serious threats to communities of both flowering plants and 

pollinators. However, the extent to which are pollinators affected by changes in floral resources 

still remain unknown. To investigate the effect of floral resources on visitation specialization, 

species richness and abundance of hoverflies, pollination networks from 13 meadows in the 

Železné hory PLA were constructed and analysed. Moreover, patterns were recorded on two 

spatial scales, in transects and in the whole meadows. To specify the specialization of hoverfly 

pollinators, unvisited plant species and all resources present on a site (transect/meadow), 

offered by plants as floral abundance and nectar rewards, were added in the networks. 

Relationships between plant species richness, floral abundance and nectar sugar production 

were positively correlated with visitation specialization of hoverflies on the meadow scale. 

Species richness and abundance of hoverflies were affected by floral resources on the transect 

scale, unlike the specialization of hoverflies. The usage of extended network indices may act 

as an improvement towards the better understanding of ecological interactions changes under 

anthropogenic pressure. Generally, the findings of this thesis highlight the importance of 

studying pollination interactions on various spatial scales and stimulate interest towards 

conservation of density and diversity of floral resources in the meadows.  

Key words: meadow, plant-pollination interaction, pollination network, specialization, floral 

resources, Syrphidae  

 

 

 

 

 

 

 

  



 
 

Abstrakt 

Tradičně obhospodařované polopřirozené louky mírného pásu jsou obecně považovány za 

jedno z nejrozmanitějších přírodních stanovišť na celém světě. V posledních desetiletích 

představují změny managementu a opouštění luk vážné ohrožení druhově bohatých 

společenstev kvetoucích rostlin i opylovačů. Stále však není známo, do jaké míry jsou 

opylovači ovlivněni změnami v květních odměnách. K prozkoumání vztahu mezi květními 

zdroji a specializací návštěv, druhovou bohatostí a početností pestřenek, byly sestaveny a 

analyzovány polinační sítě z 13 luk v CHKO Železné hory. Patrnosti byly navíc zaznamenány 

na dvou prostorových škálách, v rámci transektů a celých luk. K upřesnění specializace 

pestřenek byly do sítí přidány nenavštívené rostlinné druhy a všechny zdroje přítomné v 

lokalitě (transektu/louce), které rostliny nabízejí v rámci početnosti květů a množství nektaru. 

Vztahy mezi bohatostí rostlinných druhů, početností květů a produkcí nektarového cukru 

pozitivně korelovaly s specializací návštěv na měřítku celých luk. Bohatost druhů a hojnost 

pestřenek byla ovlivněna rostlinnými zdroji na škále transektů, na rozdíl od jejich specializace. 

Použití rozšířených síťových indexů může pomoci k lepšímu pochopení změn v ekologických 

interakcích pod antropogenním tlakem. Výsledky této práce obecně zdůrazňují význam studia 

polinačních interakcí v různém prostorovém měřítku a podporují zájem o zachování druhové 

bohatosti a početnosti květních zdrojů na loukách. 

Klíčová slova: louky, interakce rostlin a opylovačů, polinační síť, specializace, květní zdroje, 

Syrphidae 
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1. INTRODUCTION 

1.1  Foraging behaviour and specialization of insect pollinators 

Pollination by insect visitors is a mutualistic interaction, which is valuable for both flowering 

plants and their pollinators. A pollinated plant benefits from receiving pollen grains for 

reproduction, whilst a pollinating insect gains nutritional resources. However, plants vary in 

the amount and type of offered floral rewards, and pollinators differ in their visitation 

preferences and floral resource exploitation (e.g. Hegland and Totland 2005, Ashworth et al. 

2015). 

 Use of particular resources relative to its availability reflects foraging behaviour of 

consumers (in this case insects feeding on pollen and nectar) and can be described as 

specialization. A fundamental framework for understanding the processes, that cause 

differences in interactions between consumers and their food resources, is the concept of the 

niche – the combination of resources and environmental conditions that allows positive 

population growth rates, if individuals possess matching functional traits (Silvertown 2003). 

Accordingly, niches determine a geographic range of given species and shape trait evolution 

leading to speciation (Chesson 2000). Niches are partitioned via difference in resource use, 

which reduce competition and enable coexistence of species (MacArthur and Pianka 1966, 

Schoener 1974, Silvertown 2003). It is generally predicted that niche breadth increases with 

diversity of a community (MacArthur 1955). Consequently, we can expect that communities 

rich in both flowers and offered rewards lower the competition and are able to host more 

specialized and diverse pollinators (Potts et al. 2003, Meyer et al. 2009). Diet breadth of a 

pollinator is thus expected to vary with the composition of the plant community (Essenberg 

2013, Akter et al. 2017).  

 Among a plethora of factors driving foraging preferences of insect pollinators, contents 

of carbohydrates or proteins in nectar and pollen, and/or matching of flower-pollinator traits 

are considered as the most important ones (Pyke 2016). Because foraging is energetically 

demanding, flower visitors try to optimise their maximal gain of energy per time. The optimal 

foraging theory (Charnov 1976) predicts that the efficiency of the available flower resources 

exploitation is driven by the ratio between the amount of floral rewards, handling time and 

searching time. Trait matching between flower and pollinator crucially affects the handling 

time of pollinators to reach nectar or pollen rewards (Pyke 2016). It can be also important for 
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a forager to select the flower with which it has previous rewarding experience (Stang et al. 

2006). This is called flower constancy and it increases the pollinator’s foraging efficiency by 

specializing on particular floral types (Goulson 1999). Especially in more diverse communities, 

the optimal theory predicts higher specialization of pollinators to avoid longer handling and 

searching times (Charnov 1976). Empirical support for the drivers of foraging preferences 

contextualized for instance Hegland and Totland (2005) by observed dependence of pollinator 

visitation on the flower size and density in a temperate grassland. Similarly, Klumpers et al. 

(2019) confirmed a tendency of hymenopteran pollinators to prefer flowers with higher nectar 

amount among Asteraceae, while longer handling time due to mismatched nectar tube and 

proboscides lengths decreased their visitation rate. 

 Interactions between plants and their pollinators in different communities can be 

described through pollination networks, a model system with species (nodes) connected 

through interactions (links) (Jordano 1987). In terms of the pollination networks, specialization 

is conceptualized as the measure of tendency of a network member (node) to interact with the 

specific part of nodes in the opposite network level (Vázquez and Aizen 2004, Blüthgen et al. 

2007). Beside the specialization of pollinators, measure of dependence can be determined for 

plants as a subset of all potential visitors or for both partner levels in the whole pollination 

network (Blüthgen et al. 2006, Fenster et al. 2009). Complex insight into mutualistic 

interactions is necessary for understanding conditions and mechanisms of biodiversity 

maintenance and for predicting the consequences of population dynamics on the whole 

pollination system. (Bascompte et al. 2006, Valiente-Banuet et al. 2015). Accordingly, using 

mutualistic network metrics allows, besides other applications, to investigate context- and 

species-specific diet breath and dependence of interacting partners (Dormann et al. 2008).  

 Pollinator visitation specialization is closely linked to how a pollinator responds to 

changes in resource abundance and distribution in a community (e.g. Cusser 2019). Oppositely 

to broader foraging possibilities attributable to high quantity and quality of flower resources in 

species-rich habitats, environmental discrepancy may result in narrowing the diet breadth of a 

pollinator (Meyer et al. 2009, Geslin et al. 2014). In a fragmented or artificially modified 

landscape with scarce resources, the energy rate devoted to movement between the source 

plants may be higher and needs to be compensated via extending the time spent by the 

pollinator on a flower (Goulson 1999). Moreover, pollinators are forced to extend the time 

spent searching for the most rewarding inflorescences (Andrieu et al. 2009). Therefore, in the 

extent of decreased resource heterogeneity, simplified landscape may change individual 
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pollinator´s visitation preferences or even disrupt the coexistence of both mutualistic partners 

(e.g. Blaauw and Isaacs 2014). 

 

1.2  Specialization for floral resources in European semi-natural 

meadows 

Traditionally managed semi-natural meadows are among the species-richest yet most 

endangered habitats in Europe (Poschlod et al. 2009, Wilson et al. 2012, Chytrý et al. 2015). 

Chytrý et al. (2015) reported even several world records in species richness of herbaceous 

plants at small scales from Central and Eastern European meadows. Species richness of 

flowering plants has been maintained by low-intensity grazing, burning, mowing and/or 

haymaking for centuries (e.g. Pärtel et al. 2005, Cousins et al. 2015). Such non-intensive 

physical disturbance supports diversity of herbaceous plants by removing competitive 

dominants in above-ground vegetation (i.e. disfavouring woody plants, equalization of 

interspecific competition for sunlight etc.) or distributing gaps for establishment of propagules 

(Lepš 1999, Pykälä 2004, Peter et al. 2009, Bonari et al. 2017). Consequently, meadows 

represent biodiversity strongholds for insect pollinators, offering them diverse resources to 

forage on (e.g. Öckinger and Smith 2007, Ebeling et al. 2008, Wilson et al. 2012). Nevertheless, 

the management of meadows has undergone changes towards intensification and degradation, 

transforming former regional biodiversity hotspots of the temperate Europe into arable land, 

conventional fertilized grasslands or tree plantings (e.g. Morón et al. 2008, Firbank 2005, 

Gossner et al. 2016, Seibold et al. 2019). Landscape changes cause fragmentation of remaining 

semi-natural habitats into small and isolated patches, that are scattered between crop fields and 

forests (Jauker et al. 2009, Clough et al. 2014). Furthermore, remnants of meadows have 

become threatened due to abandonment of mowing or grazing (Hilpold et al. 2018). Thus, as a 

result, vegetation succession has facilitated dominance of grass, together with shrubs and trees, 

over the valuable diversity of herbs (e.g. Pärtel et al. 2005, Hilpold et al. 2018). Ongoing 

changes in intensity of land use within semi-natural nutrient-poor meadows lead to the 

differences in plant community composition (Gossner et al. 2016).  

 In contrast to shifts in abundance and richness of pollinators with changing resources 

of meadows examined below, numerous questions regarding specialization in context with 

floral resources remain unanswered. Within a few papers covering the visitation specialization 

changes driven by land use intensification, it has been generally assumed that specialization of 
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pollinators is predicted to decrease with disturbances and degradation. Concretely, 

specialization is predicted to decrease through effects on abundance of a rare plant species or 

due to outgoing associations between traits (Weiner et al. 2011, 2014; Burkle and Knight 2012, 

CaraDonna et al. 2017, Villalobos et al. 2019). Oppositely, meadows with high floral nectar 

amounts may meet the energetic demands of various pollinators and offer them rewards at a 

rate initiating flower constancy of conspecific blossom or visitation specialization on a given 

floral type (e.g. Goulson 1999, Gillespie et al. 2017). Additionally, the role of the partner within 

community and/or substitutability of specific species may predict the response of the 

pollination network to changes in local density and diversity (e.g. Hilpold et al. 2018). 

Consequently, Goldstein and Zych (2016) revealed that removal of the most visited plant 

species in a lowland meadow stimulated transformations in the preference of pollinators and 

decreased their specialization. However, pollination interactions may be restored by 

substitution of traits similar to removed plant species´ traits (e.g. CaraDonna et al. 2017). Such 

interaction rewiring of impoverished networks is dependent mainly on potential abundances of 

generalists. In other words, interaction frequency resulting from abundance and diversity of 

both plants and pollinators has direct effect on pollination network architecture and persistence. 

Frequently interacting generalists, creating the network core, are expected to support the 

stability of a whole network (Bascompte and Jordano 2006, Chacoff 2018), while specialist 

pollinators may be more vulnerable to shifts in plant species composition and density (e.g. 

Biesmeijer et al. 2006, Steffan-Dewenter and Westphal 2008, Biella et al. 2019).  

 

1.3  Changes in floral resources and their impact on pollinators 

The quantity and diversity of resources offered by flowering plants is closely linked to size, 

complexity and management of the meadow habitat (Öckinger et al. 2012, Lazáro et al. 2020). 

In the context of plant-pollinator interactions, parallel declines in species richness and density 

of wildflowers can occur firstly as a result of a degradation, isolation or loss of meadows on 

the landscape scale (e.g. Ekroos et al. 2013, Seibold et al. 2019). Consequently, decreased plant 

species richness is expected to affect visiting frequency through declined attractiveness for 

insect (Ebeling et al. 2008, Vrdoljak et al. 2016), which maintain seed set and fitness of 

pollinated plants in meadows (e.g. Kunin 1993, Vanbergen et al. 2019). Simultaneously, 

pollinator populations suffer from reduction of floral resources (i.e. nectar and pollen) and as 

a response, decline in pollinating insect emerges (e.g. Venjakob et al. 2016). Accordingly, in 
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this thesis, I considered species richness, abundance of flowers and floral nectar sugar amount 

among the most important factors expected to affect pollination interaction between insect 

flower visitors and their interaction partners in semi-natural meadows (e.g. Ebeling et al. 2008, 

Hudewenz et al. 2012, Goulnik et al. 2020). 

 

Species richness and abundance of flowering plants 

With respect to numerous studies, positive relationships between diversity and density of floral 

resources along with diversity and density of pollinators have been studied at the landscape 

level (e.g. Steffan-Dewenter et al. 2002, Potts et al. 2004, Kremen et al. 2007). Enhanced 

species richness and density of flowering plants are expected to promote high richness of 

pollinating insect by facilitation of specific pollinator foraging preferences with wider pollen 

and nectar rewards offer (Ebeling et al. 2008, Goulnik et al. 2020). Positive relationship 

between species richness and stability can be than predicted by functional redundancy of 

pollinator species, thereby stabilizing the frequency of flower visits. For example, Ebeling et 

al. (2008) showed that the great species richness of flowering plants supports high number of 

pollinator species with the explanation by increased floral resource heterogeneity and therefore 

increased attractiveness for pollinators. In contrast, Hegland and Boeke (2006) did not find any 

effect of plant species richness on pollinator species richness at the local scale. On the other 

hand, they observed abundance of flowers to have strong effect on the pollinators with higher 

pollinator activity expected in denser patches. Similarly, numbers of flowering plant species 

and increased blossom cover is mainly associated with higher pollinator species richness and 

flower visitation (Hudewenz et al. 2012, Blaauw and Isaacs 2014). Density of inflorescences 

positively influencing visitation of pollinators also revealed Fowler et al. (2016) and Lázaro et 

al. (2020), where in the latter overall number of pollinator visits in grasslands has been 

significantly lower with reduction of habitat area and flower richness. Consequently, increased 

flower richness and density may enable pollinating insects to choose from larger variety of 

floral rewards and shift visitation preferences or visitation frequency as well as density and 

composition of pollinators (Ebeling et al. 2008, Milbert et al. 2016, Hutchinson et al. 2020).  
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Flower nectar sugar amount  

Nectar present in flowers serves as a rich source of energy with high amount of carbohydrates 

for insects and thus is expected to be driver of the floral choice of pollinators (e.g.  Fowler et 

al. 2016, van Rijn and Wäckers 2016, Pyke 2016 and references therein). By attracting flower 

visitors, plants offering floral rewards have a higher probability of reproduction success via 

pollen transfer and increased production of seeds (e.g. Goulson 1999, Knight et al. 2005) 

Moreover, nectar rewards may promote pollinator’ association between given plant species and 

valuable floral resources resulting in the flower constancy (Goulson 1999, Gillespie et al. 

2017). In such cases, flower constant pollinator preferably visits the same flowers connected 

with previous rewarding experience and hence increases transfer pollen between conspecifics 

(Kunin 1997, Gillespie et al. 2017). However, plants that rely on insect pollination are forced 

to trade-off between costly nectar production increasing the possibility of cross-pollination and 

investments to plant growth-reproduction. Pollinator loss then may amplify pollen transfer 

depression via additional plant-allocation limitation (Gilbert et al. 1991).  

Despite nectar sugar amount and composition, the importance of pollen as the driving 

force affecting visitation preferences has been highlighted (Potts et et al. 2003). Pollen grains 

are searched as source of lipids and proteins, with the protein: lipid ratio or composition of 

proteins shaping foraging preferences in meadows (Somme et al. 2015). Nevertheless, Fowler 

et al. (2016) observed that floral abundance and nectar quality (total sugar per inflorescence) 

positively affect pollinator visitation and assumed that nectar volume and sugar concentration 

appear to be the driver the floral choice of pollinators rather than protein amount in pollen and 

quantity of pollen grains. Similarly, van Rijn and Wäckers (2016) pinpointed the nectar 

importance, as density of hoverflies was correlated with number of flowers with accessible 

nectar in laboratory studies. Biella et al. (2019) discovered changes in flower visitors´ 

preferences by the sequential experimental removal of the most visited plants from the meadow 

community. As a result, overall visitation rate decreased simultaneously with pollinators’ 

switch of visitation towards more rewarding, smaller inflorescences with higher content of 

nectar sugar per flower. Based on this evidence, environmental changes manifested through 

floral rewards shifts are hypothesised to affect insect visitors’ foraging preferences and 

composition.  
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1.4  Pollination interactions and specialization of hoverflies 

Hoverflies are important and frequent pollinators of many plant species (e.g. Ssymank et al. 

2008, Woodcock et al. 2014) with reported flower constancy (e.g. Kearns et al.  1997). In 

addition, large and pilose hoverflies, such as Eristalis species, show an ability to carry large 

pollen loads similar to amounts transferred by honeybees (Apis mellifera), as reported by 

Chisausky et al. (2020). Furthermore, hoverflies provide important services as larval predators 

of aphids and pollinators within commercial crops (Bugg et al. 2008). Unlike bees, hoverflies 

do not return to feed their offspring, and consequently they can transfer pollen for larger 

distances (Vanhaelen et al. 2001, Jauker et al. 2009). It makes syrphids irreplaceable 

pollinators, especially in patchy habitats with agricultural surroundings unsuitable for both wild 

bees and honey bees, as confirmed by several studies (e.g. Jauker et al. 2009, Rader et al. 2011). 

 Even though larvae of syrphids show a great variety of foraging strategies (predatory, 

phytophagous, saprophagous or mycophagous), adult hoverflies feed almost exclusively on 

floral nectar and pollen or consume honeydew produced by aphids (Speight et al. 2013). 

Females favour protein-rich pollen for reproductive system maturation and egg development, 

while nectar serves as an actual source of energy (Inouye et al. 2015). 

 Congruently with other insect pollinators, species richness and density of hoverflies is 

generally predicted to be positively influenced by the amount and diversity of flower resources 

in meadows (e.g. Hegland and Boeke 2006, Meyer et al. 2009, Fründ et al. 2010, Lucas et al. 

2017, Moquet et al. 2018, Jauker et al. 2019). For instance, Hegland a Boeke (2006) observed 

foraging activity and species richness of hoverflies to increase with flower abundance. 

Accordingly, in another study, density and diversity of syrphids responded positively to 

increasing wild-flower richness (Blaauw and Isaacs 2014). The total number of syrphid species 

increased with the number of plant species in Austrian and Swiss semidry meadows in the 

study realised by Walcher et al. (2020). Moreover, the same study revealed that hoverfly 

abundance was positively affected by plant species richness. In contrast, Babaei et al. (2018) 

found a negative relationship between density together with diversity of flowering plants and 

syrphid abundance and species richness in forests, explained by the fact that dense species of 

plants may attract more individuals of the same hoverfly species. Although overall effect of 

floral resources on richness, abundance and composition of hoverflies is expected, the 

knowledge of activity and occurrence patterns of hoverflies is still scarce (e.g. Babaei et al. 

2018, Moquet et al. 2018). 
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 Our knowledge on specialization of syrphids in relation to the floral resources of 

flowering plants remains limited (e.g. Babaei et al. 2018). Based on visitation records from a 

broad range of plant species, hoverflies are mostly considered as generalist pollinators (e.g. 

Branquart and Hemptinne 2000, Lucas et al. 2018b). However, there is evidence for specialized 

patterns in both individual and species level (e.g. Shi et al. 2009, Lucas et al. 2018b). It was 

previously expected that hoverflies tend to favour simple types of large inflorescences with 

open flowers and easily reachable nectar rewards. Nevertheless, several studies revealed local 

differences in flower shapes, colours, and scents preferred by hoverflies within continental 

scale (Nordström et al. 2017). Similarly, Ssymank (2008) proposed that syrphids may exhibit 

preferences for flower colour and type when the local flowering phenology is taken into 

account, resulting in rather narrow foraging choices. Sutherland et al. (1999) reported 

preference for nectar rather than pollen as a reward for Episyrphus balteatus on a study with 

artificial flowers. Simultaneously, individuals of E. balteatus preferred flowers with easily 

approachable nectar sugar, as found by van Rijn a Wäckers (2016), together with increased 

abundance and survival of offspring in patches with such flower type. Differences among 

hoverfly individuals in their gut pollen contents were observed by Klečka et al. (2018) in a 

study realized in Czech grasslands, confirming variable foraging selectiveness even for 

hoverflies of the same species and regardless of floral resources. Moreover, there are studies 

supporting the hypothesis that hoverflies visit flowers almost randomly without detectable 

preferences (Hegland and Boeke 2006, Blaauw and Isaacs 2014). Despite that specialization of 

syrphids may differ on the subfamily or species level and possibly during individual lifespans, 

Jauker et al. (2019) assumed that pollination networks of hoverflies in fragmented habitat with 

reduced density and diversity of flowering herbs are recreated into significantly smaller and 

more connected networks with decreased specialization of visits. On the contrary, Weiner et 

al. (2011) did not find a significant difference in the level of species specialization of hoverflies 

between meadows maintained by low- and high-intensity management regimes. Furthermore, 

the measured specialization of hoverflies and other dipterans was the lowest between all flower 

visitor groups.  
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2. AIMS OF STUDY 

In this thesis, my aim is to assess to what extent is visitation specialization, species richness 

and abundance of hoverflies influenced by floral resources in meadows. I study the patterns on 

two different space scales, i.e. on a whole meadow and within a transect. Moreover, data of 

floral rewards are added to the calculation of specialization indices to magnify the extent to 

which pollination networks depict the actual visitation specialization.  

 Firstly, I aim to examine changes in the visitation specialization of hoverflies in 

response to daily nectar sugar production, i.e. floral nectar rewards. I hypothesize these patterns 

to be positively correlated, but more significant on the smaller spatial scale, i.e. within a 

transect, due to optimal foraging effort by individual hoverflies.  

 Secondly, I would like to focus on the effect of species richness and abundance of 

flowering plants on the visitation specialization of hoverflies. I expect the visitation 

specialization to increase with abundance and diversity of flowers on the transect scale rather 

than within a whole meadow.  

 Finally, I would like to examine the relationship between species richness of flowering 

plants and species richness and abundance of hoverflies, which I expect to be positively 

correlated on both transect and meadow scale based on previous studies. Consequently, I aim 

to identify the effect of floral abundance on abundance and species richness of visiting 

hoverflies. It is hypothesized that more diverse and abundant meadow will host syrphid 

pollinators with higher species richness and abundance. However, I expect that species richness 

and abundance of floral resources on the transect-scale will not be strongly affecting diversity 

and abundance of hoverflies, because patches within transect with an abundant individual plant 

species are expected to attract pollinators of the same species. 

 To my knowledge, this thesis is the first study of pollination network with both 

unvisited plants records and nectar rewards data. I use the approach to magnify the extent to 

which bipartite networks depict specialization of pollinators by including resources assigned 

to each of the plant species present in the community and thus possibly perceived by hoverflies.  
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3. MATERIALS AND METHODS 

3.1  Study location and sites  

The study was conducted in the Železné hory Protected Landscape Area, eastern Bohemia, 

Czechia. This submontane region with an elevation of 260-670 m a.s.l. consists of a mosaic of 

forests, rural areas, arable fields, meadows and water bodies. As a result of extensive 

agriculture management in the past centuries, semi-natural meadows used to cover a substantial 

part of the landscape, harbouring a with high diversity of herbaceous plants and their 

pollinators. Chytrý et al. (2015) reported a Czech record in the number of flowering plant 

species (21 species on 0.01 m2) from Buchtovka Nature Monument near Trhová Kamenice in 

Železné hory. Thus, semi-natural meadows of Železné hory make conditions for the occurrence 

of numerous insect species (e.g. Šumpich 2001). Nonetheless, a recent combination of land use 

intensification and abandonment of meadows managements cause a serious degradation of 

most species-rich meadows, resulting in their serious fragmentation in the anthropogenic 

landscape.  

 Within the study area, 13 semi-natural meadows of approximately similar size were 

selected to represent the local gradient of their degradation (Fig. 1, Tab. 1), as the diversity and 

amount of floral resources is known to decrease with degradation (e.g. Weiner et al. 2011, 

Lázaro et al. 2020). All selected oligotrophic to mesotrophic wet meadows have been managed 

by non-intensive mowing and can be associated to the Caricion fuscae, Calthion palustris or 

Molinion caeruleae alliances (sensu Chytrý 2007). At each meadow, 20 sampling transects 

(4m long and 1m wide, Fig. 2) were established to represent the local diversity in floral 

resources.  
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Fig. 1 Map of the Železné hory PLA with the study sites represented by white dots, yellow diamond denotes the 

locality where the highest richness of flowering plants visited by hoverflies was measured  

 

Locality 
Area 

(ha) 
Coordinates Altitude 

Plant species 

richness 
Floral abundance 

24h nectar 

sugar 

production (g) 

total/2016/2017 2016/2017 2016/2017 

Chobotovský 

rybník 
0.71 49.7827N, 15.8381E 535 m 31/24/29 1,166,788/3,471,173 11.6/35.6 

Hluboký 

rybník 
0.41 49.8646N, 15.8352E 380 m 28/23/22 1,385,949/3,601,123 13.4/14.7 

Kohoutov 0.98 49.7017N, 15.8368E 585 m 47/41/44 4,631,454/9,454,124 56.6/65.5 

Košinov 0.63 49.7147N, 15.8798E 595 m 42/37/36 2,373,937/15,109,988 38.8/103.4 

Koupaliště 1.04 49.7801N, 15.8135E 545 m 40/35/33 4,377,446/4,287,089 67.8 /33.2 

Mokřadlo 0.73 49.7237N, 15.7560E 445 m 18/15/14 1,278,225/1,655,815 12.5/7.2 

Možděnice 0.47 49.7707N, 15.7829E 590 m 23/18/21 503,257/672,585 6.6/8.4 

Rohozná 0.41 49.7998N, 15.8129E 555 m 27/20/26 635,062/1,053,388 6.3 /13.2 

Rváčov 0.78 49.7664N, 15.8678E 580 m 32/25/31 4,206,881/1,325,027 84.6/42.2 

Strádovka 0.56 49.8116N, 15.8050E 580 m 22/18/19 1,233,080/957,172 8.7/6.5 

Zbyhněvice 0.69 49.8904N, 15.7013E 465 m 58/40/49 3,193,791/2,793,398 25.5/19.8 

Zelinky 0.80 49.7673N, 15.8789E 590 m 25/22/19 1,804,927/1,569,396 34.6/33.9 

Zubří 0.99 49.7777N, 15.7910E 610 m 28/26/23 12,242,211/10,187,043 131.7/196.6 

Table 1: Summary of study localities with meadow name, area (in ha), coordinates, altitude and floral resources 
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Locality 

Abundance of 

hoverflies 

Species 

richness of 

hoverflies 

 

Mean specialization 

d´abundance  

 

 

Mean specialization 

 d´nectar 

 

2016/2017 2016/2017 2016/2017 2016/2017 

Chobotovský rybník 179/157 15/14 0.286/0.422 0.340/0.217 

Hluboký rybník 162/178 12/15 0.163/0.336 0.228/0.371 

Kohoutov 316/457 15/27 0.191/0.312 0.355/0.292 

Košinov 469/236 13/18 0.252/0.350 0.505/0.320 

Koupaliště 134/113 10/12 0.216/0.565 0.244/0.522 

Mokřadlo 261/35 12/10 0.127/0.298 0.193/0.190 

Možděnice 250/158 12/13 0.085/0.039 0.087/0.235 

Rohozná 340/178 20/13 0.211/0.132 0.367/0.099 

Rváčov 173/181 11/24 0.299/0.331 0.216/0.228 

Strádovka 152/87 15/9 0.195/0.189 0.123/0.052 

Zbyhněvice 166/148 14/11 0.128/0.235 0.238/0.227 

Zelinky 316/206 15/12 0.331/0.264 0.342/0.280 

Zubří 375/288 17/21 0.246/0.229 0.358/0.344 

Table 2: Abundance, species richness and mean specialization of hoverflies in study localities. 

 

 

Fig. 2: Example of a sampling transect in the species-rich Kohoutov meadow. 
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3.2  Sampling of hoverflies and floral resources 

To investigate visitation patterns, specimens of hoverflies were collected in sampling transects. 

In each selected meadow, 20 sampling transects (4 m long and 1 m wide, Fig. 2) were 

established and surveyed for visitation of hoverflies. Insect catching surveys were performed 

during vegetation seasons 2016 and 2017 (July-August), with 5 replications (3 times in 2016 

and 2 times in 2017, respectively), and in a standardised way. Firstly, to avoid sampling effects 

due to weather variations, surveys were performed during warm and sunny conditions without 

rain or strong wind between 8:30 to 16:30. Secondly, hoverfly specimens were captured for 10 

minutes per plot, with changing daily intervals for each replication to include the alternations 

in pollinators’ activity within daytime.   

Hoverflies were captured from all zoogamous plant species flowering within each 

transect during the sampling period by sweep nets and aspirators, stored in ethanol, and later 

pinned and identified. We considered and captured only those hoverflies directly touching the 

floral reproductive organs. The sampling was done by multiple team members, each transect 

was sampled by a couple of researchers, an entomologist and a botanist, to standardise the 

sampling effort and to avoid potential sampling biases. 

 The diversity and abundance of floral rewards was quantified as number of flowering 

zoogamous plants, number of zoogamous flowers, and their daily nectar production; each 

quantified separately for every transect and for the entire meadow, always by the same 

researcher (Štěpán Janeček) to avoid individual biases. In each transect, all flowers of all 

zoogamous species of plants were counted twice in each sampling year to cover potential 

temporal changes. For plants with compact inflorescences (such as Compositae or Apiaceae), 

flowers were firstly counted in 30 specimens per 3 meadows, and the number of inflorescences 

per transect was multiplied by the mean number of flowers per inflorescence. For flower 

abundance of whole meadows, each meadow was split into segments with similar vegetation. 

A total area of each segment was calculated in QGIS (QGIS Development Team, 2017) and its 

total number of flowers was extrapolated using numbers from the transect and segment area. 

The daily production of nectar sugars per flower of individual plant species was partly taken 

from Bartoš et al. (2020), and partly quantified applying the same sampling and analyses 

protocol. Nectar sugar production of 5 species has been taken from other studies (Tab. 3). For 

the nectar sugar production per transect and meadow, the daily production per flower was 

multiplied by the mean number of flowers of each plant species within each sampling year. 



14 
 

Plant species 

Nectar 

sugars 

(mg) 

Source of nectar data 

Mean number 

of flowers per 

meadow 

Number of 

interactions 

with 

hoverflies 

Aegopodium podagrica 0.01488 * 789,209 31 

Achillea millefolium 0.00056 * 227,125 41 

Achillea ptarmica 0.01752 * 947,409 96 

Alchemilla spp. 0.00008 * 49,927 0 

Angelica sylvestris 0.03741 * 100,401 2 

Anthriscus sylvestris 0.00860 * 334,927 22 

Betonica officinalis 0.14461 * 91,564 36 

Bistorta major 0.05980 * 2,640 5 

Campanula patula 0.73000 
Strzałkowska-Abramek 

et al. (2018) 
203 0 

Campanula 

rotundifolia 
0.14007 * 2,006 5 

Centaurea jacea 0.06669 * 111,516 36 

Cerastium holosteoides 0.01400 * 355 1 

Cirsium arvense 0.02072 * 20,235 32 

Cirsium heterophyllum 0.06658 * 99,968 21 

Cirsium oleraceum 0.06456 * 122,606 17 

Cirsium palustre 0.01111 * 233,401 661 

Cirsium rivulare 0.01100 * 3,928 2 

Crepis biennis 0.00980 * 46,222 4 

Crepis paludosa 0.00985 * 48,968 194 

Daucus carota 0.00270 Hicks et al. (2016) 90,789 1 

Dianthus deltoides 0.01041 * 1,133 10 

Epilobium palustre 0.03121 * 1,748 13 

Epilobium tetragonum 0.11490 * 456 2 

Filipendula ulmaria 0.00096 * 251,703 392 

Galium album 0.00152 * 1,750,551 174 

Galium aparine 0.00008 * 21,206 0 

Galium boreale 0.00118 * 47,264 2 

Galium palustre 0.00051 * 49,679 68 

Galium uliginosum 0.00227 * 484,834 326 

Galium verum 0.00135 * 3,341,194 120 

Geum urbanum 0.48086 * 114 1 

Gladiolus imbricatus 0.78994 * 507 0 

Hypericum maculatum 0.00047 * 37,646 1305 

Hypericum perforatum 0.00040 * 2,463 3 

Chaerophyllum 

aromaticum 
0.00947 * 100,495 6 

Impatiens noli-tangere 0.24787 * 275 1 

Impatiens parviflora 0.00137 * 1,335 1 

Knautia arvensis 0.08597 * 28,847 6 

Laserpitium 

prutenicum 
0.00896 * 65,633 

1 

Lathyrus pratensis 0.10996 * 9,615 23 

Leucanthemum 

vulgare 
0.00005 * 165,744 27 

Linum catharticum 0.05000 Hicks et al. (2016) 1,055 0 

Lotus corniculatus 0.04881 * 44,596 10 

Lotus uliginosus 0.00508 * 39,123 13 
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Lycopus europaeus 0.04689 * 9,976 0 

Lychnis flos-cuculi 0.26660 * 771 19 

Lysimachia nemorum 0.00085 * 247 1 

Lysimachia 

nummularia 
0.00050 * 1,855 0 

Lysimachia vulgaris 0.00088 * 140,360 533 

Lythrum salicaria 0.17576 * 5,296 23 

Mentha arvensis 0.03678 * 194,903 12 

Myosotis palustris 0.00389 * 14,408 80 

Peucedanum palustre 0.01725 * 54,509 28 

Pimpinella saxifraga 0.05200 Käpylä (1978) 197,887 4 

Polygala vulgaris 0.01127 * 490 0 

Potentilla erecta 0.08038 * 18,754 409 

Potentilla palustris 3.29968 * 363 0 

Prunella vulgaris 0.03838 * 24,074 15 

Ranunculus acris 0.05258 * 1,520 69 

Ranunculus flammula 0.03141 * 3,168 86 

Ranunculus repens 0.20592 * 45 0 

Rhinanthus minor 0.25000 Kwak et al. (1985) 1,384 0 

Sanguisorba officinalis 0.00759 * 132,483 109 

Scrophularia nodosa 0.61841 * 1,114 2 

Scutellaria galericulata 0.15184 * 3,994 2 

Selinum carvifolia 0.00996 * 139,247 13 

Stachys palustris 0.17759 * 13,181 1 

Stachys sylvatica 0.05368 * 17,852 0 

Stellaria graminea 0.11852 * 80,619 545 

Succisa pratensis 0.09831 * 1,156 0 

Symphytum officinale 0.37274 * 1,035 0 

Tanacetum vulgare 0.00878 * 3,879,025 12 

Thymus pulegioides 0.01160 * 210,323 15 

Trifolium hybridum 0.02557 * 29,613 2 

Trifolium pratense 0.01011 * 30,288 0 

Trifolium repens 0.03014 * 25,129 1 

Veronica chamaedrys 0.15398 * 72 1 

Veronica officinalis 0.09797 * 2,317 2 

Veronica scutellata 0.12597 * 619 1 

Vicia cracca 0.02476 * 7,561 17 

 
Table 3: List of the studied plant species with the daily nectar sugar production (in mg) and the mean number of 

flowers per meadow. Nectar sugar production denoted with a star was taken from Bartoš et al. 2020. 

 

3.3  Network analyses 

Altogether, 508 transect-scale and 29 meadow-scale pollination networks were constructed 

with the independent value vectors of floral resources. The number of transect-scale plant-

pollinator network is lower than the actual number of transects (580), because no hoverfly visit 

was recorded in some cases.  
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3.3.1 Quantifying specialization in pollination networks 

For calculation of the hoverflies’ specialization, a quantitative index d' introduced in Blüthgen 

et al. (2006) was used. This quantification of specialization based on Shannon entropy is 

considered robust against variation in matrix size, sampling effort and allows cross-comparison 

among different networks.  

 The fundamental mechanism behind the index is based on the Kullback-Leibler 

distance, evaluating the difference between two probability distributions (Kullback and Leibler 

1951). Interactions recorded in a contingency table r x c, with r rows representing one 

mutualistic party such as flowering plant species, and c columns representing the other party 

such as pollinator species. In each cell of the contingency table, the frequency of interaction 

between plant species and pollinator species is given as aij (Table 4).  

 

 Visitor sp. 1 Visitor sp. 2 … Visitor sp. c Total 

Plant sp. 1 a11 a11 … 0 𝐴𝑖=1 = ∑ 𝑎1𝑗

𝑐

𝑗=1

 

Plant sp. 2 a21 a21 … 0 𝐴𝑖=2 = ∑ 𝑎1𝑗

𝑐

𝑗=1

 

… ... … … … … 

Plant sp. r ar1 ar2 … 0 𝐴𝑖=𝑟 = ∑ 𝑎𝑟𝑗

𝑐

𝑗=1

 

Total 𝐴𝑗=1 = ∑ 𝑎𝑖1

𝑟

𝑖=1

 𝐴𝑗=2 = ∑ 𝑎𝑖1

𝑟

𝑖=1

 … 𝐴𝑗=3 = ∑ 𝑎𝑖𝑐

𝑟

𝑖=1

 𝑚 = ∑ ∑ 𝑎𝑖𝑗

𝑐

𝑗=1

𝑟

𝑖=1

 

 

Table 4: Elements in a species association matrix. Interaction frequencies (aij) between c animal and r plant 

species and their respective totals (rows:Ai , columns: Aj , total elements: m). Derived from Blüthgen et al. (2006) 

 

Each interaction in the pollination network (aij) can be determined as a proportion of the total 

interactions in the network (m): 

𝑝𝑖𝑗 =
𝑎𝑖𝑗

𝑚
 , ∑ ∑ 𝑝𝑖𝑗

𝑐

𝑗=1

𝑟

𝑖=1

= 1 . 
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The proportion of the number of interactions of an animal j on a plant i (aij) in relation to the 

respective row total (Ai, i.e. number of interactions realized on a plant i) is then described as  

𝑝′
𝑖𝑗

=
𝑎𝑖𝑗

𝐴𝑖
 , ∑ 𝑝′

𝑖𝑗

𝑐

𝑗=1

= 1 . 

Consequently, the proportion of all interactions of an animal j (Aj, i.e. respective column sums) 

in relation to the total number of interactions within network (m) is assigned as 

𝑞𝑗 =  
𝐴𝑗

𝑚
 , ∑ 𝑞𝑗

𝑐

𝑗=1

= 1 . 

Thus, the specialization index of a species i compares the probability distribution of the 

interactions with each partner (p′ij) to the overall partner availability (qj) and is denoted by 

Kullback-Leibler distance as 

𝑑𝑖 =  ∑ (𝑝′
𝑖𝑗

∙ ln
𝑝′

𝑖𝑗

𝑞𝑗
)  

𝑐

𝑗=1

. 

In order to allow scale-independent network comparisons, di index is normalized as 

𝑑′𝑖 =  
𝑑𝑖 − 𝑑𝑚𝑖𝑛

𝑑max −  𝑑𝑚𝑖𝑛
  ,     

where dmin and dmax represent the lowest and highest d value of a pollinator within the network 

with the given number of interactions and the proportion of marginal sums. The standardized 

index (d´) ranges between 0.0 (full generalization) and 1.0 (full specialization) values and can 

be interpreted as the deviation of the interaction frequencies of given species from null model, 

where each partner is visited in proportion to their availability. 

For comparison among networks, the weighted mean of the standardized specialization is 

calculated as  

〈𝑑′𝑖〉 =
1

𝑚
∑(𝑑′𝑖 ∙ 𝐴𝑖) .

𝑟

𝑖=1
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In this thesis, the d' index is used for the quantification of how specialized the visitation 

of hoverflies is with respect to the plants available in a given network (Blüthgen et al. 2006). 

The overall specialization values for each transect and location was determined by averaging 

the d' value of each hoverfly species per site. However, specialisation index in this study was 

calculated with additional floral resource data included as independent vectors, aiming to 

capture the influence of flower resources on a hoverfly specialization in more details. 

 Due to computational constraints, pollination network matrices used for calculation of 

d′ specialization need to be comprised of both plant and pollinator parties with at least one 

realised interaction. Specifically, when observing pollinators’ decision of resource use, it 

allows us to include just the utilized resources while ignoring plant species which were present 

in the site, yet not visited by any of the pollinators. A possible solution to this constraint may 

be the replacement of matrix marginal sums with independent abundance data (Blüthgen et al. 

2006). Consequently, matrix treated in this way can include species with no interaction, 

because marginal sums are non-zero due to the external data. To refine the quantification of 

the availability and distribution of resources offered to pollinators, addition of the independent 

resource values is described and applied in section below. Additionally, to incorporate all plant 

species present in the site, thus possible influencing decisions of foragers, I propose the usage 

of the unvisited plants records as extension for the d' specialization calculation. 

 

3.3.2 Implementing the floral resources in the pollination network metrics 

As stated by Blüthgen et al. (2006), network analyses are limited by a measure of partner 

availability (qij) used as a constraint for standardization. Fixed row and column totals of matrix 

(Ai and Aj, respectively) originally proposed as network partner availability do not reflect actual 

resource spectrum offered to pollinators in the network. Specifically, the “weight” of plants 

within network is captured only by total number of interactions received by individual plant 

species (Blüthgen et al. 2006). That way, usage of interaction frequency sums leads to distorted 

results when comparing plants offering considerably different rewards for visitors. For 

instance, when plant dominantly abundant within network records just a few pollinators or 

oppositely rare plant species with little number of flowers receive dozens of visits, the 

differences in partner availability (qij) remain ignored, being predicted by the interaction 

frequency. As mentioned in introduction of this thesis, density and diversity of floral resources 

can directly affect the foraging decision of pollinator and disregarding of such influence can 



19 
 

result in misleading network patterns interpretation. Incorporation of independent data about 

resources (availability and quality) or consumers (activity density and consumption rate) is 

suggested as possible solution to include refining utility of mutualistic network metrics.  

 Independently measured nectar sugar amounts and flower abundances were used for 

this purpose as vector b, for which the measured floral abundance and nectar corresponded to 

the order of the plant species in the matrix (Table 5). Importantly, additional data may be used 

for the higher party of interaction network only, because partner availability (qij) is computed 

using matrix column sums (Aj). Due to this constraint, plant species have to be represented by 

columns and pollinators by rows. The examined network is thus rotated with rows representing 

pollinator species and columns data for flowering plants. The proportion of all interaction of a 

plant species to total number of interactions for plants is derived from the original formula as 

𝑞𝑗 =
𝐵𝑖

𝑠
   , 

where Bi is the abundance or nectar data of plant species i. Accordingly, the weighted mean of 

the standardized specialization with the additional data is proposed as 

〈𝑑′𝑖〉 =
1

𝑠
 ∑(𝑑′𝑖 

𝑟

𝑖=1

∙ 𝐴𝑖) . 

 Plant sp. 1 Plant sp. 2 … Plant sp. c Total 

Visitor sp. 1 a11 a11 … 0 𝐴𝑖=1 = ∑ 𝑎1𝑗

𝑐

𝑗=1

 

Visitor sp. 2 a21 a21 … 0 𝐴𝑖=2 = ∑ 𝑎1𝑗

𝑐

𝑗=1

 

… ... … … … … 

Visitor sp. r ar1 ar2 … 0 𝐴𝑖=𝑟 = ∑ 𝑎𝑟𝑗

𝑐

𝑗=1

 

Total B1 B2 … Bc 𝑠 = ∑ 𝑏𝑖

𝑟

𝑖=1

∑ 𝑎𝑖𝑗

𝑐

𝑗=1

 

 

Table 5: Elements in a species association matrix with additional abundance data. Interaction frequencies (aij) 

between r animal and c plant species (rows: Ai , independent distribution data: Bc, total elements: s) . Modified 

from Blüthgen et al. (2006) 
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3.3.3 Extending pollination network metrics with unvisited plants records 

Concurring aim of this study is to quantify how visitation specialisation is changing upon all 

resources offered to visitors in the meaning of plant species richness. To observe the largest 

possible extent of resources influencing pollinators´ choice, taking unvisited plants into 

account can serve as a specifying instrument. In accordance to the principle of the Kullback-

Leibler divergence, interaction matrix applied for d´ quantification can contain rows and 

columns with at least one non-zero input only (Table 4). Based on this computing limitation, 

every node of a pollination network needs to be linked with at least one of the partners present 

in the opposite party of the network. However, the unrealized but possible visits can complete 

the principles of the complex foraging behaviour of pollinators. From pollinators´ point of 

view, member located in the given time and site without an interaction can be easily excluded 

from the network, because non-interacting visitor cannot transfer pollen grains within network 

and thus is not a pollinator nor co-forager. However, when talking about plants, individuals 

present in study site, but unvisited, still act as a part of resources available and may supply a 

floral display that affects foraging decisions of the pollinator. Adding the independent floral 

resource data (vector b, Table 5) allows to add columns with zero-only values to interaction 

matrix, because none of the marginal columns sums have zero value when replaced by floral 

data for both visited and unvisited plant species. Based on this advantage, I decided to use 

manipulated networks with floral resource data and extend them with plant species, that were 

present and measured in plots but not visited by hoverflies (represented by Plant species c in 

Table 5). Possibly, such extended pollination enriched by floral data and full plant species’ 

offer could provide more realistic insight into the patterns of pollinators’ preferences. 

 

3.4  Statistical analyses 

Generalized linear mixed-effects models (GLMM) with adaptive Gauss-Hermite quadrature 

and negative binominal distribution (glmer.nb) realized in the lme4 package (Bates et al. 2015) 

were used to test the influence of floral resources on species richness, abundance and 

specialization of visiting hoverflies. The three predictors used in GLMM were plant species 

richness, floral abundance and 24h nectar sugar production (g). I used d'nectar and d'abundance 

(two variables with floral nectar amount and flower abundance values included in the mean d' 

degree of specialization calculation), abundance of hoverflies and species richness of 

hoverflies as four response variables. All variables were identical for both transect and meadow 
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partial datasets. The transect and meadow IDs were included as random effects to account for 

repeated sampling of each site. All these measures were diagnosed using fitdistrplus 

(Delignette-Muller et al. 2015) and DHARMa (Hartig 2016) packages. The intercorrelation 

among the four response variables (for hoverflies), as well as among the three explanatory 

variables (for plants) were tested, with only floral abundance and nectar amount found to be 

strongly correlated on the meadow scale (R2=0.87, p<0.01).  However, I used both variables in 

separate GLMMs to reveal the influence of particular floral resource on pollinator 

specialization.  Differences in d'nectar and d'abundance specializations between the years was 

calculated on the transect scale (Wilcoxon test, W= 93.5, p= 0.66; W= 47.5, p= 0.06) and the 

meadow scale. (Wilcoxon test, W= 31691.5, p= 0.61; W= 268705, p= 0.02). The significant 

difference between years for d'abundance on the meadow scale suggested to include the year of 

sampling as a variable, however, the complexity of the resulted GLMMs did not finally allow 

to run the algorithm. As three GLMMs were computed with each partial dataset for the transect 

and the meadow scale, results with p<0.017 were considered significant after Bonferroni 

corrections. All statistical analyses were performed using R v. 3.6.2 (R Core Team, 2020). 

 

  



22 
 

4. RESULTS 

Overall, 5,715 hoverfly individuals from 57 species were recorded in the constructed 

pollination networks (Table 6). Kohoutov represented the meadow with the highest species 

richness of flowering plants, with 41 and 44 flowering species in 2016 and 2017, respectively. 

Oppositely, Mokřadlo was the species-poorest meadow, with 15 and 14 flowering species 

detected in 2016 and 2017, respectively (Table 1). The daily nectar sugar production per 

meadow ranged from 6.3 g to 197 g, with the highest daily production of nectar sugars in the 

meadow Zubří in 2017. Potentilla palutris (Rosaceae) was the most rewarding plant species 

with 3.3 mg of nectar sugar in a single flower and average number of 363 flowers in the 

meadow. Plant species with the highest number of hoverflies’ visits (1,305 interactions) was 

Hypericum maculatum (Hypericaceae) offering 0.0005 mg of nectar sugar per flower in the 

average of 37,646 flowers present in the meadow (Table 3). The highest number of flowers 

was found in the same meadow for both seasons. In 2016, the largest average number of flowers 

was 532,270 in Zubří. In the next year, the same meadow contained plants with the mean of 

509,352 flowers. The meadow with the lowest mean number of flowers was Možděnice with 

34,705 and 36,348 flowers in 2016 and 2017, respectively. The most common hoverfly species 

were E. balteatus and Sphaerophoria sp. with assigned 3,287 and 1,282 interactions, 

respectively (Table 6). 

 

Specialization of hoverflies 

On the transect-scale, the only significant relationship of hoverfly specialization was revealed 

for plant species richness and mean specialization with included distribution of floral 

abundance (d'abundance, Table 7; Fig. 3). The mean visitation specialization regarding distribution 

of nectar rewards (d'nectar) was not significantly affected by any of the floral resources  

(Table 7).  

On the meadow-scale, the mean specialization of hoverfly species with nectar amount 

distribution incorporated (d'nectar) and all floral resource variables (i.e. plant species richness, 

abundance and nectar amount) were significantly correlated (Table 8, Fig. 4). The mean 

specialization d' with included floral abundance distribution (d'abundance) was positively related 

to the floral abundance (Table 8, Fig. 4). Non-significant relationship was found between 

d'abundance, nectar sugar production and plant species richness of whole meadows (Table 8). 
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Species richness and abundance of hoverflies 

With respect to relationship between species richness of hoverflies, abundance of hoverflies 

and floral resources on the transect scale, plant species richness was the only variable not 

significantly correlated (Table 7). Species richness and abundance of hoverflies were 

significantly affected by nectar sugar production and floral abundance. Moreover, plant species 

richness positively correlated with species richness of hoverflies on the transect scale (Fig. 4). 

In contrast, plant species richness did not significantly affected abundance of hoverflies on 

transects. 

 None of the analyses between species richness and abundance of hoverflies and three 

floral resources variables (plant species richness, nectar sugar production and floral abundance) 

was significant on the meadow scale (Table 8). 

.  

Fig. 3: Pollination network of the species-rich Kohoutov meadow with unvisited plants (red rectangles without a 

grey link). (A) the size of red rectangles (plant species) corresponds to the 24h nectar production of each plant 

species.  

(B) the size of red rectangles (plant species) corresponds to the floral abundance of each plant species. 
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Hoverfly species 

Number of 

interactions 

Mean 

specialization 

d´abundance 

Mean 

specialization 

 d´nectar 

2016/2017 2016/2017 2016/2017 

Anasimyia interpuncta 1/1 0.229/0.285 0.379/0.672 

Chrysotoxum arcuatum 5/25 0.137/0.402 0.255/0.340 

Chrysotoxum bicinctum 6/10 0.341/0.261 0.292/0.291 

Chrysotoxum cautum 1/0 0.353/NA 0.105/NA 

Chrysotoxum festivum 0/1 NA/0.322 NA/0.000 

Dasysyrphus spp. 0/5 NA/0.105 NA/0.211 

Dasysyrphus tricinctus 0/1 NA/0.221 NA/0.417 

Dasysyrphus pinastri/pauxillus 0/2 NA/0.286 NA/0.431 

Didea fasciata 1/3 0.190/0.227 0.612/0.291 

Didea intermedia 0/4 NA/0.130 NA/0.317 

Epistrophe diaphana 0/1 NA/0.206 NA/0.321 

Epistrophe grossulariae 4/5 0.175/0.552 0.083/0.724 

Epistrophe nitidicolis 0/1 NA/0.857 NA/0.777 

Episyrphus balteatus 2370/917 0.152/0.226 0.262/0.306 

Eristalis arbustorum 6/5 0.232/0.258 0.574/0.089 

Eristalis intricaria 0/2 NA/0.549 NA/0.628 

Eristalis jugorum 1/0 0.345/NA 0.633/NA 

Eristalis horticola 3/0 0.215/NA 0.137/NA 

Eristalis nemorum 10/39 0.196/0.268 0.346/0.252 

Eristalis pertinax 4/52 0.152/0.292 0.299/0.279 

Eristalis tenax 96/68 0.146/0.358 0.253/0.227 

Eristalinus sepulchralis 0/1 NA/0.145 NA/0.000 

Eupeodes spp. 34/31 0.188/0.248 0.240/0.194 

Cheilosia spp. 5/22 0.438/0.181 0.203/0.167 

Chrysogaster spp. 1/4 0.294/0.086 0.503/0.143 

Helophilus pendulus 6/6 0.255/0.549 0.351/0.331 

Helophilus trivittatus 0/2 NA/0.282 NA/0.101 

Melanostoma mellinum/scalare 64/56 0.248/0.219 0.262/0.193 

Meliscaeva spp. 5/9 0.153/0.361 0.516/0.230 

Myathropa florea 4/7 0.257/0.261 0.542/0.164 

Myolepta dubia 0/1 NA/0.000 NA/0.068 

Neoascia podagrica 7/6 0.262/0.199 0.179/0.220 

Neoascia tenur 6/0 0.611/NA 0.526/NA 

Neoascia geniculata 3/5 0.473/0.510 0.413/0.270 

Paragus spp. 5/0 0.042/NA 0.140/NA 

Parasyrphus spp. 4/15 0.055/0.432 0.229/0.229 

Pipiza spp. 0/22 NA/0.434 NA/0.317 

Pipizella spp. 13/0 0.201/NA 0.231/NA 

Platycheirus spp. 1/0 0.164/0.440 0.170/0.161 

Platycheirus granditarsus 2/0 0.393/NA 0.165/NA 

Platycheirus rosarum 9/4 0.372/0.280 0.563/0.000 

Scaeva pyrastri 5/3 0.118/0.484 0.172/0.380 
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Scaeva selenitica 6/1 0.206/0.517 0.250/0.252 

Sericomyia silentis 1/1 0.273/0.517 0.136/0.252 

Sphaerophoria spp. 496/786 0.176/0.216 0.175/0.233 

Syritta pipiens 56/94 0.129/0.257 0.238/0.317 

Syrphus ribesii 21/98 0.190/0.252 0.358/0.316 

Syrphus torvus 1/25 0.249/0.302 0.421/0.246 

Syrphus nitidifrons 0/1 NA/0.471 NA/0.441 

Syrphus vitripennis 0/44 NA/0.286 NA/0.179 

Syrphus rectus 20/7 0.251/0.335 0.536/0.253 

Temnostoma vespiforme 1/0 0.022/NA 0.045/NA 

Tropidia scita 2/3 0.096/0.239 0.223/0.166 

Volucella pellucens 6/21 0.173/0.319 0.256/0.395 

Xanthandrus comtus 3/1 0.248/0.580 0.341/0.453 

Xanthrogramma pedissequum 1/0 0.348/NA 0.067/NA 

Xylota segnis 1/0 0.429/NA 0.581/NA 

 

Table 6: List of the studied hoverfly species with the number of interaction in each year and the mean 

specialization d´abundance and d´nectar.   
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transect-scale plant species richness nectar sugar production floral abundance 

 z p z p z p 

 

d´abundance 

 

3.712 <0.001* 0.257 0.799 0.569 0.571 

 

d´nectar 

 

0.728 0.467 -0.490 0.624 -0.444 0.657 

 

species richness 

of hoverflies 

 

5.366 <0.001* 5.531 <0.001* 4.584 

 

<0.001* 

 

 

abundance of 

hoverflies 

 

1.741 0.082 3.597 <0.001* 4.043 <0.001* 

Table 7: Results of generalised mixed effect models (GLMM) analysing effects of flowering plants species 

richness, floral abundance and daily production of nectar sugar on specialization, species richness and abundance 

of hoverflies on the transect scale. Results with p<0.017 were considered significant after Bonferroni corrections.

  

 

Fig. 3: Significant relationships on the transect scale between: (A) plant species richness and d'abundance, (B) plant 

species richness and species richness of hoverflies, (C) daily nectar sugar production and species richness of 

hoverflies, (D) floral abundance and species richness of hoverflies, (E) daily nectar sugar production and 

abundance of hoverflies, (F) floral abundance and abundance of hoverflies.  
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meadow-scale plant species richness nectar sugar production floral abundance 

 z p z p z p 

 

d´abundance 

 

1.867 0.062 2.234 0.025 3.438 <0.001* 

 

d´nectar 

 

 

2.738 

 

0.006* 

 

2.386 
 

0.017* 

 

2.421 
 

0.016* 

 

species richness 

of hoverflies 

 

 

 

0.813 

 

 

0.416 

 

 

1.704 

 

 

0.088 

 

 

2.144 

 

 

0.032 

 

 

abundance of 

hoverflies 

 

 

 

1.318 

 

 

0.187 

 

 

1.412 

 

 

0.158 

 

 

1.808 

 

 

0.071 

Table 8: Results of generalised mixed effect models (GLMM) analysing effects of flowering plants species 

richness, floral abundance and daily production of nectar sugar on specialization, species richness and abundance 

of hoverflies  on the meadow scale. Results with p<0.017 were considered significant after Bonferroni 

corrections.  

 

Fig. 4: Significant relationships on the meadow scale between: (A) floral abundance and d'abundance, (B) floral 

abundance and d'nectar, (C) daily nectar sugar production and d'nectar, (D) plant species richness and d'nectar. 
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5. DISCUSION 

Specialization of hoverflies 

Hoverflies are generally perceived as pollinators without stronger visitation preferences  

(e.g. Blaauw and Isaacs 2014, Lucas et al. 2018a), with variable specialization during lifespan 

and on subfamily or species level (e.g. Klečka et al. 2018). Nevertheless, the knowledge of 

how the visitation specialization of hoverflies changes with floral resources is limited and 

contradictory (e.g. Weiner et al. 2011, Jauker et al. 2019).  In contrast, the importance of 

hoverflies as pollinators has been highlighted by numerous studies (e.g. Ssymank et al. 2008, 

Raguso 2020). The value of pollination by syrphids was supported by data from Železné hory 

PLA and reported in Bartoš et al. (2020). Among all pollinator groups, seven plant species 

recorded a visit only from hoverflies. These finding underpin the overall hypothesized 

generalization of the floral visitation by syrphids. On the other hand, 15 of 80 plant species 

examined in this thesis have not been visited by hoverflies across transects and meadows at all 

(Table 3, Fig. 3). This fact may indicate a specialization of visits even within a plant genus 

(e.g. Ranunculus acris with 69, R. flammula with 89 and R. repens with 0 interactions 

recorded). Thus, due to the difference in hoverfly visitation between plant species of the same 

genus with identical flower type, unvisited plant species cannot be explained only by the traits 

mismatching. 

 Overall, results of this thesis revealed that hoverflies are responding differently at the 

transect scale and within a whole meadow. Specialization with included floral abundance 

distribution (d'abundance) was the only significantly affected measure of the visitation 

specialization on the transect-scale, increasing with plant species richness. The effect of plant 

species richness on the specialization considering distribution of floral abundance may indicate 

the tendency of hoverflies to visit plant species with a low number of flowers in species-rich 

transect. Such pattern may be related to the optimal foraging theory as the repetitive visit of 

the rewarding plant species (Charnov 1976). Therefore, in transects with high plant species 

richness, hoverflies may exhibit the flower constancy and visit even plant species with low 

floral abundance. The explanation for the hoverfly specialization not affected by other floral 

resource on a small spatial scale may be the randomness of visits of hoverfly individuals. 

Similar patterns of individual specialization differing regardless floral resources were found by 

Klečka et al. (2018) and a flexibility of foraging preferences among pollinators in transects was 

reported also by Fründ et al. (2010).  Interestingly, different opinions were presented by Lucas 
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et al. (2018a), observing overall visitation to be generalised on the species and the community 

level with short-term specialization of individuals. These temporal fluctuations in the visitation 

of individual hoverflies are expected to be driven by phenological changes in floral resources 

and the presence of predators (Goulson and Wright 1998). However, the number of studies 

focused on small-scale patterns of hoverfly visitation preferences is very low (Szigeti et al. 

2019 and references therein). 

 In contrast, the specialization of hoverfly visits was significantly affected by floral 

rewards rather than abundance and diversity of hoverflies when studied on the meadow scale. 

The visitation specialization of hoverflies considering distribution of floral abundance 

(d′abundance) responded significantly to all tested floral resources (plant species richness, nectar 

sugar production and floral abundance), whilst specialization regarding distribution of nectar 

sugar resources (d′nectar) was significantly affected only by the floral abundance. These results 

are contradictory to the low response of specialization to floral resources expected on the larger 

spatial scale (e.g. Lucas et al. 2018b). If the flower constancy emerges as the result of the niche 

partitioning between species (Haslett 1989), patterns observed in this thesis may indicate that 

interspecific competition together with the amount of floral resources act as important drivers 

of foraging preferences on the meadow scale. Moreover, hoverflies are able to be flower-

constant and specialized on a larger scale than was previously expected (Hegland and Boeke 

2006, Blaauw and Isaacs 2014). Based on these findings, it can be suggested that hoverflies 

may select for the rewarding, abundant and diverse flowers on large spatial scales, with the 

ability to the flower constancy throughout the whole meadow. Accordingly, decreased diversity 

and density of flowering plants due to management changes or abandonment, will affect 

specialization of hoverflies on the meadow scale. As a result, decreased specialization may 

have negative impact on the pollen transfer within a plant community (Gossner et al. 2016). It 

corresponds with results of the study done in meadows by Weiner et al. (2014), where d' 

visitation specialization decreased with land use on the meadow scale. Furthermore, Weiner et 

al. (2011) observed stronger effects of plant diversity on the diversity and species composition 

of specialized pollinators than on generalists within localities. However, similarly to the small 

scale, the relationships on the whole meadow have still not been sufficiently studied. 

  Generally, in the context of meadows degradation, results of this thesis suggest that the 

effect of floral resources on the visitation specialization of syrphids can be expected to emerge 

more significantly on the meadow scale (Table 7, Table 8). Considering these findings, 

hoverflies’ preferences may be shaped into more generalized upon the decreasing floral 
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resources on the whole meadow. Additionally, if a rewarding transect in the meadow is found, 

hoverflies will probably tend to exploit all of its resources, with visits realized on as much as 

possible flowers. Altogether, decreased floral resources are supposed to result in a smaller 

proportion of unvisited plant species together with decreased visitation specialization on the 

meadow scale (Table 8).  

 

Species richness and abundance of hoverflies 

The occurrence of hoverflies, represented as abundance and species richness, was significantly 

positively affected on the transect scale by floral resources, with the only exception for the 

relationship between plant diversity and hoverfly abundance (Table 7). These results are in 

concordance with Walcher et al. (2020), where diversity of hoverflies increased with diversity 

of plants on the transect scale. Similarly, floral species richness was positively related to both 

abundance and species richness in transects of the study done by Hutchinson et al. (2020). In 

contrast to the transect scale, floral nectar sugar production, as well as species richness and 

abundance of floral resources, did not affect the diversity and density of hoverflies in whole 

meadow. This results are consistent with the study of Moquet et al. (2019), in which floral 

resources positively correlated with the abundance of hoverflies at the plot level, whilst patch 

and landscape level composition had no effect.  

The non-significant correlation between flower and hoverfly diversity and abundance 

on the meadow scale in this study may resulted from the variation not explained by the plant 

species richness, floral abundance nor nectar production. For instance, it is expected that floral 

abundance and species composition of meadow plants is important for hoverflies as both 

foraging resources and sites for mating for laying eggs (Schweiger et al. 2007). Moreover, 

hoverflies with predaceous larvae, which made the majority of interactions in my study 

(Episyrphus balteatus and Sphaerophoria sp.), are expected to be influenced by prey density 

and quality of an oviposition site, which may temporary have stronger influence on the decision 

of movements and occurrence within landscape than floral resources (Kök et al. 2020). Thus, 

syrphids may tend to occur in higher abundances as the response of larval microhabitats or 

temporal mating sites of each meadow (Stökl et al. 2011). When on a species-rich meadow, 

hoverflies then occur in higher density and species richness on selected transects of meadows 

with matching requirements to mate or lay eggs (Vanhaelen et al. 2001). This could represent 
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the explanation for the positive relationship between diversity and density of hoverflies and 

floral resources on the transect scale.   

 When taking into account all possible factors affecting the presence of hoverflies on a 

large spatial scale, surrounding landscape was previously expected to influence densities of 

hoverflies (e.g. Steffan-Dewenter et al. 2002, Power et al. 2016). Hoverflies are considered as 

pollinators flying for long distances (e.g. Vanhaelen et al. 2001), which allows them to perceive 

resources within a local landscape. Thus, floral resources together with searching for a 

favourable landscape context between meadows are predicted to affect the syrphids’ 

occurrence and visitation. For instance, hoverflies with larvae dependent on decaying wood 

(e.g. Temnostoma sp.) may be temporarily affected by the presence of woodlands, species with 

aquatic larvae (e.g. Eristalis sp.) by the presence of drainage ditches or tiny ponds (Meyer et 

al. 2009, Speight et al. 2013). Once the meadow is located near such larvae habitats, density of 

hoverflies with the given larvae type increases (e.g. Meyer et al. 2009). These predictions are 

supported by the findings of Ouin et al. (2006), who assumed that hoverflies respond to habitat 

alternations at large landscape context. Nevertheless, Walcher et al. (2020) did not find any 

association between neighbouring landscape and syrphid diversity or composition. Overall, the 

effect of the surrounding habitats and larval resources could complete the drivers of hoverflies 

occurrence patterns, however further investigation is needed. 

 

  



32 
 

6. CONCLUSION 

The results from this study highlight the importance of floral resources as an important factor 

in the visitation specialization and occurrence of hoverflies in semi-natural meadows. 

Moreover, the results suggest that foraging behaviour of hoverflies tend to differ with the 

spatial scale and with floral resources. Findings from this study are contradictory to hypotheses 

predicting significant relationships between specialization and floral resources on the transect 

scale, based on optimal foraging theory. Floral resources did not correlate with the 

specialization of hoverflies within transects, possibly explained by the tendency to exploit as 

much as possible resources once a dense and diverse transect is found. In contrast, the visitation 

specialization of syrphids was significantly affected by species richness, floral abundance and 

daily floral nectar production of plants on the meadow scale. Therefore, floral resources may 

affect foraging preferences of hoverflies on larger scale than was previously expected.  

 Species richness and abundance of hoverflies were significantly positively related to 

floral resources on the transect scale. Such findings underpin the importance of density and 

diversity of wild plants for coexistence of pollinators on small spatial scales. Consequently, 

different response of hoverfly community based on floral resource distribution within both 

meadows and transects should stimulate the need for increasing the amount of additional data 

used in the pollination network analysis. For instance, context of landscape or resources for 

larvae could be added to extend the knowledge of cofactors shaping the preferences of 

pollinators. Landscape modifications cause numerous direct and indirect effects on plant and 

pollinator communities, thus only a synthesis of mechanisms behind such effects offers 

valuable nature conservation data. Extended index of specialization corresponding a bit more 

to the real patterns of pollinators’ visitation could act as a stepping stone to understand complex 

pollination interactions. 
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