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  Summary 

Summary 

Chapter 1 – General Introduction 

One of the greatest challenges of ecological research is to predict the 

response of ecosystems to global change; that is to changes in climate and land use. 

A complex question in this context is how changing environmental conditions 

affect ecosystem processes at different levels of communities. To shed light on this 

issue, I investigate drivers of biodiversity on the level of species richness, functional 

traits and species interactions in cavity-nesting Hymenoptera. For this purpose, I 

take advantage of the steep elevational gradient of Mt. Kilimanjaro that shows 

strong environmental changes on a relatively small spatial scale and thus, provides 

a good environmental scenario for investigating drivers of diversity. In this thesis, I focus 

on 1) drivers of species richness at different trophic levels (Chapter 2); 2) seasonal 

patterns in nest-building activity, life-history traits and ecological rates in three 

different functional groups and at different elevations (Chapter 3) and 3) changes 

in cuticular hydrocarbons, pollen composition and microbiomes in Lasioglossum 

bees caused by climatic variables (Chapter 4). 

Chapter 2 – Climate and food resources shape species richness and 

trophic interactions of cavity-nesting Hymenoptera 

Drivers of species richness have been subject to research for centuries. 

Temperature, resource availability and top-down regulation as well as the impact of 

land use are considered to be important factors in determining insect diversity. Yet, 

the relative importance of each of these factors is unknown. Using trap nests along 

the elevational gradient of Mt. Kilimanjaro, we tried to disentangle drivers of species 

richness at different trophic levels. Temperature was the major driver of species 

richness across trophic levels, with increasing importance of food resources at 

higher trophic levels in natural antagonists. Parasitism rate was both related to 

temperature and trophic level, indicating that the relative importance of bottom-up 

and top-down forces might shift with climate change. 
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Chapter 3 – Seasonal variation in the ecology of tropical cavity-nesting 

Hymenoptera 

Natural populations fluctuate with the availability of resources, presence of 

natural enemies and climatic variations. But tropical mountain seasonality is not yet 

well investigated. We investigated seasonal patterns in nest-building activity, 

functional traits and ecological rates in three different insect groups at lower and 

higher elevations separately. Insects were caught with trap nests which were 

checked monthly during a 17 months period that included three dry and three rainy 

seasons. Insects were grouped according to their functional guilds. All groups 

showed strong seasonality in nest-building activity which was higher and more 

synchronised among groups at lower elevations. Seasonality in nest building activity 

of caterpillar-hunting and spider-hunting wasps was linked to climate seasonality 

while in bees it was strongly linked to the availability of flowers, as well as for the 

survival rate and sex ratio of bees. Finding adaptations to environmental seasonality 

might imply that further changes in climatic seasonality by climate change could 

have an influence on life-history traits of tropical mountain species. 

Chapter 4 – Cryptic species and hidden ecological interactions of 

halictine bees along an elevational gradient 

Strong environmental gradients such as those occurring along mountain 

slopes are challenging for species. In this context, hidden adaptations or interactions 

have rarely been considered. We used bees of the genus Lasioglossum as model 

organisms because Lasioglossum is the only bee genus occurring with a distribution 

across the entire elevational gradient at Mt. Kilimanjaro. We asked if and how (a) 

cuticular hydrocarbons (CHC), which act as a desiccation barrier, change in 

composition and chain length along with changes in temperature and humidity (b), 

Lasioglossum bees change their pollen diet with changing resource availability, (c) gut 

microbiota change with pollen diet and climatic conditions, and surface microbiota 

change with CHC and climatic conditions, respectively, and if changes are rather 

influenced by turnover in Lasioglossum species along the elevational gradient. We 

found physiological adaptations with climate in CHC as well as changes in 

communities with regard to pollen diet and microbiota, which also correlated with 
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each other. These results suggest that complex interactions and feedbacks among 

abiotic and biotic conditions determine the species composition in a community.  

Chapter 5 – General Discussion 

Abiotic and biotic factors drove species diversity, traits and interactions and 

they worked differently depending on the functional group that has been studied, 

and whether spatial or temporal units were considered. It is therefore likely, that in 

the light of global change, different species, traits and interactions will be affected 

differently. Furthermore, increasing land use intensity could have additional or 

interacting effects with climate change on biodiversity, even though the potential 

land-use effects at Mt. Kilimanjaro are still low and not impairing cavity-nesting 

Hymenoptera so far. Further studies should address species networks which might 

reveal more sensitive changes. For that purpose, trap nests provide a good model 

system to investigate effects of global change on multiple trophic levels and may 

also reveal direct effects of climate change on entire life-history traits when 

established under different microclimatic conditions. The non-uniform effects of 

abiotic and biotic conditions on multiple aspects of biodiversity revealed with this 

study also highlight that evaluating different aspects of biodiversity can give a more 

comprehensive picture than single observations.  
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  Zusammenfassung 

Zusammenfassung  

Kapitel 1 – Allgemeine Einführung 

Eine der größten Herausforderungen der ökologischen Forschung ist es, 

die Reaktion der Ökosysteme auf den globalen Wandel, d.h. auf Veränderungen 

von Klima und Landnutzung, vorherzusagen. Eine komplexe Frage in diesem 

Zusammenhang ist, wie sich verändernde Umweltbedingungen auf die 

Ökosystemprozesse auf verschiedenen Ebenen von Gemeinschaften auswirken. 

Um dieses Thema näher zu beleuchten, untersuche ich die Triebkräfte der 

Biodiversität auf der Ebene des Artenreichtums, der funktionellen Eigenschaften 

und der Wechselwirkungen zwischen Arten bei Hautflüglern, die in Hohlräumen 

nisten. Zu diesem Zweck nutze ich den steilen Höhengradienten des 

Kilimandscharo, der starke Umweltveränderungen auf relativ kleinem Raum mit 

sich bringt und somit ein gutes System für die Untersuchung von Triebkräften der 

biologischen Vielfalt bietet. In dieser Arbeit konzentriere ich mich auf 1) 

Triebkräfte des Artenreichtums auf verschiedenen trophischen Ebenen (Kapitel 2); 

2) saisonale Muster in der Nestbauaktivität, lebensgeschichtliche Merkmale und 

ökologische Raten in drei verschiedenen funktionellen Gruppen und in 

verschiedenen Höhenlagen (Kapitel 3) und 3) Veränderungen in kutikulären 

Kohlenwasserstoffen, Pollenzusammensetzung und Mikrobiomen bei Lasioglossum 

Bienen, die durch klimatische Faktoren  verursacht werden (Kapitel 4). 

Kapitel 2 – Klima und Nahrungsressourcen prägen den Artenreichtum 

und die trophischen Wechselwirkungen von hohlraumnistenden 

Hautflüglern 

Die Triebkräfte des Artenreichtums werden seit Jahrhunderten erforscht. 

Temperatur, Ressourcenverfügbarkeit und Top-Down-Regulierung sowie die 

Auswirkungen der Landnutzung werden als wichtige Faktoren für die Bestimmung 

der Insektenvielfalt angesehen. Die relative Bedeutung jedes dieser Faktoren ist 

jedoch unbekannt. Mit Hilfe von Nisthilfen entlang des Höhengradienten des 

Kilimandscharo versuchten wir, die Triebkräfte des Artenreichtums auf 

verschiedenen trophischen Ebenen zu enträtseln. Die Temperatur war der 
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Hauptfaktor für den Artenreichtum auf allen trophischen Ebenen, wobei die 

Bedeutung der Nahrungsressourcen auf den höheren trophischen Ebenen der 

natürlichen Antagonisten zunahm. Die Parasitierungsrate wurde sowohl durch die 

Temperatur als auch durch die trophische Ebene bestimmt, was darauf hindeutet, 

dass sich die relative Bedeutung der Bottom-up- und Top-down-Kräfte mit dem 

Klimawandel verschieben könnte. 

Kapitel 3 – Saisonale Schwankungen in der Ökologie von tropischen 

hohlraumnistenden Hautflüglern 

Natürliche Populationen schwanken mit der Verfügbarkeit von 

Ressourcen, dem Vorhandensein natürlicher Feinde und klimatischen 

Schwankungen. Die Saisonalität ist jedoch auf tropischen Bergen noch nicht gut 

untersucht. Wir untersuchten saisonale Muster in der Nestbauaktivität, funktionale 

Merkmale und ökologische Raten bei drei verschiedenen Insektengruppen in 

niedrigeren und höheren Höhenlagen. Insekten wurden mit Nisthilfen gefangen, 

die während eines Zeitraums von 17 Monaten, der drei Trocken- und drei 

Regenzeiten umfasste, monatlich überprüft wurden. Die Insekten wurden nach 

ihren funktionalen Gilden eingeteilt. Alle Gruppen zeigten eine starke Saisonalität 

im Nestbau, die in niedrigeren Lagen höher war und dort zwischen den Gruppen 

stärker synchronisiert war. Die Saisonalität im Nestbau von Raupen- und Spinnen- 

jagenden Wespen war mit saisonalen Klimaschwankungen verbunden, während sie 

bei Bienen stark von der Verfügbarkeit von Blüten abhing, genauso wie die 

Überlebensrate und das Geschlechterverhältnis der Bienen von der Blütenmenge 

abhing. Die Anpassung an die Saisonalität der Umwelt könnte bedeuten, dass 

weitere Veränderungen der saisonalen Klimaschwankungen durch den 

Klimawandel einen Einfluss auf die lebensgeschichtlichen Merkmale tropischer 

Bergarten haben könnten. 

Kapitel 4 – Kryptische Arten und versteckte ökologische 

Wechselwirkungen bei Schmalbienen entlang eines Höhengradienten 

Starke Umweltgradienten, wie sie an Berghängen auftreten, stellen für Arten 

eine Herausforderung dar. Versteckte Anpassungen oder Interaktionen wurden in 

diesem Zusammenhang selten berücksichtigt. Als Modellorganismen haben wir 
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  Zusammenfassung 

Bienen der Gattung Lasioglossum verwendet, da Lasioglossum die einzige 

Bienengattung ist, die über den gesamten Höhengradienten am Kilimandscharo 

weit verbreitet ist. Wir fragten, ob und wie (a) kutikuläre Kohlenwasserstoffe 

(CHC), die als Barriere gegen Austrocknung wirken, sich in ihrer 

Zusammensetzung und Kettenlänge entlang von Temperatur- und 

Feuchtigkeitsänderungen verändern; (b) Lasioglossum Bienen ihre Pollennahrung mit 

wechselnder Ressourcenverfügbarkeit ändern; (c) Änderungen von Darm-

Mikrobiota mit Pollennahrung und Klimabedingungen und Änderungen von 

Oberflächen-Mikrobiota mit CHC und Klimabedingungen zusammen hängen, und 

ob die Veränderungen eher durch den Wechsel von Lasioglossum Arten entlang des 

Höhengradienten beeinflusst werden. Wir fanden physiologische Anpassungen an 

das Klima in CHC, sowie Veränderungen in der Zusammensetzung von 

Pollennahrung und Mikrobiota, die auch miteinander korrelierten. Diese 

Ergebnisse deuten darauf hin, dass komplexe Wechselwirkungen und 

Rückkopplungen zwischen abiotischen und biotischen Bedingungen die 

Artenzusammensetzung in einer Gemeinschaft bestimmen. 

Kapitel 5 – Allgemeine Diskussion 

Abiotische und biotische Faktoren förderten die Artenvielfalt, 

Eigenschaften und Wechselwirkungen von Arten und sie wirkten unterschiedlich, 

je nachdem, welche funktionelle Gruppe untersucht wurde und ob räumliche oder 

zeitliche Einheiten berücksichtigt worden sind. Es ist daher wahrscheinlich, dass im 

Lichte des globalen Wandels verschiedene Arten, Merkmale und 

Wechselwirkungen unterschiedlich betroffen sein werden. Darüber hinaus könnte 

eine zunehmende Landnutzungsintensität zusätzliche Auswirkungen oder 

Wechselwirkungen mit dem Klimawandel auf die Biodiversität haben, auch wenn 

die potenziellen Landnutzungseffekte am Kilimandscharo noch gering sind und bis 

jetzt die hohlraumnistenden Hautflüglern nicht beeinträchtigen. Weitere Studien 

sollten sich mit Nahrungsnetzwerken befassen, die empfindlichere Veränderungen 

aufzeigen könnten. Nisthilfen bieten dafür ein gutes Modellsystem, um die 

Auswirkungen des globalen Wandels auf mehreren trophischen Ebenen zu 

untersuchen, und können auch direkte Auswirkungen des Klimawandels auf ganze 

lebensgeschichtliche Merkmale aufzeigen, wenn sie unter verschiedenen 



 

10 
 

 Following Bees and Wasps up Mt. Kilimanjaro 

mikroklimatischen Bedingungen etabliert werden. Die nicht einheitlichen 

Auswirkungen abiotischer und biotischer Bedingungen auf mehrere Aspekte der 

Biodiversität, die in dieser Studie gezeigt wurden, zeigen auch, dass die 

Untersuchung verschiedener Aspekte der Biodiversität ein umfassenderes Bild 

vermitteln kann als Einzelbetrachtungen.  
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lobal change has effects across different aspects of biodiversity. 

Predicting biodiversity and ecosystem responses to global change is 

one of the greatest challenges for ecologists. Global mountain 

ecosystems offer centres not only for biodiversity hotspots, but also to study effects 

of environmental drivers on species communities. For this purpose, insects are an 

excellent group, because they are among the most species rich animal groups of the 

world, are highly threatened and fulfil important ecosystem services. Within the 

framework of the large-scale German-Tanzanian KiLi-project which studies the 

effects of global change on biodiversity and ecosystem processes on Mt. 

Kilimanjaro, I investigated the drivers of species richness at different trophic levels 

(Chapter 1), seasonal patterns of life-history traits at different elevational levels and 

at different trophic levels (Chapter 2), spatial variation of individual traits (Chapter 

3) and drivers of species interactions in space (Chapter 1 and 3) and time (Chapter 

2).  
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  General Introduction 

Wir leben in einem gefährlichen Zeitalter; der Mensch beherrscht die Natur bevor 

er gelernt hat sich selbst zu beherrschen.        Albert Schweitzer 

 

1.1 Global change: impact on biodiversity and ecosystem 

services 

Global change, which includes climate change and the destruction of 

natural habitats, the overuse of natural resources, the introduction of alien species, 

pollution by synthetic pesticides and fertilisers and the intensification of land use, 

threatens biodiversity and biotic interactions on the one hand, and the stability of 

ecosystems and ecosystem processes on the other (Millennium Ecosystem 

Assessment, 2005; Sánchez-Bayo & Wyckhuys, 2019). Future predictions based on 

modelling, observations and experiments even show an increase in human-caused 

problems for biodiversity and related ecosystem functions (Newbold et al., 2015; 

Pecl et al., 2017). But evaluating how biodiversity, species interactions and related 

ecosystem functions respond to environmental changes is a major challenge in 

ecology (Tylianakis & Morris, 2017). 

In the last century, biodiversity has been badly threatened by humankind 

more than ever before and extinction rates are about 1000 times higher than the 

background rate of extinctions (Millennium Ecosystem Assessment, 2005; Pimm et 

al., 2014). Nonetheless, biodiversity is poorly investigated, with most species being 

undescribed (Pimm et al., 2014). One of the major reasons for biodiversity loss is 

land use intensification and extension (Sánchez-Bayo & Wyckhuys, 2019). This is 

due to the hyper exponential growth of human populations and their associated 

growing need of resources (Millennium Ecosystem Assessment, 2005). Forty 

percent of the terrestrial surface of the earth is currently used for agriculture (Foley 

et al., 2005). The recurrent destruction of habitats not only promotes climate change, 

but is also the main cause of biodiversity loss and the decline of correlated 

ecosystem services (Millennium Ecosystem Assessment, 2005; Bajželj et al., 2014) 

with largely unknown consequences for ecosystems (Hooper et al., 2005). How 

global warming and the ever increasing use of ecosystems interact with each other 

belongs to one of the largest uncertainties about predicting the consequences of 
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global change (Sala et al., 2000). The intensification and expansion of agriculture can 

have an impact on various aspects of biodiversity. On the one hand, it can influence 

the local species richness and composition of species communities (Wielgoss et al., 

2010; Rizali et al., 2013). On the other hand, it can change population dynamics 

(Wang et al., 2015) and the interactions between animals and plants, and animals 

and their respective antagonists, thereby also affecting ecosystem functions (Violle 

et al., 2012).  

Insects are good indicators for evaluating the consequences of global 

change. They are the most species-rich class of terrestrial animals. Insects alone are 

estimated at 5.5 million species (Stork, 2018), of ~1 million described and 2-11 

million estimated animal species on earth (Chapman, 2009; Mora et al., 2011; 

Costello et al., 2013). They perform important ecosystem key functions, such as 

pollination or pest control. Therefore, recent insect declines are alarming and may 

lead to a worldwide extinction of 40 % of insect species of in the next decades, with 

Hymenoptera being within the most affected taxa in terrestrial ecosystems 

(Sánchez-Bayo & Wyckhuys, 2019). Even if there are enough moral and ethical 

reasons to justify their conservation (Kleijn et al., 2015), the ecosystem services 

insects provide also have an important economic value. In the following, I give two 

examples of important ecosystem services with a high economic value: pollination 

and pest control. 

The key function of pollinators for ecosystems is illustrated by the fact that 

78 % to 94 % of plant species in temperate and tropical communities, respectively, 

and 70 % of cultivated plants worldwide are pollinated by flower-visiting animals, 

mainly insects and even more specifically, bees (Klein et al., 2007; Garibaldi et al., 

2011; Ollerton et al., 2011). They guarantee reproduction and genetic exchange and 

increase the yields of around two-thirds of all crop plants (Klein et al., 2007). The 

economic value of pollination worldwide for direct food production is estimated at 

US$153 billion (Gallai et al., 2009). But apart from their role in human nutrition, 

pollinators are also important for global health (Smith et al., 2015). Regardless of 

their significance, pollinator diversity is threatened by a variety of anthropogenic 

causes. Wild pollinators such as bees, flies, beetles and butterflies, which are even 

more effective pollinators than honey bees (Garibaldi et al., 2013), are declining and 
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a decline of their dependent plants has already been observed as well (Biesmeijer et 

al., 2006; Vanbergen & the Insect Pollinators Initiative, 2013). However, the degree 

to which the decline of pollinators will affect their services and whole ecosystems 

is still very speculative. Therefore, this remains a fundamental issue of 

environmental research. Nonetheless, there are other important functions provided 

by other insects (e.g. wasps, dung beetles), about which we know even less, one of 

them is pest control.  

Even though the ecosystem function of pest control has received less 

attention than pollination (Jennings & Houseweart, 1984; Harris, 1994), it is an 

important ecosystem function associated with biodiversity (Ives et al., 2000; Wilby 

& Thomas, 2002; Gurr et al., 2003), offering the suppression of pests without the 

negative impacts of chemical pesticides (Östman et al., 2003). In the US, the 

economic value of insect-mediated pest control by native predators is estimated at 

US$4.5 billion (Losey & Vaughan, 2006). Yet, natural enemies providing pest 

control are threatened by the simplification of landscapes by removal of natural 

habitats (Bianchi et al., 2006; Tscharntke et al., 2011), homogenisation of food 

production (Altieri, 1999; Rusch et al., 2016) and pesticides, which may also affect 

pollinators (Brittain & Potts, 2011; Krauss et al., 2011). 

1.2 Spatial and temporal changes of biodiversity 

Already since more than three centuries ago, patterns and drivers of biodiversity 

have fascinated scientists and have become object of research (Gaston, 2000; 

Brown, 2014; Fine, 2015). They discovered that species and their traits are not 

evenly distributed across the earth, but are spatially changing (Bergmann, 1847; 

Allen, 1877; Wallace, 1878; Dobzhansky, 1950; Lomolino et al., 2006). The decline 

of species towards the poles (the latitudinal diversity gradient – LDG) is one of the 

greatest puzzles (Hillebrand, 2004; Mannion et al., 2014; Pontarp et al., 2018), that 

has led to a variety of theories, which incorporate historical, area, climatic and 

energetic aspects (Dobzhansky, 1950; Turner, 2004; McCain, 2007; Brown, 2014; 

Graham et al., 2014). These theories can be further classified into three groups, 

depending on their emphasis on the type of drivers for the LDG: ecological limits, 

diversification rates and time for species accumulation, in which different processes 

such as selection, ecological drift, dispersal and speciation may be playing key roles 
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(Pontarp et al., 2018). Up to now, though there is still no clear preferred theory for 

causing the LDG, because a mechanistic understanding on how organisms interact 

with the abiotic and biotic environment is still lacking (Pontarp et al., 2018). 

Although the LDG is one of the most striking and well-studied biodiversity 

patterns, it is by far not the only one. It is also well known since the time of 

Humboldt, Darwin and Wallace that similar biodiversity gradients as from the 

equator to the poles can be found along elevational gradients, with decreasing 

species diversity towards mountain peaks (Lomolino, 2001).  

However, populations and communities are naturally not only spatially 

variable, but also temporally dynamic (Cowles, 1899; Clements, 1936; Chesson & 

Huntly, 1989). Living conditions for animals change throughout the year with 

animals synchronising their activity to the availability of nutritious resources, low 

predatory and pathogen pressure and favourable climatic conditions (Tauber & 

Tauber, 1976; Wolda, 1988; Abrahamczyk et al., 2011). Therefore, abundances, 

diversity and distributions of species can vary both between different years and 

within a year (Wolda, 1992). But, little is known about the mechanisms that shape 

temporal changes in species and especially temporal changes along elevational 

gradients are often ignored (Wardhaugh et al., 2018). 

For a deeper understanding of the effects of environmental changes on 

species and ecosystems, traits are usually more suitable than mere species. Studying 

traits permits that the biological properties which interact with the abiotic and biotic 

environment (Pontarp et al., 2018) and the differences between species are taken 

into account (Villéger et al., 2010), linking species with ecosystem functions. 

Therefore, environmental factors often target traits rather than species (Hodkinson, 

2005; Violle et al., 2012), because they are more sensitive to environmental changes 

and can thus be regarded as an early-warning system (Mouillot et al., 2013). For this 

reason, functional traits are well suited for understanding the impacts of climate and 

land use changes (Hodkinson, 2005; Williams et al., 2010; Violle et al., 2012). 

Patterns in species distributions along large environmental gradients are 

well studied (Gaston, 2000; Brown, 2014) and correlations between climatic factors, 

such as temperature and precipitation and species richness have been found 

(Hawkins et al., 2003; Peters et al., 2016b). However, species are surrounded by other 
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species on which they may depend (e.g. plant-pollinator interactions), with whom 

they must share their resources (competition) or to which they are prey (e.g. host-

parasitoid interactions). Therefore, these biotic interactions affect their 

distributions in complex ways (Bascompte, 2009; Tylianakis et al., 2010), thereby 

stabilizing species communities (Bascompte & Jordano, 2007). On these grounds, 

it is very important to understand species interactions with respect to the evolution 

and preservation of biodiversity, and the functioning of species communities and 

ecosystems in space and time (Bascompte et al., 2006; Thébault & Fontaine, 2010). 

Research on latitudinal and elevation gradients can help to understand 

ecological mechanisms responsible for the distribution of species and composition 

of species communities (McCain & Grytnes, 2010). If we understand the 

distribution of species, predictions about the consequences of global change on 

species communities will be more feasible, and it will be easier to derive priorities 

for the protection of species and ecosystems for policy makers. 

1.3 Tropical (mountain) ecosystems and elevational 

gradients 

Tropical ecosystems cover only 40 % of the earth´s surface, but are home 

to the most diverse ecosystems in the world with accounting for more than 78 % 

of the world's biodiversity, where many previously undescribed species are 

discovered each year. In addition, they also host the largest proportion of human 

cultural diversity (85 % of all spoken languages) (Barlow et al., 2016). In particular, 

tropical mountains are hotspots of biodiversity and endemism, due to their relative 

dense packing of different climate zones and ecosystems along elevational gradients 

(La Sorte & Jetz, 2010). They harbour not only half of the biodiversity hotspots 

worldwide (Körner, 2004), but also offer ecosystem services like fresh water to 

billions of people (Payne et al., 2017). But tropical ecosystem functions are also 

indispensable for the global climate: 33 % of the global primary production takes 

place in humid tropical forests whereas 30 % takes place in in savannas. Similarly, 

a quarter of the world's terrestrial carbon is stored in humid tropical forests while 

15 % is stored in savannas (Grace et al., 2006; Bonan, 2008). Yet, tropical 

biodiversity is more at risk than temperate biodiversity (Dirzo et al., 2014). Tropical 
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ecosystems are rapidly changing at environmental, socio-economic and 

demographic levels. Therefore, losses of biodiversity are projected to be worse in 

economically poor countries, many of which are located in the tropics (Newbold et 

al., 2015). Forty percent of the human population lives in tropical countries and is 

growing faster there than anywhere else (Edelman et al., 2014; Barlow et al., 2016). 

This leads to increasing land-use demands. In fact, some of the greatest land-use 

changes are already happening in the tropics, e.g. deforestation (Chapin III et al., 

2000; Keenan et al., 2015). But the large land-use demands arise mainly from high 

demands of resources, which causes the expansion of agricultural land at the 

expense of natural habitats, the intensification of farming and increased pest load, 

and thereby also an increased use of pesticides (Bebber et al., 2014; Lewis et al., 

2016). This might in turn affect animal pollination, on which food production 

largely depends. Developing countries are less buffered against the collapse of 

ecosystem services, so that these environmental impacts could also have a more 

dramatic impact on human well-being (Palma et al., 2016). Tragically, many social 

and environmental problems in the tropics are caused by extra-tropical countries 

(Edelman et al., 2014; Barlow et al., 2016). On the top of this, besides of the negative 

impact of land use on tropical ecosystems, tropical countries will be 

disproportionally affected by climate change and will also be the first to experience 

it (Mahlstein et al., 2011). Some of the warmest areas of the world are located in the 

tropics. Insects, which by far represent the most species rich group of terrestrial 

animals, and whose diversity is concentrated in the tropics, are particularly more 

sensitive to increases in temperature in the tropics than in temperate regions (Addo-

Bediako et al., 2000; Deutsch et al., 2008). This, in addition, increases the risk of 

tropical species to extinctions (Thomas et al., 2004).  

In order to remain within their climatic tolerance, with climate change, 

species shift their distributions towards the poles and upwards along elevational 

gradients. This causes concomitant changes in species composition and structure, 

with so far unknown consequences for species interactions and ecosystem 

functions (e.g. plant-pollinator or host-parasitoid interactions) (Parmesan & Yohe, 

2003; Williams et al., 2003; Thomas et al., 2004; Parmesan, 2006; Bartomeus et al., 

2011; Chen et al., 2011; Hill et al., 2011; Pecl et al., 2017). Since tropical mountain 

species have often small geographical distributions and some species even occur 
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only on one mountain, it appears more difficult for them than for temperate species 

to shift their distributional range, which could make them the most vulnerable to 

global change (Williams et al., 2003; Thomas et al., 2004; Colwell et al., 2008; Wright 

et al., 2009; Edelman et al., 2014). Therefore, the investigation of species 

communities and their needs along elevation gradients is of great importance. 

In the absence of historical data, elevational and land use gradients are used 

in space-for-time approaches to investigate the impact of global change on 

biodiversity and ecosystem services (Blois et al., 2013). Species richness patterns 

along climate and land use gradients have received much attention in the ecological 

literature in recent years (Sousa et al., 2006; McCain, 2007; McCain & Grytnes, 2010) 

and serve as model systems for global patterns. For example, the decrease in 

temperature towards the poles could be considered a possible driver for biodiversity 

along elevation gradients as well. Studies show that space-for-time approaches 

provide valuable data on predicted changes in species distribution (Lemoine et al., 

2007). Elevational gradients specifically, offer steep, small environmental gradients 

and ‘experiments by nature’ for the investigation of ecosystem functions and drivers 

of biodiversity (Körner, 2004; Payne et al., 2017). Research on elevational gradients, 

especially in the species-rich tropics, has broadened our understanding of drivers 

for species distributions (McCain & Grytnes, 2010). However, it must be borne in 

mind that there are also significant differences between latitudinal and elevational 

gradients that make clear transferability impossible. Among these are, for example, 

increasing UV radiation, wind speed, thinner air and reduced O2 and CO2 levels 

(Hodkinson, 2005), reduction of area (Körner, 2007), stable day lengths throughout 

the year and a much faster decrease of temperature along elevational gradients than 

along latitudinal gradients, that makes upward shifts more likely than shifts towards 

the poles. 

1.4 Study design 

1.4.1 Study area - The vulnerability of Kilimanjaro´s ecosystems and 

the KiLi-Project 

Mt. Kilimanjaro is a suitable system to study the combined effects of climate 

and land-use changes on species, species interactions and related ecosystem 
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processes. Mt. Kilimanjaro has lost more than 80 % of its glaciers since 1912 with 

unknown consequences for the hydrosystem of the surrounding area (Thompson 

et al., 2002). Thus, it has not only become an epitome for climate change, but it also 

covers a large elevational gradient since it is the highest free-standing mountain on 

earth with successional changing temperature and moist availability. Additionally, it 

is also shaped by a long history of changes in land use. Tanzania is one of the ten 

most populous countries in sub-Saharan Africa, with more than 70 % of the 

population inhabiting rural areas and mainly on subsistence farming (Kimaro & 

Hieronimo, 2014; GIZ, 2019). The population of Mt. Kilimanjaro is rapidly 

growing and almost three quarters of it depends on mountain ecosystem services 

(Sébastien, 2011; Misana, 2012). However, as in many other parts of the tropics 

(Perfecto et al., 2009; Karp et al., 2011), the sustainable small-holder agroforestry 

systems by the local tribe Chagga, who inhabit the area since more than 500 years 

(Odner, 2010) has been largely transformed by commercial projects in which 

monocultures with low biodiversity, such as coffee plantations dominate 

(Maghimbi, 2007). Land use at Mt. Kilimanjaro is mainly concentrated on elevations 

below the border of the Mount Kilimanjaro National Park, which was established 

in 1987. Below the national park border (~1800 m, Fig.1), natural habitats in the 

lowlands and submontane forest have been largely logged and land use is shaped 

by the long history of the Chagga people, who replaced lowland forests by diverse 

small-scale traditional agroforestry systems (i.e. Chagga homegardens). Besides 

these traditional Chagga homegardens, extensively-managed grasslands, coffee 

plantations, and human settlements characterise the landscape. But landscape 

changes are also happening in the lowlands. At the foothills which are the driest 

areas of the mountain (Appelhans et al., 2016), natural, species-rich savannas already 

decreased by 85 % between 1961 and 2000, giving way to mainly maize, but also 

millet, sunflower and bean fields (Soini, 2005). In the interior of the national park, 

the ecosystems are affected by human disturbances such as illegal logging of 

valuable timber species or forest fires that have increased within the last decades, 

and have led to strong changes in forest structure and composition, or even 

replacement (Hemp, 2005). In the Kilimanjaro region, there are even indications of 

interactions between land use and climate change (Fairman et al., 2011) that make 
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the mountain an interesting study system, combining several contemporary 

challenges. 

 

Fig. 1: Schematic representation of the experimental design of the KiLi project. Circles represent 

natural and squares disturbed habitats. Study sites with higher transparency were not included in 

the trap-nest study, which was not managable on all 66 study sites. Study sites with stars are study 

sites independent of the KiLi project and specifically chosen for the Lasioglossum study, which 

required exclusively natural and open habitat patches. Ecosystems from bottom to top: 

undisturbed ecosystems: savanna, lower montane forest, camphor forest (Ocotea forest), Podocarpus 

forest, heather forest (Erica forest), alpine strawflower vegetation (Helichrysum); disturbed 

ecosystems from bottom to top: maize field, Chagga Homegarden, coffee plantation, extensively-

used grassland, camphor forest with tree felling, Podocarpus forest disturbed by fires, into which 

heather plants penetrate, heather plant forest disturbed by fires. 

 

The present work is embedded in the large-scale KiLi project – 

"Kilimanjaro under global change. Linking biodiversity, biotic interactions and 

biogeochemical processes" (DFG Research Group 1246). This interdisciplinary 

project investigates the complex effects of climate and land use on biodiversity and 

ecosystem functions. The advantage of the project is that all sub-disciplines work 

on the same study sites, so that climate, biogeochemical processes such as water, 

carbon and nutrient cycles, plant, vertebrate (birds, mammals) and arthropod 

diversity and functionality can be related. The project started in 2010 and the 

present doctoral thesis was embedded in the second project phase, starting in 2013. 
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Field research was carried out from October 2013 until February 2016 on the 

southern slopes of Mt. Kilimanjaro (Tanzania, East Africa; 2°45’-3°25’S, 37°00’-

37°43’E). Within the framework of the KiLi project 66 study sites (50 x 50 m) in 

natural and disturbed habitats were selected, covering an elevational gradient from 

870 to 4550 m above sea level (Fig. 1). Mean annual temperature decreases from 

25°C at the foothills to -8°C at the summit with an overall lapse rate of ~0.56°C 

per 100 m (Appelhans et al., 2016). The precipitation pattern along the elevational 

gradient is humped-shaped with a mean annual rainfall of ~500-1000 mm at the 

foothills, approximately 2100-2700 mm in the forest belt at 2,200 m a.s.l. and less 

than 1000 mm in the Afroalpine zone (Appelhans et al., 2016). The seasonal rainfall 

pattern is bimodal, with a long rainy season from March to May and a short rainy 

season from October to December and dry seasons in between (Yang et al., 2015). 

The magnitude of seasonality in the rainfall pattern is much stronger at lower 

elevations outside the forest belt (Appelhans et al., 2016). Temperatures are 

generally warmer between October and February (Appelhans et al., 2016).  
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Fig. 1: Research sites along the elevational and land-use gradient of Mt. Kilimanjaro. HEL - alpine 

Helichrysum vegetation, FER – Erica forest, FED – disturbed Erica forest, FPO – Podocarpus forest, 

FPD – disturbed Podocarpus forest, FPO – Ocotea forest, FOD – disturbed Ocotea forest, FLM – lower 

montane forest, HOM – Chagga homegardens, GRA – grasslands. COF – coffee plantation, SAV – 

savanna, MAI – maize fields. Study sites with transparent habitat types were not used for the trap-

nesting study, but for the Lasioglossum study. Pictures © A.V. Mayr 

1.4.2 Study systems 

1.4.2.1 Investigating cavity-nesting Hymenoptera with trap nests 

Trap nests attract cavity-nesting Hymenoptera that naturally nest in hollow 

twigs, plant stems or holes in tree trunks of wood-boring insects (Krombein, 1967; 

Morato & Martins, 2006). These Hymenoptera provide an ideal model system for 

studying general questions in community ecology (Steffan-Dewenter, 2002; Steckel 

et al., 2014). Moreover, they deepen our ecological understanding about multi-

trophic interactions between bees, wasps and their antagonists, including important 
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ecosystem functions like pollination and pest control (Losey & Vaughan, 2006; 

Tylianakis et al., 2007; Veddeler et al., 2010; Staab et al., 2018). These hymenopterans 

further make observations of populations and about life-history traits over a long 

period possible (O'Neill & O'Neill, 2018), without having the problem of random 

observations. Moreover, the great demands of cavity-nesting Hymenoptera, with 

food resource, nesting sites and habitats providing nest-building materials in close 

proximity (Zurbuchen et al., 2010a), make them good bio-indicators. Even though 

trap-nesting studies are increasing world-wide, there is still a large gap in Africa, 

with exceptions from South Africa (Staab et al., 2018). In this thesis, I investigated 

trap-nesting communities at Mt. Kilimanjaro in Tanzania between December 2013 

and February 2016. Specifically, I aimed to understand the effects of environmental 

factors on species, diversity, abundance, life-history traits, natural mortality and 

parasitism rate in space (Tscharntke et al., 1998; Klein et al., 2008), time (Loyola & 

Martins, 2006) and the interaction of both, space and time (Forrest & Thomson, 

2011) (Chapter 2 and 3). 

 

Fig. 2: Trap nests for cavity-nesting Hymenoptera. (a) Trap nests at ground level being 

approached by a probably Megachile (Pseudomegachile) sinuata (Friese) bee. (b), (c) Trap nests at 

canopy level. (d) Megachile sp. providing a brood cell with pollen and (e) cuckoo bee Euaspis 

abdominalis opening a hosts nest. (f) Opened Hylaeus nest with pupae in the first brood cell and 

following dead brood cells for unknown reason. Pictures © A.V. Mayr 
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Trap nests can be made out of various materials, but are commonly made 

out of reed internodes or wood cartridges (MacIvor, 2017). I used internodes of the 

common reed Phragmites australis (Tscharntke et al., 1998) and Fallopica japonica (Klein 

et al., 2004) for diameters from 1.5 mm to 25 mm. The internodes were deep-frozen 

twice for 2 weeks each at -20°C to avoid the introduction of foreign species. In 

total, I installed 328 trap nests at ground and canopy level for a total of 41 sites on 

natural and disturbed ecosystems from 871 m to 4,240 m a.s.l. and inspected them 

monthly. Because trap-nesting Hymenoptera did not occur within and above the 

forest belt above 1,800 m a.s.l., I limited the study to elevations up to 1,800 m a.s.l. 

after 9 months. For a detailed description, see the Method section in Chapter 2: For 

particularities working with trap nests in dry and hot tropical areas, see Chapter 5 

(General Discussion). 

1.4.2.2 Investigating invisible traits and interactions within Lasioglossum 

Apart from morphological traits and host-parasitoid interactions, which, for 

instance, may be more obvious to perceive, hidden, invisible traits and interactions 

have been less often investigated, even though they might additionally contribute 

to the understanding of species distribution patterns and responses to 

environmental changes.  

Although species interactions and networks have a long history in ecological 

research, the interest in studying interactions and networks did not abate but even 

increased with genetic methods (Bell et al., 2016). Genetic methods, especially meta-

barcoding, offer the possibility of conducting more comprehensive studies of food 

networks, enabling the analysis of high quantities of pollen (Sickel et al., 2015). The 

identification of the collected pollen, instead of observational plant-pollinator 

networks, can reduce the sampling artefact and can make information about 

interactions between plants and pollinators more reliable (Dorado et al., 2011). 

Pollen is not only the primary nutrient source for the larval development of bees, 

but its diversity plays an important role in bee immunity and colony health (Alaux 

et al., 2010; Di Pasquale et al., 2013). Therefore, it is expected that changes in plant 

communities along environmental gradients will strongly affect bee communities 

by affecting their health, development and the microbiota associated to the pollen.  
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On the other hand, insect health is strongly influenced by microbiota with 

regard to pathogens, dietary symbionts and facultative symbionts. In addition, 

microbiota are even considered to have contributed to the evolutionary success of 

insects (Moran et al., 2008; Engel & Moran, 2013). Since domesticated and wild 

pollinators, together with their associated plants, are declining rapidly in many areas 

of the world (Potts et al., 2010), it becomes imperative to study their microbial 

communities. But so far, the microbiota of only honeybees, bumble bees and a few 

solitary bee species have been studied. Moreover, the microbiome of social and 

solitary bees probably differs due to their different lifestyles (Keller et al., 2013). In 

contrast to social bees, the microbiome of solitary bees is mainly shaped by the 

environment in form of stored pollen and nest-building materials (Martinson et al., 

2012; Keller et al., 2013; McFrederick & Rehan, 2016; McFrederick et al., 2017) and 

is more diverse than the microbiome of domesticated honeybees and bumblebees 

(Gilliam, 1997), which share their microbes via social contact (Koch & Schmid-

Hempel, 2011; Martinson et al., 2012). Albeit microbiota fulfil important functions 

in general, the composition and specific function of the microbiome in the majority 

of wild bees has been rarely explored and is little known (Engel et al., 2016) and 

even less is known how individual bee microbial associations shift due to changes 

in the environment.  

Lastly, species interact also chemically with and adapt to their environment. 

The external hydrophobic layer on the insect cuticle is not only known for its 

function in communication between or within species (Howard & Blomquist, 2005; 

Leonhardt et al., 2016), but plays an important role in preventing desiccation 

(Hadley, 1994; Gibbs & Rajpurohit, 2010) and has contributed to the success of 

insects. The cuticular hydrocarbons (CHC), that compose the external layer of the 

insect´s cuticle, reduce water loss and provide desiccation resistance (Gibbs, 2002a, 

2002b). Both, the composition of CHC (Menzel et al., 2017) and the chain length 

of the particular substances (Gibbs & Pomonis, 1995; Gibbs et al., 1997; Rouault et 

al., 2004; Rajpurohit et al., 2017) determine the viscosity and thus the extent of 

desiccation resistance. However, reduced viscosity is accompanied by a lower 

fluidity which limits the property of CHC as a communication medium, thereby 

creating trade-offs (Menzel et al., 2017), rising interesting questions about 

environmental limitations for species interactions which require communication 
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abilities. Since changes in humidity and temperature occur along environmental 

gradients, the risk of desiccation also varies along with the gradient. 

With these ‘hidden’ traits and interactions, I further wanted to understand 

so far neglected factors which might constrain bee interactions with the 

environment. Lasioglossum is the only bee genus at Mt. Kilimanjaro, which occurs 

from the savanna lowlands up to the alpine vegetation boundary, thereby offering 

an interesting model group. I caught Lasioglossum bees along the elevational gradient, 

immediately placed them on ice and froze them to -20°C for preserving them until 

their preparation in the lab. Cooling was necessary to avoid abrupt changes in 

temperature for sensitive microbiota when walking downhill to bring the samples 

to the field station. For details see Chapter 4. Later, they were dissected and the 

body parts split for different analyses: the head was used for the surface microbiome 

and the gut for the gut microbiome and pollen analysis; while the thorax and the 

abdomen for the CHC analysis.  

 

Fig. 3: Lasioglossum project. (a) Collection of female Lasioglossum bees from flowers. (b) Sterile 

dissection of bees in the lab under the binocular microscope. (c) Dissection in head for surface 

microbiome, (d) preparation of gut for gut microbiome and pollen analysis and thorax-abdomen 

for cuticular hydrocarbon analysis. Pictures © A.V. Mayr (a) and S. Hochrein (b)-(d) 
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1.4.3 Major research questions 

The main aim of the thesis is to investigate the impact of environmental 

changes (i.e. abiotic, biotic and land use changes) on biodiversity. The thesis is 

divided in a trap-nesting study (Chapters 2-3) and a Lasioglossum study (Chapter 4) 

and covers different parts of the link between biodiversity and environment: species 

richness, functional traits, ecological rates and species interactions.  

 

Fig. 4: Major research topics which are covered in Chapters 2-4. Chapter 2: Drivers of species 

richness at different trophic levels, 3: Seasonal patterns in nest-building activity, life-history traits 

and ecological rates in three different functional groups and at different elevations, 4: Changes in 

cuticular hydrocarbons, pollen composition and microbiomes of halictine bees along the 

elevational gradient of Mt. Kilimanjaro. 

 

In this thesis, I systematically studied the effects of temperature, resource 

richness and abundance, parasitism and land use on different trophic levels in a 



 

31 
 

  General Introduction 

trap-nesting community, because high trophic level react especially sensitive to 

environmental changes (Klein et al., 2006),. I wanted to know if land use effects on 

species richness potentiate with trophic levels. Furthermore, I was interested in 

whether resources limit species richness increasingly with trophic level in resource-

poor habitats, because of lower population sizes at low trophic levels (Steffan-

Dewenter & Schiele, 2008). Additionally, I wanted to find out if top-down control 

becomes important in enhancing species richness, by reducing dominant species 

(Terborgh, 2015) when resources availability is not limiting. And lastly, I wanted to 

ascertain if temperature is driving species richness and parasitism rates across all 

trophic levels, by accelerating ecological and evolutionary rates in general (Peters et 

al., 2016b). To my knowledge, this is one of the first studies which simultaneously 

compares drivers of species richness at different trophic levels (Chapter 2).  

Environmental changes, especially in climate, do not only occur in space, 

but also in time and climate change is also predicted to change climate seasonality 

(Otte et al., 2017). Therefore, I wanted to explore if insects show seasonal patterns 

at Mt. Kilimanjaro and if yes, compare how tightly different functional insect 

groups, such as pollinators and predators are linked to seasonal climate patterns 

with regard to life-history, development time, mortality rates and natural enemies. 

I was also interested to find out whether seasonality is stronger at lower elevations. 

There are only few studies that investigate seasonal patterns of insects at mountain 

ecosystems and at different elevations, and this is the first study about seasonality 

in trap-nesting Hymenoptera at different elevational levels (Chapter 3).  

Steep environmental gradients imply strong challenges for living beings. 

Adaptation to these gradients may therefore not only depend on climate and 

macroscopic interactions, but also on interactions at a microscopic scale. In order 

to shed a little more light on species distributions, I studied multiple facets of bee 

ecology along the entire elevational gradient. Lasioglossum is the only bee genus 

which occurs along the entire elevational gradient and is therefore a suitable model 

group. Furthermore, it is extremely adaptable, especially in terms of social 

behaviour (Gibbs et al., 2012). 

In particular, I asked if the changes in plant diversity and composition is 

reflected in the bee´s nutrition. Since the bee´s gut microbiome which likely fulfils 
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important functions for the bee, (e.g. pollen digestion (Vásquez & Olofsson, 2009)), 

is probably mainly shaped by pollen and other environmental factors in solitary bees 

(Keller et al., 2013) that change along environmental gradients, it should change 

along the elevational gradient as well. Microbiota are also plenty on the bee cuticula. 

The insect cuticula evolved as a desiccation barrier and CHCs on the cuticula 

perform this function (Gibbs & Pomonis, 1995). With strong climatic changes, such 

as along the elevational gradient, I also expected changes in the CHCs composition 

and chain length of these molecules. But also microbiota on the cuticle might be 

related to the CHCs on which they grow. These factors have neither been studied 

in relation to each other, nor have been investigated along an elevational gradient 

(Chapter 4).  
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Chapter 2 

Climate and food resources shape species richness and 

trophic interactions of cavity-nesting Hymenoptera 
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emperature, food resources and top-down regulation by antagonists are 

considered as major drivers of insect diversity, but their relative 

importance is poorly understood. Here, we used cavity-nesting 

communities of bees, wasps and their antagonists to reveal the role of temperature, 

food resources, parasitism rate and land use as drivers of species richness at 

different trophic levels along a broad elevational gradient. We established trap nests 

on 25 study sites that were evenly distributed along an elevational gradient from 

866 and 1,788 m a.s.l., including both natural and disturbed habitats. We quantified 

species richness and abundance of bees, wasps and antagonists, parasitism rates and 

flower or arthropod food resources. Data were analysed with generalised linear 

models within a multi-model inference framework. Elevational species richness 

patterns changed with trophic level from monotonically declining richness of bees 

to increasingly humped-shaped patterns for caterpillar-hunting wasps, spider-

hunting wasps and antagonists. Parasitism rates were higher for wasps than bees 

and they declined with elevation. Temperature was the most important predictor of 

both bee and wasp host richness patterns. Antagonist richness patterns were also 

well predicted by temperature, but in contrast to host richness patterns also by 

resource abundance and diversity. Land use had no significant effects on bee and 

wasp communities. Our study underpins the importance of temperature as a main 

driver of diversity gradients in ectothermic organisms and reveals the increasingly 

important role of food resources at higher trophic levels. Higher parasitism rates at 

higher trophic levels and at higher temperatures indicated that the relative 

importance of bottom-up and top-down drivers of species richness change across 

trophic levels and may respond differently to future climate change.  

T 
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interactions of cavity-nesting Hymenoptera 

This chapter is under peer review in Journal of Biogeography as: Mayr AV, Peters 

MK, Eardley CD, Renner ME, Röder J, Steffan-Dewenter I. Climate and food 

resources shape species richness and trophic interactions of cavity-nesting 

Hymenoptera 

2.1 Introduction 

A fundamental goal in ecology is to understand the origin and distribution 

of  species. Patterns of  biodiversity have been studied for more than three centuries, 

giving rise to a number of  environmental predictors of  broad-scale diversity 

gradients including climate, energy resources and top-down control (Gaston, 2000; 

Peters et al., 2016b). However, the factors which determine the relative importance 

of  one predictor over another remain scarcely understood.  

In ecological theory, energy resources are often debated as important drivers 

of  biodiversity (Hurlbert & Stegen, 2014). Ecosystems with a higher amount of  

available energy in the form of  resources, maintain larger populations with lower 

extinction risks, and thus higher biodiversity (Srivastava & Lawton, 1998). Apart 

from the abundance of  resources, the diversity of  food resources may be closely 

linked to species diversity as a high diversity of  food resources offers more distinct 

niches for concomitant speciation processes to take place (Forbes et al., 2009). While 

the availability of  resources has repeatedly been found to be positively correlated 

with species richness for endothermic taxa (Buckley et al., 2012; Ferger et al., 2014), 

its relevance for ectotherms is debated. In the latter, food resource availability is not 

proportional to food resource intake, since foraging is only possible within certain 

temperature thresholds (Willmer, 1983; Classen et al., 2015).  

Another approach assumes that biodiversity is primarily maintained by top-

down control of  natural antagonists, i.e. predators and parasitoids. The presence of  

antagonists restricts competition and therefore the dominance of  a few species, 

thereby allowing coexistence (Terborgh, 2015). This hypothesis was proposed in 

1960 (Hairston et al., 1960). It was continued by Janzen and Connell in their theories 

on negative density dependence of  mortality agents, which include parasites and 

pathogens (Connell, 1970; Janzen, 1970). Empirical evidence, however, is still 

mainly limited to plant communities and vertebrate top predators (Terborgh, 2015).  



 

36 
 

 Following Bees and Wasps up Mt. Kilimanjaro 

Ecologists have emphasised the notion of  temperature as the dominating 

factor promoting species richness, in particular for ectothermic taxa (Buckley et al., 

2012). First, temperature is assumed to directly confine species richness via 

physiological constraints since only a few species can tolerate harsh climatic 

conditions at high elevations and latitudes (Currie, 1991). Second, the exploitation 

of  resources has been argued to be temperature dependent (Brown, 2014). Third, 

temperature affects biodiversity indirectly through the acceleration of  ecological 

processes such as biotic interactions (Brown, 2014) and fourth, temperature affects 

evolutionary processes through increasing rates of  diversification (van Valen, 1973). 

Human land use is regarded as an important driver of  diversity loss and has 

reshaped mountain ecosystems. It reflects the anthropogenic impact through 

disturbance and conversion of  natural habitats into agricultural habitats and 

subsequent land use intensification (Laurance et al., 2014; Newbold et al., 2015). 

Land use has been shown to have direct negative effects on the biodiversity of  

insect communities (Martinson & Fagan, 2014). 

Past studies have given variable support to climate and resources as the 

major drivers of  diversity. An important factor in this respect might be the trophic 

level of  the studied organisms. Energy is lost through respiration and metabolic 

heat production from one trophic level to the other (Brown, 2014). Therefore, the 

availability of  resources might have a stronger impact on higher trophic levels via 

cascading effects. Other cascading effects might be also driven by temperature, 

because temperature modulates the magnitude of  the impact of  higher trophic 

levels on lower ones (Rodríguez-Castañeda & Sykes, 2013). Moreover, higher 

trophic levels respond differently to land-use changes than lower trophic levels 

(Barnes et al., 2017) and higher trophic levels seem to be most sensitive to 

anthropogenic disturbance (Ewers & Didham, 2006).  

We installed trap nests along an elevational gradient at Mt. Kilimanjaro 

(Tanzania) in order to simultaneously investigate the combined effects of  resources, 

top-down control by antagonists, climate and land use on species richness at 

different trophic level. Trap nests are a model system to study cavity-nesting insects. 

Remarkably, trap-nesting insect communities are good bioindicators for habitat 

quality and environmental change (Tscharntke et al., 1998). They provide a valuable 
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system to assess the influence of  drivers of  diversity on hymenopterans at different 

trophic levels. In addition to the diversity of  individual trophic levels, resource 

diversity for the higher trophic levels can be quantified and top-down control 

measured; data which is often hard to quantify for other insect functional groups. 

Trap nesting bees and wasps provide pollen, caterpillars or spiders as food for their 

offspring and sustain a large number of  different antagonist guilds, which predate 

or parasitize host larvae or use their food provisions (Wcislo & Cane, 1996). 

Tropical mountain ecosystems, such as Mt. Kilimanjaro, are ideal systems for 

studying biodiversity patterns under different environmental conditions, as they 

provide elevational gradients with changing climate, ecosystem structure, and 

availability of  resources at small spatial scales (Sanders & Rahbek, 2012). 

We made the following non-exclusive hypotheses: 

1. Food resource quantity and diversity enhance species richness. Resource-poor 

habitats support a lower number of  herbivores and therefore offer a lower amount 

of  resources to sustain predator populations (Steffan-Dewenter & Schiele, 2008). 

Hence we assume that resources are more limited at higher trophic levels.  

2. Top-down control is an important factor shaping species diversity by reducing 

the competitive advantage of  potentially dominant species (Terborgh, 2015). Thus, 

we expect predation pressure, here parasitism rate, to enhance species richness if  

resource availability is not limiting species richness. 

3. Higher temperatures accelerate ecological and evolutionary rates (Peters et al., 

2016b), facilitating the evolution and maintenance of  a higher level of  diversity in 

ectothermic organisms. Therefore, we expected positive correlations between 

temperature and species richness, as well as parasitism rates on all trophic levels in 

the trap-nesting community. 

4. Land use has more severe negative effects on arthropod species richness at higher 

trophic levels (Attwood et al., 2008). Therefore, we expect lepidopteran- and spider-

hunting wasps and their respective antagonists to be more affected by land use than 

bees and their dependent antagonists.  
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2.2 Methods 

2.2.1 Study area and design 

The study was conducted at Mt. Kilimanjaro, the highest free-standing 

mountain of the world. It covers an elevation gradient from 700 m to 5,895 m a.s.l. 

and consequently a diverse number of ecosystem types in different elevational belts. 

Temperature decreases by ~0.56°C per 100 m; from 25°C in the lowlands to -8°C 

at the summit (Appelhans et al., 2016). Mean annual precipitation exhibits a hump-

shape elevational distribution and peaks in the forest belt at ~2,200 m a.s.l. 

(Appelhans et al., 2016). Based on a pilot study, which showed that trap-nesting 

Hymenoptera were limited to elevations below 1,800 m a.s.l underneath the forest 

belt (see Appendix S1 in Supporting Information), we selected 25 study sites of 50 

x 50 m in the lower elevations on the southern and south-eastern slopes of Mt. 

Kilimanjaro (3°10´-3°23´S, 37°14´-37°41´E). The study sites ranged from 866 to 

1,788 m a.s.l. with a temperature gradient of 5.6°C (Fig. S2.1 in Appendix S2) and 

covered five ecosystem types with four to six replicates each, which constitute all 

major natural and disturbed ecosystem types of this elevational range. In the lowest 

elevations we included shrub savannahs as natural, and maize fields as disturbed 

ecosystems. In the mid elevations we compared three disturbed ecosystem types 

with different land-use intensities: diverse agroforestry systems of the local Chagga 

tribe (Chagga homegardens), extensively-managed grasslands and coffee 

plantations.  
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Fig. 1: Sketch showing the trap-nesting community at Mt. Kilimanjaro. Three different functional 

groups of hosts: pollinators (Apidae), caterpillar-hunting predators (Eumeninae) and spider-

hunting predators (Pompilidae, Sphecidae and Crabronidae) with their antagonists and food 

resources are displayed. Parasitism is here also used for parasitoidism, which was the case for 

most parasitised brood cells. It was counted as all occurrences in which the host has been killed. 

Arrows indicate the top-down effect. Colours indicate the trophic level affiliation. Functional 

groups with a colourful circle display the groups of which we analysed species richness patterns. 

TL: trophic level.  

 

The species richness of stem-nesting bees, eumenid, sphecid and pompilid wasps 

and their antagonists was assessed with trap nests (Fig. 1, Fig. S2.2d in Appendix 

S2). In total, we installed 208 trap nests at ground and canopy level (eight traps per 

site, arranged in four paired trap nests) (Fig. S2.2a,b,c and text in Appendix S2). 

Trap nests were operated for 15 months and checked monthly for new occupants. 

Internodes filled with nests were replaced by new internodes. All collected 

internodes filled with nests were taken out of the trap nests, closed with metal nets 

and reared on the study sites in hatching boxes (Fig. S2.2a in Appendix S2), so that 
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the climatic conditions were natural during the whole development of the larvae. 

After hatching, nests were cut open in the laboratory in order to count the number 

of brood cells and measure parasitism rate (Fig. S2.2e,f in Appendix S2). All 

specimens were identified to the level of morphospecies or species whenever 

possible. We used additional taxonomic literature for the closer identification of 

wasp clades and bee species (identification keys for bees Tab.S3 in Appendix S3). 

Hosts and antagonists were identified to different taxonomic depth. Whereas the 

host guilds were identified to morphospecies level, some antagonist groups, like the 

Chrysididae could not be separated further. 

2.2.2 Species richness of trap-nesting bees, wasps and their 

antagonists and parasitism rate 

We assessed species richness of functional groups of different trophic levels: 

herbivores, i.e., pollen and nectar-feeders (bees: Apidae), predatory wasps 

(caterpillar-hunting: Eumeninae and spider-hunting wasps: Pompilidae, Sphecidae, 

Crabronidae) and their respective antagonists and second-order antagonists 

(hyperparasitoids) (Fig. 1). Species richness was calculated as the total number of 

species observed per study site. As the sampling of insects is rarely complete and 

differences in sampling completeness can lead to biases, we estimated the 

asymptotic species richness with the sample-based estimator Chao (Chao, 1984, 

1987), using the function ‘ChaoRichness’ in the iNEXT package in R. Chao1-

estimated species richness and observed species richness correlated strongly in all 

host groups (Pearson correlation coefficient between r = 0.90 and r = 1.00). We 

were able to collect 89-100% of the estimated species of local trap-nesting 

communities. The proportion of observed to estimated species richness showed no 

correlation pattern with elevation, so we can assume that the sampling was equally 

comprehensive at all elevations. Therefore, we used the observed species richness 

instead of the estimated species richness in our models. Host species with low 

abundances and species richness, such as aphid-hunting wasps, cicada-hunting 

wasps and orthopteran-hunting wasps, which were also found in trap-nests, were 

excluded from the analysis. 
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2.2.3 Temperature, land use, resource data and parasitism rate 

Temperature was recorded with temperature sensors for 23 study sites in 

5 minute intervals between 2011 and 2014 and the mean annual temperature (T) 

was calculated per study site as the average of temperature values (Appelhans et al., 

2016). For two study sites, where data loggers were lost, we used a co-kriging 

approach to estimate missing data (Appelhans et al., 2016). We used a composite 

land-use index (LUI) to quantify the anthropogenic impact on ecosystems. The LUI 

is described in (Classen et al., 2015) and is based on standardised measurements of 

land use at both the site (annual removal of plant biomass, agricultural inputs to the 

ecosystem, the vegetation structure in comparison to the natural habitats) and 

landscape level (proportion of agricultural land in the surrounding landscape of the 

study sites). The trends of temperature and land use along the elevational gradient 

are shown in Appendix S4. Resources for each functional group, i.e., flowers, 

moths, spiders, bee and wasp hosts, have been recorded separately, and we assessed 

resource quantity as well as resource diversity (Appendix S5). The parasitism rate 

was calculated as the number of brood cells in which the host had been killed in 

relation to the total number of brood cells of the respective host group. The 

hyperparasitism rate, used in the models as parasitism rate of the antagonists, was 

calculated as the number of brood cells in which the antagonists had been killed by 

second-order antagonists in relation to the number of parasitised brood cells.  

2.2.4 Statistical analysis 

We used generalised additive models (gam) as implemented in the R 

package mgcv to calculate trends in species richness of bees, caterpillar-hunting and 

spider-hunting wasps and their respective antagonists along the elevational gradient. 

In case of species richness as the response term, the data family was set to ‘poisson’ 

or ‘quasipoisson’ (in case of overdispersion) to account for the properties of count 

data. In gam models we set the basis dimension of the smoothing term k to four to 

avoid over-parameterisation of trend functions. Trend lines derived with gams were 

only plotted if the significance level of the elevation term was p < 0.05. In case of 

parasitism rates, the data family was set to ‘binomial’ and the trends in parasitism 

rates were calculated with a logit link-function.  
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We hypothesised that the species richness of a group of trap-nesting 

Hymenoptera is driven by temperature, land use, resource quantity and diversity, 

and predation pressure in the form of parasitism. We used generalised linear models 

(glm) with a ‘poisson’ or ‘quasipoisson’ distribution, respectively, to test the 

combined effects of the above-mentioned explanatory variables on species richness 

for each functional group (Appendix S6).  

In order to test whether the magnitude of identified drivers of species 

richness was linked to the trophic levels, we also calculated a linear mixed effect 

model (lme) with study site as random factor and tested for possible interactions 

between the explanatory variables and the trophic level. Previously, species richness 

and resource richness and abundance was z-transformed per functional group: 

𝑧 =
𝜒 − 𝜇

𝜎
 

With: χ: raw score, μ: mean score of the functional group, σ: standard deviation of 

the functional group. 

We used the ‘dredge’ function of the MuMIn package (Bartón, 2018) in R 

to evaluate the support for the full model and all nested models. Models were 

ranked according to their Akaike information criterion corrected for small sample 

sizes (Burnham & Anderson, 2004) and delta distances to the next best model were 

calculated. In cases of quasi models, we calculated a QAICc instead of the normal 

AICc (Bolker, 2017). All best supported models up to ΔAICc < 3 or ΔQAICc < 3 

respectively, are given in the Supplementary Information. Before the analyses all 

explanatory variables were standardised by z-transformation, using the ‘scale’ 

function in R in order to facilitate the comparability of their effect strength. 

Due to the fact that the parasitism rate could not be calculated for sites 

where the respective host guild did not exist and resource data for spider-hunting 

wasps was not available for all study sites, some models could not be evaluated with 

data from all study sites. Therefore, we recalculated the models without parasitism 

rate and in the last step without resource availability in order to include all study 

sites and therefore enhance the statistical power of the models. 
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For each host guild separately, we further tested with generalised linear 

models (glm) with (quasi)binomial distribution whether parasitism rates were 

affected by temperature and land use.  

2.3 Results 

2.3.1 Elevational patterns of species richness and parasitism rate 

In total, we found 4,051 nests of stem-nesting bees and wasps, containing 

14,937 brood cells of 81 morphospecies of hosts (38 bee and 43 wasp 

morphospecies) and 49 morphospecies of antagonists (Tab. S7.1, S7.2 in Appendix 

S7). Trap-nesting Hymenoptera exponentially declined with elevation and were 

generally limited to elevations below 1,800 m a.s.l. (Fig. S1). Species richness 

patterns of trap-nesting hosts differed between bees, caterpillar-hunting wasps and 

spider-hunting wasps and their respective antagonists. While bees and their 

antagonists, as well as the antagonists of the caterpillar-hunting wasps declined 

monotonically (Fig. 2a,b), caterpillar- and spider-hunting wasps and the antagonists 

of the spider-hunting wasps showed an increasingly humped-shaped elevational 

distribution with increasing trophic level (Fig. 2b,c).  

 

Fig. 2: Patterns of elevational species richness of three different trap nesting host guilds and their 

respective antagonists at Mt. Kilimanjaro. Generalised additive models were used to estimate 

trends of elevational richness (Poisson family, basis dimension (k) = 4). Species richness 

significantly changed for all insect groups with elevation (a: pollinators: explained deviance 

(ED) = 68.1 %, p < 0.001; antagonists of bees: ED = 57.9 %, p < 0.001; b: caterpillar-hunting 

wasps: ED = 31.5 %, p = 0.01; antagonists of caterpillar-hunting wasps: ED = 48.4 %, 

p < 0.001; c: spider-hunting wasps: ED = 34.5 %, p = 0.01; antagonists of spider hunting-wasps: 

ED = 47.4 %, p = 0.01). Colours indicate trophic level affiliations. 
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The parasitism rate differed between the different trophic levels and almost doubled 

from one level to another from 12 % in bee nests to 24 % in caterpillar-hunting 

wasp and 45 % in spider-hunting wasp nests. The hyperparasitism rate also 

increased with increasing trophic level (Fig. 3a). The parasitism rate decreased with 

elevation across all host groups, as did the ratio of antagonist to host species (Fig. 

3b,c), but not the hyperparasitism rate (Fig. S8.1 in Appendix S8). The parasitism 

rate itself was positively correlated with temperature in case of the caterpillar-

hunting predators and negatively correlated with land use in case of the pollinators 

(Tab. 1, see Appendix S8 Tab. S8.2 for competitive models). 

Tab. 1: Best models explaining the parasitism rate at different trophic levels, derived by QAICc 

values. 

Parasitism rate T LUI QAICc Weight ED # Sites 

Pollinator 

 

-0.40 22.2 0.49 0.27 22 

Caterpillar-hunting predator 0.47 

 

40.9 0.67 0.25 24 

Spider-hunting predator 

  

31.9 0.51 0 19 

 

Standardised explanatory variables from best-fit models. Colours indicate positive significant 

values (blue) and negative significant values (red) from GLM models. T: mean annual 

temperature, LUI: land use index, ED: explained deviance, # Sites: number of sites taken into 

account for the model.  
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Fig. 3: Parasitism of trap nests at Mt. Kilimanjaro. (a) Parasitism and hyperparasitism rates change 

among functional groups. The barplots display the total number of brood cells (black), the 

number of brood cells in which the host was killed by the antagonist (grey, deadly parasitism also 

indicated above the bars as the percentage of the total number of brood cells in which the host 

was killed), and the number of brood cells in which the antagonist has been killed (light grey, 

deadly hyperparasitism also indicated above the bars as the percentage of the total number of 

parasitised brood cells). (b) Parasitism rates of functional groups vary along the elevational 

gradient (dots). The mean parasitism rate correlated significantly with elevation (GLM with 

quasibinomial data family, pelevation = 0.045, lines). (c) The number of antagonist species in 

relation to the number of host species correlated significantly with elevation (LM 

pelevation = 0.013, lines). SR A: Species richness of antagonists; SR H: Species richness of hosts. 

Colours indicate the trophic level affiliation. 

2.3.2 Drivers of species richness 

While we found no support for an effect of land use and top-down control 

(parasitism), both, mean annual temperature and resource quantity and diversity 

were important predictors of the diversity of trap-nesting host and antagonist 

communities (Tab. 2). The strongest positive effect of temperature was found on 

bee richness (ED = 0.59, ptemperature < 0.001). Caterpillar-hunting wasps and their 

antagonists showed a less significant correlation with temperature, whereas richness 

patterns of spider-hunting wasps and their antagonists were not explained by 

temperature (Tab. 2). Resource variables were not supported as predictors of host 

species richness, but their importance increased at higher trophic levels (Tab. 2). 

The species richness of antagonists of bees was best explained by both resource 
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abundance and richness (ED = 0.76, ptemperature = 0.053, pRES-AB < 0.01, pRES-

RI < 0.05). While the species richness of antagonists of caterpillar-hunting predators 

was predicted by resource abundance (ED = 0.62, ptemperature < 0.01, pRES-

AB < 0.001), the effects of resource richness were of higher relevance for the 

antagonists of spider-hunting predators (ED = 0.40, pRES - RI < 0.001). The best 

models predicting species richness of hosts and their antagonists did not include 

land use and parasitism rate (Tab. 2).  

Tab. 2: Best models explaining species richness of hosts and antagonists derived by 

AICc/QAICc-based model selection.  

Guild Functional group TL T LUI RES-AB 
RES-

RI 
ED # Sites 

Host Pollinator 2 0.77    0.59 25 

Host 
Caterpillar-hunting 
predator 

3 0.30    0.14 25 

Host Spider-hunting predator 4     0.00 14 

Antagonist Pollinator 3 0.48  0.34 0.45 0.76 25 

Antagonist 
Caterpillar-hunting 
predator 

4 0.43  0.31  0.62 25 

Antagonist Spider-hunting predator 5    0.69 0.40 25 

 

Standardised parameter estimates from best-fit models. Blue indicates significant positive 

correlations as calculated with GLM models (no negative correlations were found). TL: trophic 

level, T: mean annual temperature, LUI: land use index, RES-AB: abundance of resources and 

RES-RI: total number of observed species/ morphospecies of resources, ED: explained deviance, 

# Sites: number of sites taken into account for the model. 

 

The competitive models, differing only partially from the best model and the 

reduced and full models, and showing different subsets of the dataset, are presented 

in Appendix S9 (Tab. S9.1 in Appendix S9). Testing for possible interactions 

between the identified drivers of species richness and trophic levels revealed that 

the interactions between trophic level and resource abundance, as well as trophic 

level and temperature, were significant (Tab. S9.2 in Appendix S9). 

2.4 Discussion 

In this study elevational species richness patterns changed with trophic level 

from monotonically declining richness of bees to increasingly humped-shaped 
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patterns for caterpillar-hunting wasps, spider-hunting wasps and antagonists. 

Furthermore, parasitism rates and antagonist-host ratios decreased with elevation 

and parasitism rates increased with trophic level. Our data indicate that temperature 

is a dominant factor in shaping diversity patterns with more intense trophic 

interactions in warmer climates. By systematically analysing different trophic levels, 

we found that the availability of resources gained more weight as a driver of species 

richness in antagonist groups than in bee and wasp hosts. Thus, our study provides 

novel insights into the relative importance of temperature, resources, trophic level 

and biotic interactions as drivers of elevational diversity patterns for hymenopteran 

taxa with broad functional relevance. 

2.4.1 Decline of species richness along the elevational gradient 

In total, we found a highly diverse stem-nesting insect fauna with 81 host 

and 49 antagonist species, in comparison to other trap-nest studies from the tropics 

with 5-8 bee and 7-15 wasp species (Klein et al., 2006; Tylianakis et al., 2007; Stangler 

et al., 2015; Perillo et al., 2017). That may be the case because the other studies did 

not investigate along an extensive climatic gradient as on Mt. Kilimanjaro, with the 

exception of (Perillo et al., 2017). The decline of bee species richness at higher 

elevations has already been shown for Mt. Kilimanjaro (Classen et al., 2015), and in 

other parts of the world (Hoiss et al., 2012; Perillo et al., 2017), whereas studies for 

wasp taxa are mainly lacking (Corcos et al., 2018). We found a humped-shaped 

decline of both caterpillar-hunting and spider-hunting wasp species richness, with 

a peak in species richness at intermediate elevations. Depending on the taxonomic 

group of wasps, other studies either found a distinct decline of species richness or 

a mid-elevation pattern for wasps, but ultimately a decline in species richness at 

highest elevations (Kumar et al., 2009; Perillo et al., 2017). For the species richness 

of antagonists we found that the higher the trophic level of antagonist, the more 

the pattern shifts from a monotonous decline of species richness to a mid-elevation 

peak. Several other studies evaluated species richness of antagonists along 

elevational gradients and found variable patterns (Janzen et al., 1976; Noyes, 1989; 

van Noort, 2004), but a systematic analysis of different trophic levels and the 

underlying drivers of richness patterns is currently lacking.  
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2.4.2 Temperature drives species richness across trophic levels 

In our study, temperature was the most important and only common driver 

of species richness at all trophic levels. This result confirmed our third hypothesis 

that species richness at all trophic levels is correlated with temperature and is in line 

with the fact that all organisms are dependent on temperature (Brown et al., 2004). 

As we were able to separate effects of resources and top-down control from 

temperature effects, our results suggest that ecological mechanisms such as 

temperature-mediated resource exploitation or evolutionary processes such as 

faster speciation or lower extinctions rates are the underlying temperature-mediated 

causes of diversity patterns (Buckley et al., 2012; Classen et al., 2015). We are aware 

that temperature is not independent of elevation and thus co-varying environmental 

factors, such as precipitation, atmospheric pressure, solar radiation and land area 

might also influence species richness (Perillo et al., 2017). However, both ecological 

theory and empirical findings strongly support the importance of temperature 

instead of other environmental factors (Peters et al., 2016b). Further we also found 

higher parasitism rates and antagonist-host species richness ratios at lower 

elevations, indicating temperature-mediated interaction strength as a further 

potential mechanism that allows the coexistence of more species in warmer climates 

(Terborgh, 2015; Peters et al., 2016b; LaManna et al., 2017). 

2.4.3 Resources become increasingly important for antagonists 

In addition to temperature, resource availability played a major role in 

explaining the species richness of antagonists. This is consistent with our first 

hypothesis that higher trophic levels are more limited by resources than lower 

trophic levels. Antagonists depend on their hosts, which have to cope with the 

spatially and temporally limited food resources for their offspring (Godfray, 1994). 

Therefore, it is very likely that there is a strong selection pressure to use their host 

resources very efficiently (Sanders et al., 2016). We also hypothesised that the 

importance of resources for species richness increases with higher trophic levels of 

host taxa, but we found no correlation between resource availability and diversity 

of bees and wasp host guilds. Flower resources were repeatedly recorded in detail 

during the whole study phase whereas only coarse records for moths and spiders 

were available. Therefore, the relevance of resources for the species richness of 
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predatory wasps might be stronger in reality. Nevertheless, the results confirm an 

increasing importance of resource availability for antagonists compared to host 

taxa. Resources are not only food resources, but also the availability of nesting sites 

and nest-building materials, which differ for trap-nesting bees and wasps and cover 

a variable range from clay, chalk, small stones, to resins, bark pieces, leaves and 

plant hair. Flying insects can gather these resources from the surroundings, and 

woody structures were always within a distance of less than 200 m from the study 

sites. Therefore, we do not assume that the lack of other resources could have been 

a limiting factor for species richness in our study.  

2.4.4 Top-down control of species richness 

As mentioned above, our data indicated that more intense trophic 

interactions occurred in ecosystems with higher temperatures, as found in (Forrest 

& Chisholm, 2017), supporting the notion that trophic interactions are sensitive to 

temperature changes (Deutsch et al., 2008). However, our analyses provided no 

direct support for top-down control as a mechanism for the maintenance of 

biodiversity, as the parasitism rate was not a significant explanatory factor in any 

model with temperature and resources as additional factors. Thus, parasitism rate 

or hyperparasitism rate as a top-down effect did neither affect the species richness 

of hosts nor antagonists, contrasting to our second hypothesis. There are several 

possible explanations for the absent effect of predation pressure on species 

richness: First, top-down control might not be a relevant driver of diversity patterns 

in our study system. Second, the inclusion of temperature in the models might mask 

impacts of top-down control due to higher strength of trophic interactions in 

warmer climates. Third, other top-down factors could be important as well, such as 

the predation pressure from birds or insectivorous mammals, which we did not 

include in our evaluation. Fourth, resources might be more limiting than predation-

pressure in our system as resource availability was a very important explanatory 

variable for the species richness of antagonists. In this case, one could assume that 

the effect of resource limitation on species richness was stronger than the effect of 

predation pressure on species richness. Since there are hardly any arthropod studies 

on this topic, more studies are necessary to disentangle the above-mentioned 
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mechanisms, also testing more specifically for conspecific density-dependent 

abundance regulation (Forrest & Chisholm, 2017; LaManna et al., 2017).  

2.4.5 Limited effects of land use on species richness 

We found no significant effects of land use on species richness of bees, 

wasps and their antagonists, in contrast to our fourth hypothesis. Previous studies 

in tropical agroecosystems also found no negative influence of land use on the 

species richness of trap-nesting Hymenoptera (Klein et al., 2002; Tylianakis et al., 

2006). Nevertheless, there are other tropical studies which found significant 

negative effects of land use on the species richness of insects (Perry et al., 2016). In 

a study with a multi-taxon approach, ranging from microbes to birds, land use had 

a negative effect on species richness, with increasing magnitude at higher trophic 

levels (Barnes et al., 2017). At Mt. Kilimanjaro, land use is still moderate with manual 

tillage and sustainable subsistence agriculture of the local Chagga people (Fernandes 

et al., 1984), forming a mosaic-like landscape of Chagga agroforestry systems, 

species-rich, extensively-used grasslands and maize fields with many flowering 

herbs, embedded in natural savannah areas. The distance to the nearest woody 

habitat has been found to have negative impacts on the number of trap-nesting 

species (Klein et al., 2006), but it was less than 200 m for all our study sites. 

However, ongoing land-use change at Mt. Kilimanjaro, involving significant losses 

of savannah areas, replacement of Chagga agroforestry systems by coffee 

monocultures and agricultural intensification could become a threat to biodiversity 

and ecosystem services provided by bees and wasps in this area as well (Hemp, 

2006b; Classen et al., 2014). 

2.5 Conclusions 

In our study, elevational species richness patterns changed with trophic 

level and were best explained by temperature for host taxa, whereas antagonists 

were also limited by resources. Climate change driven increases of temperature will 

therefore affect bees, wasps and their antagonists differently. This might lead to 

differences in range shifts, changing the composition of communities. Importantly, 

changes in host species richness patterns will have impacts on whole food webs and 

might affect the extremely dependent antagonists most severely. Upper thermal 
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limits will first be reached in the most diverse savannah habitats (Barlow et al., 2018), 

leading to species losses in the lower elevations. Furthermore, future risks of land 

use might be reinforced by combined effects of habitat fragmentation and climate 

change. All in all, systematic studies on insect communities at different trophic 

levels along environmental gradients are still rare and provide, combined with 

manipulative experiments, a strong model system to better understand 

environmental factors and biotic interactions as drivers of species richness patterns.  

2.6 Appendix 

Appendix S1: Nest-building activity in the pilot study 

 

Fig. S1: Pattern of the nest-building activity along the elevational gradient at Mt. Kilimanjaro as 

derived in a standardised pilot study conducted over a 6 month period. A generalised additive 

model was used to display the elevational pattern (Poisson family, basis dimension (k) = 4). The 

number of nests strongly declined with elevation: ED = 84.4 %, p < 0.0001. The main study was 

restricted to the lower elevations up to roughly 1,800 m a.s.l., because no nest building activity 

occurred at higher elevations. 
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Appendix S2: Study design 

 

Fig. S2.1: Study area at Mt. Kilimanjaro, Tanzania. Shown are study sites in different habitat 

types: from low to high elevations, shrub savannahs (sav), maize fields (mai), diverse agroforestry 

systems of the local Chagga tribe (the so-called Chagga homegardens, hom), extensively-managed 

grasslands (gra) and coffee plantations (cof). At higher elevations are additional study sites of the 

pilot study, where no trap-nesting hymenoptera occurred. 

 



 

53 
 

  Climate and food resources shape species richness and trophic 
interactions of cavity-nesting Hymenoptera 

 

Fig. S2.2: Trap-nesting study design. (a) Trap nest ground poles with special metal roofs, allowing 

air to pass through against hot savannah and maize temperatures for cooling. The poles were 

dabbed with sticky glue to prevent ant raids (under the green plastic shield). Occupied nests were 

taken out of the trap nest (red), closed with a metal net and trap-nesting Hymenoptera were reared 

in a hatching box (blue). (b) Pair of trap nests for the canopy, in the savannah. (c) Canopy trap 

nests in the Chagga homegardens. (d) Trap nests approached here by host (Megachile sp.) and 

antagonist, cuckoo bee, (Euaspis abdominalis). (e) Wasp nests (Rhynchium sp.1). (f) Bee nest (Megachile 

maxillosa). Pictures © A.V. Mayr 

 

Trap nesting 

Traps at ground level were fixed to a wooden pole and placed at a height of 

140 cm. The pole was dabbed with sticky glue in order to protect the trap nests 

from ants (Fig. S2.2a). At study sites with trees, such as savannah, chagga 

homegardens and coffee plantations, two pairs of traps were placed in the lower 

canopy (up to ~25 m height) and two pairs at ground level as for the study sites 

without trees. The traps in the canopy were also protected with sticky glue (Fig. 

S2.2b,c). The traps at ground level were covered by double-folded metal sheets 

approximately 5 cm apart, allowing air to pass through (Fig. S2.2a). The metal roofs 

were essential to protect the larvae inside the nests from extreme temperatures in 

the lowland habitats. Standardised trap nests were made of a mixture of common 

reed (Phragmites australis) and Japanese knotweed (Fallopia japonica) and contained 
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120 reed and knotweed internodes with variable diameters between 2-25 mm and a 

length of 20 cm.  

Appendix S3: Identification keys for bees 

Tab. S3: List of identification keys used for the genus and species identification of bees. 

Taxon Key 

Hymenoptera (Goulet & Huber, 1993) 

Bee genera (Michener, 2007) 

Bee genera (Eardley et al., 2010) 

Allodapini (Michener, 1975) 

Anthidiini (Eardley, 2018) 

Ctenoplectrini (Eardley, 2003) 

Megachile, dauber bees (Eardley, 2012)  

Megachile, leaf-cutter bees (Eardley, 2013) 
 

 

Appendix S4: Elevational patterns of temperature and land use 

Fig. S4: Patterns of the mean annual temperature (T) and land use (LUI) along the elevational 

gradient at Mt. Kilimanjaro. Generalised additive models were used to display elevational patterns 

of temperature and land use (Gaussian family, basis dimension (k) = 4). Temperature declines 

with elevation (ED = 94.1 %, p < 0.001), while land use shows a humped-shaped distribution 

(ED = 27.6, p = 0.06). 
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Appendix S5: Resource data  

Resource data for hosts 

Mean flower abundance and flower richness: Flower abundance and richness was 

estimated each month along two permanent 50 m transects of 2 m width on each 

study site, at the same time when the trap nests were controlled. For each study site 

the number of flower units and flowering plant species was counted. A flower unit 

(hereafter flower) was defined from the perspective of a small bee (approx.. 1 cm 

length) as the distance the bee would rather walk than fly (Carvalheiro et al., 2008). 

In case of very large flower numbers (>~500) flower numbers were estimated. The 

mean flower abundance was calculated by averaging flower abundance over all visits 

of the sampling site. The species richness of flowering plants was assessed by 

building up a herbarium and was calculated as the total number of flowering species 

per study site.  

Mean moth abundance and moth richness: Moths were sampled with a light trap, 

as described in (Helbig-Bonitz et al., 2015) and identified as morphospecies. Mean 

moth abundance was calculated as the mean number of moths per study site. 

Mean spider abundance and spider richness: Spiders were sampled with pitfall traps 

and the mean spider abundance was calculated per study site, as described in (Röder 

et al., 2017) and (Peters et al., 2016b). Adult and subadult spiders were sorted to 

morphospecies. 

Resource data for antagonists 

Mean host abundance and host richness: The mean abundance of hosts was 

calculated as the mean number of brood cells of all identified host nests collected 

during the 15 month study period. We excluded nests where it was not possible to 

count the number of brood cells. Host richness was calculated as the total number 

of host species in the nests. Abundance and richness of hosts was calculated in the 

same way for all further subdivisions: mean bee abundance and bee richness, mean 

caterpillar-hunting wasp abundance and caterpillar-hunting wasp richness, mean 

spider-hunting wasp abundance and spider-hunting wasp richness.  
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Appendix S6: Overview about species richness models 

Tab. S6: Overview of generalised linear models for species richness showing explanatory variables for each trophic level. TL: 

Trophic level, SR: Species richness, T: mean annual temperature, LUI: land-use index, RES-AB: abundance of resources, RES-

RI: resource richness, displaying the total number of observed species of resources, 1st-predator: caterpillar-hunting predator, 

2nd-predator: spider-hunting predator, para-herb: antagonist of pollinators, para-1st: antagonist of caterpillar-hunting predators, 

para-2nd: antagonist of spider-hunting predator. 

 

  

Model Guild
Functional 

group
TL SR ~ T + LUI + RES-AB + RES-RI + PARARATE

full model Host Pollinator 2 SR ~ T + LUI + flowers + flowers +
parasitized brood cells by 

antagonist of pollinators

full model - 

pararate
Host Pollinator 2 SR ~ T + LUI + flowers + flowers

full model - 

pararate, - 

resources

Host Pollinator 2 SR ~ T + LUI

full model Host
Caterpillar-

hunting predator
3 SR ~ T + LUI + moths + moths +

parasitized brood cells by 

antagonist of caterpillar-

hunting predator

full model - 

pararate
Host

Caterpillar-

hunting predator
3 SR ~ T + LUI + moths + moths

full model - 

pararate, - 

resources

Host
Caterpillar-

hunting predator
3 SR ~ T + LUI

full model Host
Spider-hunting 

predator
4 SR ~ T + LUI + spiders + spiders +

parasitized brood cells by 

antagonist of spider-hunting 

predator

full model - 

pararate
Host

Spider-hunting 

predator
4 SR ~ T + LUI + spiders + spiders

full model - 

pararate, - 

resources

Host
Spider-hunting 

predator
4 SR ~ T + LUI

full model Antagonist Pollinator 3 SR ~ T + LUI + brood cells of bees + bees +

parasitized brood cells by 

second-order antagonist of 

antagonist of pollinators

full model - 

pararate
Antagonist Pollinator 3 SR ~ T + LUI + brood cells of bees + bees

full model - 

pararate, - 

resources

Antagonist Pollinator 3 SR ~ T + LUI

full model Antagonist
Caterpillar-

hunting predator
4 SR ~ T + LUI +

brood cells of 

caterpillar-hunting 

wasps

+
caterpillar-hunting 

wasps
+

parasitized brood cells by 

second-order antagonist of 

antagonist of caterpillar-

hunting predator

full model - 

pararate
Antagonist

Caterpillar-

hunting predator
4 SR ~ T + LUI +

brood cells of 

caterpillar-hunting 

wasps

+
caterpillar-hunting 

wasps

full model - 

pararate, - 

resources

Antagonist
Caterpillar-

hunting predator
4 SR ~ T + LUI

full model Antagonist
Spider-hunting 

predator
5 SR ~ T + LUI +

brood cells of spider-

hunting wasps
+

spider-hunting 

wasps
+

parasitized brood cells by 

second-order antagonist of 

antagonist of spider-hunting 

predator

full model - 

pararate
Antagonist

Spider-hunting 

predator
5 SR ~ T + LUI +

brood cells of spider-

hunting wasps
+

spider-hunting 

wasps

full model - 

pararate, - 

resources

Antagonist
Spider-hunting 

predator
5 SR ~ T + LUI
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Appendix S7: Species list 

Tab S7.1: Host bees (Apidae, Colletidae, Megachilidae), caterpillar-hunting wasps (Vespidae) and 

spider-hunting wasps (Crabronidae, Pompilidae, Sphecidae) reared from trap nests. 

 

  

Superfamily Family Subfamily Tribe Genus Morphospecies Food

Apiformes Apidae Apinae Ctenoplectrini Ctenoplectra Ctenoplectra centinorii pollen

Xylocopinae Allodapini Macrogalea Macrogalea candida pollen

Colletidae Hylaeinae NA Nothylaeus Nothylaeus sp.1 pollen

Nothylaeus sp.2 pollen

Nothylaeus sp.4 pollen

Nothylaeus sp.6 pollen

Nothylaeus sp.7 pollen

Nothylaeus sp.8 pollen

Megachillidae Megachilinae Anthidiini Anthidiellum Anthidiellum somaliense pollen

Megachilini Megachile Megachile admixta pollen

Megachile demeter pollen

Megachile felina pollen

Megachile fervida pollen

Megachile maxillosa pollen

Megachile mossambica pollen

Megachile rufipennis pollen

Megachile rufiventris pollen

Megachile semierma pollen

Megachile sheppardi pollen

Megachile sinuate pollen

Megachile sp.1 pollen

Megachile sp.2 pollen

Megachile sp.3 pollen

Megachile sp.5 pollen

Megachile sp.6 pollen

Megachile sp.7 pollen

Megachile sp.8 pollen

Megachile sp.9 pollen

Megachile sp.12 pollen

Megachile ungulata pollen

Osmiini Heriades Heriades sp.1 pollen

Heriades sp.2 pollen

Noteriades Noteriades sp.1 pollen

Noteriades sp.2 pollen

Noteriades sp.3 pollen

Pseudoheriades Pseudoheriades sp.1 pollen

Stenoheriades Stenoheriades sp.1 pollen

Wainia Wainia sp.1 pollen
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Superfamily Family Subfamily Tribe Genus Morphospecies Food

Spheciformes Crabronidae Crabroninae Trypoxylini Pison Pison sp.1 Araneae

Trypoxylon Trypoxylon sp.1 Araneae

Trypoxylon sp.2 Araneae

Sphecidae Sceliphrinae NA Chalybion Chalybion sp.1 Araneae

Chalybion sp.2 Araneae

Chalybion sp.3 Araneae

Chalybion sp.4 Araneae

Chalybion sp.5 Araneae

Vespoidea Pompilidae Pepsinae NA Auplopus Auplopus sp.1 Araneae

Auplopus sp.2 Araneae

Auplopus sp.3 Araneae

Dipogon Dipogon sp.2 Araneae

Dipogon sp.3 Araneae

Vespidae Eumeninae NA Ancistrocerus Ancistrocerus sp.1 Lepidoptera

Ancistrocerus sp.2 Lepidoptera

Anterhynchium Anterhynchium sp.1 Lepidoptera

Antodynerus Antodynerus sp.1 Lepidoptera

Antodynerus sp.2 Lepidoptera

Antodynerus sp.3 Lepidoptera

Antodynerus sp.5 Lepidoptera

Antodynerus sp.6 Lepidoptera

Antodynerus sp.7 Lepidoptera

Antodynerus sp.8 Lepidoptera

Antodynerus sp.9 Lepidoptera

Antodynerus sp.10 Lepidoptera

Antodynerus sp.11 Lepidoptera

Antodynerus sp.12 Lepidoptera

Antodynerus sp.13 Lepidoptera

Antodynerus sp.14 Lepidoptera

Antodynerus sp.15 Lepidoptera

Antodynerus sp.16 Lepidoptera

Eustenancistrocerus Eustenancistrocerus sp.1 Lepidoptera

Eustenancistrocerus sp.2 Lepidoptera

Leptochilus Leptochilus sp.1 Lepidoptera

Pseudonotonia Pseudonortonia sp.1 Lepidoptera

Pterochilus Pterocheilus sp.1 Lepidoptera

Rhynchium Rhynchium sp.1 Lepidoptera

Subancistrocerus Subancistrocerus sp.1 Lepidoptera

Tachymenes Tachymenes sp.1 Lepidoptera

Tachymenes sp.2 Lepidoptera

Tachymenes Tachymenes sp.3 Lepidoptera

Tricarinodynerus Tricarinodynerus sp.1 Lepidoptera

Tricarinodynerus sp.2 Lepidoptera
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Tab S7.2: Antagonists (Dermestidae, Meloidae, Mordellidae, Bombylidae, Calliphoridae, Sarcophagidae, Tachinidae, 

Megachilidae, Eulophidae, Leucospidae, Chrysididae, Gasteruptiidae, Braconidae, Ichneumonidae, Mutilidae, Sapygidae, 

Acari, Fungi, Neuroptera) reared from trap nests.. 

 

  

Order Suborder Superfamily Family Subfamily Tribe Genus Morphospecies

Acari NA NA NA NA NA NA Acari sp.

Coleoptera Polyphaga Bostrichoidea Dermestidae NA NA NA Dermestidae sp.3

Tenebrionoidae Meloidae Meloninae Mylabrini Mimesthes Mimesthes sp.1

Nemognathinae Nemognathini Zonitoschema Zonitoschema sp.1

Zonitoschema sp.2

Zonitoschema sp.3

Mordellidae NA NA NA Mordellidae sp.1

Diptera Brachycera Asiloidea Bombylidae Anthracinae Anthracini Anthrax Anthrax sp.

Oestroidea Calliphoridae NA NA NA Calliphoridae sp.

Sarcophagidae NA NA NA Sarcophagidae sp.

Tachinidae NA NA NA Tachinidae sp.

Fungi NA NA NA NA NA NA Fungi sp.

Hymenoptera Apocrita Apiformes Megachilidae Megachilinae NA Afrostelis Afrostelis tegularis

NA Coelioxys Coelioxys sp.1

Coelioxys sp.2

Coelioxys sp.3

Coelioxys sp.4.1

Coelioxys sp.4.2

Coelioxys sp.5

Coelioxys sp.6

Coelioxys sp.6.1

Coelioxys sp.6.3

Coelioxys sp.6.5

Coelioxys sp.7

Coelioxys sp.10

Coelioxys sp.12
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Order Suborder Superfamily Family Subfamily Tribe Genus Morphospecies

NA Euaspis Euaspis abdominalis

NA NA NA NA Apiformes sp.1

Chalcidoidea Eulophidae Tetrastichinae NA Melittobia Melittobia sp.

Leucospidae NA NA Leucospis Leucospis sp.1

Leucospis sp.4

Leucospis sp.6

NA NA NA NA Chalcidoidea sp.1

NA NA NA NA Chalcidoidea sp.2

NA NA NA NA Chalcidoidea sp.3

NA NA NA NA Chalcidoidea sp.4

NA NA NA NA Chalcidoidea sp.5

Chrysididae NA NA NA Chrysididae sp.

Evanioidea Gasteruptiidae NA NA NA Gasteruptiidae sp.1

Ichneumonoidea Braconidae Agathidinae NA Braunsia Braunsia sp.1

Agathidinae NA NA Agathidinae sp.2

Microgastrinae NA NA Microgastrinae sp.2

Rogadinae NA NA Rogadinae sp.

Ichneumonidae Cryptinae NA NA Osyprynchotus sp.1

Tryphoninae NA NA Tryphoninae sp.

Vespoidea Mutilidae NA NA NA Mutilidae sp.1

Mutilidae NA NA NA Mutilidae sp.2

Sapygidae NA NA Sapygina Sapygina sp.

Neuroptera NA NA NA NA NA NA Neuroptera sp.1
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Appendix S8: Parasitism and hyperparasitism 

 

Fig. S8.1: Hyperparasitism rates showed a tendency to decline along the elevational gradient 

(GLM with quasibinomial data family, pelevation = 0.15, dashed lines). C-H Predator: Caterpillar-

hunting predator, S-H Predator: Spider-hunting Predator. 

 

Tab. S8.2: Best models up to Δ QAICc < 3 explaining the parasitism rate at different trophic 

levels, derived from QAICc values. 

Parasitism rate T LUI QAICc Weight ED # Sites 

Pollinator  -0.40 22.2 0.49 0.27 22 

 0.46  23.8 0.22   

   24.2 0.18   

 0.10 -0.35 25.1 0.11   

Caterpillar-hunting predator 0.47  40.9 0.67 0.25 24 

 0.43 -0.05 43.7 0.17   

Spider-hunting predator   31.9 0.51 0 19 

  0.21 33.0 0.30   

 -0.01  34.7 0.12   
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Appendix S9: Species richness models 

Tab. S9.1: Best models for the species richness reduced by parasitism rate up to Δ AICc < 3 explaining species richness of hosts 

and antagonists derived by AIC/QAICcc values. For the full models and the models reduced by parasitism rate and resources, 

just the best models are presented. 
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Shown are standardised explanatory variables from best-fit models. Colours indicate positive significant (blue) and negative 

significant values (red) from GLMM models for the best model each. TL: trophic level, T: mean annual temperature, LUI: land 

use index, RES-AB: abundance of resources and RES-RI: total number of observed species/ morphospecies of resources, 

PARARATE: parasitism rate of hosts and parasitism rate of parasitised brood cells (hyperparasitism rate), respectively, ED: 

explained deviance, # Sites: number of sites taken into account for the model. 

  

Model Guild
Functional 

group
TL T LUI RES-AB RES-RI PARARATE AICc/QAICc Weight ED # Sites

full model - pararate Antagonist Pollinator 3 0.48 0.34 0.45 - 89.4 0.28 0.76 25

-0.22 0.28 0.68 - 90.5 0.16

0.19 0.78 - 90.9 0.14

0.88 0.49 - 91.0 0.13

0.39 -0.16 0.37 0.44 - 91.3 0.11

0.85 - 92.2 0.07

0.76 -0.16 0.52 - 92.3 0.07

full model Antagonist Pollinator 3 -0.24 0.27 0.43 86.3 0.21 0.80 19

full model - pararate, 

- resources
Antagonist Pollinator 3 0.80 - - - 42.5 0.79 0.44 25

full model - pararate Antagonist
Caterpillar-

hunting predator
4 0.43 0.31 - 91.6 0.38 0.62 25

0.40 0.29 0.18 - 92.2 0.29

0.39 -0.06 0.34 - 94.4 0.10

full model Antagonist
Caterpillar-

hunting predator
4 0.37 0.31 89.6 0.26 0.61 24

full model - pararate, 

- resources
Antagonist

Caterpillar-

hunting predator
4 0.52 - - - 99.1 0.55 0.40 25

full model - pararate Antagonist
Spider-hunting 

predator
5 0.69 - 65.7 0.39 0.40 25

0.26 0.64 - 67.0 0.20

-0.02 0.70 - 68.3 0.11

-0.01 0.70 - 68.3 0.11

full model Antagonist
Spider-hunting 

predator
5 50.9 0.21 0.00 16

full model - pararate, 

- resources
Antagonist

Spider-hunting 

predator
5 0.43 - - - 70.5 0.43 0.13 25
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Tab. S9.2: Significant explanatory variables in the linear mixed effects models with test for 

possible interactions between the identified drivers of species richness and trophic level. 

Data Significant drivers of species richness P-value # N 

Species richness of all functional 
groups including spider-hunting 
wasps 

T *** 139 

 T * TL *  

 RES-AB * TL *  

Species richness of all functional 
groups except from spider-hunting 
wasps 

T ** 125 

 T * TL *  

 RES-AB * TL *  
 

Shown are standardised explanatory variables from LME models: 

lme(SRstd~scale(T)*TL+scale(RES-ABstd)*TL+scale(RES-RIstd)*TL, random=~1|plotID). 

The models were calculated with and without spider-hunting wasps, because resource data of 

spider-hunting wasps was not available for all study sites. All significant P-values are positive. T: 

mean annual temperature, TL: trophic level, RES-AB: resource abundance; RES-RI: resource 

diversity; # N: number of data points for species richness and resource availability taken into 

account for the model. 
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nsect communities vary seasonally with changing climatic conditions and 

related changes in resource availability, strength of competition or pressure 

by natural antagonists. But seasonal dynamics, particularly in tropical 

mountain ecosystems are not well investigated. We monitored cavity-nesting 

Hymenoptera communities to analyse temporal patterns of nest-building activity, 

ecological rates and life-history traits in relation to seasonal climatic variation and 

elevation. We analysed nest-building activities of bees, caterpillar-hunting wasps 

and spider-hunting wasps by installing trap nests on 25 study sites in natural and 

disturbed habitat types, over a complete annual period covering two rainy and two 

dry seasons. Study sites covered low (<1300 m) and high elevation levels (≥1300 m 

a.s.l). We performed mixed generalised additive models to analyse the potential 

seasonality of nest-building activities, parasitism, natural mortality and survival rate, 

sex ratio, development time and body size. Nest-building activity showed strong 

seasonal trends in bees, caterpillar-hunting wasps and spider-hunting wasps. Nest-

building activity was considerably higher and seasonal trends were more 

synchronised between functional groups at low elevations. We also detected 

seasonal patterns for parasitism and natural mortality rates, sex ratio and 

development time, which varied with functional groups and between elevation 

levels. Temperature, relative humidity, an interaction of both and flower abundance 

were important predictors for seasonal patterns in nest-building activity, ecological 

rates and life-history traits. Our study reveals strong seasonal patterns in the nest-

building activity, life-history traits and trophic interactions of insects in tropical 

ecosystems. Seasonal trends in nest-building activity of lowland Hymenoptera seem 

to be linked to changes in climate and resource availability reflecting the seasonal 

patterns in plant growth and flowering known from lowland savanna ecosystems. 

Higher resource availability also increased the sex ratio in bees towards the more 

costly females and enhanced their survival rates. Finding these links between 

climate, resources, ecological rates and life-history traits indicate high sensitivity of 

plant-host-antagonist interactions to environmental changes.   

I 
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3.1 Introduction 

Insect communities vary spatially and temporally in their abundance, diversity and 

community composition. They are able to survive long periods of unfavorable 

conditions by reducing their mortality risk in harsh seasons and find compromises 

between tolerable abiotic conditions, nutritious food and low pressure of predators, 

parasitoids and pathogens (Wolda, 1988; Abrahamczyk et al., 2011). For this 

purpose, they have to synchronize their activity phase with suitable environmental 

conditions (Tauber & Tauber, 1976).  

Dynamically fluctuating population sizes of insects are known both 

between and within years (Wolda, 1992), and abiotic factors such as temperature 

and humidity are suggested to drive these temporal variations, because they are 

important abiotic factors for arthropod life-cycles (Chen et al., 2009). Especially in 

temperate regions, strong seasonal variations in temperature cause distinct seasons, 

hereby also inducing strong seasonality in life-history traits in animals and plants 

(Tauber & Tauber, 1976; Denlinger, 1986). In the tropics, climatic differences 

between seasons are not as pronounced as in temperate regions and historically the 

tropics were considered to be aseasonal. Nevertheless, rainfall is highly unevenly 

distributed throughout the year, generating distinct rainy and dry seasons in the 

tropics. Rainfall variation has been considered as an important factor of seasonality 

in tropical insects (Frith & Frith, 1990; Novotny & Basset, 1998; Wagner, 2001; 

Kishimoto-Yamada & Itioka, 2013). However, climatic factors can only account for 

a fraction of seasonality in tropical communities and in the lowland tropics neither 

temperature nor precipitation seem to be limiting factors. But, the survival of 

individuals and species depends on so many more factors. Individuals have to tackle 

multiple trade-offs in synchronising with abiotic conditions and biotic factors, such 

as resource availability, while minimising intra- and interspecific competition and 

pressure by natural antagonists and pathogens (Denlinger, 1986). Resources and 

antagonists also face these ecological and evolutionary challenges, which should 

lead to feedback loops and complex seasonal patterns. 

Seasonal changes in population size and species composition are 

presumably also reflected in the life-history traits of insect communities (Samnegård 

et al., 2015; Osorio-Canadas et al., 2018). For example, there are seasonal changes in 
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the body size of bees (Osorio-Canadas et al., 2016). Larger bees need more resources 

for their offspring than small species (Müller et al., 2006) and therefore decline faster 

in abundance when resources become scarce (Bartomeus et al., 2013). Moreover, 

seasonal variability is also known in sex ratios (Tepedino & Parker, 1988; Martins et 

al., 1999) (for theoretical illustration, see Fig. S1 in Appendix S1 in Supporting 

Information). In addition, with the seasonal change of traits, the species community 

may also functionally change, because different species follow different strategies 

to solve trade-offs. Moreover, drivers of seasonality can be group-specific, with 

some insect orders being more abundant in the dry seasons and others more 

abundant in the wet seasons (Wagner, 2001). Bees, for example, can be active at 

lower temperatures than their parasites, so that an increase in temperature can lead 

to an increase in parasitism rates (Forrest & Chisholm, 2017). Furthermore, the 

magnitude of seasonality may vary due to the taxonomic group, showing stronger 

or weaker reactions to environmental seasonality, but due to the habitat type also 

different magnitudes within the same group (Wagner, 2001). Therefore, different 

seasonal patterns and different magnitudes in seasonality taken together, can be 

reflected in changes in the composition of the community during the year.  

Since insect communities change along elevational gradients and responses 

of species likely vary due to different life-histories, behaviour and interactions 

(Boulter et al., 2011), seasonal patterns of insect communities might also change 

with elevation. Seasonal changes in favorable conditions should directly or 

indirectly dictate the activity of insects (Wagner, 2001). Therefore, communities at 

warmer and often drier lower elevations should face stronger seasonality than those 

at higher elevations, because of restricted water availability, but colder temperatures 

might limit the activity of insects also there. The few previous studies exploring 

seasonality in insect communities at different elevations did not provide consensual 

results on the presence (Janzen et al., 1976) or absence of an elevation effect (Boulter 

et al., 2011; Lambkin et al., 2011; Bishop et al., 2014; Wardhaugh et al., 2018). There 

is a critical need to study how elevation, resource availability and species interactions 

affect the seasonality of insect communities, especially in the tropics.  

In order to explore different species strategies to solve environmental trade-off, we 

assessed seasonal changes in nest-building activity, ecological traits and antagonists 
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of three functional groups of cavity-nesting Hymenoptera at elevations below and 

above 1,300 m a.s.l. at Mt. Kilimanjaro. Mt. Kilimanjaro, with its bimodal rainfall 

pattern and diverse tropical mountain ecosystems, provides a unique system to 

study seasonal patterns along an elevational gradient within a small spatial scale 

(Sanders & Rahbek, 2012). Cavity-nesting Hymenoptera fulfill important ecosystem 

functions like pollination and predation (Losey & Vaughan, 2006). We monitored 

(i) bees (pollinators), (ii) caterpillar-hunting wasps (first-order predators) and (iii) 

spider-hunting wasps (second-order predators) over a complete annual period 

covering two rainy and two dry seasons. For each functional group, we measured 

the number of nests, parasitism, natural mortality and survival rates, sex ratio, 

development time and body size. We also recorded local climatic conditions and 

the availability of flower resources given that cavity-nesting Hymenoptera react very 

sensitively to environmental changes (Tscharntke et al., 1998). We tested the 

following hypotheses: 

 

(1) Cavity-nesting Hymenoptera show seasonality in tropical mountain 

ecosystems in nest-building activity, ecological rates (parasitism, natural 

mortality and survival rate) and life-history traits (sex ratio, development 

time and size); 

(2) Seasonal patterns differ between bees, caterpillar-hunting and spider-

hunting wasps in timing and magnitude; 

(3) Seasonal patterns differ between lower and higher elevations, with higher 

seasonality in the lowlands and lower seasonality at higher elevations; 

(4) Seasonality in cavity-nesting Hymenoptera is related to changes in climatic 

conditions and resource availability, but responses differ among functional 

groups and elevational levels. 

3.2 Methods 

3.2.1 Study area and study design 

The study was conducted on the southern slopes of Mt. Kilimanjaro (3°10´-

3°23´S, 37°14´-37°41´E) between October 2014 and February 2016. The climate is 

generally very dry compared to other tropical land areas and has a bimodal 
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precipitation pattern with a long rainy season from March to May and a short rainy 

season between October and December (Fig. 1). A long dry season spans from June 

to September and a short dry season from January to February (Yang et al., 2015). 

Temperatures are generally higher between October and February (Appelhans et al., 

2016). The climatic seasonality is much stronger at lower elevations outside the 

forest belt (Appelhans et al., 2016). The highest number of flowers were recorded 

in October both at lower and high elevations and positively correlated with relative 

humidity (Fig. 1). We selected 25 study sites of 50 × 50 m, ranging from 866 to 

1,788 m a.s.l., which we identified as the upper limit of the distribution of cavity-

nesting Hymenoptera in a previous study (AVM et al., unpublished data). Study 

sites covered five major ecosystem types found at the southern slopes of Mt. 

Kilimanjaro, each with four to six replicates, ranging from natural savannahs and 

maize fields at lower elevations, which are the driest areas of the mountain 

(Appelhans et al., 2016), to diverse agroforestry systems of the local Chagga tribe 

(Chagga homegardens), extensively-managed grasslands and coffee plantations at 

mid-elevations. One study site had to be excluded, because we did record no nests. 

For statistic robustness of seasonal trends, (i.e. to ensure a sufficient amount of data 

at each elevation), we divided study sites into two elevational levels, low elevations 

(<1,300 m a.s.l., N = 13 study sites) and high elevations (≥1,300m a.s.l., N = 12 

study sites).  
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Fig. 4: Seasonal variation of temperature, relative humidity and flower abundance at elevations 
below and above 1,300 m a.s.l. at Mt. Kilimanjaro. Generalised additive mixed models (GAMM) 
were used to estimate trends of seasonality (Gaussian family, basis dimension (k) = 6 as for nest-
building activity, life-history traits and ecological rates. Temperature, relative humidity and flower 
abundance (log-transformed), showed significant seasonality for lower and higher elevations: 
Lower elevations: (a) Temperature: F5,735=309, p<0.001, (b) Relative humidity: F5,735=84.79, p<0.001, 
(c) Flower abundance: F3,443=7.31, p<0.001, higher elevations: (a) Temperature: F5,678=286.6, p<0.001, 
(b) Relative humidity: F5,678=90.72, p<0.001, (c) Flower abundance: F5,432=13.2, p<0.001. Trend lines 
derived with GAMMs were plotted with continuous lines because the significance level of days of 
the year was p < 0.05 and a seasonal pattern was observed. A linear mixed effect model (LMM) 
with study site as random factor was used to test for possible correlations between temperature 
and humidity and flower abundance. Flower abundance correlated with temperature (t-value=-
3.14, p<0.01), relative humidity (t-value=1.79, p=0.07) and an interaction of both, 
temperature*relative humidity (t-value=8.33, p<0.001). Days: Days of the year. 

3.2.2 Sampling of cavity-nesting Hymenopter 

The seasonal abundance of cavity-nesting bees, crabronid, eumenid, 

pompilid and sphecid wasps was assessed with 208 trap nests operated for 17 

months. Eight trap nests were placed in four pairs on each study site and filled with 

common reed (Phragmites australis) and Japanese knotweed (Fallopica japonica) 

internodes. The trap nests were monthly checked for new and hatched nests, and 

occupied reed internodes were replaced with new ones. We reared all nests in 

hatching boxes on the study sites, in order not to change the climatic conditions 

during development. After hatching, all nests were cut open, identified and life-

history traits and ecological rates recorded. All specimens were divided into 

functional groups following the trophic level of their food provisions, i.e., pollen- 

and nectar feeders (bees: Apidae), caterpillar-hunting wasps (Eumeninae) and 

spider-hunting wasps (Pompilidae, Sphecidae and Crabronidae). Aphid-hunting, 

cicada-hunting and orthopteran-hunting wasps occurred only occasionally so that 

we excluded them from the analysis. 
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3.2.3 Measurement of ecological rates and life-history traits 

We measured the following data from nests and specimens: (1) we 

calculated the mean parasitism rate, as the number of brood cells killed by 

parasitoids, predators and cleptoparasites in relation to all brood cells and also used 

the number of brood cells killed by parasitoids, predators and cleptoparasites itself. 

(2) We determined the mean natural mortality, as the number of dead brood cells, 

which died for unknown reason (presumably pathogens), in relation to all brood 

cells. (3) The mean survival rate was calculated as the number of hatched brood 

cells in relation to all brood cells. (4) We calculated the mean sex ratio as the 

percentage of male brood cells to all brood cells. (5) We measured the mean 

development time as the number of days between the date of control, when the 

nests were found and the date of control when the nests were already hatched. This 

implies that the real development time can differ from the measured development 

time. It can be longer if nests have been built already 1-4 weeks before the control 

date and shorter if nests already hatched 1-4 weeks before the control date. The 

development time is therefore a coarse estimate to differentiate very short and very 

long development times. (6) Lastly, we measured the diameters of occupied reed 

internodes which correlate with body size with few exceptions (Araújo et al., 2016) 

to estimate mean body size of the community. Different life-history traits can have 

a different number of data points, since it was not possible to assess all traits 

simultaneously. For example, host brood cells which are killed by parasitoids cannot 

give information about the sex of the respective host. 

3.2.4 Temperature, relative humidity and flower abundance 

Temperature and relative humidity were recorded by colleagues on 24 study 

sites in 5 minutes intervals during the whole duration of the data collection as in 

(Appelhans et al., 2016) and averaged to daily means. We used a co-kriging approach 

to estimate missing temperature and humidity values for two study sites, where data 

loggers were not running during the whole duration of the data assessment 

(Appelhans et al., 2016). Data for flower abundance of flowering plant species were 

collected in parallel to the trap-nest surveys each month along two parallel 50 m 

transects of 2 m width and a distance of 20 m to each other and the total number 

of flowers per species was assessed for each survey. Compound flowers were 
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considered as a unit for flower distances which a small bee of approx. 1 cm length 

would rather walk than fly (Classen et al., 2015). 

3.2.5 Statistical analysis 

All statistical analyses were performed using the R Project for Statistical 

Computing version 3.3.3 (R Development Core Team 2018). The seasonal pattern 

of nest-building activities, ecological rates and life-history traits were modelled as a 

function of the day of year, using generalised additive mixed models (GAMMs) and 

a Gaussian error structure, Poisson error structure or Binomial error structure 

depending on the variable considered (gamm function in the mgcv R-package). Nest-

building activities were modelled with Poisson, while size and development time 

were modelled with Gaussian error structure. Sex ratio, parasitism, natural mortality 

and survival rate were modelled with Binomial error structure with log link function. 

GAMMs are modelling techniques that allow temporal spline fitting while taking 

account of repeated measurements on statistical units. Herein, the identities of the 

site were specified as a random variable. For statistical robustness of seasonal trends 

(i.e. to ensure a sufficient amount of data at each time period), time was rescaled on 

Julian dates from the first of January to show a complete annual cycle. We 

performed models for study sites < 1,300 m and ≥1,300 m a.s.l. and for each 

functional insect group separately as the inference and interpretation of statistical 

interactions between predictor variables is rather complicated with GAMMs. In 

GAMM models we set the basis dimension of the smoothing term k to six to 

account for seasonal patterns in the trend functions while limiting the complexity 

of the curve function. People living nearby, especially children, were moving around 

on the study sites and destroyed or stole some nests out of the hatching boxes. To 

account for the losses, we estimated the number of established nests for each 

functional group by multiplying the total number of primarily observed nests with 

the proportion for each functional group observed in the remaining nests. Because 

losses were random, we assumed that the relative proportion of functional groups 

did not change with some nests lost. In total, 13 % of the primarily observed nests 

were lost.  
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We tested whether the seasonality in nest-building activity, ecological rates 

and life-history traits is synchronised with temperature, relative humidity, an 

interaction of both, and the abundance of flowers, using generalised linear mixed 

effect models (GLMMs, glmer function in the lme4 R-package) and a Gaussian error 

structure for nest-building activity, size and development time, and a Binomial error 

structure for sex ratio, parasitism, natural mortality and survival rate. Site was 

specified as a random variable to account of repeated measurements. We calculated 

all models first with data points covering the whole elevational gradient to reveal 

general seasonal patterns and then recalculated the models for lower and higher 

elevations separately to check for causalities which might only occur at a certain 

elevational level. Before the analyses, the explanatory variables were standardised 

by z-transformation, using the scale function in R. We further checked whether 

seasonal patterns in nest-building activity between functional groups are 

synchronised between each other and used linear mixed effect models (LMMs, lmer 

function in the lme4 R-package) and study site as random factor to compare nest-

building activities of different functional groups.  

In order to check for migration and turnover of species in different seasons 

and compare species communities between seasons and elevations, we used a 

subset of nests in which the host could be identified to morphospecies level. We 

calculated Bray-Curtis distances between species communities of five different 

elevation zones, i.e. up to 1,000 m, from 1,000 to 1,200 m, from 1,200 to 1,400 m, 

from 1,400 to 1,600 m and from 1,600 to 1,800 m a.s.l. and four different seasons 

(long rainy season: March-May, long dry season: June-September, short rainy 

season: October-December and short dry season: January-February), using the 

metaMDS function in the vegan R-package and a community matrix with occurrence 

data. We applied non-metric multidimensional scaling (NMDS) along two axes. 

3.3 Results 

3.3.1 Seasonal patterns in nest-building activity and species turnover 

Nest-building activity varied seasonally at lower and higher elevations. In 

total, we found 6,852 nests of cavity-nesting Hymenoptera of which 5,973 could be 

identified in detail for life-history traits and ecological rates and 87 % of them could 
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be assigned to bees, caterpillar-hunting wasps and spider-hunting wasps. Overall, 

bees built the highest numbers of nests (3,215 nests, representing 54% of all 

identified nests), followed by caterpillar-hunting wasps (20%) and then spider-

hunting wasps (14%). Differences in nest abundances between functional groups 

were less pronounced at lower elevations (2,276 bee nests, representing 60 % of the 

nests from the three functional groups, caterpillar-hunting wasps 23 % and spider-

hunting wasps 17 %) compared to higher elevations (939 bee nests, representing 

68 % of the nests from the three functional groups, caterpillar-hunting wasps 21 % 

and spider-hunting wasps 11 %). All three functional groups showed seasonality in 

nest-building activities at lower and higher elevations, with strongest seasonality at 

lower elevations (Fig. 2, Appendix S3, Fig. S3.2). Generally, nest-building activity 

was much higher at low than at high elevations. Strikingly, seasonal patterns in nest-

building activity were similar between all functional groups at lower elevations, but 

at higher elevations only for caterpillar- and spider-hunting wasps (Fig. 2).  
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Fig. 2: Seasonal variation of nest-building activities of bees, caterpillar-hunting wasps (Wlep) and 

spider-hunting wasps (Wara) at elevations (a) below and (b) above 1,300 m a.s.l. at Mt. Kilimanjaro. 

Generalised additive mixed models (GAMM) were used to estimate trends of seasonality (Poisson 

family, basis dimension (k) = 6. Nest-building activities of bees, Wlep and Wara showed significant 

seasonality for lower and higher elevations: Lower elevations: Bees: F5,206=137.8, p<0.001, Wlep: 

F5,206=74.64, p<0.001, Wara: F5,206=33.78, p<0.001, higher elevations: Bees: F5,183=37.12, p<0.001, 

Wlep: F5,183=25.91, p<0.001, Wara: F5,183=10.89, p<0.001. Seasonal synchrony in nest-building 

activities was tested with linear mixed effect models (LME). The nest-building activity of bees, 

Wlep and Wara was similar at lower, but at higher elevations only for Wlep and Wara: Lower 

elevations: Bees-Wlep: t=1.97, p=0.05, Bees-Wara: t=4.66, p<0.001, Wlep-Wara: t=5.48, p<0.001, 

higher elevations: Bees-Wlep: t=-0.21, p=0.84, Bees-Wara: t=0.91, p=0.37, Wlep-Wara: t=2.10, 

p=0.04. Bees, caterpillar-hunting and spider-hunting wasps showed synchronised seasonality at the 

end of the year in the lower elevations, but, were rather synchronised at the beginning of the year 

at higher elevations. Only model predictions are displayed, because nest-building activity contains 

extreme values. Only GAMM predictions are shown for clarity, but see Fig. S3.2 for observed data 

Days: Days of the year. 

 

Nest-building activity of bees increased with flower abundance, whereas 

nest-building activity of spider-hunting wasps increased with temperature and 

relative humidity and it increased in caterpillar-hunting wasps with an interaction of 

temperature and relative humidity (Tab. 1).  
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Tab. 1: Summary of the GLMM models performed to test the effects of temperature, relative 

humidity, flower abundance and an interaction between temperature and relative humidity on 

seasonal patterns of nest-building activity, ecological rates and life-history traits. 

 

Significant positive and negative correlations between nest-building activity and explanatory 

variables can be concluded from positive and negative t-values, respectively. Hym. group: 

Hymenoptera group, T: Temperature, rH: relative Humidity, T×rH: Interaction between 

Temperature and relative Humidity, Flower ab.; Flower abundance, Wlep: caterpillar-hunting 

wasps, Wara: spider-hunting wasps. 

 

We further analysed seasonal migration and turnover of species. Altogether, 

we were able to identify 2,230 nests at species level, which comprises 33 % of all 

observed nests, belonging to 88 host morphospecies (Appendix S5). Seasonal 

turnover seemed to be low at lower elevations and higher at higher elevations, i.e. 

seasonal turnover in species composition was generally lowest below 1,000 and 

between 1,200 and 1,400 m a.s.l. (both mean distance to centroid = 0.29) and 

highest between 1,400 and 1,600 m a.s.l. (mean distance to centroid = 0.58). 

Elevational turnover was high, forming generally very distinct species communities 

between elevation zones (Appendix S2). Seasonal migration did not really seem to 

Trait
Hym. 

group
T rH T*rH

Flower 

ab.

t/z-value p-value t/z-value p-value t/z-value p-value t/z-value p-value

Nest-building 

activity
Bees t=0.45 p=0.65 t=-0.32 p=0.75 t=0.81 p=0.42 t=1.95 p=0.05

Wlep t=-0.74 p=0.46 t=-1.38 p=0.17 t=1.87 p=0.06 t=-0.31 p=0.76

Wara t=2.86 p<0.01 t=1.84 p=0.07 t=1.26 p=0.21 t=0.28 p=0.78

Parasitism rate Wlep z=-1.28 p=0.20 z=0.64 p=0.52 z=0.35 p=0.73 z=-1.56 p=0.12

Wara z=1.39 p=0.17 z=1.22 p=0.22 z=-0.35 p=0.73 z=-0.50 p=0.62

Natural 

mortality rate
Bees z=-2.67 p<0.01 z=2.19 p=0.03 z=-0.74 p=0.46 z=1.03 p=0.30

Wlep z=1.10 p=0.27 z=2.40 p=0.02 z=-1.58 p=0.11 z=-1.05 p=0.29

Wara z=-0.26 p=0.79 z=-0.71 p=0.48 z=-2.10 p=0.04 z=-1.60 p=0.11

Survival rate Bees z=2.87 p<0.01 z=-1.61 p=0.11 z=-0.72 p=0.47 z=2.90 p<0.01

Wlep z=0.68 p=0.50 z=-2.28 p=0.02 z=1.00 p=0.32 z=2.42 p=0.02

Wara z=-0.93 p=0.35 z=-0.82 p=0.41 z=2.62 p<0.01 z=1.44 p=0.15

Sex ratio Bees z=-0.20 p=0.84 z=-0.08 p=0.94 z=-0.82 p=0.41 z=-1.74 p=0.08

Development 

time
Wlep t=0.41 p=0.68 t=1.41 p=0.16 t=1.14 p=0.26 t=0.87 p=0.39

Wara t=0.13 p=0.90 t=0.91 p=0.37 t=0.14 p=0.89 t=1.18 p=0.25

Size Wara t=1.05 p=0.30 t=0.57 p=0.57 t=0.71 p=0.48 t=-0.82 p=0.42



 

78 
 

 Following Bees and Wasps up Mt. Kilimanjaro 

happen, otherwise wet season community at 800 m could have become dry season 

community at 1000 m for instance.  

3.3.2 Seasonal patterns in ecological rates 

Overall, we observed strong seasonal variations in natural mortality, 

parasitism, and survival rates and seasonal patterns were less uniform than nest-

building activity, showing strong variations depending on functional group and 

elevation (Fig. 3, Appendix S3, Fig. S3.1, Fig. S3.2). Natural mortality rate of bees 

and caterpillar-hunting wasps increased with relative humidity and at the end of the 

warm rainy season at lower elevations (Tab. 1, Fig. 3, Appendix S3, Fig. S3.2). It 

then decreased again at the end of the warm dry season at low elevations, underlined 

for bees by a decrease of natural mortality with increasing temperature (Tab. 1, Fig. 

3, Appendix S3, Fig. S3.2). The natural mortality rate of bees showed opposite 

trends at higher elevations (Fig. 3, Appendix S3, Fig. S3.2). In contrast, the 

parasitism rate of caterpillar-hunting wasps peaked at lower elevations in the 

transition time between short dry and long rainy and long dry and short rainy 

season, respectively (Fig. 3, Appendix S3, Fig. S3.2), but the highest number of 

parasitised brood cells were found in the transition times between rainy and dry 

seasons (Appendix S3, Fig. S3.3). In opposition to the caterpillar-hunting wasps, 

the parasitism rate of the spider-hunting wasps peaked in the transition time 

between long rainy and long dry season, with highest numbers of parasitised brood 

cells in the rainy seasons, and the parasitism rate was similar at lower and higher 

elevations, with lower parasitism rates at the beginning and end of the year (Fig. 3, 

Appendix S3, Fig. S3.2, Fig. S3.3). The survival rate of bees increased with 

temperature and flower abundance (Tab. 1). The survival rate of caterpillar-hunting 

wasps was also enhanced by flower abundance, but decreased with relative 

humidity. The survival rate of spider-hunting wasps was explained by an interaction 

between temperature and relative humidity, i.e. higher temperature in concert with 

low relative humidity lead to higher survival rates.  
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Fig. 3: Seasonal variation in parasitism and natural mortality rates of bees, caterpillar-hunting wasps 

and spider-hunting wasps at elevations (a) below and (b) above 1,300 m a.s.l. at Mt. Kilimanjaro. 

Generalised additive mixed models (GAMM) were used to estimate trends of seasonality (Binomial 

family for parasitism and natural mortaliy rate, basis dimension (k) = 6). Significant model GAMM 

estimations are shown with solid lines, not significant model estimations with dashed lines. Model 

statistics are given in Tab. S3. Only GAMM predictions are shown for clarity, but see Fig. S3.2 for 

observed data Days: Days of the year. 

 

3.3.3 Seasonal patterns in life-history traits 

We found only few significant seasonal trends for variation in sex ratio, 

development time and size (Fig. 4, Tab. 1, Appendix S3, Fig. S3.1, Fig. S3.2, Tab. 

S3). For bees at low elevations, the sex ratio increased towards more males in the 

transition between warm rainy and warm dry season and a lower flower abundance 

lead to a higher proportion of males at lower elevations (Fig. 4, Appendix S3, Fig. 

S3.2a, Tab. S4). The development time for caterpillar- and spider-hunting wasps 

slightly increased during the long rainy season at lower elevations. In general, the 
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mean size of cavity-nesting Hymenoptera was rather similar throughout the year 

with only the spider-hunting wasps at higher elevations showing seasonal trends in 

body size, i.e. a larger size in the warmer half of the year (Appendix S3, Fig. S3.1b, 

Fig. S3.2c).  

 

 

Fig. 4: Seasonal variation in sex ratio and development time of bees, caterpillar-hunting wasps and 

spider-hunting wasps at elevations (a) below and (b) above 1,300 m a.s.l. at Mt. Kilimanjaro. 

Generalised additive mixed models (GAMM) were used to estimate trends of seasonality (Binomial 

family for sex ratio, Gaussian family for development time, basis dimension (k) = 6). Significant 

model GAMM estimations are shown with solid lines, not significant model estimations with 

dashed lines. Model statistics are given in Tab. S3. Only GAMM predictions are shown for clarity, 

but see Fig. S3.2 for observed data Days: Days of the year. 

 

3.4 Discussion 

In this study, we investigated seasonal patterns of nest-building activities, 

species turnover, ecological rates and life-history traits at lower and higher 

elevations for three different functional groups of cavity-nesting Hymenoptera in a 
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tropical mountain ecosystem. Seasonal patterns in nest-building activity occurred in 

all investigated groups, i.e. bees, caterpillar-hunting wasps and spider-hunting wasps 

at lower and higher elevations. Additionally, we found seasonal variation in 

parasitism and natural mortality rate, sex ratios, development time and body size. 

Our data indicate that seasonal patterns are often driven by temperature, relative 

humidity, an interaction of both variables and also flower abundance, in the case of 

bees. By showing seasonal patterns in different ecological rates and life-history 

traits, at different elevations and in different functional groups, our study provides 

new insights about the community composition and biotic interactions of insects 

under changing environmental conditions. Furthermore, it is the first study that 

provides seasonal patterns in cavity-nesting hymenopterans with simultaneous 

comparison at different elevations. So far, seasonal patterns in cavity-nesting 

hymenopterans have mainly been investigated in temperate regions (Tylianakis et 

al., 2005; Matos et al., 2016; Sabino & Antonini, 2017) at similar elevations and less 

intensive with regard to groups, ecological rates and life-history traits. 

3.4.1 Synchronised nesting-activity between bees and wasps at lower 

elevations 

In line with our prediction, the magnitude of seasonality in nest-building 

activity differed between functional groups, but opposing to our assumption it was 

synchronised at lower elevations with a strong peak at the end of the short rainy 

season for bees, caterpillar- and spider-hunting wasps. Seasonal patterns are 

believed to differ between species, families or other taxonomic groups (Wolda & 

Roubik, 1986; Sirohi et al., 2015; Osorio-Canadas et al., 2018), but except from small 

differences, we rather find differences in magnitude than in seasonal timing of 

activity. Patterns were different at higher elevations, even though nesting activity of 

caterpillar- and spider-hunting wasp was also synchronised there. At higher 

elevations, with much lower nest densities, nesting activity was less synchronised 

and generally less subject to strong fluctuations. Nevertheless, synchronised 

seasonal patterns seem to be present at both elevations. The period of nesting is 

the most critical life stage, because unlike social species, females spend most of their 

time with constructing and provisioning their nests (Morato & Martins, 2006). 

Therefore, it must be carefully adapted to the rhythms of nature. Warmer 
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temperatures and the start of the short rainy season in October seemed to trigger 

different insect groups at lower elevations and synchronise their life-cycles. Most 

insect species in the tropics peak in the rainy season or in the transition time 

between rainy and dry season (Frith & Frith, 1990; Novotny & Basset, 1998; Tidon, 

2006; da Silva et al., 2011). However at higher elevations, the synchronisation of life-

cycles seemed to be delayed and took place between January and March. This is the 

transition time (short dry season) before the start of the long rainy season. 

Temperatures are still high and the air humidity already slowly rises. This period 

seems to enable nesting by all investigated insect groups before the nest-building 

activity drops with the long rainy season, a period with high mean humidity between 

80 and 100%. However, we observed the lowest nesting-activity during the long dry 

season, which follows the long rains and is colder than the short dry season (Yang 

et al., 2015). During this period, the environmental conditions seem to be 

fundamentally hostile to cavity-nesting Hymenoptera, because the nesting-activity 

dropped in all functional groups. Decreasing abundances of different groups of 

flies, which are generally able to persist under extreme climate conditions, have also 

been observed in the coldest and driest months (Lambkin et al., 2011). However, 

even though we find synchronisation of seasonal patterns among bees, caterpillar-

hunting and spider-hunting wasps, their nutritional requirements are very different 

and resources may not be equally available to them (Boulter et al., 2011). We found 

that different drivers were responsible for the similar, but still different seasonal 

nest-building activities in the different functional hymenopteran groups. The 

abundance of flowering plants, which was closely linked to relative humidity at 

lower elevations, was the strongest trigger for the nest-building activity of bees. 

Many studies show that the spatial variation in floral resource abundance and 

diversity is related to bee diversity, but the linkage between seasonal dynamics of 

flower resources and bees has been rarely achieved (e.g. Abrahamczyk et al. ( 2011)). 

By analysing lower and higher elevations separately, we find that the nest-building 

activity of bees is linked to flower abundance at lower, but less so at higher 

elevations. This may indicate that bees are most adapted to the onset of the rainy 

season at lower elevations. Temperature, which has been shown to be one of the 

most important factors for driving species diversity patterns at Mt. Kilimanjaro 

(Peters et al., 2016b), was positively correlated with the nest-building activity of 
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spider-hunting wasps, while relative humidity decreased it. Spider abundances at 

Mt. Kilimanjaro were found to be positively correlated with temperature (Röder et 

al., 2017) and might therefore offer high resource abundance for their predators in 

habitats with higher temperatures. Indeed, high temperatures correlated with a high 

number of nests in Trypoxylon, a genus of spider-hunting wasps (Loyola & Martins, 

2006). The nest-building activity of caterpillar-hunting wasps only increased when 

temperature and relative humidity were high, but decreased when temperature was 

high, but relative humidity was below 75 %. This decrease of nesting-activity with 

high temperature and low relative humidity is prominent at low elevations. 

Excessively high temperatures, especially together with low relative humidity at 

lower elevations might have a direct, negative impact on caterpillar abundance. This 

may result from caterpillars being poorly protected from excessively high 

temperatures due to their relatively soft cuticle. Another explanation might be that 

because the abundance of predators, like ants and spiders increases with 

temperature (Kaspari et al., 2000; Röder et al., 2017), the abundance of their prey, 

such as caterpillars, might decrease, causing decreasing nest-building activities of 

caterpillar-hunting wasps due to lower resource availability. On the other hand, 

nest-building activity of caterpillar-hunting wasps was also low when relative 

humidity was high, but temperatures low. Even though caterpillars prefer wet 

conditions, foraging of caterpillar-hunting wasps might be restricted when 

temperatures are too cold (temperature-mediated resource exploitation hypothesis 

(Classen et al., 2015)). Overall, we assume that in both wasp groups temperature 

indirectly influences nest-building activity of wasps at lower elevations by 

temporarily limiting the availability of their resources.  

Inconsistent seasonal patterns at different elevations have also been found 

in other studies of tropical insects for Hymenoptera (Boulter et al., 2011; Bishop et 

al., 2014), Coleoptera (Wardhaugh et al., 2018), Diptera (Lambkin et al., 2011) and 

Lepidoptera (Beck et al., 2017). Different seasonal patterns at different elevations 

are linked to differences in life-history, behaviour and interactions with other 

organisms associated with changing environmental conditions (Hodkinson, 2005). 

At Mt. Kilimanjaro, different elevations harbored distinct insect communities, 

indicating that bees and wasps rather bridge unfavourable conditions via dormancy, 

than by moving up- or downwards, e.g. the dry-season community at higher 
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elevation did not overlap with the rainy-season community at lower elevation 

(Appendix S2, Fig. S2). Although seasonal elevational migration is a conceivable 

pattern (Hunt et al., 1999; Wardhaugh et al., 2018), it might be rather rare for cavity-

nesting Hymenopterans, because they show high nest-site fidelity. This pattern 

might differ for social species where migration has been found between seasons 

(Stein et al., 2018), though not along an elevational gradient. Furthermore, the 

habitat types along the elevational gradient of Mt. Kilimanjaro change and along 

with it also the plant communities. The changing plant communities in the distinct 

habitats, might offer different resources and nest-building materials for insects, 

which make migrations difficult.  

3.4.2 Seasonality in ecological rates 

We also found seasonal patterns for ecological rates, but with strong 

variation among functional groups and elevational belts. The parasitism rate of the 

caterpillar-hunting wasps at lower elevations peaked in the transition times between 

dry and rainy seasons and was time-delayed to the nest-building activity of the 

caterpillar-hunting wasps at lower and higher elevations. Parasitoids are often well 

synchronised to their hosts (Martins et al., 1999; Sabino & Antonini, 2017) and are 

often host density-dependent (Gazola & Garófalo, 2009; Mesquita & Augusto, 

2011; Araújo et al., 2016). In our study, the number of parasitised brood cells 

followed the seasonal pattern of the nest-building activity of the hosts with the 

highest number of parasitised brood cells at the beginning, middle and end of the 

year. But increased parasitism rates may be also correlated with decreasing host 

abundances (Elekcioglu & Uygun, 2013). The nest-building activity of caterpillar-

hunting wasps at lower elevations dropped stronger and increased faster than the 

parasitism and therefore, the parasitism rate showed a time-delayed pattern in 

relation to the nest-building activity of the host. Parasitism rates in spider-hunting 

wasps were similar at lower and higher elevations. No spider-hunting nests occurred 

in the middle of the year. While we observed that the nest-building activity of 

spider-hunting wasps decreased towards the middle of the year, showing a similar 

pattern for lower and higher elevations, the number or parasitised cells did not drop 

as strong so that the parasitism rate increased as for the parasitism rate of the 

caterpillar-hunting wasps. An earlier study found stable parasitism rates throughout 
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the season for bee and wasp nests, but the parasitism rates were correlated to equally 

stable abundances of the hosts (Osorio-Canadas et al., 2018), which we only see in 

bee nests. On the one hand, both, the parasitoids of the caterpillar-hunting and 

spider-hunting wasps are closely oriented to their hosts and on the other hand 

temperature is very important for parasitoid activity (van Huis et al., 1994; Canevazzi 

& Noll, 2011; Forrest & Chisholm, 2017). Activity optima are different for different 

organisms. Bees, for instance, can be active at lower temperatures than their 

parasites, so that an increase in temperature can lead to an increase in parasitism 

rates (Forrest & Chisholm, 2017). We further find that the parasitism rate of wasps 

was rather temperature-dependent, in contrast to other findings suggesting that 

interactions between predators and parasitoids are usually driven by precipitation 

(Kishimoto-Yamada & Itioka, 2015). Parasitism rates of caterpillar-hunting wasps 

increased with temperature at lower elevations and increased with temperature for 

spider-hunting wasps at higher elevations if the relative humidity was not too high. 

For relative humidity between 70 and 100 % the parasitism rate of spider-hunting 

wasps decreased with temperature, suggesting that humidity may become a limiting 

factor for parasitoids in combination with high temperatures.  

The natural mortality, which is in our case mortality due to unknown 

reasons like extreme climatic conditions, pathogens or little food provisions, 

showed similar seasonal patterns for bees, caterpillar- and spider-hunting wasps at 

lower elevations. It increased with relative humidity for bees and caterpillar-hunting 

wasps and for spider-hunting wasps with simultaneous low temperature. Under 

high humidity conditions larvae and food provisions might be infected with 

pathogens, causing a higher mortality of the host. Simultaneously, the natural 

mortality rate decreased with temperature for bees and spider-hunting wasps if the 

relative humidity was high enough. Hot temperatures and low humidity at the same 

time could increase the risk of desiccation (Child, 2007). But seasonal patterns of 

natural mortality are difficult to link to environmental factors, as in reality, the 

environmental conditions during the whole development time are affecting the 

mortality rate and not only the conditions during the phase of nest building. 
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3.4.3 Seasonality in life-history traits 

The sex ratio of bees changed seasonally at lower elevations, with more 

males occurring at both the beginning and the end of the year. However, the sex 

ratio did not vary seasonally for any of the studied groups at higher elevations. The 

strong dependence of bees on flowering plants was reflected in higher proportion 

of males when resource availability was low (Kümmerli & Keller, 2011). The higher 

proportion of males in correlation with lower amount of food resources has also 

been reported for wasps (Strohm & Linsenmair, 1997), but in our study resources 

for wasps does not seem to be limiting.  

Development times tended to be longer for bee, caterpillar-hunting and 

spider-hunting wasp nests constructed between April and May at lower elevations. 

Delayed emergence has been reported for bees and spider-hunting wasps in the 

tropics. It is assumed to be an apparent response to avoid the most inconvenient 

season of the year through a state of dormancy (Martins et al., 1999; Zanette et al., 

2004; Sabino & Antonini, 2017). Even though development times can vary between 

bee and wasp species and even within species, with some individuals showing direct 

development and others going into diapause (Martins et al., 2001; Buschini, 2007), 

the development time seemed to be uniformly longer here. In these months, the 

larvae of all three groups needed between 100 to 200 days for their development to 

adults, even though the pattern was not seasonally significant in bees. This 

translated into an emergence period after the long rainy season between July to 

October. Humidity played an important role in the development time of both wasp 

groups at lower elevations, with increasing air humidity leading to longer 

development times. Our findings hence suggest that an increase of humidity may 

trigger a kind of diapause, to prevent the emergence of the brood in the long rainy 

season. Our results thus contrast previous findings, showing a decreasing 

development time with increasing relative humidity for a heteropteran host and its 

hymenopteran parasitoid (Cave & Gaylor, 1988). Hence, the response of insects to 

ambient humidity may be different for parasitoids and depend on the host order 

and the range of humidity, with possibly more adverse effects at very low or high 

humidity levels. Furthermore, emergence in tropical insects is usually triggered by 

rainfall or high humidity (Wolda, 1988), which should have resulted in development 
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times bridging the long dry season at lower elevations. This seemed to be rather 

true for the spider-hunting wasps, but not for the caterpillar-hunting wasps, which 

generally had a shorter development time during the long rainy seasons. But since 

the development time could only be estimated within a coarse timeframe, further 

studies are needed to answer how the life-history timing of tropical insects is 

matched to environmental conditions in areas with strong climatic seasonality.  

3.5 Conclusion 

Insects have to adapt to variable climatic conditions and resource 

availability in areas with clear seasonality, such as dry and rainy seasons. That entails 

suitable periods for the assemblage of resources, reproduction and development, 

but also for associated natural enemies. The time and extent of these periods are 

considered to be group-specific and variable between lower and higher elevations 

and the drivers and mechanisms behind them are still barely understood. In this 

study, we investigated seasonal patterns of three functionally different 

Hymenoptera groups, i.e. pollinators (bees), first-order and second-order predators 

(caterpillar-hunting and spider-hunting wasps, respectively), at lower and higher 

elevations at Mt. Kilimanjaro. We found strong seasonality in nest-building activity 

in all groups and both areas, but seasonal patterns were also reflected in different 

life-history traits and parasitism rates. Seasonal patterns were more often explained 

by climate and resources at lower than higher elevations. Even though rainfall is 

regarded as the most important driver for seasonality of tropical insects, we did not 

find a consistent driver for seasonal patterns. Temperature, relative humidity, the 

interaction between temperature and humidity and resource availability all 

correlated with different traits and insect groups. Therefore, trade-offs between for 

instance high resource availability and high parasitism pressure seemed to be low 

for the investigated groups because they were not enhanced by the same drivers. 

But temperature and relative humidity interacted in complicated ways and enhanced 

or suppressed for example the nest-building activity of caterpillar-hunting wasps. A 

deeper and further study of ecological rates and life-history traits is therefore 

indispensable, to understand the diverse factors which shape insect communities 

under changing environmental conditions. The interactive effects of elevational 

climate gradients and seasonality might be a useful approach to perceive possible 
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future responses of insect communities to climate warming. At Mt. Kilimanjaro, 

seasonality in climate has changed during the last years, especially during the long 

rainy season (Otte et al., 2017). This may lead to immense challenges for insects that 

are closely adapted to seasonal changes and highlights the importance of taking a 

closer look when studying the seasonality in species abundances and traits, 

especially in a world of rapid global change.  

3.6 Appendix 

Appendix S1: Seasonal variation of traits 

 

Fig. S1: Illustration of how seasonal variation in food resources, associated with seasonal variation 

in nest-building activity might be also reflected in seasonal variation of life-history traits, such as 

the percentage of male individuals in the community or the mean body size. In this example, the 

green box is a season with a high availability of resources and a high nest-building activity. For 

the traits this might be reflected into a higher proportion of females than males and high 

proportion of large species. The red box is a season with a low availability of resources and a low 

nest-building activity. For the traits this might lead to a higher proportion of males than females 

and high proportion of small species. 
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Appendix S2: Seasonal turnover in trap-nesting species compositions in 

different elevations 

 

Fig. S2: Nonmetric multidimensional scaling (NMDS) two-dimensional plot of host species of 

cavity-nesting communities at Mt. Kilimanjaro up to 1,000, 1,200, 1,400, 1,600 and 1,800 m a.s.l. 

for the long rainy season (Rain long: March-May), long dry season (Dry long: June-September), 

short rainy season (Rain short: October-December) and short dry season (Dry short: January-

February). The ordination is based on Bray-Curtis distances. A low stress values indicates a high 

goodness-of-fit of the ordination. Stress value = 0.10. 
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Appendix S3: Seasonal patterns of nest-building-activity, ecological 

rates and life-history traits 

 

Fig. S3.1: Seasonal variation in survival rates and sex ratios of bees, caterpillar-hunting wasps and spider-

hunting wasps at elevations (a) below and (b) above 1,300 m a.s.l. at Mt. Kilimanjaro. Generalised 

additive mixed models (GAMM) were used to estimate trends of seasonality (Binomial family for survival 

rate, Gaussian family for size, basis dimension (k) = 6). Significant model estimations are shown with 

solid lines, not significant model estimations with dashed lines. Model statistics are given in Tab. S3. 

Days: Days of the year. 
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Tab. S3: Seasonal variation of ecological rates and life-history traits of bees, caterpillar-hunting 

wasps (Wlep) and spider-hunting wasps (Wara) at elevations below and above 1,300 m a.s.l.. 

 

  

Trait
Hymenoptera 

group
Elevation F-Statistics p-values

Parasitism rate Bees <1300 F1,152=9.63 p<0.01

≥1300 F3,48=128.2 p<0.001

Wlep <1300 F5,100=6.19 p<0.001

≥1300 F2,48=4.61 p=0.02

Wara <1300 F4,82=21.07 p<0.001

≥1300 F3,31=11.1 p<0.001

Parasitised 

brood cells
Bees <1300 F5,148=53.65 p<0.001

≥1300 F5,46=4.27 p<0.001

Wlep <1300 F5,100=15.75 p<0.001

≥1300 F1,49=25.4 p<0.001

Wara <1300 F5,81=15.35 p<0.001

≥1300 F3,31=8.1 p<0.001

Natural 

mortality rate
Bees <1300 F5,148=68.23 p<0.001

≥1300 F5,46=17.11 p<0.001

Wlep <1300 F3,102=21.3 p<0.001

≥1300 F1,49=14.8 p<0.001

Wara <1300 F5,82=13.78 p<0.001

≥1300

Survival rate Bees <1300 F5,148=69.15 p<0.001

≥1300 F5,46=15.8 p<0.001

Wlep <1300 F4,101=21.37 p<0.001

≥1300 F1,49=21.27 p<0.001

Wara <1300 F4,82=21.77 p<0.001

≥1300 F5,29=10.55 p<0.001

model failed to converge
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The effect of season on life-history traits was tested with generalised additive mixed models 

(GAMM). 

  

Trait
Hymenoptera 

group
Elevation F-Statistics p-values

Sex ratio Bees <1300 F3,108=3.50 p<0.01

≥1300 F1,23=1.74 p=0.20

Wlep <1300 F1,59=6.53 p=0.01

≥1300 F2,31=8.38 p=0.02

Wara <1300 F1,35=0.39 p=0.54

≥1300 F1,11=3.64 p=0.08

Development 

time
Bees <1300 F1,132=1.35 p=0.25

≥1300 F1,29=0.02 p=0.88

Wlep <1300 F2,71=3.90 p=0.04

≥1300 F1,32=3.01 p=0.09

Wara <1300 F4,52=6.81 p<0.001

≥1300 F2,21=1.29 p=0.22

Size Bees <1300 F1,154=0.08 p=0.77

≥1300 F1,51=0.43 p=0.52

Wlep <1300 F1,105=0.00 p=0.96

≥1300 F1,49=5.92 p=0.02

Wara <1300 F3,82=1.86 p=0.10

≥1300 F2,33=4.31 p=0.01
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Fig. S3.3: Seasonal variation nests and parasitised brood cells of (a) bees, (b) caterpillar-hunting wasps 

and (c) spider-hunting wasps at elevations below and above 1,300 m a.s.l. at Mt. Kilimanjaro. 

Generalised additive mixed models (GAMM) were used to estimate trends of seasonality (Gaussian 

family, basis dimension (k) = 6). Significant model estimations are shown with solid lines, no seasonal 

model estimations patterns with dashed lines. Model statistics are given in Tab. S3. Days: Days of the 

year, H nests: predicted number of host nests, P nests: predicted number of parasitised brood cells. 

 

Appendix S4: Synchronisation of seasonal patterns in nest-building 

activity, ecological rates and life-history traits and environmental 

variables 
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Tab. S4: Linear mixed effect models (LMMs) and generalised linear mixed effects models 

(GLMMs, family = binomial) explaining seasonal patterns of nest-building activity, ecological 

rates and life-history traits by temperature, relative humiditiy, and flower abundance and an 

interaction between temperature and relative humidity at elevations below and above 1,300 m 

a.s.l.. 

 

Significant positive and negative correlations between nest-building activity and explanatory 

variables can be concluded from positive and negative t-values, respectively. Hym. group: 

Hymenoptera group, T: Temperature, rH: relative Humidity, T×rH: Interaction between 

Temperature and relative Humidity, Wlep: caterpillar-hunting wasps, Wara: spider-hunting wasps. 
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Appendix S5: Species table 

Tab. S5: Table of host species with their larval food and their occurrences throughout the year 

and in different habitats. C: coffee monoculture, G: semi-natural grassland, H: homegarden, M: 

maize field, S: natural savanna. 

 

Taxon Food Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Apidae

Anthidiellum somaliense pollen S S S M,S M S S M M,S

Ctenoplectra centinorii pollen C C C C M C C C C C C,M C,M

Gronoceras felina pollen H,S M,S M M
G,M,

S

G,M,

S

H,M,

S
G,H,S

G,H,

M

G,H,

M,S

Heriades sp.1 pollen G G

Heriades sp.2 pollen C M C,M M M,S
C,M,

S

Macrogalea sp.1 pollen M M M

Megachile admixta pollen C C M M G,M G,M
C,G,

M,S
C,M,S C,M,S

C,G,

M,S

Megachile demeter pollen M,S M,S M,S M,S S S M,S M M,S S S M,S M,S

Megachile fervida pollen M,S M,S M,S M,S M M,S M M,S M,S M,S M,S M,S

Megachile maxillosa pollen M M S S S M M,S M,S

Megachile mossambica pollen M,S C,M,S S M,S G,S M,S
G,M,

S
G,S G,S S

G,M,

S

C,G,

M,S

Megachile rufipennis pollen S S

Megachile rufiventris pollen M M

Megachile semierma pollen M M M M M
G,M,

S

C,G,

M
G,M M,S

C,G,

M,S

Megachile sheppardi pollen M S S S S M,S

Megachile sinuate pollen S M M M M,S

Megachile sp.1 pollen M M

Megachile sp.2 pollen M M

Megachile sp.3 pollen M M

Megachile sp.5 pollen S M,S M M,S M,S S S M,S M,S M,S

Megachile sp.6 pollen H H G,H M G,H

Megachile sp.7 pollen M M M

Megachile sp.8 pollen M M

Megachile sp.9 pollen M M

Megachile sp.12 pollen M M

Megachile ungulata pollen C C C

Noteriades sp.1 pollen S M,S M,S M,S M,S M,S M,S M,S M,S M,S M,S M,S M,S

Noteriades sp.2 pollen S M M,S

Noteriades sp.3 pollen C S C,S

Nothylaeus sp.1 pollen C C C

Nothylaeus sp.2 pollen H C C,H

Nothylaeus sp.4 pollen S M S S S M,S

Nothylaeus sp.6 pollen C C

Nothylaeus sp.7 pollen M M

Nothylaeus sp.8 pollen C C

Pseudoheriades sp.1 pollen M,S M,S S S M,S S M,S M,S M,S S M,S M,S M,S

Stenoheriades sp.1 pollen S S S S

Wainia sp.1 pollen S S

Crabronidae

Dasyproctus sp.1 NA C C

Pison sp.1 spiders C,H C,H S C C,G
C,G,

H,S

Polemistus sp.1 aphids C C C C,H C C C C C,H

Trypoxylon sp.1 spiders C,M C C C C,M

Trypoxylon sp.2 spiders C G C C C C,G
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hanges of abiotic and biotic conditions along elevational gradients 

represent serious challenges to organisms that require evolutionary and 

ecological adaptations. Information on such adaptations beyond 

morphological features are currently sparse for insects, and especially bees. Here, 

we used molecular methods to study hidden traits, biotic interactions and 

phylogenetic relationships of halictid bees of the genus Lasioglossum along a 2900 m 

elevational gradient at Mt. Kilimanjaro, Tanzania. We detected a strong 

phylogenetic species turnover of morphologically undistinguishable taxa, changes 

in cuticular hydrocarbon (CHC) profiles, pollen resource diversity and the gut and 

body surface microbiome of bees. At high elevations increased proportions of 

saturated compounds in CHC profiles indicate physiological adaptations to prevent 

desiccation. More specialised diets with higher proportions of Asteraceae pollen 

imply constrains by food resources. Interactive effects of climatic conditions on gut 

and surface microbiomes, CHC profiles and pollen diet suggest complex feedbacks 

among abiotic conditions, ecological interactions, physiological adaptations and 

phylogentic constrains as drivers of halictid bee communities at Mt. Kilimanjaro.  

C 
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4.1 Introduction 

Elevational gradients challenge all organisms as they are confronted with 

rapid abiotic and biotic changes over short geographic distances. These changes 

foremost, but not exclusive, include abiotic shifts in temperature, humidity, 

precipitation, partial pressure of atmospheric gases, UV radiation, atmospheric 

turbulence and wind speed (Barry, 1992). Biotic consequences are e.g. reduced 

suitable time periods for development, foraging and reproduction, but also changes 

in quality of food and pressure by natural enemies and pathogens (Hodkinson, 

2005). Manifold morphological, life-history and behavioral adaptations to the 

changing environment along elevational gradients have been investigated, such as 

changes in body and wing size or number of generations. But hidden physiological 

adaptations, ecological interactions and phylogenetic constrains have never been 

linked within one study along elevational gradients.  

Tropical mountain ecosystems, such as Mt. Kilimanjaro, are ideal places to 

study adaptations of animals to environmental conditions at regional spatial scales 

(Sanders & Rahbek, 2012). Pollinators, especially bees, have key functions in 

ecosystems and are threatened by a variety of anthropogenic causes (Vanbergen & 

the Insect Pollinators Initiative, 2013). Therefore, it is of particular interest to 

further understand factors that influence the distribution and composition of bee 

communities, their traits and biotic interactions. At Mt. Kilimanjaro, bee 

communities have been recorded, but so far mainly morphological traits and 

temperature influence have been studied (Classen et al., 2015; Classen et al., 2017). 

In this study, we aim to deepen our understanding of so far neglected interactive 

factors which shape the ecology of bees along climatic gradients. We specifically 

address adaptations of cuticular chemistry, plant (food resources) and microbiome 

interactions, as well as potential interactions of these particular factors. 

These factors are expected to undergo strong changes with increasing 

elevation: The composition of hydrocarbons determines desiccation (Gibbs & 

Rajpurohit, 2010) and other qualities of the cuticula (Menzel et al., 2017). Available 

food plant resources change in composition (Hemp, 2006a) and richness (Peters et 

al., 2016b) with increasing elevations (Hemp, 2006a). Associations with mutualistic 

bacteria may be temperature dependent in ectothermic insects. To our knowledge, 
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the response of these factors to elevational gradients are mostly uninvestigated in 

bees, taken for themselves as well in context with each other.  

From previous studies it is known that Lasioglossum bees show a widespread 

distribution along the elevational gradient at Mt. Kilimanjaro, from savannah 

lowlands up to the lower alpine zone (Classen et al., 2017). Lasioglossum is also the 

largest and most widely distributed bee genus on earth and is generally considered 

an intriguing model system known for strong inherent variations regarding ecology, 

behavior (Gibbs et al., 2012) and resulting adaptability to different habitats.  

We are thus interested how variation of traits and ecological interactions 

translates into the genus’s widespread occurrence along the extensive elevational 

gradient at the Mt. Kilimanjaro and specifically investigated the following research 

questions: 

1. How do phylogentic relationships of halictid bees change along the 

elvational gradient? 

2. Do cuticular chemical profiles change along the elevational gradient, 

particularly with respect to saturated compounds, involved in the cuticula’s 

function as a desiccation barrier? 

3. How does changing plant diversity at Mt. Kilimanjaro lead to a 

corresponding variation of used pollen food resources? 

Does the composition of the bee’s associated microbiomes change due to 

changes in climate, diet, cuticular chemistry and species´ phylogenies. 

4.2 Methods 

4.2.1 Study area and bee sampling 

The study was conducted in the dry season between July and September in 

2015 on the south-eastern slopes of Mt. Kilimanjaro (Tanzania, East Africa, see 

Fig.S1 in Appendix S1 in Supporting Information), which is the highest free-

standing mountain of the world. Consequently, a lot of different habitat types are 

present from 700 m to 5,895 m a.s.l. and cover savannah lowlands, different 

mountain rainforests at mid-elevations and alpine vegetation at the highest 

elevations. The mean annual temperature decreases about ~0.56°C per 100 m, from 
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25°C in the lowlands to -8°C at the summit (Appelhans et al., 2016). The mean 

annual relative humidity is highest in the forest belt at ~2,200 m a.s.l. (Appelhans et 

al., 2016) and shows a hump-shaped distribution along the elevational gradient 

(Appendix S2, Fig. S2). We caught halictine bees on 18 sites, equally distributed in 

elevation, between 830 m and 3780 m. The bees were caught when sitting on 

flowers or soil with sterile collection jars by hand and immediately placed on ice in 

a thermos flask in order to keep them on not more than 0°C when walking down 

the mountain, which could be 2-3 days. At the research station they were frozen in 

a freezer until they were dissected. The dissection was done under sterile conditions 

under a binocular microscope. The bees were dissected in head, thorax-abdomen 

and gut. The thorax and abdomen were used for the analysis of the cuticular 

hydrocarbons. Gut and head were separately used for the analysis of the 

microbiome, since the surface microbiome could additionally be influenced by the 

composition of the cuticular chemistry. We placed the head and the gut in vials with 

Zymo Xpedition™ Buffer and glass beads to stabilize the bacterial DNA. We only 

used bees of the genus Lasioglossum for the analysis of pollen and microbiomes and 

also CHCs. Halictus was only included for CHCs in Fig. 2 to enlarge the sample size, 

but it was not included in any of the statistical analyses. 

4.2.2 Chemical analysis of cuticular hydrocarbons (CHC) 

CHCs were extracted with hexane, in which the thorax and abdomen was 

submersed for 10 minutes. CHC extracts were stored at 4°C and later in Germany 

at -20°C. Extracts were analysed with a gas chromatograph (Agilent 7890, GC) 

coupled to a mass selective detector (Agilent 5975, MS). The GC (split/splitless 

injector in splitless mode for 1 min, injected volume: 1 µl at 300°C injector 

temperature) was equipped with a DB-5 Fused Silica capillary column (30 m x 0.25 

mm ID, df = 0.25 µm, J&W Scientific, Folsom, USA). Helium was used as carrier 

gas with a constant flow of 1 ml/min. The temperature program used was: start 

temperature at 60°C, with an increase of 5 °C/min until 300°C and isotherm at 

300°C for 10 min. An ionisation voltage of 70 eV (source temperature: 230°C) was 

set for the acquisition of the mass spectra by electron ionisation (EI-MS). CHCs 

were classified into three main substance classes: n-alkanes, methyl-branched 

alkanes, and unsaturated compounds, with one (i.e., alkenes) or more (i.e., 
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alkadienes, alkatrienes) double bonds. n-Alkanes were confirmed by purchable 

standards and methyl-branched alkanes and unsaturated hydrocarbons were 

identified by their diagnostic ions. Retention indices were calculated and used to 

confirm the identification of unsaturated hydrocarbons and methyl-branched 

alkanes (Carlson et al., 1998). 

4.2.3 Pollen metabarcoding 

Diversity analysis of pollen followed the method of Sickel et al. (2015), yet 

with the same extracts as for the microbial assessments: As amplifying primers we 

used the combination of plant barcoding primers ITS-S2F and ITS4R to amplify 

the ITS2 of the ribosomal cistron. PCR reaction contained 5µL 2x Phusion Master 

Mix (New England Biolabs, Ipswich, MA, USA), 0.33µM each of the forward and 

reverse primers, 3.34µL PCR grade water and 1µL DNA template. PCR conditions 

were as follows: initial denaturation at 95°C for 4 min, 37 cycles of denaturation at 

95°C for 40 sec, annealing at 49°C for 40 sec and elongation at 72°C for 40 sec; 

followed by a final extension step at 72°C for 5 min. PCRs were performed similarly 

to the 16S assessment with dual-indexed primers, in triplicates, followed by the 

same quantification, normalisation and final sequencing steps as described above. 

Also here, forward and reverse reads were joined with fastq-join (Aronesty, 2013) 

and low quality (<Q20) and short (<150bp) reads removed with USEARCH v8.0 

(Edgar, 2010). Sequences were classified with USEARCH by a global search with 

0.97% identity against a reference database composed from all sequences available 

on Genbank (Benson et al., 2013), which was created following Sickel et al. 

(2015)(Sickel et al., 2015). 

4.2.4 Microbiome screening 

The complete laboratory workflow for 16S bacterial microbiome 

assessment follows the strategy of Junker & Keller (2015) (Junker & Keller, 2015): 

Stabilised DNA was isolated using the Xpedition™ Fungal/Bacterial DNA 

MiniPrep (also Zymo Research) following the manufacturer’s instructions, however 

Proteinase K was added to also facilitate the chemical disruption of pollens 

alongside the standard mechanical bead disruption (Keller et al., 2015; Bell et al., 

2016). PCR and library preparation were performed according to a previously 
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published dual-indexing approach (Kozich et al., 2013). PCR was performed in 

triplicate for each sample in 10µL reactions, each containing 5µL 2x Phusion High 

Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), 0.33µM each 

of forward and reverse primer for the 16S V4 region (Eurofins MWG Operon, 

Huntsville, AL, USA), 3.34µL PCR grade water and 1µL template DNA. PCR 

conditions comprised an initial denaturation step at 95°C for 4 min, 35 cycles of 

denaturation at 95°C for 40 sec, annealing at 55°C for 30 sec and elongation at 72°C 

for 1min, followed by final extension at 72°C for 5 min. Triplicates of a sample 

were combined and successful amplification was verified with an agarose gel using 

5µL.The remaining 25µL were cleaned up and normalised between samples in 

DNA amounts using the SequalPrepTM Normalisation Plate Kit (Invitrogen GmbH, 

Carlsbad, CA, USA), eluting in 20µL. Of each sample, 5µL normalised DNA was 

taken for pooling 4x96 samples (together with samples of other projects and 

laboratory control samples with the pure extraction kit) according to Kozich et al. 

2013. These pools were verified for library fragment size with a Bioanalyzer High 

Sensitivity DNA Chip (Agilent Technologies, Santa Clara, CA, USA) and quantified 

with the dsDNA High Sensitivity Assay (Life Technologies GmbH, Darmstadt, 

Germany) and merged to a final pool. This was diluted to 2nM and further prepared 

for sequencing following the Illumina Guide for DNA library preparation (lllumina 

Inc., 2013), obtaining a final library of 10pM. PhiX Control Kit V3 (Illumina Inc., 

San Diego, CA, USA) was added as a spike-in to ensure high quality reads (10%). 

Sequencing was performed on the Illumina MiSeq Platform (Illumina Inc., San 

Diego, CA, USA) using 2x250bp v2 MiSeq chemistry. The cartridge of the reagent 

kit was additionally supplied with 3µL each of the custom sequencing and index 

primers. Forward and reverse reads were joined with fastq-join (Aronesty, 2013). 

Low quality (<Q20) and short (<150bp) reads were removed, and operational 

taxonomic units (OTUs) clustered with USEARCH v8.0 (Edgar, 2010). Sequences 

were classified using the RDP classifier and a bootstrap threshold of 0.8. 

Microbiome and Pollen data was imported into R (R Development Core Team, 

2017) and managed with the 'phyloseq' package (McMurdie & Holmes, 2014).  
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4.2.5 Phylogeny and species delineation 

For phylogenetic reconstruction the same DNA extracts were used. The 

cytochrome oxidase I gene (COI) was amplified with different primer combinations 

(forwards: dgHCO (Meyer, 2003), RON (Danforth et al., 2003); reverse: dgLCO 

(Meyer, 2003), MAD (Danforth et al., 2003)) to successfully retrieve overlapping 

gene fragments merged to a consensus sequence for each specimen. These 

sequences were aligned using MUSCLE (Edgar, 2004) and the final alignment was 

611 bp long. Supplementary reference sequences were obtained by a BLAST search 

against Genbank (Benson et al., 2013), with picking closely related taxa, but also 

others to represent all major clades of the Halictine bees and three Apidae as well 

as three Megachilidae outgroup sequences. The tree was reconstructed using 

BEAST2 (Bouckaert et al., 2014) and the Yule Model (Yule, 1925) with the outgroup 

defined as a prior. Phylospecies were delineated using the Generalised Mixed Yule 

Coalescent (GMYC) method (Pons et al., 2006) as implemented in the R package 

'splits'. 

4.2.6 Climate data 

The climate data for each sampling site was extracted with ArcGIS from 

interpolated maps of Mt. Kilimanjaro, showing the long-term mean annual 

temperature and relative humidity (Appelhans et al., 2016). 

4.2.7 Statistical anlysis 

4.2.7.1 CHC 

We calculated the number, Shannon diversity and evenness of CHC 

compounds for each sample site. Generalised additive models (gam) as 

implemented in the R package mgcv were used to correlate the number, Shannon 

diversity and evenness of CHC compounds with the elevational gradient. The data 

family was set to ‘gaussian’. In gam models we set the basis dimension of the 

smoothing term k to three to avoid over-parameterisation of trend functions. We 

calculated the ratio between saturated and unsaturated CHCs for each sample site. 

Saturated compounds are n-alkanes and methyl-branched alkanes and unsaturated 

compounds are n-alkenes and alkadienes: 



 

107 
 

  Cryptic species and hidden ecological interactions of halictine 
bees along an elevational gradient 

𝑦 =
𝑛−𝑎𝑙𝑘𝑎𝑛𝑒𝑠 [%]+𝑚𝑒𝑡ℎ𝑦𝑙−𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑘𝑎𝑛𝑒𝑠 [%]

𝑛−𝑎𝑙𝑘𝑎𝑛𝑒𝑠 [%]+𝑚𝑒𝑡ℎ𝑦𝑙−𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑘𝑎𝑛𝑒𝑠 [%]+𝑛−𝑎𝑙𝑘𝑒𝑛𝑒𝑠 [%]+𝑑𝑖𝑎𝑙𝑘𝑒𝑛𝑒𝑠 [%]
. 

We further calculated the mean chain length of CHCs for each sample site: 

𝑦 =
∑ 𝑐ℎ𝑎𝑖𝑛𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑛

𝑖=0

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠
. 

We used linear models (lm) to calculate trends in the ratio between saturated and 

unsaturated CHCs and the mean chain length along the elevational gradient. 

4.2.7.2 Pollen 

We calculated the number, Shannon diversity and evenness of plant species 

for each sample site. Linear models (lm) and generalised additive models (gam), 

respectively, were used to correlate the number, Shannon diversity and evenness of 

plant species with the elevational gradient. 

4.2.7.3 Gut microbiota 

We calculated the number, Shannon diversity and evenness of gut OTUs 

for each sample site. Linear models (lm) were used to correlate the number, 

Shannon diversity and evenness of gut OTUs with the elevational gradient. 

Generalised additive models (gam) were used to calculate trends in abundances of 

Lactobacillaceae, Enterobacteriaceae and Rickettsiaceae along the elevational 

gradient. The data family was set to ‘gaussian’. In gam models we set the basis 

dimension of the smoothing term k to three to avoid over-parameterisation of trend 

functions. Trend lines derived with gams were only plotted if the significance level 

of the elevation term was p < 0.05.  

4.2.7.4 Comparative analyses 

We analysed the effect of temperature and relative humidity on CHCs, 

pollen diet and microbiome, as well as potential effects on each other (overview 

about models in Appendix S6, Tab.S6). First, we calculated the differences in CHC 

compounds or composition of pollen species and microbiome OTUs, using the 

metaMDS function with Bray-Curtis distances in the R package vegan. We applied 

non-metric multidimensional scaling (NMDS) along two axes and used the axes 
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values as explanatory and response variables in linear models. To evaluate the 

support for the full model and all nested models, we used the ‘dredge’ function of 

the MuMIn package (Bartón, 2018) in R. Models were ranked according to their 

Akaike information criterion corrected for small sample sizes (AICc) (Burnham & 

Anderson, 2004) and delta distances to the next best model were calculated. All best 

supported models up to ΔAICc < 3 are given in the Supplementary Information. 

Before the analyses all explanatory variables were standardised by z-transformation, 

using the ‘scale’ function in R in order to facilitate the comparability of their effect 

strength. 

4.3 Results 

We caught 167 individuals of halictid bees between 830 and 3,780 m a.s.l. 

at the southern slopes of Mt. Kilimanjaro. We dissected bees and used different 

body parts of the same individual for different analyses: thorax and abdomen for 

cuticular chemistry, gut for pollen diet and gut microbiome, head for surface 

microbiome, and guts, thoraxes and abdomens for DNA barcoding.  

4.3.1 Elevational phylogenetics of halictid bees 

The phylogenetic analysis of the COI revealed that individuals belonged to 

different genera: 98 Lasioglossum, 32 Halictus, 8 Patellapis bees (first three genera all 

Halictini within Halictinae), 13 Lipotriches and 10 Pseudapis (both Nomiinae), 1 

Nomioides (Nomiodinae) and 5 bees which could not be identified at genus level). 

We distinguished 26 phylospecies of Lasioglossum (Fig. 1), 8 Halictus, 5 Patellapis, 1 

Lipotriches and 4 Pseudapis. Lasioglossum was present along the whole gradient with 

highest diversity at lower elevations. At high elevations, our barcoding approach 

revealed four different Lasioglossum phylospecies, where previously only one 

morphospecies could be distinguished. The phylogenetic tree showed clear 

elevational patterns of species in their distribution range indicating strong 

phylogenetic clustering at high elevations and a more dispersed phylogenetic 

structure at low elevations (Fig. 1).  
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Fig. 1: Phylogenetic tree of the collected halictid bees and reference sequences from Genbank 

(Benson et al., 2013) with representatives from all major clades of the Halictidae and three Apidae 

as well as three Megachilidae outgroup sequences. Red branches belong to Lasioglossum, black 

ones to other Halictidae and outgroups. Colours in the outer orbital indicate the occurrence of 

the phylospecies along the elevational gradient. No colours in the outer orbital means that these 

are reference sequences. Node bubbles size represent posterior probabilities determined by 

BEAST2.  

4.3.2 Cuticular hydrocarbon composition and diversity 

For 98 specimens of the genus Lasioglossum, we linked changing 

environmental parameters to cuticular chemistry, pollen diet and microbiomes. To 

test whether CHC profiles change along the elevational gradient, particular in 

compounds which act as a desiccation barrier, we analysed amounts of saturated 

compounds in relation to unsaturated compounds, mean chain length of 

compounds, and the compound richness. The ratio of saturated to unsaturated 

compounds increased with elevation (R² = 0.42, p < 0.001, Fig. 2a), as well as mean 

chain length in saturated (R² = 0.13, p < 0.01, Fig. 2b), but not in unsaturated 
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compounds (R² = -0.02, p = 0.56). While up to 1500 m n-alkanes and olefins 

accounted almost equally to overall composition, n-alkanes accounted for up to 

seven times the amount of olefins at highest elevations. At mid-elevations, we 

found a high relative abundance of methyl-branched alkanes, which were of minor 

importance at lower and higher elevations (Appendix S3, Fig. S3.2). Highest 

Shannon diversity of CHC compounds (GAM: ED = 34%, p < 0.001, Fig. 3a) as 

well as their richness (R² = 0.50, p < 0.001, Appendix S3, Fig. S3.1a) occurred at 

mid-elevations.  

 

Fig. 2: CHC of Lasioglossum (circles) and Halictus (triangles) along the elevational gradient. (a) 

Relative amounts of saturated (sat) to unsaturated and saturated (unsat+sat) CHC compounds 

increased with elevation (LM: R² = 0.42, p < 0.001). (b) The mean chainlength of CHC increased 

with elevation in saturated compounds (LM: R² = 0.13, p < 0.01). Shown are trend lines from 

model fits with standard deviation. Trend lines are only given for Lasioglossum alone. 

4.3.3 Pollen diversity 

To understand bee foraging patterns along the elevational gradient, we 

studied the richness and composition of pollen in bee guts using plant ITS2 meta-

barcoding. We obtained 615,552 sequences after merging and quality filtering. 

Individual samples yielded a mean of 10,433 sequences and 28 samples with less 

than 100 reads were removed to avoid throughput-related under-estimations in 

diversity. We detected in total 170 plant species from which pollen samples 

originated with on average 15 species per sample (range 3-26). Dominant plant 

families were Asteraceae, Ericacaea and Fabacaeae (Appendix S4, Fig. S4.2). 

Shannon diversity of collected pollen decreased along the elevational gradient 

(R² = 0.07, p = 0.03, Fig. 3c) as well as evenness (R² = 0.09, p = 0.03, Appendix 
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S4, Fig. S4.1b), but not pollen richness (R² = -0.01, p = 0.46, Appendix S4, Fig. 

S4.1a). Asteraceae were the dominant pollen resource for bees along the whole 

elevational gradient, but especially at highest elevations with up to 100 % of the 

consumed pollen (Appendix S4, Fig. S4.2, S4.3). 

 

Fig. 3: Shannon diversity of CHC- compounds, pollen diet and gut microbiome along the elevational 

gradient. (a) CHC-compounds have the highest diversity ad mid-elevations (GAM: ED = 34%, 

p < 0.001). (b) The pollen diversity decreases with elevation (LM: R² = 0.07, p = 0.03). (c) The 

diversity of the gut microbiome increases with elevation (LM: R² = 0.11, p < 0.001). Shown are trend 

lines from model fits with standard deviation. 

4.3.4 Microbial communities 

To investigate whether changing environmental conditions, cuticular 

chemistry, diet and species along the elevational gradient at Mt. Kilimanjaro lead to 

a turnover in microbiome composition, we used 16S DNA meta-barcoding to 

analyse gut and surface microbiomes. In total, we obtained 10,092,494 sequences 

after merging, quality filtering as well was mitochondria and chloroplast sequences 

removal. Individual samples had in average 26,093 reads and samples with less than 

1,000 reads were removed from the following analyses to avoid underestimations 

in diversity. Shannon diversity of OTUs in the gut microbiome increased with 

elevation (R² = 0.11, p < 0.001, Fig. 3c), as well as OTU richness and evenness 

(richness: R² = 0.12, p < 0.001; evenness: R² = 0.09, p < 0.01, Appendix S5, Fig. 

S5.1a, b). The community composition also varied along the elevational gradient; 

with Lactobacillaceae, Enterobacteriaceae and Rickettsiaceae as the three dominant 

groups (Fig. 4, Appendix S5, Fig. S5.2a). While Lactobacillaceae declined with 

elevation (ED = 21.5 %, p < 0.001, Fig. 4a), and Rickettsiaceae showed highest 

relative abundances at intermediate elevations (ED = 21.5 %, p < 0.001, Fig. 4c), 

the percentage of Enterobacteriaceae increased with elevation, mainly due to an 
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increase in the genus Sodalis (ED = 12 %, p < 0.01, Fig. 4b). Surface microbiomes 

showed similar patterns, yet with general higher prevalence of Comamonadeaceae, 

Moraxellaceae, Oxalobacteraceae, Pseudomonaceae and Xanthomonadaceae 

(Appendix S5, Fig. S5.2b). 

 

Fig. 4: Major bacterial families in the gut microbiome of Lasioglossum along the elevational gradient. 

(a) The relative abundance of Lactobacillaceae decreases with elevation (GAM: ED = 21.5 %, 

p < 0.001). (b) The relative abundance of Enterobacteriaceae increases parabolic with elevation 

(GAM: ED = 12 %, p < 0.01). (c) The relative abundance of Rickettsiaceae shows highest relative 

abundances at mid-elevations (GAM: ED = 21.5 %, p < 0.001). Generalised additive models were 

used to estimate trends of elevational richness (Gaussian family, basis dimension (k) = 3). Shown 

are trend lines from model fits with standard deviation. 

4.3.5 Interactive effects of environment, phylospecies, pollen 

ressources, microbiomes and cuticular hydrocarbon profiles 

Our results reveal that multiple traits and interactions of Lasioglossum bees 

changed along the elevational gradient. In the next step we analysed how they were 

shaped by environmental conditions (temperature, relative humidity) and bee 

phylogeny and how traits and biotic interactions were linked. First, we calculated 

NMDS ordinations with Bray-Curtis dissimilarities for the composition of cuticular 

hydrocarbons, pollen and microbiomes and then used the NMDS-axes for further 

analyses.  

Best models, based on AICc selection, revealed that climate, CHC 

composition, pollen composition, gut and surface microbiomes are correlated with 

relative humidity, while pollen and CHC composition additionally responded to 

increasing temperature. Changes in pollen and gut microbiome composition 

correlated with each other, but also pollen and CHC, as well as CHC and surface 
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microbiome composition were correlated. Additionally, gut microbiomes and the 

CHCs were mostly specific for individual bee species (Fig. 5, Appendix S6, Tab S6). 

 

Fig. 5: Schematic analysis and significance of drivers of gut microbiome, pollen diet, CHC profile 

and surface microbiome. Shown are significant drivers, selected from best models, based on AICc 

values. Different body parts of Lasioglossum bees were used to obtain CHC, pollen and 

microbiome data. Temperature and relative humidity, as well as the phylospecies-identity were 

included as explanatory variables in linear models. Further details and results on the models are 

displayed in Appendix S6, Tab.S6. Picture © A.V. Mayr 

4.4 Discussion 

In this study, we revealed cryptic species with elevation-dependent 

phylogenetic relationships along Mt. Kilimanjaro, hidden biotic interactions and 

cuticular adaptations to changing environmental parameters. Above 3,000 m a.s.l., 

more Lasioglossum species were identified with DNA barcoding than previously 

morphologically identified (Classen et al., 2015). The strong elevational zonation of 

species implies niche formation and clustering of species with elevation-dependent 

adaptations. The wide spread of Lasioglossum along the whole gradient supports the 

great evolutionary adaptability known for the genus and the consequential 

distribution throughout many types of habitats (Gibbs et al., 2012).  
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4.4.1 Elevational changes shape cuticular composition and diversity 

In line with the cuticula´s function as a desiccation barrier, we found higher 

relative amounts of saturated compared to unsaturated CHC compounds, and 

increased chain lengths in saturated compounds with higher elevations. Unsaturated 

compounds (n-alkenes), are more water-permeable than saturated CHCs (n-alkanes 

and methyl-branched alkanes) (Gibbs & Pomonis, 1995). However, the 

waterproofing effect does not only come from saturated CHC, but also from longer 

mean CHC chain lengths (Menzel et al., 2017). Mean annual relative humidity 

decreases at about 2,500 m a.s.l. towards the summit at Mt. Kilimanjaro (Appendix 

S2, Fig. S2), and the correlation between CHC composition and relative humidity 

confirms our hypothesis. We also found CHC composition to be phylospecies-

specific, as also shown in other bees (Pokorny et al., 2014), which implies that 

Lasioglossum species are niched along the elevational gradient according to their 

cuticular desiccation resistance. An increase in desiccation resistance has also been 

found for Drosophila species at high elevations with very low relative humidity 

(Parkash et al., 2008). In our study region relative humidity is however also low in 

savannah habitats at low elevations, and it is unclear why relative amounts of 

saturated CHC do not account for this. Possible explanations might be that bees at 

high elevations have to cope with lower relative amount of oxygen, thus keep the 

tracheae more open and consequently loose more water by breathing (Chown & 

Gaston, 1999). Secondly, when bees loose water, they also cool down through 

evaporation enthalpy, which might be critical in environments with low ambient 

temperatures. We also found a correlation between temperature and CHC 

composition as shown by Michelutti et al. (2018) (Michelutti et al., 2018). Therefore, 

probably temperature and relative humidity are both important drivers with regard 

to water loss. This might be reflected as well in behavioural adjustments, which bees 

might be able to afford at low, but not high elevations. At low elevations, with 

generally high temperatures, bees can easily hide in microhabitats rather than forage 

if the weather conditions are too dry for flying and have a potentially larger foraging 

window. However, at higher elevations, the bees must use every opportunity to 

uptake energy as soon as temperatures are high enough to fly (Classen et al., 2015), 

which coincides with low relative humidity.  
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4.4.2 Dominance of Asteraceae pollen in the diet of Lasioglossum 

The turnover of the plant community along the elevational gradient (Hemp, 

2006a) was reflected in the bee´s diet. We found different plant families with 

different abundances in the diet, as well as a decrease in the Shannon diversity along 

the elevational gradient. Asteraceae pollen dominated the Lasioglossum food 

throughout the entire gradient, even though there was no significant trend with 

elevation. Nevertheless, in some samples the Asteraceae pollen made up to 100 % 

of the diet at highest elevations. This reflects the dominance of Asteraceae upward 

from the forest and Erica belt and the ability of Asteraceae to grow in open and dry 

habitats (Judd et al., 2016). Even though the Asteraceae offer an abundant pollen 

source (Goulson et al., 2005), they are avoided by most polylectic bee species or just 

visited for nectar (Müller & Kuhlmann, 2008). Possible explanations are, that pollen 

of Asteraceae lacks essential nutrients and is hard to degrade (Praz et al., 2008), has 

very low protein content (Roulston et al., 2000) and often contains toxic compounds 

(Nicolson & Human, 2013). Bees foraging on such resources need special 

physiological adaptations, e.g. detoxification abilities (Praz et al., 2008). The 

Lasioglossum species found along the whole gradient seem to be able to manage the 

mentioned particularities of Asteraceae pollen, which could be an advantage over 

other bees that are found only at lower regions. Pure Asteraceae diet has however 

also disadvantages for Asteraceae specialists, such as stunted growth (Williams, 

2003) and delayed development (Williams, 2003; Praz et al., 2008). Pollen mixing 

and dilution is a strategy for bees to cope with unsuitable pollen diet (Eckhardt et 

al., 2014). A strategy, which we observed across all samples, throughout the entire 

elevational gradient, even though to a lesser degree at highest elevations.  

The benefits for plants are not far to seek: by chemically protecting their 

pollen, they avoid that unspecific pollinators collect pollen and thereby maximize 

pollen transfer to conspecifics (Müller & Kuhlmann, 2008). However, also bees 

foraging on Asteraceae pollen have an advantage through their diet: Asteraceae 

pollen usually has antimicrobial properties (Müller & Kuhlmann, 2008) and 

Asteraceae specialists are known to be less often parasitised than generalists (Spear 

et al., 2016). Beyond Lasioglossum however, other specialised wild bees visit 

Asteraceae (Müller et al., 2006). At Mt. Kilimanjaro for instance, we found 
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Asteraceae in the diet of other halictids like Halictus and Patellapis, which we did not 

detect though at higher elevations. Concluding, the restricted resource diversity 

likely contributes to the limited bee diversity found at higher elevations, yet is not 

the sole explanation. 

4.4.3 Drivers of microbiotic associations in Lasioglossum bees 

We observed strong changes in the composition of bacterial microbiomes, 

with a general trend of diversity and evenness increasing with elevation. So far for 

bees, only honey bee microbiomes have been investigated along elevational 

gradients, whereby the microbial community changed between lower and higher 

elevations along a gradient of 2270 m (Sudhagar et al., 2017). However, honey bees 

as highly eusocial insects are to a certain degree capable to compensate several 

factors changing with the gradient, foremost temperature and temperature-

mediated food acquisition. Thus, they have greater control over shaping microbial 

conditions suitable for their associates. By contrast, wild bee microbiomes are 

generally assumed to be more influenced by environmental factors (Keller et al., 

2013; Rothman et al., 2018; Voulgari-Kokota et al., 2018), and the transitions of 

these factors along an elevational gradient might as well be of stronger fitness 

relevance than for honey bees. At Mt. Kilimanjaro we found that some bacterial 

families became more prominent at higher elevations, while others decreased.  

Especially the relative microbiome contribution of Lactobacillaceae 

strongly declined with increasing elevation. The family is well known to include 

important bee symbionts, which fulfil functions in nutrient allocation and pollen 

digestion (Vásquez & Olofsson, 2009), as well as for the immune system (Servin, 

2004; Vásquez et al., 2012). For honey, bumble and stingless bees, as well as for the 

solitary genera Osmia and Megachile, previous studies place Lactobacillaceae among 

the most abundant bacteria (McFrederick et al., 2017; Voulgari-Kokota et al., 2018). 

This was also true in our study, but only at lower elevations. Lactobacillaceae are 

mostly moderately heat-tolerant, but show inhibited growth at lower temperatures, 

with few specialised exceptions (Niemand & Holzapfel, 1984; Matejčeková et al., 

2016). With decrease of their contribution at higher elevations, we suggest that the 

here relevant strains are unable to maintain growth under extended cold conditions. 
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They are thus reduced as associates at higher elevations and the functional 

consequences on nutrition and the immune system remain unknown. Nevertheless, 

if pathogens also decrease along the environmental gradient, the incremental loss 

of Lactobacillaceae at high elevations might not be as consequential for the host as 

at lower elevations. We also found that Enterobacteriaceae slightly increased with 

elevation, but with lowest relative abundances at mid-elevations. They include also 

important insect symbionts, but are more known to occur on flowers (Junker & 

Keller, 2015) and bee-collected pollen (Voulgari-Kokota et al., 2018). High 

temperatures appear to be more limiting for their growth than lower temperatures 

(Ron, 1975; Verbarg et al., 2008), which fits to the higher relative abundances at 

higher elevations. Rickettsiaceae showed highest relative abundances at mid-

elevations. The most prominent taxon we found within this family, Wolbachia, is a 

well-known genus associated with insects, with influences on host behaviour or 

manipulations towards favourable host sex ratios for the bacterium (Zeh et al., 

2005). Temperature-dependence growth is also known for this group, reducing 

densities at very high and low temperatures (Jia et al., 2009; Bordenstein & 

Bordenstein, 2011). This is consistent with the appearance of the group at mid-

elevations. Concluding, our data suggests that elevation (and most likely ambient 

temperature as the direct driver) is a major contributor in structuring Lasioglossum 

microbiomes, with unknown consequences for symbiotic and antagonistic 

interactions.  

4.4.4 Potential joint effects on sociality and correlations of 

interactions 

Because in nature many factors are connected, we also tested for 

interdependencies of (a) pollen diet and gut microbiome, (b) pollen diet and CHCs 

and (c) CHCs and surface microbiome. We found correlations between the pollen 

diet and both, CHCs and gut microbiome. The influence of the pollen diet on CHCs 

has been already shown (Liang & Silverman, 2000; Otte et al., 2015). As well it is 

known for many insects that the food influences the gut microbiome (Engel & 

Moran, 2013). We also found a correlation between CHCs and the surface 

microbiome. The correlation is plausible, because CHCs offer favourable and 

unfavourable substances for the growth of bacteria (Schaeffer et al., 1979). 
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Additionally, CHCs display the first barrier to microbes and some CHCs seem to 

be more difficult for bacteria to assimilate, even inhibiting their growth (Pedrini et 

al., 2013). However, so far very little is known about the quality and quantity of 

CHC interactions with bacteria. If, however, factors such as diet and CHCs are 

more related to microbiota as previously thought, their influences, e.g. on social 

behaviour, could be much more complex than so far assumed. 

Halictids show a diverse spectrum of social behaviour. Some species change 

between solitary and social lifestyle depending on time of the year, geographic 

location, elevation and other unknown factors (Michener, 2007). CHCs are used for 

the communication in social insects, predominantly n-alkenes and methyl-branched 

alkanes. These compounds either decreased with elevation or mostly occurred at 

mid-elevations. The prioritisation of a strong desiccation barrier at higher elevations 

with a high amount of saturated instead of unsaturated and methyl-branched 

alkanes might therefore also interfere with or even preclude social behaviour. 

Because likewise to parasitism, the complexity of chemical profiles for 

communication is in a trade-off situation with its function for desiccation 

prevention, as a larger amount of saturated CHC compounds reduces the viscosity 

of the CHC layer and reduces the compounds which are used to encode 

information (Howard & Blomquist, 2005; Leonhardt et al., 2016). Therefore, the 

results of the cuticular analysis indicate, that Lasioglossum might be solitary at higher 

elevations (Eickwort et al., 1996) and social at lower elevations at Mt. Kilimanjaro.  

Additional support comes from the microbiome assessment. Sodalis was the 

most dominant Enterobacteriaceae genus in our study and in a previous study 

identified as the most important group for distinguishing between solitary and social 

behaviour in halictid bee (Rubin et al., 2018). At lower elevations, we found a higher 

diversity of Sodalis OTUs, which might reflect changes in social behaviour in our 

system as well. A third restriction of sociality might come with the low protein 

content of Asteraceae (Praz et al., 2008), which is the main pollen source at high 

elevations. Low protein pollen leads to prolonged larval developmental times (Praz 

et al., 2008). However, sociality is strongly linked to season length, i.e. the season 

needs to be long enough to permit two annual broods (Field et al., 2010). The poor 

pollen quality could therefore prevent more than one annual brood. The 
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investigated traits thus suggest that sociality is unlikely at higher elevations at Mt. 

Kilimanjaro. To prove this hypothesis, it would be necessary though to search for 

nests and queens and clarify, whether a change in sociality occurs along the gradient.  

4.5 Conclusion 

Insects have to adapt to physiological and biotic constraints in order to 

occur in habitats with different climatic conditions, such as along elevational 

gradients. This requires multiple adaptations on all scales of their biology, of which 

hidden traits and interactions are not yet well understood. In this study, we 

investigated multiple facets of Lasioglossum bee ecology along an elevational gradient 

at Mt. Kilimanjaro in Tanzania. We found strong changes in the surface profiles of 

the epicuticle, in collected food resources, as well as in associated bacterial 

communities, which seem to be connected. These observed patterns help us to 

understand not only the direct, physical impact of elevation on bees, but also 

indirect effects inherent with their ecology and phylogenetic constrains. The 

observed patterns also contribute to our ecological insights into the mechanisms 

behind trade-offs and prioritisation in social aggregations versus solitary life of 

insects, as well as the release and avoidance of parasites and pathogens. Our results 

provide exciting new hypotheses and elucidate the relevance of investigating biotic 

interactions on multiple levels to better understand species distributions and 

potential consequences of global climate change. 
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4.6 Appendix 

Appendix S1: Study design 

 

Fig. S1: Study area at Mount Kilimanjaro, Tanzania. Shown are sampling sites of Lasioglossum bees. 

Pollen and microbiota of bees were investigated on all plots, additionally CHC only on focal plots. 
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Appendix S2: Elevational patterns of temperature and relative humidity 

 

Fig. S2: Patterns of the mean annual temperature and mean relative humidity along the elevational 

gradient at Mt. Kilimanjaro. Linear and generalised additive models, respectively, were used to 

display elevational patterns of temperature and relative humidity (Gaussian family, basis 

dimension (k) = 4). (a) Temperature declines with elevation (R² = 0-97, p < 0.001), while (b) 

relative humidity shows a humped-shaped distribution (ED = 87, p < 0.001). Shown are trend 

lines from model fits with standard deviation. 

Appendix S3: Elevational diversity and composition of CHC 

 

 

Fig. S3.1: Alpha diversity measures of CHC. Generalised additive models, were used to display 

elevational patterns of observed compound richness and evenness (Gaussian family, basis 

dimension (k) = 3). (a) observed compound richness shows a humped-shaped patterns with 

elevation (ED = 52, p < 0.001), while (b) evenness of compounds does not increase with 

elevations (ED = 8, p = 0.21). Shown are trend lines from model fits with standard deviation. 
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Fig. S3.2: The relative amount of compounds varies along the elevational gradient with highest 

proportions of n-akanes at highest elevations and highest proportions of methyl-branched 

alkanes at mid-elevations. 

Appendix S4: Elevational richness, abundance pattern and composition 

of pollen 

 

Fig. S4.1: Alpha diversity measures of pollen diet. Linear and generalised additive models, 

respectively, were used to display elevational patterns of observed species richness and evenness 

of pollen diet (Gaussian family, basis dimension (k) = 3). (a) observed species richness decreases 

towards mid-elevations and then increases towards higher elevations (ED = 15, p = 0.02), while 

(b) evenness of pollen diet decreases with elevation (R² = 0.08, p = 0.02). Shown are trend lines 

from model fits with standard deviation. 
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 Fig. S4.2: The relative amount of plant families varies along the elevational gradient. The pollen 

diet generally comprises a high proportion of Asteraceae, with highest proportions of Asteraceae 

at highest elevations. 
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Fig. S4.3: Plant families and genera in the pollen diet of Lasioglossum along the elevational gradient. 

Shown are relative abundances of genera for each elevation. At 2,500 m a.s.l. no data was available. 
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Appendix S5 Elevational richness pattern of gut microbiota and 

composition of surface microbiome 

 

 
Fig. S5.1: Alpha diversity measures of the gut microbiome. Linear models were used to display 

elevational patterns of observed OTU richness and evenness of OTUs. (a) observed OTU 

richness (R² = 0.12, p < 0.001) and (b) evenness of OTUs both increase with elevations 

(R² = 0.09, p < 0.01). Shown are trend lines from model fits with standard deviation. 

 

 

Fig. S5.2: Left panel: Gut microbiome and right panel: Surface microbiome of Lasioglossum varying 

on bacterial family level along the elevational gradient, with generally high proportions of 

Lactobacillaceae, Enterobacteriaceae and Rickettsiaceae. In the surface also Comamonadaceae 

occur in relatively high proportions along the elevational gradient, which were negligible in gut 

microbiomes.  
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Appendix S6 Comparative analyses of molecular interactions 

Tab. S6: Best models for cuticular hydrocarbons (CHC), pollen diet, gut and surface microbiome 

up to Δ AICc < 3 by AICc values. 

 

Shown are standardised explanatory variables from best-fit models. Blue colours indicate positive 

significant values and red values indicate negative significant values from LM models for the best 

model each. The significances between phylospecies vary, turquoise means that there is at least 

one phylospecies correlating significantly with the response variable. T: mean annual temperature, 

rH: mean annual relative humidity, # Samples: number of samples taken into account for the 

model. 
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iodiversity is determined by a multitude of factors. In this thesis, I 

investigated the drivers of species richness and interactions at different 

trophic levels of Hymenoptera. I aimed to understand the impacts of 

environmental seasonality on functional traits and ecological rates; and studied how 

environmental factors shape hidden traits and interactions. My results show that 

abiotic factors such as temperature and relative humidity affect species diversity, 

species traits and interactions among species. However, biotic factors also played 

an essential role in determining patterns of species richness, especially at higher 

trophic levels, which can have a positive effect on the fitness of organisms. Yet, 

biodiversity patterns were complex; and, in addition to visible interactions between 

species there have been hidden interactions with other species, for examples with 

microorganisms. These different interactions strongly influenced each other and 

changed along environmental gradients. Furthermore, the associated drivers of 

biodiversity patterns varied according to the functional group, the ecosystem and 

trait being studied. This implies that environmental changes affect living beings at 

various levels and in different and complex ways depending on the ecosystem. 

Therefore, changes in bottom-up and top-down processes can be expected in the 

context of global change, albeit the consequences of global change are difficult to 

predict because they work in many ways and are system-dependent. However, I also 

found uniform, synchronised reactions to strong climatic changes among different 

functional groups of hymenopterans, especially at low elevations. Species in hot and 

dry ecosystems in particular are already living at the edge of their thermal limits and 

increasing temperatures as well as changes in climatic seasonality patterns could 

considerably disrupt the equilibrium established over evolutionary time. In addition, 

it is likely that progressive changes in land use will also affect insect communities in 

the future, even if at Mt. Kilimanjaro, the small-scale, well-connected habitats still 

seem to provide sufficient space and resources for flying insects. However, further 

investigations should also look at networks, other traits and microclimatic 

conditions that could further explain patterns of biodiversity and contribute to a 

deeper understanding of nature. In summary, these findings highlight the 

importance to study biodiversity on a community-wide level as well as in detail and 

on different levels of biodiversity: at the level of species diversity, functional traits 

and trophic interactions. Modern and well-proven techniques can complement each 
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other and so far less studied hidden adaptations and interactions should be included 

in order to gain a most comprehensive understanding of species communities. 

 

 

In this thesis, I aimed to understand drivers of species richness, species 

traits and interactions among species and I investigated changes along the 

elevational gradient of Mt. Kilimanjaro and during different seasons. Because of the 

complexity of the results of this work they are summarised in a table to keep in 

mind for the sake of clarity in the general discussion (Tab. 1). 

Tab. 1: Summary of main objectives and results of the present dissertation. 

Study Objective Results Main Conclusion 

Study I 
(Chapter 2): 
Climate and 
food 
resources 
shape species 
richness and 
trophic 
interactions of 
cavity-nesting 
Hymenoptera 

• disentangling 
drivers of species 
richness at 
different trophic 
levels 

• investigating 
parasitism rates 
and antagonist to 
host ratios in 
species richness 

• temperature is the 
major driver of 
species richness 
across all trophic 
levels 

• resources are as 
important or even 
more important as 
drivers of species 
richness in 
parasitoids, with 
increasing 
importance at 
higher trophic 
levels 

• parasitism rate 
decreases with 
elevation and 
increases with 
trophic level 

• temperature is the 
major driver of insect 
species richness 

• resources are an 
important factor for 
dependent antagonist 
groups, such as 
parasitoids 

• the relative 
importance of 
bottom-up and top-
down forces might 
shift with climate 
change 

Study II 
(Chapter 3): 
Seasonal 
variation in 
the ecology of 
trap-nesting 
Hymenoptera 
at Mt. 
Kilimanjaro 

• investigating 
annual dynamics 
at different 
trophic levels and 
different 
elevations 

• assessing nest-
building activity, 
ecological rates 
and functional 
traits 

• strong 
synchronisation of 
nest-building 
activity between 
functional groups 
at lower elevations 

• strong dependence 
of bees on seasonal 
flower availability 
is reflected in nest-
building activity 
and sex ratio 

• strong seasonality in 
savanna ecosystems 
leads to 
synchronisation of 
life-history across 
functional groups of 
Hymenoptera 
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• nest-building 
activity of 
caterpillar- and 
spider-hunting 
wasps is linked to 
seasonality in 
climate 

• strong 
synchronisation of 
life-history traits with 
climate seasonality 
shows vulnerability to 
climate changes in 
seasonality across 
functional groups of 
Hymenoptera 

Study III 
(Chapter 4): 
Cryptic 
species and 
hidden 
ecological 
interactions of 
halictine bees 
along an 
elevational 
gradient 

• investigating 
hidden traits and 
interactions of 
Lasioglossum 
which could be 
related to the 
expansion into 
extreme habitats 

• investigation of 
phylospecies 
along the 
elevational 
gradient 

• studying the 
composition of 
cuticular 
hydrocarbons 
with regard to 
the function as 
desiccation 
barrier along the 
elevational 
gradient 

• studying the 
pollen diet with 
changes in plant 
communities 
along the 
elevational 
gradient 

• studying the 
surface and gut 
microbiome 
along the 
elevational 
gradient 

• correlation of 
cuticular 
hydrocarbons, diet 
and microbiome 
with each other, 
climate and 
phylospecies 

• strong turnover in 
phylospecies with 
elevation 

• increasing 
proportion of n-
alkanes and chain 
length with 
elevation 

• changing pollen 
diet and overall 
high dominance of 
Asteraceae pollen 

• relative change of 
most abundant 
families of bacteria; 
i.e. decrease of 
Lactobacillaceae, 
increase of 
Enterobacteriaceae 
and humped-
shaped relation of 
Rickettsiaceae with 
elevation 

• complex interactions 
and feedbacks among 
abiotic and biotic 
conditions determine 
species distributions 

• species are adapted 
and limited to small 
elevational range 

• improvement of the 
cuticula´s function as 
desiccation barrier 
towards higher 
elevations 

• Lasioglossum bees are 
able to cope with the 
high proportion of 
Asteraceae pollen at 
high elevations 

• compositional 
changes of bacterial 
families along the 
elevational gradient 

 

 



 

131 
 

  General Discussion 

5.1 Drivers of biodiversity along spatial and temporal 

environmental gradients – species, traits and 

interactions  

5.1.1 Abiotic drivers - temperature and humidity 

At Mt. Kilimanjaro, the climate varies strongly in space along elevation, and 

in time between rainy and dry seasons, but also during days due to the strong 

tropical daytime climate. Due to these climatic changes, I observed spatial changes 

in species richness and interactions (Chapter 2), temporal seasonal patterns in life-

history traits (Chapter 3) and I assume daily behavioural adaptations to avoid the 

most inconvenient times of the day (Chapter 4). Biodiversity is driven directly and 

indirectly by climatic conditions. Climate directly restricts the occurrence of species 

under spatial and temporal extreme climatic conditions for insects, such as high 

temperatures at low relative humidity or high relative humidity at low temperature 

at the same time (Chapter 2, 3 and 4). And it indirectly affects species occurrences 

via the availability of (food) resources (Chapter 3) and species interactions, such as 

top-down control by parasitism (Chapter 2).  

Temperature is the dominant driver of species richness patterns of cavity-

nesting bees, wasps and their respective antagonists (Chapter 2). Different theories 

exist trying to explain why temperature is expected to enhance species richness, 

especially for ectothermic taxa (Buckley et al., 2012). There are physiological 

constraints at extreme temperatures in species that are not able to regulate their 

body temperature (Currie, 1991). Ecological rates can also be temperature-

mediated, for example biotic interactions, such as the exploitation of food resources 

(Brown, 2014) or top-down control, e.g. parasitism rates are affected by 

temperature (Forrest & Chisholm, 2017). Increasing rates of speciation by 

temperature-driven metabolic rates (Allen et al., 2006; Brown, 2014) may also 

contribute to higher species richness in warmer habitats. At Mt. Kilimanjaro, 

however, my favoured explanation is that temperature enhances the species 

richness of cavity-nesting Hymenoptera via lower extinction rates and temperature-

mediated access to food resources (Buckley et al., 2012; Classen et al., 2015). 

Differences of species richness along the elevational gradient can hardly be related 
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to differences in evolutionary rates caused by temperature because the Kilimanjaro 

is a very young mountain (first volcanic activity ~2.5Ma (Nonnotte et al., 2008)) and 

there are also exceptions for places with high speciation rates under cold climatic 

conditions (Madriñán et al., 2013). I also found a strong compositional change of 

cavity-nesting Hymenoptera along the elevational gradient, which was even 

stronger than the seasonal turnover (Chapter 3). I am aware that temperature 

strongly correlates with elevation and other factors co-varying with elevation could 

drive changes in species communities as well (Perillo et al., 2017). Unfortunately I 

could not test the influence of relative humidity as a driver of elevational patterns, 

because it strongly correlated with temperature within the elevational range I 

investigated with trap nests. According to ecological theory, temperature is 

considered the most important predictor of species richness along elevational 

gradients and it explains most of the patterns of species richness of bees and other 

non-parasitoid hymenopterans at Mt. Kilimanjaro (Peters et al., 2016b).  

I also found effects of temperature on functional traits. Even though 

climatic conditions in the tropics are largely generous for insects (Denlinger, 1986), 

there are still exceptions such as on high mountains or during strong seasonal 

climatic events, like extreme dry heat or cold humidity. I found variation in 

functional traits associated with temperature and water regulation and concluded 

that insects are physiologically limited by temperature under certain conditions. The 

regulation of temperature and water balance are basic components of homeostasis 

in living organisms (Chown et al., 2011). Temperature had an effect on the 

composition of the bees´ cuticule and bees adapted their chemical profiles at high 

elevations (low mean annual temperature and mean annual relative humidity) in 

favour of better desiccation barriers, even if this was accompanied by potential 

trade-offs in other functions of the insect´s cuticule (Chapter 4). Even though the 

mean annual relative humidity was also low at low elevations and a good desiccation 

barrier could be needed here as well, the bees´ cuticule was not composed in favour 

of a better desiccation barrier. At low elevations, high mean annual temperature 

seems to permit avoidance behaviour of driest conditions and enable foraging in 

early morning or late afternoon when the relative humidity is higher than at noon. 

In contrast, bees at high elevations have to restrict the foraging activity to the 

hottest time of the day, which usually coincides with lowest humidity values 
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(Willmer & Stone, 2004). Another example for physiologically borderline 

conditions occurred during the pre-experiment of the trap nests. The first installed 

trap nests with simple roofs looked like the ones used in Germany. Extremely high 

mortality rates were observed during the dry season in the savannas (the larval 

mortality was almost 100 %) because the pollen-nectar-pellet melted and the larvae 

either drowned in it or were grilled by the heat. This also happened in a trap-nest 

study in the desert and they also report the melting of the pollen pallet (Parker, 

1986). The highest temperatures I measured occurred in January and November in 

the savanna with 50-67°C during noon and it is not surprising that eggs and young 

larvae die at such high temperatures. Apparently, the microhabitat conditions in the 

exposed trap nests were extremer than under natural conditions and they better 

retained heat than for example tree trunks. Living trees can better buffer 

temperature fluctuations (Gibbons & Lindenmayer, 1996) and the bees obviously 

did not foresee the risk, and eagerly used the provided easy nesting place (design of 

‘hot-area-adapted’ trap nests in Chapter 2, Supporting Information).  

Temperature is also an important driver for temporal patterns, increasing 

ecological rates and interactions. Temperature enhanced the nest-building activity 

of spider-hunting wasps (Chapter 3), possibly as an indirect link because 

temperature fostered spider abundances at Mt. Kilimanjaro (Röder et al., 2017). I 

also found higher parasitism rates and antagonist host-species richness ratios at 

lower elevations (Chapter 2) which might indicate higher temperature-driven 

interactions at lower elevations, thus leading to a higher species coexistence 

(Terborgh, 2015; LaManna et al., 2017). But I also found temporally increasing 

parasitism rates with temperature for caterpillar-hunting wasps; interestingly, for 

these groups both, along the elevational gradient and also temporally during the 

year (Chapter 2 and 3). However, this was more likely due to a faster increase and 

decrease in the number of hosts than in the number of parasitised nests, i.e. hosts 

fluctuated stronger in abundances than antagonists. Furthermore, temperature had 

a positive effect on bee survival because the natural mortality rate of the bees 

decreased with increasing temperature and parasitism played hardly a role as an 

additional mortality factor in bees. Bees are known to develop well in warm habitats. 

I adapted the trap nests to suit the hot lowland conditions after the pre-experiment. 

From this experiment I know that high temperatures are quickly reached in the 
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savanna ecosystems, which had a negative impact on larval development and bee 

survival. Therefore, results might differ, if I would recalculate models with 

maximum instead of mean temperatures.  

Temperature does not only affect insects but is also an important predictor 

of changing pollen resources for bees along the environmental gradient (Chapter 

4). Pollen diversity declined with elevation. Even though compositional changes in 

plant communities are certainly not only driven by temperature but also by other 

factors co-varying with elevation, I was able to confirm the positive effect of 

temperature on the abundance of flowering plants over the course of the year 

(Chapter 3). At lowland and mid-elevation ecosystems, temperature only enhances 

the abundance of flowering plants with simultaneous high air humidity. However, 

if the climate is too dry, temperature has a negative effect on flower abundance. 

The importance of the interaction between temperature and relative humidity is 

also clear in other places for the community of cavity-nesting Hymenoptera, 

highlighting the importance of temperature and moisture for arthropod life-cycles 

(Chen et al., 2009). The possible ability of insects to sense the interplay between 

temperature and relative humidity may help in their survival (Chown et al., 2011). 

The nest-building activity of caterpillar-hunting wasps increased only with 

temperature if the humidity was higher than a certain threshold and decreased with 

increasing humidity if it was too cold (Chapter 3). I argued that especially at low 

elevations, temperature and humidity might have an indirect effect on the nest-

building activity of caterpillar-hunting wasps via changes in the food availability. On 

the other hand, at higher elevations, temperature and humidity restrict foraging and 

thereby the access to resources (Classen et al., 2015). 

Furthermore, abiotic stress has been suggested to have higher effects at 

higher trophic levels (Menge & Sutherland, 1987). In contrast to the survival rate 

of bees and caterpillar-hunting wasps, which was either affected by temperature or 

humidity, the survival rate of spider-hunting wasps was dependent on both abiotic 

factors. The survival rate of spider-hunting wasps decreased under cold and wet 

conditions, but also when it was too warm and dry (Chapter 3). Although I have 

found many effects of temperature on biodiversity, the availability of water plays a 

vital role for all organisms, which I have already seen in some interactions of 
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temperature and humidity. The beginning of the rainy season acts as a trigger 

(Wolda, 1988) and has been shown to control, for example, the emergence, mating, 

dispersal and oviposition of insects (Denlinger, 1986). Therefore, most insect 

species in the tropics peak in the rainy season or in the transition time between rainy 

and dry season (Frith & Frith, 1990; Novotny & Basset, 1998; Tidon, 2006; da Silva 

et al., 2011). Statistically, I only found a correlation between the nest-building 

activity of spider-hunting wasps and relative humidity, nevertheless, I found a 

strong synchronisation in the nesting-activity of bees, caterpillar-hunting wasps and 

spider-hunting wasps at lower elevations which coincides with the short (warm) 

rainy season (Chapter 3). After the long, cold, dry season, the vegetation is also 

flourishing, the temperatures are warm and the rains are moderate so that flying 

insects still have enough foraging windows a time which is reflected in the highest 

numbers of bee nests. At higher elevations, the nest-building activity is also 

synchronised among functional groups, even though it is less strong synchronised 

and the short, warm, dry season acts as a trigger for nesting activity. At lower 

elevations heat in combination with drought increases the risk of drying out and at 

higher elevations, cold in combination with moisture increases the risk of cooling 

down. 

A synchronisation or avoidance of certain seasons was also reflected in life-

history traits in the extended development time of bees, caterpillar-hunting and 

spider-hunting wasps during the long rainy season at lower elevations (Chapter 3). 

The longer development translated into an emergence after the long rainy season 

and partly also after the long dry season and was correlated with relative humidity 

which might induce diapause, preventing the brood to hatch during heavy rains and 

severe drought. Species, living in seasonally dry areas, are often adapted to drought 

with a diapause (Gill et al., 2017). 

Relative humidity was also an important driver of biotic interactions. The 

composition of the bee gut, as well as surface microbiomes changed with relative 

humidity (Chapter 4). The pollen composition of the bee diet was also driven by 

changes in the plant community along the elevational gradient and affected by 

relative humidity changes. These results highlight that abiotic factors such as 

temperature and humidity act on the level of species richness, traits, but also 
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interactions. Nevertheless, not only abiotic, but also biotic factors drive biodiversity 

patterns at Mt. Kilimanjaro. 

5.1.2 Biotic drivers – resources 

I found restricting effects of resource availability on the level of species 

richness, fitness, ecological rates and interactions. Energy resources are often 

considered important drivers of biodiversity in ecological theory, because more 

resources can support larger populations and this translates into a lower extinction 

risk (Srivastava & Lawton, 1998; Hurlbert & Stegen, 2014). I found that both, 

resource abundance and richness enhanced the species richness of antagonists of 

bees, caterpillar-hunting and spider-hunting wasps (Chapter 2). In theory, resource 

richness supports species richness, because a high richness of resources leads to a 

high number of niches which may support a higher number of species (Forbes et 

al., 2009). Parasitoids are usually more dependent on their hosts than on 

environmental factors (Steffan-Dewenter, 2003), but I suggest that at the same time 

temperature drives the access to the host resource (Willmer, 1983; Classen et al., 

2015), because temperature was a major driver for the species richness of 

antagonists as well. This is different to endothermic taxa which are able to forage 

at cold temperatures (Buckley et al., 2012; Ferger et al., 2014). Furthermore, with 

declining temperatures, the species richness of antagonists declined stronger than 

the species richness of their hosts (Chapter 2). In the Rocky Mountains, the activity 

of parasitoid wasps declined also stronger with temperature than the activity of its 

bee host, however this pattern was only investigated in one bee species (Forrest & 

Chisholm, 2017).  

While I found an influence of resource availability on the higher trophic 

levels for species richness along the elevational gradient, during the year, resource 

availability played a decisive role in life-history patterns of bees. I found that the 

nest-building activity of bees was driven by the seasonal availability of flowers 

(Chapter 3, Forrest & Chisholm (2017)). This fits in with the assumption that for 

seasonal patterns in the tropics, biotic rather than abiotic factors are responsible 

(Denlinger, 1986). Nevertheless, I also found correlations with climatic seasonality. 

In bees, lower flower availability resulted also in a production of more ‘cheap brood 
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cells’, because male brood cells are provisioned with less pollen, which fits basic 

theoretical assumptions (Frank, 1987). Furthermore, the survival rate of bees 

declined with lower resource availability. Taken these results together, low resource 

availability has strong consequences for bees, resulting in a lower number of nests 

with a shifted sex ratio and lower survival rates. If resource limitation is not just a 

temporary condition, it could have a big impact on bee populations. 

Moreover, changes in the composition of floral resources in Lasioglossum 

bees were linked to changes in the composition of gut bacteria (Chapter 4). 

Microbial interactions with pollinators have hardly been investigated so far, even 

though insect health is strongly influenced by microbiota in relation to pathogens, 

nutrition symbionts and facultative symbionts (Moran et al., 2008). However, at the 

moment it is only known that bee guts contain microbes which are also found on 

plants, but little is known about their functions (McFrederick et al., 2017; Voulgari-

Kokota et al., 2018). However, the compositional linkage between resources and gut 

bacteria along with environmental changes implies that gut microbiota shift when 

resource availability changes, with unknown consequences for bees, especially 

because bees tend to have a species-specific microbiome (Voulgari-Kokota et al., 

2018). 

Because abiotic and biotic factors act on such different levels of 

biodiversity, it is necessary for the understanding of species communities to look at 

them in as many different ways as possible. 

5.2 Implications for Kilimanjaro´s biodiversity under 

global change 

Predicting how biodiversity and ecosystems will respond to global change 

is one of the main difficulties in ecology (Tylianakis & Morris, 2017). At Mt. 

Kilimanjaro, biodiversity and ecosystems will most likely suffer from both, climate 

and land use changes. 

5.2.1 Presumptions with regard to climate change 

Increasing temperatures will first lead to species losses in the diverse 

savanna ecosystems at lower elevations (Barlow et al., 2018), because hymenopteran 
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species occurring at those elevations are already close to their thermal maxima. 

When the ordinary trap nests without the special roofs were used in the pre-

experiment, most of the bee larvae died because their thermal maxima had been 

exceeded. Upward shifts are already taking place along mountain ecosystems (Chen 

et al., 2011; Lenoir & Svenning, 2015; Freeman et al., 2018), but even if savanna 

species shift their ranges to higher elevations, there are no other species to follow 

from even warmer ecosystems and provide ecosystem services (Colwell et al., 2008). 

Furthermore, I did not find any nests above 2,000 m a.s.l., indicating that the 

mountain forests act as a boundary for cavity-nesting Hymenoptera. If the species 

are not able to cross the forest border, they will undergo extinctions far below 

mountaintops. 

Climate change is also affecting seasonal patterns at Mt. Kilimanjaro. 

Seasonal climatic patterns vary between the years, whereby especially the long rainy 

season has changed in the last decades (Otte et al., 2017). If cavity-nesting 

Hymenoptera at low elevations are strongly synchronised by the short rainy season 

and have a well-adapted diapause with prolonged development during the long 

rainy and subsequent dry season as suggested in Chapter 3, the question arises how 

fast they can shift from long-time-developed seasonality in life-history to new 

patterns in climate seasonality. An even bigger challenge arises when climate 

seasonality varies between years due to El Niño-Southern Oscillation (ENSO) 

and/or positive Indian Ocean dipole (IOD) events (Otte et al., 2017). The strength 

of these climate events is even predicted to increase with climate change. Therefore, 

seasonal patterns will be of even greater relevance than annual mean values if 

populations cannot survive extreme climate periods, and are directly affected by 

extreme climatic conditions or indirectly by resource phenology (Potts et al., 2010). 

For this reason, research on seasonal patterns, as well as reactions of organisms not 

only to rising temperatures, but also to changes in water availability, should be 

incorporated more often into science (Chown et al., 2011). Since terrestrial 

arthropods are vulnerable to water loss due to their high surface-to-volume ratio 

and their metabolic rate is affected by temperature (Sprenger et al., 2018), studying 

patterns of seasonality along elevational gradients with trap nests might shed light 

on adaptations to climatic seasonality under different temperature and humidity 
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regimes and also provide information on how entire communities might respond 

to climate change (Staab et al., 2018). 

I found indications that climate warming might lead to shifts in bottom-up 

and top-down processes because temperature affects host and antagonists 

differently. While patterns of species richness of host taxa along elevation were best 

explained by temperature, resources had a strong effect on the species richness of 

antagonist as well. Furthermore, the parasitism rate increased towards lower 

elevations, implying stronger top-down effects with higher temperatures. 

Therefore, whole food webs might change with global warming and also the key 

role of solitary bees and wasps in ecosystem functioning might be threatened.  

5.2.2 Presumptions with regard to land use changes 

In contrast to other studies (Tylianakis et al., 2005; Batista Matos et al., 2013), 

I did not find a clear influence of land use on the community of cavity-nesting 

Hymenoptera. Currently, land use is still moderate at Mt. Kilimanjaro. The Chagga 

homegardens harbour a high species diversity and are embedded in a mosaic-like 

landscape, consisting of remaining islands of natural habitats and smallholder 

agricultural fields. Distances to well-connected woody habitats are short, which is 

an important factor for wasp abundances in trap nests (Holzschuh et al., 2009). But 

changes in land use are also clearly noticeable at Mt. Kilimanjaro. Due to human 

influence, Kilimanjaro is becoming more and more isolated as an ecosystem. A large 

area of natural savanna has been converted into agricultural fields in the last decades 

and for this reason, the Kilimanjaro has become more isolated inhibiting the 

dispersal of species (Hemp & Hemp, 2018). So far, this may not be a problem for 

highly mobile cavity-nesting Hymenoptera, because I found similar species in 

natural savanna and maize fields. However, the human population at Mt. 

Kilimanjaro is growing (Sébastien, 2011; Misana, 2012) and if the landscape was 

further cleared, distances between nesting sites, sites where hymenopterans find 

food resources and sites where they gather nest-building materials would be too 

big. Moreover, most of the solitary bees have only short foraging distances of only 

few hundred meters and remarkably less brood cells are produced with increasing 

foraging distances (Zurbuchen et al., 2010b; Zurbuchen et al., 2010a). I observed 
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different nest-building materials in different habitat types and changes in the species 

composition between extensively-used grasslands, coffee plantations and 

homegardens at higher elevations, indicating that foraging is restricted to certain 

habitats and communities differ with land-use type (but see the Outlook). 

Therefore, land use may have an effect on other traits that were not investigated. 

Moreover, usually cavity-nesting Hymenoptera account only for a small fraction of 

especially bee communities and land use may have a much stronger effect on 

ground-nesting bees. However, disturbance shows no negative effect on the 

abundance of epigaeic arthropods taxa so far (Röder et al., 2017). 

At mid-elevations, Chagga homegardens are largely transformed into coffee 

monocultures in some areas (Maghimbi, 2007) leading to a lower cloud formation 

with increasing deforestation (Fairman et al., 2011) and thereby to major effects on 

the water balance of the mountain (Hemp, 2006b). Interactive effects between land-

use changes and climate at Mt. Kilimanjaro are leading to many species losses and 

to a lower resilience of ecosystem functions with increasing land use in lowland arid 

ecosystems (Peters et al., 2019). An interplay between land use and climate can be 

therefore expected for interactions among species and life-history traits, whose 

patterns are even more complicated. Moreover, in coffee plantations pollination 

services are performed to a higher proportion by honey bees whereas in 

homegardens, wild pollinators, such as wild bees, butterflies and syrphid flies, make 

up a large proportion (Classen et al., 2014). Mass-flowering crops, such as coffee, 

can increase bee abundances (Holzschuh et al., 2013; Diekötter et al., 2014) and 

indeed I found the highest numbers of bee nests in one coffee plantation during 

the short rainy season. These nests were mostly built by one species, Ctenoplectra 

centinorii, which apparently outcompeted other species. These high abundances of 

either honey bees or single solitary bee species and a less balanced bee community 

might lead to lower stability of pollination services in more intensified coffee 

cultivation systems.  

Unfortunately, I have no data on the amount and type of pesticides applied. 

Nevertheless, a questionnaire was used to investigate the pesticide application used 

by farmers which is mainly done for coffee plants. Their answers pointed to two 

issues. On the one hand, they applied pesticides in higher concentrations than 
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suggested by the manufacturer because they did not understand the instructions on 

the package leaflet. On the other hand, they used some pesticides that are no longer 

authorised in Germany because of their high toxicity. Pesticides have already been 

detected in bees and bee nests (Mullin et al., 2010; Botías et al., 2017). They operate 

on different activities and stages of bees development, such as on nesting and 

colony growth (Whitehorn et al., 2012; Rundlöf et al., 2015), navigation (Balbuena et 

al., 2015; Jin et al., 2015) and pollination (Whitehorn et al., 2017). Moreover, the 

effect of pesticides is even more pronounced when different pesticides interact 

synergistically (Sgolastra et al., 2018). The highest proportion of pesticides stays in 

the soil or ground water and the lower proportion is uptaken by the plant (Goulson, 

2013), with most probable physiological and ecological consequences for ground-

nesting bees (Anderson & Harmon-Threatt, 2019). Also cavity-nesting bees ingest 

pesticides as larvae and adults, either by direct exposure or through nectar, pollen, 

plant materials or through the soil used as nest-building material (Kopit & Pitts-

Singer, 2018). Non-negative effects of pesticides on cavity-nesting bees have been 

also found, but the contaminated pollen only made up a small fraction of the pollen 

diet in this study (Peters et al., 2016a). Due to the multiple effects pesticides can 

have on pollinators and the locally strong pesticide use at Mt. Kilimanjaro, it would 

be important to investigate the amount of pesticide present in the trap nests and 

link them to possible unexplained mortality rates that have been observed and that 

were often higher than the parasitism rates in bees. Worrisome is also that pesticides 

can also have negative effects on higher trophic levels when they accumulate 

through the food chain (Teder & Knapp, 2019). For this reason, the use of 

pesticides should be measured more often in ecological land use studies and should 

be included more often in the discussion of ecological papers when it comes to the 

impacts of land-use change on species and ecosystems.  

Despite the fact that land use is still moderate at Mt. Kilimanjaro, it is 

changing in various aspects, so that effects on biodiversity can soon be expected 

and should therefore be closely further monitored and investigated, particularly in 

connection with climate change.  
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5.2.3 Flexibility of organisms 

Despite the obvious advantages of space-for-time approaches for studying 

abiotic drivers and possible consequences of climate change, these approaches do 

not account for the species´ ability to adapt to changing environments (Walther, 

2010). So far, it is still unclear to what extent species can evolve adaptations in their 

behaviour to escape the worst consequences of global change. The highest risk of 

global change will occur if species are not flexible enough to adapt. Extreme 

climatic conditions, together with the lack of food resources and habitats and 

(chemical) pollution obviously set limits on adaptability. However, species also 

seem to be able to show flexible behavioural adaptations of which we do not know 

much so far. For instance, I observed fascinating nest-building behaviour in which 

bees and wasps used human-based materials which did not seem to harm bees and 

wasps. Leaf-cutter bees used duct tape, which I had used for the trap nests, instead 

of leaves (Fig. 1a). Duct tape has very different material properties compared to 

leaves, but the bees handled it well, even though one side is very sticky. In addition, 

duct tape is not breathable like other plastic fabrics. Nevertheless, the brood cells 

did not moult and all bees within the nest survived. The usage of plastic within 

Megachilinae has been already documented for different areas of the world 

(MacIvor & Moore, 2013; Gess & Roosenschoon, 2017). I also found another 

example for the usage of anthropogenic material. Megachile and other genera of bees, 

but also wasps, which typically used plant resins, sealed some of their nests with 

caterpillar glue (Fig. 1b) that I had applied to the poles of the trap nests in order to 

deter ants and other predators. Interestingly, the artificial, strong smelling glue did 

not prevent the respective antagonists to colonise these nests as usual. Hence, some 

hosts seem to be very flexible and not selective in using easy available nest-building 

materials that are in close proximity to them. Furthermore, some bees and wasps 

were flexible in using reed diameters which did not fit their body size and placed 

brood cells in all directions and angles if the diameter was too large (Fig. 1c). Even 

though these are just few examples, this might show ecologically adaptive traits in 

a world that is becoming increasingly dominated by humans (MacIvor & Moore, 

2013). 
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Fig. 1: Particular nest constructions. (a) Megachile bee which used duct tape instead of leaf discs. 
All six brood cells hatched. (b) Sticky caterpillar glue, which was obtained from trap-nest poles 
instead of natural resin, was used by bees and wasps of the genera Megachile, Noteriades, 
Pseudoheriades and Polemistus for nest closures and interior walls. In spite of the penetrant strong 
smell of the glue it did not deter antagonists and bees (Euaspis abdominalis and Coelioxys) and wasps 
(Melittobia and other Chalcidoidea and Chrysididae) parasitised those nests. (c) Sometimes even 
larger nest diameters than those matching the body size of the hosts precisely were used for nests 
and brood cells were built next to each other. Left: Trypoxylon nest, right: Pseudoheriades nest. 
Pictures © A.V. Mayr 

5.3 Outlook 

5.3.1 Thinking beyond the thesis 

I found strong seasonal patterns of nest-building activity, parasitism and 

natural mortality rates that differed between trophic levels and elevations. The 

advantage of studying the effects of seasonal climatic fluctuations on the nest-

building activity of species is that seasonal patterns are not masked by interactions 

with other species, e.g. by decline of host abundances by predators (Boulter et al., 

2011). Probably because nest-building activity is not masked, I found the clearest 

seasonal patterns here and not in other life-history traits. However, I only cover a 

small subset of bees and wasps with this study of solitary, cavity-nesting 

Hymenoptera. Thus, it would be interesting to investigate how climatic seasonality 

affects other hymenopterans, in particular those with social lifestyles. Social bees, 

for instance, might go into diapause as well as cavity-nesting bees, when resources 

are too limited to sustain an entire colony. On the other hand, they may be less 

sensitive to climatic changes due to a better regulation of the microclimate. 

Therefore, it would be interesting to analyse abundances of honey and stingless 

bees of the pantrap dataset in all study sites, including both dry and rainy seasons 

within the course of one year. In contrast to the trap-nest dataset, the pantrap 
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dataset covers the whole elevational gradient and thereby provides the possibility 

to evaluate stronger climatic changes. Interactions between temperature and 

humidity should strongly limit the access to resources especially above the forest 

belt (Classen et al., 2015). Furthermore, with this dataset it is possible to measure 

shifts in pollinator guilds (e.g. flies, bees, butterflies) (Abrahamczyk et al., 2011) with 

elevation and season, and contribute to this large knowledge gap that has been rarely 

addressed (Boulter et al., 2011; Wardhaugh et al., 2018). In addition, other nesting 

behaviours could be strongly affected by season (Samnegård et al., 2015) and the 

pantrap dataset allows us to compare, if ground-nesting bees even stronger fluctuate 

in abundances in the seasonally dry lowlands, because digging might be impossible 

in the dry season there.  

Despite land use has negative effects on cavity-nesting Hymenoptera in 

other tropical regions (Tylianakis et al., 2005; Batista Matos et al., 2013), no effect 

was found in this study (except from an influence on the parasitism rate of bee 

nests). However, I observed a strong turnover in the nest-building materials among 

different habitat types. This suggests that instead of land-use intensity (measured 

with different variables such as vegetation dissimilarity, percentage of agricultural 

fields in the surrounding landscape, pesticide and fertilizer inputs and removal of 

biomass), it was the difference among habitat types per se (different habitat structure, 

microclimate and plant communities) what limits species with different nest-

building materials, thereby changing traits of the species community. Furthermore, 

limitations of nest-building materials may be stronger than those of food resources. 

Not only food, but also the availability of nest-building materials can determine the 

success of nest-building in cavity-nesting Hymenoptera (Roubik, 1989; Westrich, 

1996). Soil characteristics may also be important for nesting success. In fact, clay 

becomes increasingly rare at higher elevations (Morato & Martins, 2006; Loyola & 

Martins, 2008). Therefore, not only food resources, but also nest-building resources 

should be taken into account in trap-nest studies (Osorio-Canadas et al., 2018), and 

it would be interesting to further analyse the species communities of the trap nests 

with regard to nest-building materials and habitat type, elevation and season. 

Although are a large number of studies have recorded entire life-history 

cycles of species using trap nests, the only trap-nest studies in Africa come from 
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South Africa (Staab et al., 2018). Trap nests capture mostly different species than 

other sampling methods, thus, they can often complement regional species lists 

(Hall & Ascher, 2010). On the other hand, tropical mountain ecosystems which are 

recognised as hotspots of biodiversity probably harbour many not yet described 

species. Therefore, I created my own collection of trap-nest information in which 

I summarised nest characteristics, given the absence of taxonomic literature for the 

region (General Appendix, Tab S1). In Germany, trap-nest identification is 

commonly done during the winter months and usually it is not necessary to rear 

every nest, because the number of species is limited. On the contrary, at Mt. 

Kilimanjaro, I recorded a high number of host and antagonist species and a high 

proportion of the nests was built by leaf-cutting Megachile bees and Eumeninae 

wasps, both are groups which have very similar nest characteristics. That is why the 

identification of the host species in Tanzania is impossible without the time-

consuming task of rearing every nest. 

The number of nests in trap nests varies (among others) due to 

microclimatic conditions in the location of the trap nests, both along different 

vegetation strata and along forest-edge effects (Stangler et al., 2015, 2016). While 

the canopy provides more natural nesting sites, a higher humidity in the understorey 

could lead to higher fungal infestation (Morato & Martins, 2006). As the pre-

experiment showed, small changes in temperature can lead to high mortality rates 

in the already warm lowlands, because hymenopterans experience temperatures 

close to their thermal limits in these habitats. Therefore, the analysis of the 

microclimatic conditions may reveal interesting explanations about development 

time and mortality rates. Using a thermologger (iButton®) in each trap nest, I 

recorded temperature every hour during 17 months of sampling. With the analysis 

of the microclimatic temperatures it may be possible to reveal critical temperature 

thresholds under natural conditions by simulating a climate change experiment, and 

thus it would be possible to explain the spatial variation of ecological rates within 

the same habitats. 

Biotic interactions change naturally across space and time (e.g., within a year 

or a season, over years and longer periods such as decades or centuries), and with 

land use (Tylianakis et al., 2007; Alarcón et al., 2008; Olesen et al., 2008; Petanidou 
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et al., 2008; Burkle et al., 2013; CaraDonna et al., 2014; Morris et al., 2015; CaraDonna 

et al., 2017; Osorio-Canadas et al., 2018). However, the extent to which interactions 

are dynamic, how they react to environmental changes and what the drivers for 

changing interactions are, remains little understood (CaraDonna et al., 2017; 

Tylianakis & Morris, 2017). Nevertheless, it is important to understand species 

interactions with regard to the functioning of communities and ecosystems in space 

and time (Bascompte et al., 2006; Thébault & Fontaine, 2010). Networks calculated 

from trap nests are not biased by observational sampling (Rivera-Hutinel et al., 

2012), offer more complete interaction information than networks from transect 

walks (Bosch et al., 2009; Dorado et al., 2011) and can be investigated across 

different trophic levels (plant-pollinator networks, predator-prey networks and 

host-parasitoid networks). However, theses analyses are rarely done with trap-nest 

datasets (Tylianakis et al., 2007; Staab et al., 2018). The trap-nest dataset of this 

dissertation offers the possibility to study networks along the elevational gradient 

of Mt. Kilimanjaro, over different seasons and along the land-use gradient. This 

may provide further exciting results because the climatic changes along elevation 

and between seasons may be meaningful with regard to climate change (Burkle & 

Alarcón, 2011). Furthermore, the importance of the different drivers of species 

richness already varied across trophic levels and I might find an influence of land 

use on the level of biotic interactions and on specialist species which are usually 

more sensitive to change. I collected pollen samples of pollen pellets or faeces of 

~700 nests at 21 study sites and during all months. A meta-barcoding analysis of 

the pollen collected in trap nests may provide a large number of feasible samples in 

terms of time and money and offers promising results (Sickel et al., 2015). Moreover, 

meta-barcoding could be also applied for the prey of the wasps,  giving also 

information about pest control in agricultural landscapes, or even the hosts 

themselves if they are difficult to identify morphologically (Turčinavičienė et al., 

2016).  

In addition, I extracted cuticular hydrocarbon profiles from cuckoo wasps 

(Chrysididae) and their hosts from 200 nests. Chrysidids parasitised nests from at 

least 10 different species of bees, and from different wasps of the families 

Crabronidae, Eumeninae, Pompilidae and Sphecidae. Chrysidids are known to use 

chemical deception (e.g. chemical mimicry of their hosts) (Strohm et al., 2008), 
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raising interesting questions about evolutionary arms races. With the study design 

of the KiLi-project, similarities between chemical profiles of hosts and parasitoids 

might be analysed in an environmental context along the climatic elevational 

gradient. The advantage of trap nests here is that the appropriate host can be 

directly assigned to the cuckoo wasp. For a large number of parasitoid species the 

host identity is unknown if the nests are not known. In trap nests, within one single 

nests, some brood cells may be parasitised, while others are not, and in this case the 

host identity is known for the respective cuckoo wasp. 

These examples show that the data can be evaluated in further questions 

and that it is advisable to build on this doctoral thesis to deepen the first findings 

and thus to understand the observed patterns even better. 

5.3.2 Thinking about the thesis 

I aimed to assess the importance of temperature and land use versus 

resources and top-down control on the species richness of cavity-nesting 

Hymenoptera. Because the investigation of different taxonomic groups was split 

between PhD students within the KiLi-project, the resources for the wasp groups 

were not monitored as continuously as I recorded flower abundances and richness 

and did not have the same monitoring time window. Furthermore, data on spider 

abundances and species richness was completely missing from locations in coffee 

plantations and grasslands and this could have limited the influence of resources on 

the species richness of spider-hunting wasps. Additionally, I used abundance and 

species richness data of adult moths instead of caterpillars as food resource for the 

caterpillar-hunting wasps. However, these abundance data might differ between 

caterpillars and adult moths if the mortality of caterpillars is high and if it differs 

among study sites.  In further studies, a temporally and methodologically well-

adjusted sampling-schedule could improve the synergistic effects of the different 

subprojects. 

The colonisation of the trap nests also depends on the natural availability 

of nesting resources and on the habitat structure which is connected with different 

difficulties to detect the trap nests. Therefore, habitats with a large number of big 

trees, such as in homegardens, may have led to a lower occupancy rate, biasing the 
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abundance and species richness of cavity-nesting Hymenoptera. I observed that in 

homegardens, trap nests were better detected in patches of open habitat than in the 

dense vegetation, and colonisation rates were generally low in the canopy. Yet, 

Stangler et al. (2016) recorded a larger number of nests, both at the canopy and at 

ground level than at an intermediate level and they justified that with a higher 

occurrence of natural nesting sites. But my observations suggest the opposite: a 

lower number of nests with higher vegetation complexity. A reason for the higher 

number of nests in the canopy compared to my study might be that they had higher 

numbers of trap nests per study site in total, and also in the canopy. Increasing the 

number of trap nests might have raised the chance to catch cavity-nesting 

Hymenoptera in forest-like habitats. But in comparison to open habitats, I assume 

that trap nests are not efficient in habitats which are structurally very complex and 

have very tall trees (up to 30 m) because they lose their attractiveness with a high 

abundance of natural cavities. Moreover, living trees provide a more stable 

microhabitat than dead trees in general (Nicolai, 1986; Tepedino & Parker, 1986; 

Gibbons & Lindenmayer, 1996) and are therefore preferred. For these reasons, we 

probably undersampled homegardens in comparison to the other, more open 

habitats. Yet this problem is not easy to solve. Enhancing only the number of trap 

nests in the homegardens and not in the other habitats would counteract 

standardisation. On the other hand, enhancing the number of trap nests in all study 

sites would lead to unmanageable amount of nests in the open lowlands. 

In the analysis of patterns of species richness, I grouped chrysidid wasps 

into one group, even though I was aware that with ten different parasitised host 

species, I may have had more than one species of chrysidid wasps in my dataset. 

Yet, Chrysididae are a very difficult taxonomical group with many cryptic species 

(Paukkunen et al., 2015). My motivation behind my decision was to avoid mistaken 

identifications which could enhance parasitoid diversity randomly on study sites, 

and I rather decided to underestimate their diversity at all study sites. Nevertheless, 

this might have slightly changed species richness patterns, because they made up 

~15% of the killing in antagonist nests. Flies were also identified to only family level 

and for a number of nests remaining body parts of hosts or antagonists were not 

enough to make identification to species-level possible. In the future, barcoding of 

uncertain hosts and antagonists may solve these uncertainties in the identification 
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(Hrcek et al., 2011; Turčinavičienė et al., 2016), especially since molecular techniques 

are becoming less expensive when analysing a large number of samples. 

When working with trap nests in tropical hot and dry areas, I would first 

suggest to carefully think about roofs which might buffer the ambient temperature, 

as suggested in Chapter 2 and discussed earlier in this chapter. I used double-folded 

metal sheets separated by a distance of few centimetres from each other, which 

were sprayed with white colour. Second, I would place thermologgers in each trap 

nest to link potential high local mortality rates to temperature values. Third, if 

possible, I would suggest three week intervals between sampling in the savanna 

habitats since the control intervals of one month were too long for some very fast 

developing species. And finally, I would recommend to rear every nest, because this 

is the only method that can provide complete information on mortality rates. 

Furthermore, even in very similar looking nests, I found different species of hosts 

and some host species just used commenced brood cells of other species, which 

causes identification mistakes and confusion when nests are not reared and 

therefore adult hosts are not available. 
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5.4 Conclusion 

Climate showed direct and indirect effects on species richness, functional 

traits and interactions of hymenopterans at Mt. Kilimanjaro, both at spatial and 

temporal scales. This shows that spatial and temporal analyses are important 

because both, spatial and temporal stability is essential for ecosystem functions. 

Furthermore, increasing climate fluctuations across years requires long-term 

studies, especially because an ongoing intensification of land use in this region could 

even exacerbate climatic fluctuations in the future. In addition, the observed 

patterns were complex and as well as their drivers, were found to be variable across 

trophic levels, elevations, ecosystems and the investigated factors, such as species 

richness, life-history traits, ecological rates and biotic interactions. Therefore it is 

difficult to conclude global explanations at the community level, because I even 

found differences among species, because ecological processes take place at the 

individual level. Thus it is important to use the right scale to evaluate these patterns, 

to look from the big to the small, to study different aspects of biodiversity and to 

connect different factors in order to better understand the potential mechanisms 

that shape communities at multiple trophic levels. Only those communities that 

show stability at different trophic levels guarantee multi-functionality of 

ecosystems. New molecular techniques (e.g. faster and cheaper barcoding) may 

allow to investigate hidden interactions and networks at different trophic levels, 

whereas old, well-established observation techniques (e.g. trap nests and hand 

sampling of individuals) ensure that details are noticed that are essential to the 

understanding of patterns. Together, both old and new techniques can complement 

each other and help to gain a more complete picture of factors which matter for 

biodiversity and ecosystems. This, in turn, is necessary to derive meaningful 

consequences of required planning actions for conservation efforts, even though 

we already know enough to rethink our way of life as humans.  

    

In this time of rapid environmental change, the many endangered species 

are only a drop in the flood of endangered communities  

(Pimm et al., 1991).  
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