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SUMMARY

SUMMARY

Since more than two centuries naturalists are fascinated by the profound changes in biodiversity
observed along climatic gradients. Although the theories explaining changes in the diversity and
the shape of organisms along climatic gradients belong to the foundations of modern ecology, our
picture on the spatial patterns and drivers of biodiversity is far from being complete. Ambiguities
in theory and data are common and past work has been strongly concentrated on plants and
vertebrates. In the last two decades, interest in the fundamental processes structuring diversity
along climatic gradients gained new impetus as they are expected to improve our understanding
about how ecosystems will respond to global environmental changes. Global temperatures are
rising faster than ever before; natural habitats are transformed into agricultural land and existing
land use systems get more and more intensified to meet the demands of growing human
populations. The fundamental shifts in the abiotic and biotic environment are proclaimed to affect
ecosystems all over the world; however, precise predictions about how ecosystems respond to
global changes are still lacking. We investigated diversity, traits and ecosystem services of wild
bees along climate and land use gradients on Mount Kilimanjaro (Tanzania, East Africa). Wild
bees play a major role in ecosystems, as they contribute to the reproduction and performance of
wild and crop plants. Their responsiveness to environmental changes is therefore of high

ecological and economic importance.

Temperature and energy resources have often been suggested to be the main determinants of
global and local species richness, but the mechanisms behind remain poorly understood. In the
study described in chapter 1l we analyzed species richness patterns of wild bees along climate and
land use gradients on Mount Kilimanjaro and disentangled the factors explaining most of the
changes in bee richness. We found that floral resources had a weak but significant effect on
pollinator abundance, which in turn was positively related to species richness. However,
temperature was the strongest predictor of species richness, affecting species richness both
directly and indirectly by positively influencing bee abundances. We observed higher levels of
bee-flower-interactions at higher temperatures, independently of flower and bee abundances. This
suggests that temperature restricts species richness by constraining the exploitation of resources
by ectotherms. Current land use did not negatively affect species richness. We conclude that the
richness of bees is explained by both temperature and resource availability, whereas temperature
plays the dominant role as it limits the access of ectotherms to floral resources and may accelerate

ecological and evolutionary processes that drive the maintenance and origination of diversity.



SUMMARY

Not only species humbers, but also morphological traits like body size are expected to be shaped
by both physiological and energetic constraints along elevational gradients. Paradoxically,
Bergmann’s rule predicts increases of body sizes in cooler climates resulting from physiological
constraints, while species-energy theory suggests declines in the mean body size of species caused
by increased extinction probabilities for large-bodied species in low-energy habitats. In chapter I11
we confronted this ambiguity with field data by studying community-wide body size variation of
wild bees on Mt. Kilimanjaro. We found that along a 3680 m elevational gradient bee individuals
became on average larger within species, while large species were increasingly absent from high-
elevational communities. This demonstrates, on the one hand, how well-established, but
apparently contrasting ecological theories can be merged through the parallel consideration of
different levels of biological organization. On the other hand it signals that the extinction risk in

the course of environmental change is not equally distributed among species within a community.

Land use intensification is known to threaten biodiversity, but the consequences for ecosystem
services are still a matter of debate. In chapter 1V, we experimentally tested the single and
combined contributions of pest predators and pollinators to coffee production along a land use
intensification gradient on Mount Kilimanjaro. We found that pest predation increased fruit set by
on average 9%, while pollination increased fruit weight of coffee by on average 7.4%. Land use
had no significant effect on both ecosystem services. However, we found that in coffee
plantations with most intensified land use, pollination services were virtually exclusively provided
by the honey bee (Apis mellifera). The reliance on a single pollinator species is risky, as possible
declines of that species may directly lower pollination services, resulting in yield losses. In
contrast, pollination services in structurally complex homegardens were found to be provided by a

diverse pollinator community, increasing the stability of pollination services in a long term.

We showed that on Mount Kilimanjaro pollinator communities changed along elevational
gradients in terms of species richness (chapter II) and trait composition (chapter III).
Temperature and the temperature-mediated accessibility of resources were identified as important
predictors of these patterns, which contributes to our fundamental understanding about the factors
that shape ectothermic insect communities along climatic gradients. The strong temperature-
dependence of pollinators suggests that temperature shifts in the course of global change are
likely to affect pollinator communities. Pollinators might either profit from rising temperatures, or
shift to higher elevations, which could result in related biotic attrition in the lowland with
consequences for the provision of ecosystem services in cropping systems. Up to now, land use
intensification had no significant impact on the diversity of pollinator communities and their
ecosystem services. Pollinators might profit from the strong landscape heterogeneity in the region

and from the amount of flower resources in the understory of cropping systems. However,
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progressing homogenization of the landscape and the pronounced application of pesticides could
result in reduced diversity and dominance of single species, as we already found in sun coffee
plantations. Such shifts in community compositions could threaten the stability of ecosystem

services within cropping and natural systems in a long term.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG (GERMAN)

Die Biodiversitat auf der Erde ist nicht gleichmaRig verteilt, sondern verandert sich entlang
klimatischer Gradienten — ein Phanomen, das Naturwissenschaftler schon seit mehr als zwei
Jahrhunderten fasziniert. Uber die Mechanismen, welche die Verteilung von Arten entlang von
Klimazonen bestimmen, besteht nach wie vor keine Einigkeit, auch wenn viele der hier
hervorgebrachten Theorien zu den Grundlagen der modernen Okologie gehdren. Ambivalenzen in
den Erklarungsmodellen und erhobenen Daten sind hdufig und bisherige Studien konzentrierten
sich vorrangig auf Pflanzen und Vertebraten, wahrend andere Taxa weniger Beachtung fanden.
Die Unsicherheit tber die Auswirkungen des globalen Wandels auf Okosysteme und die
Konsequenzen fiir Okosystemdienstleistungen setzte neue Impulse im Bereich der Biodiversitats-
forschung. Temperaturen steigen so schnell wie nie zuvor; natlrliche Habitate werden zunehmend
in Agrarflaichen umgewandelt und bestehende Landwirtschaftssysteme werden intensiviert.
Prazise Vorhersagen dariiber, wie Okosysteme auf solch drastische Umweltveranderungen
reagieren, fehlen jedoch weitgehend.

In dieser Dissertation wird gezeigt, wie sich die Artenvielfalt, morphologische Merkmale und
Okosystemfunktionen von Bienen entlang von Klima- und Landnutzungsgradienten des
Kilimandscharos (Tansania, Ostafrika) verdndern. Bienen spielen eine wichtige Rolle in
Okosystemen, da sie als Bestauber zur Reproduktion und Produktivitit von Wild- und
Nutzpflanzen beitragen. Die Verdnderung ihres Artenreichtums, ihrer Merkmale und ihrer
Okosystemdienstleistungen entlang von Umweltgradienten ist somit von groBer 6kologischer und

O0konomischer Relevanz.

Temperatur und die Verfuigbarkeit von Ressourcen sind die Faktoren, mit denen globale und
lokale Muster von Diversitat am haufigsten erklart werden. Die kausalen Zusammenhéange Uber
welche die Temperatur und die Verfligbarkeit von Ressourcen eine Erhéhung der Artenvielfalt
bewirken, sind jedoch nach wie vor unklar. Im zweiten Kapitel dieser Arbeit wurde untersucht,
wie sich der Artenreichtum von Bienen entlang von Klima- und Landnutzungsgradienten des
Kilimandscharos verandert und welche Faktoren fiir diese Veradnderungen verantwortlich sind.
Blihressourcen  hatten  einen  schwachen, aber signifikanten Einfluss auf die
Bestduberabundanzen, welche wiederum einen GroRteil des Artenreichtums erklarten. Insgesamt
hatte die Temperatur jedoch einen deutlich stirken Einfluss auf die Artenvielfalt als die
Verfugbarkeit von Blihressourcen: Die Temperatur wirkte sich direkt, moglicherweise tber einen
Erhéhung von Speziationsraten, und indirekt, Uber eine Erhthung der Bienenabundanz, auf die
Artenvielfalt von Bienen aus. Zusétzlich konnte beobachtet werden, dass die Bliitenbesuche von

Bienen unabh&ngig von der Blitendichte und der Bienenabundanz, mit einem Anstieg der

13



ZUSAMMENFASSUNG

Temperatur zunahmen. Aus diesen Beobachtungen folgern wir, dass bei Ektothermen die

Nutzbarkeit von Ressourcen durch die Temperatur gesteuert sein konnte.

Die Untersuchung morphologischer Merkmale entlang von Umweltgradienten erlaubt es,
deterministische ~ von  stochastischen  Prozessen bei der Zusammensetzung von
Artengemeinschaften zu unterscheiden. Wahrend bei stochastischen Prozessen Merkmale entlang
von Umweltgradienten zuféllig aus Artengemeinschaften ausscheiden sollten, wird im Falle
deterministischer Prozesse ein gerichtetes Muster erwartet. Unter den deterministischen Prozessen
konkurrieren bezliglich der KorpergroRe zwei scheinbar kontrare Theorien: Wéhrend die
Bergmannsche Regel vorhersagt, dass groRe Tiere, aufgrund eines verbesserten Oberflachen-
Volumen-Verhéltnisses, einen Vorteil in kihlen Regionen haben, weist die Arten-Energie-
Theorie groReren Arten eine erhdhte Aussterbewahrscheinlichkeit in energielimitierten, kihlen
Gebieten zu, so dass die mittlere KorpergroRe von Lebensgemeinschaften bei kalterer Temperatur
sinken sollte. Im dritten Kapitel dieser Dissertation untersuchten wir, ob sich morphologische
Merkmale von Wildbienen mit zunehmender Hohe verdndern. Dabei betrachteten wir nicht nur
Merkmalsveranderungen innerhalb von Artengemeinschaften, sondern auch innerartliche
Veranderungen. Sowohl physiologische als auch energetische Restriktionen pragten die
Merkmalskompositionen, allerding auf unterschiedlichen biologischen Ebenen. So nahm die
Korpergroe innerhalb von Arten mit der Héhe im Durchschnitt zu (=Bergmannsche Regel),
wahrend auf Gemeinschaftsebene kleinere Arten die Hochgebirgsregionen dominierten
(=energetische Restriktion). Die parallele Betrachtung der intra- und interspezifischen Ebene
ermdglichte es uns, scheinbar kontrare dkologische Theorien zusammenzufiihren. Zudem konnten
wir zeigen, dass Merkmale nicht zuféllig, sondern gerichtet aus Artengemeinschaften gefiltert

werden.

Landnutzungsintensivierung bedroht Biodiversitat, aber die Konsequenzen fir Okosystem-
dienstleistungen sind nach wie vor ungewiss. Im vierten Kapitel dieser Arbeit priften wir mit
Hilfe von einzelnen und kombinierten Bestauber- und Prédatorausschlussexperimenten, welchen
Beitrag Bestaduber, VoOgel und Flederméuse in verschiedenen Anbausystemen zur Kaffee-
produktion am Kilimandscharo leisten. Wir zeigten, dass sich Bestduber und Pradatoren in ihren
Effekten ergénzten: Wahrend Bestduber eine Steigerung des Kaffeebohnengewichtes um
durchschnittlich 7.4% bewirkten, konnte durch die Pradation von Schéadlingen der Fruchtansatz
des Kaffees um durchschnittlich 9% gesteigert werden. Landwirtschaftliche Intensivierung, von
komplexen Waldwirtschaftssystemen, (ber beschattete Kaffeeplantagen, bis hin zu
Sonnenplantagen hatte keinen negativen Effekt auf die Okosystemdienstleistungen von
Bestdubern und Prédatoren. Wir konnten jedoch nachweisen, dass in Waldwirtschaftssystemen

eine diverse Bestdubergemeinschaft den Kaffee bestdubt, wahrend in Sonnenplantagen fast
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ausschlieSlich die Honigbiene als Bestauber fungiert. Eine solche Verschiebung der Bestéuber-

komposition kdnnte die langfristige Stabilitét intensiv genutzter Flachen gefahrden.

In dieser Dissertation zeigten wir, wie sich Bestaubergemeinschaften am Kilimandscharo entlang
von Hoéhengradienten bezlglich ihrer Artenvielfalt (Kapitel 1) und ihrer Merkmale (Kapitel 111)
verandern. Temperatur und temperatur-gesteuerte Ressourcennutzbarkeit wurden als malRgebende
Determinanten dieser Muster identifiziert. Damit wurde ein Beitrag zur Identifikation von
Gesetzmaligkeiten in der Verteilung ektothermer Insekten entlang von Klimagradienten geleistet.
Unsere Ergebnisse weisen darauf hin, dass Klimaverdnderungen im Zuge des globalen Wandels
Konsequenzen fiir Bestdubergemeinschaften haben konnten. Eventuell kdnnten Bestauber von
den steigenden Temperaturen profitieren. Gleichsam konnte es aber auch zu einer Verschiebung
von Bestédubern in hoher gelegene Regionen und zu einem daran gekoppelten Einbruch der
Bestdubungsleistungen in tiefliegenden Kulturlandschaften kommen. Im Hinblick auf die
Konsequenzen anthropogener Landnutzung wurde festgestellt, dass die landwirtschaftliche
Intensivierung am Kilimandscharo bisher keinen messbaren negativen Effekt auf die
Okosystemdienstleitungen von Bestiubern hatte. Die Bestauber profitieren vermutlich von der
starken Landschaftsheterogenitat der Region und zahlreichen krautigen Blihressourcen im
Unterwuchs von Agrarflachen. Eine zunehmende Homogenisierung der Landschaft und ein
verstérkter Einsatz von Pestiziden koénnten jedoch, wie auf Sonnenplantagen bereits zu finden, zu
einer Dominanz von einigen wenigen Arten flihren, welches zusammen mit der klimabedingten
Artenverschiebung die langfristige Stabilitdt von Agrarsystemen und natirlichen Systemen

gefahrden konnte.
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CHAPTER |: GENERAL INTRODUCTION

Biotic changes along climatic gradients

Since centuries it is known, that the number of species and species traits are not equally
distributed on earth, but that they exhibit strong spatial variation (Bergmann, 1847; Allen, 1877
Wallace, 1878; Dobzhansky, 1950; Lomolino et al., 2006). The latitudinal diversity decline from
the tropics to the poles is one of the most striking patterns described in this context (Wallace,
1878; Dobzhansky, 1950; Pianka, 1966; Willig et al., 2003). It is present in terrestrial, freshwater
and marine ecosystems, and concerns plants, animals and microbes at nearly all levels of
biological organization (Willig et al., 2003). Numerous single and interacting evolutionary and
ecological factors, such as evolutionary time, geographic area, biotic interactions, ambient energy
or productivity have been forwarded and discussed as potential drivers of biodiversity (Krebs,
2009; Graham et al., 2014), but there is still no general consensus. In the past, research was
mainly focused on plants and vertebrates (Terborgh, 1977; Currie, 1991; Lomolino, 2001), which
might have hampered the detection of general principles. Since two decades, the debate about the
factors, shaping species and species traits along environmental gradients has gained new impetus.
The world is changing and ecosystems are predicted to respond to these changes, as it can already
be observed (Shaver et al., 2000; Walther et al., 2002). Global temperatures are rising faster than
ever before; natural habitats are transformed into agricultural land, agricultural systems get more
and more intensified. The identification of general principles behind species distribution patterns
would improve our prediction capacities of how species and ecosystems may respond to such

environmental changes in future.

On the search for principles underlying species distributions, the investigation of trait
compositions within communities can be more efficient than the analysis of species numbers
alone, because trait distributions require no species extinction to be responsive and can thus be
used as “early-warning indicators” (Mouillot et al., 2013). While random trait distributions signal
simple stochastic processes determining species richness patterns, an accumulation of similar
traits within communities points towards deterministic mechanisms shaping communities
(Cornwell & Ackerly, 2009). A shift of trait dominances along environmental gradients can then
identify potential factors shaping communities (Hoiss et al., 2012) and signal which species might
be most vulnerable in future (Conti et al., 2013). Shifts in trait compositions can occur either
through intraspecific trait shifts or through species turnover. So far, intraspecific trait shifts have
either been ignored, because they were assumed to be negligible compared to interspecific trait

shifts, or they were investigated within selected species, but not on a community level. However,
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many theoretical approaches have highlighted the importance of intraspecific variation within
community ecology (Ackerly & Cornwell, 2007; Albert et al., 2011; Bolnick et al., 2011; Clark et
al., 2011; Violle et al., 2012), asking for empirical proof. Indeed, few botanical studies,
considering intra- and interspecific trait shifts in parallel, showed that intraspecific trait shifts can
be highly relevant for understanding processes on a community level (Ashton, 2004; Kraft et al.,
2008; Jung et al., 2010; Paine et al., 2011; Hulshof et al., 2013). Whether this holds also true for

animals is currently unknown.

Elevational gradients — what can they tell us?

Elevational gradients are powerful tools to investigate biogeographic patterns or the impact of
climate change. As each mountain is unique in its topography, climate, geology and history,
potentially explanatory factors shaping species and traits can be statistically disentangled (Spehn
& Korner, 2010). Elevational gradients can be used as model systems for global patterns, because
many explanations for the relationship between latitude and species richness, such as the decline
in temperature, hold true for both elevational and latitudinal gradients. Species range shifts over
time provide interesting insights in ecosystem responses to climate change (Chen et al., 2011).
However, for many taxonomic groups and regions, especially in Africa, reliable and standardized
baseline data are often lacking. Also, incomplete sampling along elevational gradients in
combination with interpolation of species ranges, can bias species richness patterns, which has
often been ignored (Grytnes & Vetaas, 2002).

Some prominent differences complicate the transferability between elevational and latitudinal
gradients: Most obvious, along elevation temperature drops about thousand times stronger than
along latitude (about 5.5°C per 1000 m in altitude), which makes upslope shifts of species in the
course of global warming more likely than poleward shifts, because species are less limited by
dispersal constraints. Also land area declines rapidly: Above the tree line the global land area is
on average halved every further 167m of elevation (Kérner, 2007), which can have strong impact
on communities, as predicted by the species-area-relationship (MacArthur & Wilson, 1967,
Lomolino, 2000). The length of daytime, affecting generation times and growth rates of many
plants and animals is stable along elevation, but not along latitudes. Increased radiation with
elevation pronounces the differences between surface and atmospheric temperature and thus
promotes the presence of surprisingly warm microhabitats in high elevations compared to high
latitudes (Mani, 1968). On mountains the atmospheric pressure decreases and with this the partial
pressure of atmospheric gases, challenging the metabolic and growth rates of animals (Dillon,
2006). Reduced air density can negatively affect the flight performance of many insects or at least

raise the energetically costs for flight (Dillon, 2006). Thus, elevational gradients can help us to
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understand which mechanisms shape species richness also on a global scale, but in some aspects

they will create patterns that are unique for particular mountains.

The impact of land use and climate change on mountain biodiversity and the consequences

for ecosystem functioning

Due to a high species turnover with elevation and high degrees of endemism, many mountains
and especially many tropical mountains are unique biodiversity hotspots in their regions (Ricketts
et al., 2005). However, not least because of the reliable supply of fresh water, fertile soil and
timber, mountains also became popular residential areas. Growing population densities, land use
intensification and anthropogenic habitat destruction threaten biodiversity, particularly in species-
rich lowlands (Soini, 2005; Nogués-Bravo et al., 2008). The conversion of structurally complex
natural habitats into structurally simplified farmland enhances erosion and reduces the number of
stable food resources and nesting sites (Newton, 1994; Nicholls & Altieri, 2012). Habitat
fragmentation and human activity disturbs mating and breeding activity of birds, reptiles and
mammals. Frequent ploughing, mechanically tillage and the application of pesticides drastically
reduce the number of food resources and interrupt the life cycles of many insects (Rodenhouse et
al., 1995). The negative impact of land use change can obfuscate natural species richness patterns
along elevational gradients and complicate their interpretation (McCoy, 1990; Nogués-Bravo et
al., 2008). Also the distributions of organismic traits can be affected. It has been shown that
species with certain morphological or life-history traits respond more vulnerable to land use
change than other species (Larsen et al., 2005). The parallel consideration of climatic and land use

factors is thus highly valuable, but has often been ignored.

In addition, climate is changing and is predicted to change in future at rates that are unparalleled
in human history. Within the last century, the global mean surface air temperature raised between
0.56°C and 0.92°C and is predicted to further increase by up to 0.2°C per decade, depending on
the region and emission scenario (Cubasch et al., 2013). Considering the responsiveness of
species to previous climate changes (Walther et al., 2002; Perry, 2005), it is likely that
anthropogenic climate change will soon be the main driver of species range shifts, functionally
altered community compositions and species extinctions.

A widely discussed and empirically approached question in ecology is, whether the loss of
biodiversity due to land use and climate change affects ecosystem functioning (e.g. Chapin IlI,
1997; Cardinale et al., 2012). During the last two decades unequivocal evidence has been
established that the loss of biodiversity limits ecological communities in their capacity to recycle
biologically essential nutrients, to produce biomass or to capture biologically relevant resources.

These biodiversity effects have been shown to be stable across different ecosystems, study
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organisms and trophic levels (Worm et al., 2002; Cadotte et al., 2008; Cardinale et al., 2011).
Importantly, the effect of biodiversity on ecosystem functions has been shown to be not linear but
saturating, i.e. the loss of ecosystem functions accelerates with the strength of biodiversity loss.
One explanation for such relation is that diverse communities contain a combinatory set of
functional traits that can complement each other (Naeem, 2008; Brittain et al., 2013a). In even
more diverse communities the number of functionally redundant species increases. Their presence
might thus not increase ecosystem function anymore, but can act as an insurance against function
loss in the course of species extinction (Naeem & Li, 1997). The functioning of ecosystems can
be highly profitable for human beings. Ecosystems provide food and drinking water or support
nutrient cycles or crop pollination. The investigations of how environmental change can affect
such ecosystem functions and related ecosystem services is thus of both ecological and economic

importance.

The KiLi-Project — concept and general study design

The project ,Kilimanjaro ecosystems under global change: Linking biodiversity, biotic
interactions and biogeochemical ecosystem processes”, in short, the “KiLi-Project” is a DFG-
funded multidisciplinary research unit (FOR1246), that aims to understand the combined effects
of climate and land use change on biodiversity, biotic and biogeochemical processes and related
ecosystem services. The project was launched in February 2010 and is currently in its second
approved phase. It consists of seven subprojects (SP) and two central projects. The first three
subprojects concentrate on climate and biogeochemical processes, including water, carbon and
nutrient cycles. Subproject four and five work on plant diversity, plant performance, functional
traits and vegetation dynamics. The last two projects, from which also the presented thesis
derived, investigates the single and combined effects of climate and land use change on the
diversity of vertebrates (birds and bats (SP6)), and invertebrates (pollinators and decomposers
(SP7)) and related ecosystem services. One particularity and strengths of this project is that all
seven subprojects work on the same study sites. This provides the unique possibility of powerful
data syntheses, aiming to understand the consequences of climate and land use change on

mountain gcosystems.

The KiLi-Project conducts its research on the southern slopes of Mount Kilimanjaro, Tanzania.
Mount Kilimanjaro, with 5895 m a.s.l. the highest free-standing mountain of the world, is a
stratovolcano, located 300 km south of the equator. Temperature drops 6.1°C per 1000m a.s.l..
Precipitation shows a hump-shaped distribution, with annual rainfall of approximately 500-900
mm in the lowlands, >3000 mm in the forest belt and 200 mm in the alpine zone (Hemp, 2006a).
On Mount Kilimanjaro land use and habitat fragmentation mainly concentrates on the area from

the lowlands up to the border of the National Park (~1800m a.s.l.). In the lowlands the majority of
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natural savannahs were transformed into crop fields (mainly maize, sunflowers and beans). In
elevations between 1000 — 1800m a.s.l., naturally occurring low land forests have been almost
completely cut and replaced by small-scale traditional agroforestry systems (Chagga
homegardens), shaded or unshaded coffee plantations, grasslands or human settlements. Inside the
Kilimanjaro National Park, which was established in 1973, natural ecosystems are strongly
impacted by illegal and selective logging and burning. The frequency and intensity of bush fires
significantly increased within the last three decades, which was associated with the increasing
dryness due to global warming. Logging and bush fires lead to a severe shift in the tall subalpine
forest Podocarpus-composition, which is then replaced by the giant heather Erica trimera, which
further enhances the fire risk, as it burns well. The shifts in tree compositions severely effects
forest’s capacity to receive rainfall and fog interception water, which impacts mountain water
fluxes much stronger than the shrinking glaciers on the top of Kilimanjaro, which have become a
symbol for climate change and global warming (Hemp, 2005).

The KiLi-Project works on sixty 0.25-ha study sites, with each five replicates of six natural
habitat types, consisting of savannah (700 - 1100 m a.s.l.), lower montane forest (1100 - 1800 m
a.s.l.), Camphor (Ocotea) forest (1800 - 2800 m a.s.l.), Podocarpus forest (2800-3200 m a.s.l.),
Erica forest (3200 - 4000 m a.s.l.), and alpine Helichrysum vegetation (4000 - 4600 m a.s.l.); and
six disturbed habitat types: maize fields (700-1100 m a.s.l.), traditional agroforestry systems
(‘Chagga homegardens’), grasslands and shaded coffee plantations (1100 — 1800m as.), disturbed
Camphor forest (1800-2800m a.s.l.), and disturbed Podocarpus forest (2800 — 3200m a.s.l.) (Fig.
1.1, Plate 1.2). For one subproject (see chapter V) four additional study sites have been selected

on sun coffee plantations (Fig. I.1).
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Elhiopia

(semi-)natural habitats disturbed habitats
o Helichrysum e disturbed Podocarpus forest
@ Erica forest @ disturbed Ocotea forest
e Podocarpus forest @ Chagga Homegarden
@ Ocotea forest @ shaded coffee plantation
@ lower montane forest ® grassland
o Savannah © maize field
@ sun coffee plantation

Figure 1. 1 Study sites of the KiLi project. Mount Kilimanjaro is located in Tanzania, East Africa
at the boarder to Kenya. Sixty 0.25-ha study sites of 12 different habitat types (+4 sun coffee
plantations for a side project; see chapter 1V)) were selected along an elevational gradients
reaching from 870m to 4550m above sea level. Both natural (savannah, lower montane forest,
Ocotea forest, Podocarpus forest, Erica forest, Helichrysum) and disturbed habitat types (maize
field, coffee plantations, Chagga homegarden, grasslands, disturbed Ocotea forest, disturbed
Podocarpus forest) were selected to investigate the combined effect of climate and land use
change on species, traits and ecosystem functions. Background map from Bing Aearial
BaseMaps®, 2014.
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Study system

In subproject 7 of the KiLi project we investigated species richness, trait distributions and
ecosystem services of pollinators along elevational and land use gradients on Mount Kilimanjaro.
Around 80% of all wild plants and about two thirds of all crop species rely on - or benefit from —
insect pollinators for successful reproduction, fruit quality and gene flow (Klein et al., 2007).
With this, pollinators do not only make an important contribution to the maintenance of plant
biodiversity, fitness and their capacity to react to environmental changes, they also support crop
production and maintain food security. An estimated 9.5% (i.e. 153 billion per year) of the total
value of world agricultural production was assigned to pollination services (Potts et al., 2010 and
references in here), indicating the enormous economic impact of pollinators. Importantly, not only
pollinator abundance but also pollinator diversity affects the efficiency of pollination services
(Klein et al., 2003). In a diverse pollinator community, different functional groups can interact
with each other (Brittain et al., 2013b) or spatially or temporally complement each other in their
services (Hoehn et al., 2008; Brittain et al., 2013a; Garibaldi et al., 2013), thereby increasing the
pollination efficiency within an ecosystem. Climate and land use change have been reported to
negatively affect pollinator diversity and pollinator vitality. Such declines threaten pollination
services in both natural habitats and cropping systems. It has been shown that some pollinator
species are more vulnerable to land use change than others. For instance, bumblebees with long
tongues that are specialized on certain diets are stronger impacted by land use change than short-
tongued bumblebees that are rather generalized (Goulson et al., 2005). Understanding the
mechanisms that shape pollinator communities and pollinator traits along environmental gradients

is of high ecological and economic importance.

In this dissertation we assessed the diversity of important pollinators (wild bees) on the 60 study
sites distributed along climatic and land use gradients. We attracted wild bees by installing pan
trap clusters, each consisting of one blue, one yellow and one white UV-light reflecting trap, in
different vegetation heights (Plate 1.1). In chapter 1l we present how species richness of bees
changed along climatic gradients and which factors predominantly caused these patterns. In
chapter 111 we demonstrate how morphological trait distributions of these wild bees changed
along elevational gradients on Mount Kilimanjaro. We thereby consider both inter- and
intraspecific trait shifts, as physiological or energy constraints might both effect species but on a
different level of biological organization. In chapter IV we present the results of a cooperation
study that we conducted in close collaboration with subproject 6 of the KiLi project. Here, we
analyzed how pollinators and pest predators (birds and bats) support coffee production on Mount

Kilimanjaro and how their ecosystem services are effected by land use intensification.
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Plate 1.1 Pollinators were attracted with yellow, blue and white pan traps, which were installed in
different vegetation heights. Left: Pan trap cluster installed in the canopy cover of a shaded coffee
plantation (1306 m a.s.l.). Red circles mark the position in the tree, and the magnification of the
trap respectively); right: Pan trap cluster installed in the herbal layer of a Helichrysum plot (4240
ma.s.l.).

Plate 1.2 (right side) The twelve major habitat types on Mount Kilimanjaro: (A) alpine
Helichrysum vegetation (4000 - 4600 m a.s.l.), (B) Erica forest (3200 - 4000 m a.s.l.), (C)
Podocarpus forest, (D) (fire) disturbed Podocarpus forest (2800 — 3200m a.s.l.), (E) Camphor
(Ocotea) forest, (F) disturbed (by former logging) Camphor forest (1800-2800m a.s.l.), (G) lower
montane forest, (H) traditional agroforestry systems (‘Chagga homegardens’), (I) shaded coffee
plantations, (J) grasslands, (K) savannah and (L) maize fields (700-1100 m a.s.l.).

24



GENERAL INTRODUCTION

Elevation

Land use intensity

25






BEE DIVERSITY ALONG THE ELEVATIONAL GRADIENT

CHAPTER |l: TEMPERATURE VERSUS RESOURCE CONSTRAINTS: WHICH
FACTORS DETERMINE BEE DIVERSITY ON MT. KILIMANJARO, TANZANIA?

This chapter is under peer review in Global Ecology and Biogeography as: Classen A, Peters MK,
Kindeketa WJ, Appelhans T, Eardley CD, Gikungu MW, Hemp A, Nauss T, and Steffan-
Dewenter |. Temperature versus resource constraints: which factors determine bee diversity on

Mt. Kilimanjaro, Tanzania?

ABSTRACT

Aim Understanding the mechanisms controlling variation in species richness along
environmental gradients is one of the most important objectives in ecology. Resource availability
is often considered as the major driver of animal diversity. However, in ectotherms, temperature
might play a predominant role as it modulates metabolic rates and the access of animals to
resources. Here, we investigate the relative importance of resource availability and temperature

in determining diversity pattern of bees along a 3.6 km elevational gradient.
Location Mount Kilimanjaro, Tanzania.

Methods We assessed bee species richness and bee abundance with pan traps and floral
resources with transect records on 60 study sites which were equally distributed over six near-
natural and six disturbed habitat types along an elevational gradient from 870m to 4550m a.s.l.
We used path analysis to disentangle the direct and indirect effects of temperature, precipitation,
floral resource abundance, and bee abundance on bee species richness. In addition, we monitored
flower visitation rates during transect walks at all elevations to evaluate the temperature-

dependence of bee-plant interactions.

Results Bee species richness exponentially declined with elevation whereas bee abundance
showed an inverse hump-shaped distribution along the elevational gradient. While the abundance
of floral resources had a significant but only weak effect on species richness, the effect of
temperature was strong. Temperature affected species richness both directly and indirectly via
bee abundances. Furthermore, we observed higher levels of bee-plant-interactions at higher
temperatures, independent of flower and bee abundances, supporting the hypothesis that

temperature limits diversity by constraining the resource-exploitation in ectotherms.

Main conclusions Bee species richness is explained by both temperature and resource

availability. Temperature plays the more important role, presumably by limiting access of
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ectotherms to resources and by accelerating ecological and evolutionary processes that drive the

maintenance and origination of diversity.

Key words: Apoidea, elevational gradients, productivity-hypothesis, physiological-tolerance
hypothesis, energy-richness hypothesis, temperature-speciation hypothesis, pollination, climate

change, land use change, macroecology

INTRODUCTION

Elevational gradients in species richness belong to the best described patterns in ecology, but the
causal mechanisms behind the patterns remain poorly understood (Rahbek, 1995; Lomolino et al.,
2006; McCain & Grytnes, 2010). A variety of deterministic hypotheses have been forwarded
emphasizing the impact of history, climatic factors and energy availability on global and regional
biodiversity patterns (Dobzhansky, 1950; Pianka, 1966; Srivastava & Lawton, 1998; McCain,
2007; Brown, 2014). However, the operation modes of such environmental factors, influencing
species richness patterns either directly or indirectly, are often unclear, hampering predictions
about the impact of environmental changes on biodiversity.

One of the most frequently discussed predictors for species richness is resource availability
(Brown & Maurer, 1989; Gillman & Wright, 2006; Ferger et al., 2014; Hurlbert & Stegen, 2014).
In highly productive ecosystems, resources are expected to be available in amounts that allow on
average more and larger populations to persist. As the individual population’s probability of
demographic extinction is a negative decelerating function of its abundance (Lande, 1993;
Srivastava & Lawton, 1998), more and larger populations may persist under high than under low
levels of resource availability. Primary productivity has often been used as a proxy for energy or
resources, when explaining latitudinal and elevational animal diversity patterns (Hawkins et al.,
2003). Rarely, species richness patterns were directly related to the resources that are effectively
used by the investigated organisms. Studies relating the species richness of endothermic taxa to
the availability of resources repeatedly found strong positive relationships (Ferger et al. 2014,
Price et al. 2014).

However, in ectothermic organisms the amount of potentially available resources in the
environment does not necessarily correspond to the amount of energy accessible to organisms.
Instead, ambient temperature may determine how much of the principally available resources can
effectively be used (Kaspari et al., 2000): Energy consumption of foraging honeybees has been
shown to decrease by >80% over a temperature gradient of 25°C (Stabentheiner et al., 2003).

Consequently, assuming same levels of resource densities, the net-profit of foraging animals
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declines with decreasing temperatures. Ectothermic organisms respond to this by restricting
foraging to temperatures above a certain threshold (Willmer, 1983), so that cumulative foraging
times and the net energetic intake may be higher in warm than in cold environments. Such
temperature-mediated resource-exploitation limitations should result in shrinking population

densities and increasing the probabilities of species extinction in cooler climates.

Temperature is also known to have a direct effect on species richness (Sanders et al., 2007). First,
only a few species are expected to physiologically tolerate the harsh and cold climates of high-
elevation or high-latitude habitats (Currie, 1991). Second, temperature may directly act on
speciation rates, by e.g. curtailing generation times or increasing metabolic rates and related
nucleotide substitutions (Laird et al., 1969; Gillooly et al., 2005).

Wild bees play a key role in natural and agricultural ecosystems as they maintain the
reproduction, gene flow and diversity of wild plants, boost crop production and stabilize food
security (Garibaldi et al., 2011; Albrecht et al., 2012; Brittain et al., 2013a). Understanding the
underlying mechanisms that shape bee richness is thus of high ecological and economic
importance. We analyzed species richness of wild bees (Hymenoptera: Apoidea, “Apiformes”)
and the potential drivers of species richness in natural and disturbed habitats along climatic
gradients on Mount Kilimanjaro (Tanzania, East Africa). Using path analysis we separated the
direct and indirect effects of temperature, floral resources and bee abundances on bee species
richness. As precipitation, primary productivity and land use may alter the amount of floral
resources, bee abundances and/or bee richness we included these variables in our path model and
tested the following hypotheses (Fig. 11.1):

1. Resource-availability-hypothesis: Resource availability is directly limiting to bee species
richness as larger populations with lower extinction risk can be sustained in habitats with high
amounts of resources. We therefore expect to find a positive effect of flower abundance on bee

richness via a positive effect on bee abundance.

2. Temperature-mediated-resource-exploitation-hypothesis: In ectotherms, temperature is limiting
to the amount of resources which can effectively be exploited. Under warm temperatures bee
foraging activity and the net energy gain is higher than under cold temperatures, resulting in
higher bee abundances. We therefore expect to find a positive effect of temperature on bee

richness via a positive effect on bee abundances.

3. Temperature-speciation-hypothesis: Temperature limits the occurrences of species due to
physiological constraints and/or by its impact on speciation rates. We therefore expect to find a

direct effect of temperature on bee richness, which is not mediated by bee abundances.
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Figure 11.1 Three alternative hypotheses explaining how temperature, resources and abundances
explain species richness of ectotherms. Bolded arrows indicate basic effects, small arrows
facultative effects within the respective hypothesis. The resource-availability-hypothesis predicts
that the amount of resources directly limits the number of species, while the temperature-
mediated-resource-exploitation-hypothesis predicts that temperature controls the accessibility of
resources in ectotherms, and with this their capacity to maintain high abundances. Both
hypotheses assume that high abundances reduce species extinction risks and fascilitate higher
levels of species to coexist in equilibrium. In contrast, the temperature-speciation-hypothesis
predicts that temperature, but not resources, shape species richness via physiological constraints
and speciation processes.

METHODS

Study region and study design

The study was conducted at Mount Kilimanjaro (2° 45° — 3°25” S, 37°0” — 37°43” E) (Tanzania),
the highest free standing mountain of the world (700 m a.s.l. — 5895 m a.s.l.). Temperature drops
linearly around 6.1°C per 1 km elevational difference, while mean annual precipitation peaks in
the forest belt at around 2200m a.s.l. (Hemp, 2006a). Human activity and land use is mainly
concentrated in the lowlands of Kilimanjaro. We selected 60 study sites of 0.25 hectare size in 12

major ecosystem types on the southern slopes of Mt. Kilimanjaro, covering an elevational
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gradient from 866 m a.s.l. up to 4550 m a.s.l.. Investigated ecosystem types consisted of six
natural habitats with no or only low human impact (savannah, lower montane forest, Ocotea
(camphor) forest, Podocarpus forest, Erica forest, Helichrysum scrub vegetation) and six
disturbed habitat types with moderate to strong human impact (maize fields, homegarden,
commercial coffee plantations, grasslands, disturbed (by former logging) Ocotea forests and (fire)
disturbed Podocarpus forests. The study followed the general study design of the research unit
“Kilimanjaro ecosystems under global change: linking biodiversity, biotic interactions and

biogeochemical ecosystem processes” (https://www.kilimanjaro.biozentrum.uni-wuerzburg.de).

Bee diversity assessment

Species richness and the abundance of bees were assessed by installing eight pan trap clusters,
each consisting of one UV-bright blue, one yellow and one white pan (Campbell & Hanula, 2007,
Westphal et al., 2008). Pan trap clusters were installed along two 50m transects on each study site
with a minimal distance of 15m between them. We sampled pollinators in different vegetation
heights, i.e. at ~35 cm (herbal layer) and ~120 cm (shrub layer) above ground. In forest sites we
installed a subset of trap clusters in the canopy of trees (up to a mid-canopy layer of ~25m). Pan
traps were filled with water and a drop of liquid soap to break water surface tension, and were
emptied after 48 hours. We conducted three sampling rounds. Destroyed traps were replaced by
pan trap samples from a fourth sampling round. Species were sorted to morphospecies level and,
wherever possible, identified to species level. Because bee catches per individual sampling round
were rather low we pooled species and abundance data of sampling rounds per study site for all

analyses.

Floral resources assessment

During each sampling round (pan traps, transect walks) floral resources were estimated on ten 4m
X 5m subplots that were evenly distributed along the two 50m transects, where pan traps were
installed. In each subplot we counted the number of flower units, including flowers of the lower
canopy. We defined a flower unit as a patch of flowers that a small pollinator of about 1 cm
length would exploit by walking, instead of flying (e.g. the inflorescences of Asteraceae were
counted as distinct flower units) (Carvalheiro et al., 2008). Flower resources were then

extrapolated for the study site and averaged for the different surveys per study site.

Primary productivity

We used the normalized difference vegetation index (NDVI) as a proxy for primary productivity
(Kerr & Ostrovsky, 2003). In the light of the well-known negative biases due to sensor
degradation of MODIS Terra (Wang et al., 2012), NDVI estimations used in this study were
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based exclusively on MODIS Aqua product MYD13Q1 with a horizontal resolution of 250 m x
250 m. Cloud contamination was a very prominent feature on Mt. Kilimanjaro and problematic
with regard to realistic estimations of NDVI. To address this issue we first identified all pixels
with a MYD13Q1 quality flag of three and deleted these together with the eight adjacent
surrounding pixels. Afterwards, we followed the approach proposed by (Atzberger & Eilers,
2011) using the 'Whittaker smoother' based on three iterations with a lambda of 6000. We then
calculated the overall mean NDVI for the ten year period 2003 — 2012 and extracted the pixel
values corresponding to the locations of our study sites.

Land use and disturbance index

Types of local land use are variable along the elevational gradient of Mt. Kilimanjaro. To deal
with this complexity we used a hierarchical approach incorporating four different equally
weighted indicators of land use intensity, which were measured on each study site: (a) annual
removal of plant biomass, (b) chemical inputs to the ecosystem, (c) vegetation structure in
comparison to sites with natural vegetation, and (d) the proportion of managed habitats in the
surrounding landscape. The single components were processed to generate a synthesis indicator
for human land use in ecosystems. Further details about the single components of the index and

its computation are given in the supplement I1.S1.

Climate data

All study sites were equipped with temperature sensors that were installed approximately 2m
above the ground. Coated plastic funnels were used for radiation shielding. For approximately
two years, temperature was recorded in five minutes intervals. Mean annual temperature was
calculated by averaging all individual measurements per study site. Because on seven study sites
temperature loggers were repeatedly stolen, we used a linear model, with temperature as response
variable and elevation and habitat type as additive explaining variables to interpolate mean annual
temperature values for the seven missing study sites (R2 = 0.99, n = 53, p < 0.01). Precipitation
data were interpolated for each study site, using about 70 rain gauges spread in different

elevations on Mount Kilimanjaro (Hemp, 20063, b).

Bee-flower interactions

Flower visitors were recorded during 79 variable transect walks that were conducted on a subset
of 20 study sites from 984 to 4390m a.s.l. To minimize trampling effects on the vegetation, study
sites were extended from 0.25 to one ha. For four hours we slowly moved along variable transect
corridors and recorded each pollinator that touched the reproductive parts of a flower. We then

counted the number of flower visits conducted by bees within the four hours and calculated the
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mean number of bee-flower interactions per hour. We additionally estimated the number of

flowers on the study sites as described above (one estimation per transect walk).

Statistical analyses

The distribution of bee species richness and bee abundance was analyzed with generalized linear
models assuming a poisson distribution of errors. We fitted the models with a linear term of
elevation, and with a linear plus quadratic term of elevation.

We used path analyses to disentangle the direct and indirect effect of climate (temperature and
precipitation), land use, primary productivity, flower abundance and bee abundances on bee
species richness on Mount Kilimanjaro (Mitchell, 2001). Prior to analyses, we log-transformed
flower counts to improve normality of residuals. All explaining variables were standardized by z-
transformation using the ‘scale’ function in R. Based on our ecological understanding of bees, we
hypothesized that temperature, precipitation, and land use predict species richness and abundance
directly and indirectly via their combined effect on primary production and the amount of floral
resources. We also assumed that primary productivity would be a predictor of flower abundance,
and both would affect bee species richness and abundance. Therefore, we pre-selected possible
path combinations, by analyzing the four response variables of our path model (bee species
richness, bee abundance, flower abundance, primary productivity) with all explaining variables,
i.e. temperature, precipitation, land use (+flower abundance and primary productivity in the case
of species richness and abundance; +primary productivity in the case of flower abundance) with
linear models. For each model we used the dredge’ function of the R package ‘MuMIn’ to
evaluate models defined by all possible variable combinations and ranked them by their AIC-
based model weight. As our sample size was relatively low compared to the number of estimated
parameters, we used the AIC with a second-order bias correction (AlICc) for inferring the support
of individual models. For the best supported models (A AICc < 2) we calculated the relative
variable importance (RVI), i.e. the sum of AICc weights across all models including the
explanatory variable. The relative variable importance thus mirrors the statistical certainty with
which a variable is included into competitive models, a measure, which has often been ignored,
although the number of competitive models is generally high in ecology (Conroy et al., 1995;
Wintle et al., 2003). We then set up all remaining path model combinations and ranked them
based on their AICc, using the R package ‘lavaan’. For all competitive path models (A AICc < 2)
we calculated path coefficients, their statistical significance and multiple coefficients of
determination (R2) of explanatory variables. The total effect of primary productivity on bee
richness was calculated by adding the direct path coefficient to the product of the indirect path
coefficients of that link (Mitchell, 2001).
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To analyze the effect of temperature on resource use by bees we related the number of bee-flower
interactions counted during each transect walk survey to the mean temperatures measured on
study sites. We added flower and bee abundance as covariables in the model to control for an
expected positive influence of both variables on the number of bee-flower interactions. Bee
abundance data were derived from pan trap catches (total abundance across three sampling
rounds). All explaining variables were z-transformed for comparability. We fitted linear mixed
effects models with temperature, (log-transformed) flower abundance, (log-transformed) bee
abundance and all possible interactions as fixed factors and included study site as a random factor
to avoid pseudo-replication. Using the ‘dredge’ function we ranked all models by their AICc-
values and present the summary output of all models with AAICc<2 (Tab. 11.S3a).

RESULTS

In total we caught 4899 bees and sorted them into 129 morphospecies (32 genera). Species
richness exponentially declined with elevation (Fig. 11.2). Bee abundance, in contrast, showed an
inverse hump-shaped distribution along the elevation gradient, with maximal bee abundance in
Erica forests and Helichrysum shrubs, (3500 and 4550m a.s.l.) (Fig. 11.2). Interestingly, one
morphospecies of the widespread genus Lasioglossum, dominated the higher elevation habitats

and accounted for 59 % of all bee individuals sampled on Mount Kilimanjaro.

Path analyses indicated that all three mechanisms of our hypotheses (Fig. 11.1) simultaneously
explain bee species richness on Mount Kilimanjaro, whereby the effect of temperature
outweighed the effect of resources. As predicted by the resource-availability-hypothesis, the
amount of floral resources had a weak but significant effect on bee abundance in all competitive
models (standardized path coefficient = 0.23, p=0.011), while bee abundance was a strong
predictor of bee richness (standardized path coefficient = 0.54, p < 0.001) (Fig. 1.3). In
accordance with the temperature-mediated resource-exploitation-hypothesis temperature had a
moderately strong direct effect on bee abundances (standardized path coefficient = 0.40, p<0.001)
(Fig. 11.3). Importantly, and in accordance with the temperature-speciation-hypothesis,
temperature also had a strong direct effect on species richness that was not mediated by bee
abundance (standardized path coefficient = 0.68, p < 0.001) (Fig. 11.3). The best supported path
model explained 88% of the total variance in species richness and 54% of the total variance in bee
abundance (Fig. 11.3). Relative variable importance was maximal (i.e. 1) between all remaining

links, except for one (flower abundance - bee abundance; RVI: 0.3).
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Figure 11.2 Species richness and abundance of wild bees change along climatic gradients on
Mount Kilimanjaro. Species richness strongly declined with elevation (left figure), while (log-
transformed) abundances showed an inverse hump-shaped distribution (right figure).

Precipitation and temperature had a strong positive effect on primary productivity. However,
primary productivity was not positively related to flower abundance as expected. Instead, primary
productivity had either no, or even a negative effect on flower abundance (Fig. 11.3 and Fig.
11.52). Also, primary productivity had a strong negative effect on bee abundance and thus a
negative total effect on bee richness (i.e. indirect (negative) effect, via abundance + direct
(positive) effect of primary productivity on bee richness = -0.20). Land use, in contrast, had a

positive effect on flower abundance and did not negatively affect bee abundance or richness.

In support of the resource-exploitation hypothesis, the number of bee-flower interactions
increased with increasing temperature (Fig. 11.4): The best model, describing the number of bee-
flower interactions contained temperature and the amount of flowers as explaining variables,
while bee abundance appeared not to be strongly correlated to the number of flower visits by
bees. The presented additive model (Fig. 11.4) had the highest model weight, but was statistically
not distinguishable from the model including the interaction term (flower abundance x
temperature) (A AICc < 2) (Tab. 11.S3a). Nevertheless, in both competing models the number of
bee-flower interactions increased with increasing mean annual temperatures (t = 2.69, d.f. 18,
p=0.015) and the amount of floral resources (t-value=5.05, d.f.=58, p<0.001) (Fig. 11.4).
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Figure 11.3 Direct and indirect predictors of bee abundance and bee species richness on Mount
Kilimanjaro. The path model with the lowest Akaike information criterion, corrected for small
sample size (AICc) is presented. Bee species richness, bee abundance and flower abundance were
log-transformed prior to analysis. Arrow widths indicates relative variable importance in all
competitive linear models with AAICc<2 derived from multi-model inference. Grey colors
indicate negative effects. The relative amount of explained variance (R?, derived from the best
supported model including bee species richness as the response), standardized path coefficients
and their statistical significance (*P<0.05, **P<0.01, ***P<0.001) are given. Competitive models
(AAICc<?2) propose a positive effect of precipitation on bee abundance, a positive effect of land
use on bee abundance, and a negative effect of primary productivity on flower abundance (see
11.S2).
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Figure 11.4 Mean annual temperature and (log-transformed) flower cover predicted the number of
bee-flower interactions per hour. The number of interactions increased with increasing
temperature. The effect levels were dependent on the flower cover. Model predictions are shown
for groups fixed at the lower (25%) (grey line) and the upper (75%) quartile (black line) value of
flower cover. Statistical analysis based on linear mixed effects models with study site as a random
factor. Marginal R2=0.31, conditional R2=0.62.

DISCUSSION

On Mount Kilimanjaro, bee species richness declined with elevation, which appears to be a
general pattern of bee communities of both temperate and tropical ecosystems (Arroyo et al.,
1982; Hoiss et al., 2012). Our study suggests that temperature rather than resource abundance
determined species richness as temperature governs the access of pollinators to food resources
and accelerates ecological and evolutionary processes leading to the origination and maintenance
of diversity.

The idea that resources or ultimately the total productivity of ecosystems limits the number of
species that coexist in ecosystems goes back to the roots of quantitative ecology. It is here further
strengthened by theoretical developments and empirical evidence from the field (Pianka, 1966;
Ferger et al., 2014). In accordance with the resource hypothesis we found that the availability of
floral resources had a positive effect on bee abundance, a result also found by Hoiss et al. (2012).
However, the effect of flower availability on bee abundance was weak compared to the direct
effect of temperature on bee abundance. We conclude that the resource-exploitation-hypothesis

explains this difference: as energy consumption of active bees drastically declines with increasing
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temperature (Stabentheiner et al., 2003), bees might restrict foraging activity to temperatures
where the energy gain through collected nectar or pollen exceeds the energy costs of the foraging
flight. Accordingly, we found that the number of bee-flower-interactions equally decreased with
dropping temperatures (also detected by Arroyo et al., 1985). This facilitates the maintenance of
more and larger populations and higher species richness in ectotherms in warmer habitats, even
when resource availability is stable across habitats. In contrast, resource exploitation of
endotherms is expected to be much less affected by temperature. Indeed, it was found that the
species richness of (endothermic) frugivore and insectivore birds on the same study sites on
Mount Kilimanjaro was better explained by the availability of food resources (fruits and insects
respectively) and vegetation structure, than by temperature (Ferger et al., 2014). The availability
and constant usability of food resources likely outweigh physiological costs of keeping body

temperature in cooler climates in endotherms.

In accordance with the temperature-speciation-hypothesis we also detected a strong direct effect
of temperature on species richness, which was not mediated by high bee abundances. Because
temperature controls the speed of chemical reactions, all kinds of biological processes that shape
species richness, such as species-interactions, mutations, adaptive evolution or speciation, depend
on temperature (Brown et al., 2004). Nevertheless, a detailed mechanistic understanding of how
temperature affects species richness is currently lacking. We assume, that evolutionary processes
like temperature-mediated speciation rates (Allen et al., 2006) are complemented by ecological
mechanisms, like e.g. temperature-dependent negative-density mortality rates (de Sassi et al.,
2012; Johnson et al., 2012; Bagchi et al., 2014; Brown, 2014). For instance, abundant bee and
wasps species have been shown to be preferentially attacked by parasitoids and predators
(Steffan-Dewenter, 2003), allowing more species to coexist (Paine, 1974). It seems likely that due
to increased species-interaction rates, these effects are more pronounced under warm

temperatures. This requires further investigation.

Primary productivity has often been used to explain biodiversity patterns of narrowly defined
animal taxa. This assumes that the fraction of total primary production secured by these taxa
varies little with primary production. However, this assumption is unlikely to hold as narrowly
defined taxa are often only capable of exploiting resources over a restricted part of a full
environmental gradient and high-level taxonomic turnover within functional guilds along
environmental gradients is a well-documented pattern (e.g. decomposer: termites-fungi;
pollinators: bees-diptera). In this respect, we showed that floral resources influenced bee richness,
via abundance, stronger than primary productivity. High levels of primary productivity had a
negative impact on bee abundance, which overweighed the slight positive impact on bee richness.
On Mount Kilimanjaro, primary productivity peaks in the lower forest belt around 2500m a.s.l.

Dense canopy covers restrict the amount of flowering plants in the herbal and shrub layer, up to
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the lower canopy cover (Fig. 11.S2). We are aware of the fact that high levels of primary
productivity, which are linked to dense vegetation covers, could either reduce the effective survey
area (Hurlbert, 2004), reduce sample efficiency of pan traps, or shift pollinator activity to the
highest canopy cover. However, as transect walks and canopy observations in the forest revealed
similarly low bee species richness and abundance in forests (in the forests 96% of all flower
visiting bees belonged to the same species - Apis mellifera!) we assume that such sampling
artifacts are rather negligible. Instead, we suggest that the clumped distribution of floral resources
in tropical forests, with few mass-flowering trees per km? support few social and long-distance
foraging species, but to much lesser degree small solitary bees, which often have foraging ranges
of less than 600m (Greenleaf et al., 2007) and make up the largest part of the species communities
on Mt. Kilimanjaro. A similar negative correlation between primary productivity and species
abundance/ richness was found for birds within forests (but not grasslands) (Hurlbert, 2004) and
ants (Sanders et al., 2007). The authors suggested that forest communities respond differently to
primary productivity than communities from more open habitats, or that other factors than
productivity might limit species in habitats where primary productivity is very high, which is
closely related to our suggestions. Further experiments, that consider other parameters like e.g.

vegetation structure, are required to fully understand these relationships.

Surprisingly, land use and habitat disturbance had no negative impact on bee richness on Mount
Kilimanjaro. In contrast, increased flower abundance in more open (disturbed) habitats even
supported high bee diversity (Gikungu et al., 2011). Species richness was either comparable with
natural systems in equal elevations (e.g. savannahs vs. maize fields), or even higher (e.g. lower
montane forest vs. coffee plantations, grasslands or homegarden). However, land use and the
human impact on ecosystems are currently only moderate on Mount Kilimanjaro. Subsistence
farming is the dominating agricultural system which is of small scale (field sizes are mostly
considerably less than 1 ha) and sustains rather high levels of semi-natural habitats on or around
crop fields. The small size of fields and the diversity of different cropping systems shape a
mosaic-like heterogeneous landscape. Agricultural lands are mainly weeded manually, which
restricts the impact of soil compaction on soil-nesting species. Stem-nesting bees have been
observed to profit from maize stems that partly remained on the fields a long time after harvest. In
general small-scale farming in its current form still supports a high diversity of bees on Mount
Kilimanjaro, which is rewarded by stable pollination services across agricultural landscapes
(Classen et al., 2014). Accelerating land use intensification and the increased use of pesticides
and machines, however, might strongly impact pollinator diversity and pollination services, as
reported from the western world, where pollinator community declines due to land use

intensification are alarming (e.g. Biesmeijer, 2006; Potts et al., 2010).
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We identified temperature as the most important predictor of bee species richness, as it controls
both resource-exploitation and general speciation rates. Rising temperatures in the course of
climate change are thus expected to have impact on bee species richness. However, even though
we found positive effects of temperature on species richness, predictions of whether bees will
profit from global warming or not are tenuous. Especially in the lowlands of Mount Kilimanjaro,
bees and other ectotherms might live close to their thermal maximum (Deutsch et al., 2008) and
further warming may lead to a biotic attrition in lowlands. When temperature rises, species are
predicted to go extinct or to adapt by moving upslope (or polewards) aiming to remain in their
preferred temperature range. Extinction is expected to particularly affect specialists and narrow-
ranged species, which may not find suitable habitat corridors to move up (Parmesan, 2006),
especially if land use changes accelerate habitat loss. Range-shifts, especially from the tropical
lowlands, can result in additionally impoverished biotas, as moving species cannot be replaced by
species of even warmer places (Colwell et al., 2008). On the other end of the gradient, so-called
“mountaintop-extinction” may occur, which should not only result from rising temperature (bees
are expected to live below their thermal optimum here), but also from shifted levels of density-
dependent processes, like interspecific competition, or host-parasite interactions (Romo &
Tylianakis, 2013).

CONCLUSIONS

On Mount Kilimanjaro, bee species richness was explained by both temperature and food
resources, whereas temperature, controlling both the usability of resources and speciation-related
processes, played a predominant role. The optimal foraging temperature range of ectotherms is
narrower than their thermal range, which has often been ignored when disentangling the effects of
resources and temperature on species richness. We conclude that the consideration of
temperature-mediated resource use improves our understanding of how animals, and in particular

ectotherms, respond to environmental changes on local and global scales.
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Supplementary data to Chapter |1

11.S1. Calculation of the land use disturbance index

a) Annual removal of plant biomass was calculated by averaging standardized expert estimates of
plant biomass removal on study sites. This included estimates of biomass removal by mowing,
cattle grazing, ploughing, fire events, logging and firewood collection. With the exception of
ploughing which was estimated on an ordinal scale (no ploughing, ploughing by hand, ploughing
with a tractor), all estimates were calculated in percentage of the standing biomass removed per
year. (b) Chemical inputs were calculated by averaging standardized expert estimates of
irrigation, fertilization, insecticide, fungicide, and herbicide treatments. Estimates were done on
an ordinal scale (no or very low input, medium input, high input). (c) Structural characteristics
describing the dissimilarity to natural habitats are often used as an indicator of human land use.
For describing the vegetation structure we measured the canopy closure using a canopy
densiometer, for canopy height we used a range finder. Vegetation heterogeneity was defined as
the Shannon-Wiener diversity of canopy cover values estimated by an observer in the field at
height levels of 1, 2, 4, 8, 16, 32, 64 m. All measurements of canopy closure, canopy height and
vegetation heterogeneity were conducted at nine points which were equally dispersed over the 50
x 50 m study site. As the natural vegetation strongly changes along elevational gradients, we
could not use the raw data as a measure of land use. Raw canopy closure would be a good
measure of human land use e.g. in submontane sites where the natural vegetation, forest, has a
canopy closure of 100% and managed ecosystems values of <100 %. However, it is not suitable
for ecosystems in the colline savannah zone were even the natural vegetation has a canopy closure
of ~10 %. Therefore, we calculated the mean Euclidian dissimilarity of vegetation structure
measures of the respective study site to the average vegetation structure that was measured for
study sites holding natural vegetation for which, by definition, the dissimilarity to natural
vegetation was assumed to be 0. (d) As it is well established that land use intensification at the
landscape scale influences ecosystem properties at a local scale (see e.g. Tscharntke et al., 2012)
we included a variable describing the landscape composition, i.e. the proportion of areas with
managed habitats in the surrounding landscape (radius = 1500 m), as a fourth indicator of human
land use. The calculation of the relative proportion of natural versus managed habitats was based
on a land-cover classification of the Kilimanjaro region (unpublished) that identified 27 different
habitat types (18 natural and 9 managed habitat types) in the study area. Briefly, this product is
based on a maximum likelihood classification applied to four almost cloud-free Terra-ASTER
scenes from 11/02/2005, 02/11/2008, 28/02/2011, and 24/02/2013. All four components of the
land use index were standardized before averaging them to a final composite index of human land

use. All standardizations were done by calculating the difference of individual measures to the
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mean of all measures divided by the range of all measures (y;- §)/(max(y)-min(y)), producing land

use intensity values of between 0 (lowest land use) and 1 (highest land use).

11.S2 — Alternative path models and their test statistics

In Fig. 1.3 we present the path model with the lowest AICc value. However, the four alternative
models presented here were statistically not distinguishable from the presented model:
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Figure 11.S2 Direct and indirect predictors of bee abundance and bee species richness on Mount
Kilimanjaro. These alternative path models were statistically not distinguishable from the best
model presented in Fig. 11.3 (AAICc<2). Bee species richness, bee abundance and flower
abundance were log-transformed prior to analysis. Grey colors indicate negative effects. The
relative amount of explained variance (R?), standardized path coefficients and their statistical
significance (*P<0.1, *P<0.05, **P<0.01, ***P<0.001) are given. Alternative models propose a
positive effect of precipitation on bee abundance, a positive effect of land use on bee abundance,
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and a negative effect of primary productivity on flower abundance in different compositions. Note
that the figure starts on the previous page.

11.S3- Analysis of bee-plant interactions

Table 11.S3a Model selection table (delta AIC < 4), for linear mixed effects models analyzing the
effect of temperature (T), (log-transformed) bee abundances (# bees) and (log-transformed)
flower abundances (# flowers) on the number of bee-plant interactions per hour. Study site was
included as a random term in all models. Note that all explaining variables were z-transformed
prior to analysis.

Inter- Tx Tx
cept T # bees #flowers #bees #flowers d.f. AlICc  delta weight

1142 554 6.50

1149  5.29 6.33 1.25
1145  5.52 -0.46 6.56

12.05 8.94 -5.47 6.60 -5.67

1149  5.29 -0.06 6.34 1.24

606.4 0.00 045
608.0 154 021
608.7 229 014
608.8 236 0.14
610.4 3.95 0.06

~N N o o o

Table 11.S3b Output of linear mixed effects model (best model), analyzing the influence of
temperature and flower abundance on the number of bee-plant interactions. Note that all

explaining variables were z-transformed prior to analysis. Study site was included as a random
term.

Value SE d.f. t-value p

Intercept 1143 222 58 5.15 <0.001
log (flower abundance) 6.50 129 58 5.05 <0.001
temperature 554 206 18 2.69 0.015
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CHAPTER I11: TO BE SMALL AND COLD OR LARGE AND HUNGRY : TRADE-
OFFS IN BEE BODY SIZE ALONG CLIMATIC GRADIENTS

This chapter is in preparation for publication as: Classen A, Steffan-Dewenter |, Kindeketa WJ,
and Peters MK. To be small and cold or large and hungry: trade-offs in bee body size along

climatic gradients.

ABSTRACT

Species traits do not assemble randomly along climatic gradients, but follow principles, whose
identification has challenged ecologists for centuries. Physiological mechanisms and community
assembly rules have been proposed to explain trends in the body size of organisms, but with
conflicting results and interpretations: While Bergmann’s rule predicts increases of body sizes in
cooler climates resulting from physiological constraints, species-energy theory suggests declines
in the mean body size of species caused by increased extinction probabilities for large-bodied
species in low-energy habitats. We studied community-wide body size variation of wild bees at
Mt. Kilimanjaro and found that along a 3680 m elevational gradient bee individuals became on
average larger within species, while large species were increasingly absent from high-elevational
communities. This demonstrates how well-established, but apparently contrasting ecological
theories can be merged through the parallel consideration of different levels of biological

organization.

Key words: body size, Bergmann’s rule, community ecology, intraspecific variation, interspecific
variation, niche breadth, Mount Kilimanjaro, bees, competition, environmental filtering,

community assemblages, species coexistence, functional traits

INTRODUCTION

Understanding the causes of morphological variation in animals along climatic gradients is one of
the most enduring questions in ecology (Humboldt & Bonpland, 1807; Bergmann, 1847; Allen,
1877; Brown, 1995; Ashton, 2002; Hoiss et al., 2012) . Mechanisms regarding physiological
constraints of species (e.g. Bergmann’s rule (Bergmann, 1847), Allen’s rule (Allen, 1877)) and
mechanisms characterizing the availability and allocation of food among species in local species
assemblages (e.g. species-energy-theory (Brown & Maurer, 1989), character displacement
(Brown & Wilson, 1956)) are used to explain the distribution of organismic traits along gradients

of latitude and elevation. Even though these mechanisms are non-exclusive, they make different
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predictions concerning trends in organismic traits and find conflicting evidence from the field
(Blanckenhorn, 2004).

Physiology-based theories are built upon the assumption that the rapid changes in the physical
environment along elevational gradients profoundly impact the distribution and evolution of
organisms due to physiological constraints, with consequences for morphological trait
distributions. Averaged body-size is predicted to increase with decreasing temperatures
(Bergmann, 1847), which has been suggested to result, inter alia, from lower developmental
temperatures in ectotherms (Van Voorhies, 1996), or increased heat conservation through higher
surface to volume ratios (Blackburn et al., 1999). In contrast, energetic constraints considering the
allocation of energy among size-structured species populations, predict mean body sizes on
average to decrease with elevation, due to higher extinction risks of large compared to small
organisms in energy-limited habitats (Brown & Maurer, 1989): Everything else being equal,
large-bodied species have higher per capita energy requirements and consequently lower
population sizes when having access to the same amount of resources (Damuth, 1981; Brown et
al., 2004). With extinction probabilities on average increasing with decreases in population size,
in energy- and area-restricted high elevational habitats, the extinction probability of large-bodied
species is predicted to be higher than that of small-bodied species (Brown & Maurer, 1989),
resulting in an overall decline of mean body sizes and interspecific variances within species
communities. Although the predicted impact of physiological and energetic constraints on species
trait distributions are contradicting, the mechanisms could act simultaneously structuring traits at
different levels of organismic organization, i.e. at the inter- and intraspecific level, resulting in
either intraspecific trait shifts or species turnover. Intraspecific variances are expected to be
increased in high-elevational habitats, where competition is lowered due to successive extinction

of competing species (‘character release’) (Lomolino et al., 2012) (Fig. I11.1).

METHODS IN BRIEF

Here we used the unique elevational gradient on Mount Kilimanjaro to analyze how
morphological traits of wild bees (Hymenoptera: Apoidea) shift along climatic gradients within
and across species and whether these patterns are predicted by physiological constraints or
energetic constraints. We focused on three morphological traits: body mass, measured by the
intertegular distance (ITD) (Cane, 1987), glossa length (GL), which can be associated with diet
breadth (Goulson et al., 2005) or flower diversity, and the ratio of forewing length to intertegular
distance, in the following called “relative forewing length” (rFL). The selected traits are of high
ecological importance due to their connectedness to metabolism, resource use, dispersal capacity

and pollination function, and have been shown to be sensitive to abiotic and biotic changes (Hoiss
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et al., 2012; Pellissier et al., 2013). We analyzed both trait means and trait variances, each on an

intra- and interspecific level.
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Figure 111.1 Predicted effects of physiological and energy constraints on distributions of body
sizes along elevational gradients. According to physiological-based theories (here: Bergmann’s
rule), body size is predicted to increase with elevation (through intraspecific trait shifts or species
turnover). In contrast, energetic limitations may cause mean body size to decrease on community
levels, due to increased extinction probabilities of large species in energy-restricted high-
elevational habitats. Community variances of body size are predicted to decrease by this non-
random directed species loss. Reduced competition due to species loss and declining interaction
rates along the elevational gradient is expected to increase intraspecific niche breadths.

RESULTS AND DISCUSSION

In total, we caught 3630 bee individuals of 66 species. Species richness declined with elevation
(GLM, z =-9.01, p<0.001) (Fig. I11.S1). Species trait means shifted conditionally on the level of
biological organization: At the community level, body size and glossa length decreased with
increasing elevation (Fig. 111.2a, b) (ITD: Rz = 0.52, t = -5.60, p<0.001; GL: R? = 0.54, t = -5.80,
p<0.001, the same pattern was found for relative GL = GL/ITD), while relative forewing lengths
increased with elevation (Fig. 111.2¢c) (rFL: R2 =0.42, t = 4.54, p<0.001). Community trait patterns

were consistent for abundance-weighted and species weighted means (111.S2) and were shaped by
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the loss and turnover of species. Within species, individuals were on average larger in colder
habitats, as predicted by physiological-based theory (Fig. 111.2d) (t = 3.43, p<0.001). Glossa
lengths decreased with elevation within species (Fig. 111.2e) (t = -2.18, p = 0.033), while relative
wing-lengths stayed constant along the elevational gradient (Fig. I11.2f) (t = 1.16, p = 0.250) (Tab.
111.S3). Thus, our data suggests that while individuals within species increasingly become larger,
large, long-tongued and small-winged species are increasingly absent from high-elevation
habitats.

In addition to trait means, trait variance also changed with elevation at both the inter- and
intraspecific level: Interspecific variation of all traits decreased with increasing elevation, which
was mainly explained by an increasing non-random absence of large-bodied, large-winged and
long-tongued species along the elevational gradient (o ITD: R2 = 0.45, t = -4.88, p<0.001 ; o
GL: R2=0.53, t = -5.72, p<0.001; rFL: R2=0.13, t = -2.06, p = 0.048) (Fig. 111.3 a-c). However,
the loss of interspecific trait variation was paralleled by weak declines of intraspecific variation,
found for both body size and glossa length (6 ITD: R2 = 0.13, t = 2.09, p = 0.045 (Fig. I11.3d), 6°
GL: R2=0.27, t = -3.27, p = 0.003) (Fig. I11.3e), providing no evidence for the prediction that a
drop of interspecific competition results in intraspecific character release. Probably, habitat
heterogeneity in warmer lowlands maintains higher trait variability, while in high elevations only
few phenotypes are selected. Only the intraspecific variation of standardized forewing lengths
which increased with elevation, weakly indicated the predicted character release (o rFL: R2 =

0.31, t = 3.57, p = 0.001) (Fig. I11.3) (Tab. 111.S4).

The distribution of morphological traits within and across species in bee communities along
elevational gradients at Mount Kilimanjaro suggests that physiological- and energy-based
mechanisms simultaneously constrain the size and shape of organisms - reflected in contrasting
trait-elevation patterns identified at the species versus community level. We found that on a
population level, body sizes followed predictions of Bergmann’s rule, i.e. individuals of species
were on average larger at high elevations, while the number of large-bodied species drastically
declined with elevation, as predicted by community assembly rules considering differential
energy requirements within size-structured species communities. This demonstrates how well-
established, but apparently contrasting ecological rules and predictions concerning organism’s
body sizes can be merged through the parallel consideration of different levels of biotic
organization. The trait distributions of glossa and relative forewing lengths supported these
findings. For example, increases of relative forewing lengths, a strategy to maintain flight
capacities under dropping air density (Dillon, 2006), was caused by species loss and turnover,
rather than by intraspecific adaptation (i.e. physiological constraints acting on communities). In
contrast, the decrease in glossa lengths, possibly indicating the dominance of species with a

generalist diet in high elevations, was found at both inter- and intraspecific levels. It is suggested
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to result from energy constraints, forcing species to expand diet breadth in high elevational

habitats (Ramos-Jiliberto et al., 2010; Green et al., 2013).
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Figure 111.2 Change of trait means with elevation on a community level (a-c) and within species
(d-f). Black circles represent community weighted means of the respective traits (a-c). On a
community level (a) intertegular distance (ITD), and (b) glossa length decreased with elevation,
while (c) the relative forewing length increased. Within species, (d) ITD on average increased,
with species level responses (grey lines) varying, (e) glossa length slightly decreased with
increasing elevation, and (f) relative forewing length did on average not change along elevation.
Solid lines indicate statistical significance on a level of p<0.05 (p>0.10: dashed line). Grey dots

represent single finds.

We showed that morphological traits of communities at Mt. Kilimanjaro were predicted by both
physiological- and energy-based constraints structuring trait expression simultaneously at
different levels of biological organization. Further work will have to determine the transferability
to other taxa and latitudinal gradients, but the parallel analysis of species and community traits, it

seems, may sharp our understanding about trait-related species and community responses to

climatic change.
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Figure 111.3 Change of interspecific trait variances (a-c) and intraspecific trait variances (d-f)
with increasing elevation. Black circles represent interspecific trait variances per study site (a-c)
or intraspecific trait variances averaged per study site (d-f). For standardization, variances were
related to the maximum variance detected for the respective trait in the region. Interspecific
variances of (a) intertegular distance (ITD), (b) glossa length, and (c) relative forewing length
decreased with elevation. The decline of interspecific variances was paralleled with a decrease of
averaged intraspecific variances in (d) ITD and (e) glossa. Intraspecific variances of (f) relative
forewing length increased with elevation.
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Supplementary data to Chapter 111l

Supplementary Materials and Methods

The study was conducted on the south-eastern slopes of Mount Kilimanjaro (Tanzania, East
Africa, 2°45°-3°25°S, 37°00°-37°43’E) between 2011 and 2012. We selected thirty-five 50 x 50m
study sites covering natural and seminatural habitats in seven elevational belts ranging from
savannah (871 — 1130m a.s.l.), homegarden (1150 — 1840m a.s.l.), low montane forest (1620 —
2040m a.s.l.), Ocotea forest (2260 — 2750m a.s.l.), Podocarpus forest (2720 — 2800m a.s.l.) and
Erica forest (3510 — 3900m a.s.l.) to alpine Helichrysum zones (3880 — 4550m a.s.l.). Bees were
captured with pan traps that were installed close to the ground and in the canopy. We conducted
three sampling rounds, pooled species plotwise and sorted them to morphospecies. For all
individuals, we measured intertegular distances, glossa lengths and relative forewing lengths and
calculated means and standard deviations. We measured maximal ten individuals of one species
per plot. On plots were we found more than ten individuals per species, we randomly sampled the
remaining individuals from a Gaussian probability distribution of trait values, which was defined

by the mean and standard deviation (SD) of the ten measured individuals (Albert et al., 2011).

Species richness patterns along elevation were analyzed with generalized linear models assuming
poisson error distributions. With linear models we examined shifts of community level trait means
along elevation. The responses of mean trait values and trait variation to elevation were analyzed
with generalized linear mixed effect models (fixed effect: elevation, crossed random effects:
species, study site) (Bates et al., 2013; Kuznetsova et al., 2013) (I11.S3). An ANOVA-based
approach was used to separate within- and between-group variance components (Violle et al.,
2012) (I11.S5). Trait measures of singleton species were excluded from these analyzes as these

were assumed to be transient species and intraspecific variation cannot be calculated.
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111.S1 — Species richness along elevation
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Figure 111.S1 Elevation predicts species richness of wild bees at Mount Kilimanjaro.

111.S2 — Abundance-weighted means versus species-weighted means

Table 111.52 Relationship between (a) abundance-weighted or (b) species-weighted community
trait means and elevation.

Trait Estimate SE t-value p
(a) abundance-weighted means
ITD Intercept 0.96 0.01 10.06 <0.001
elevation -1.94e-04  3.46e-05 -5.60 <0.001
GL Intercept 2.20 0.22 9.98 <0.001
elevation -4.63e-04 7.99e-05 -5.80 <0.001
rFL Intercept 1.03 0.04 24.55 <0.001
elevation 6.91e-05  1.52e-05 454 <0.001
(b) species-weighted means
ITD Intercept 1.03 0.09 11.18 <0.001
elevation -1.93e-04 3.33e-05 -5.80 <0.001
GL Intercept 2.17 0.18 12.09 <0.001
elevation -4.33e-04 6.50e-05 -6.66 <0.001
rFL Intercept 1.06 0.04 27.27 <0.001
elevation 6.00e-05  1.4e-05 3.98 <0.001
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We compared two different community trait means. One is calculated by averaging across all
individuals within a community (=abundance-weighted means; see Fig. 111.2). Here dominant
species (and their traits) shape mean values more than rare species do. In contrast, the species-
weighted mean is calculated by averaging across the species within a community independent of
their abundance. The trait mean distribution patterns along elevation were consistent for both

types of community trait means.

S3 — Intraspecific trait mean shifts with increasing elevation

Intraspecific mean shifts with increasing elevation were analyzed with generalized linear mixed
effect models (Imer-function within the R-package Ime4 (Bates et al. 2013)). P-values were
calculated based on Satterthwaite”s approximations (summary function within the R-package
ImerTest (Kuznetsova et al. 2013)).

Table 111.S3 Effects of elevation on intraspecific trait means. Output of generalized mixed effect
models with individual based trait values as response, elevation as explaining variable and species
and plot as crossed random terms. Within species, body size (represented by intertegular distance
ITD) on average significantly increased with increasing elevation, while glossa length (GL)
decreased, and relative forewing length (rFL) stayed on constant levels.

Trait Estimate SE t-value p

ITD Intercept 2.02 0.17 12.18 <0.001
elevation 7.5%e-05  2.2*e-05 3.43 <0.001

GL Intercept 1.6 0.92 8.35 <0.001
elevation -5.5%¢-05 2.5%e-05 -2.18 0.033

rFL Intercept 3.04 0.12 24.71 <0.001
elevation 6.7%e-05  5.7*e-05 1.16 0.250

111.54 — Intraspecific variance declines with increasing elevation

There are two non-exclusive explanations for the detected change of intraspecific variances along
elevation (Fig. 111.3d-f, main document): Either the shifts are due to changes of variation within
species (e.g. individuals occurring in the lowlands having higher phenotypic variability than
individuals of the same species from the higher regions), or the shifts are explained by changes in
species composition, with communities in lowlands holding more species with higher phenotypic

variability than communities in higher elevations. To disentangle these effects we calculated
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intraspecific variance for all species at a plot level. We then used linear mixed effect models to
analyze the influence of elevation on this intraspecific variance, while controlling for species in
the random term. A significant result indicates that intraspecific variance is at least partly

determined by changes of variance within species.

Table 111.S4 Output of linear mixed effect model with the intraspecific variance of single traits
(averaged for each species on a plot-level) as response variable, elevation as a predictor variable
and species as random term. Significant effects of elevation on intraspecific variance indicate that
the decline of intraspecific variance along elevation is caused by variance declines within species.

Trait denDF F-value p-value Direction
ITD Intercept 58 57.57 <0.0001

Elevation 58 0.43 0.5156 -
GL Intercept 57 4.03 0.0494

Elevation 57 0.01 0.9145 -
rFL Intercept 58 45.04 <0.0001

Elevation 58 7.37 0.0087 7

Only the intraspecific variation of relative forewing lengths was partly explained by an increase of

variances within species and not solely by species turnover.

111.S5 Calculation of inter- and intraspecific variances

Interspecific (= between-species) trait variance was calculated for each study site and trait by

n m —\2

) _z Z(yk—y)

O”INTER = N
i=1

k=1

with . being the species mean of one respective trait within a community of species k = 1 to
species n, y being the abundance weighted mean of the trait across the whole species community,
N being the total number of individuals in a community, and i = 1 to m being the individuals
within each species.

Intraspecific (within-species) trait variance was calculated for each study site and trait by

n m ~ N2
) _Z Z(Yi_yk)
O”INTRA = N

k=1 i=1
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with y; being the respective trait value of individual i=1 to individual m of species k=1 to species

n, ¥, being the mean of species k, and N being the total number of individuals of the community
(N).

Both inter- and intraspecific trait variances were standardized by dividing study site-based
variances by the maximally observed inter- or intraspecific variance, respectively; in consequence

variance values range from zero to one.
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ECOSYSTEM SERVICES IN COFFEE FARMS

CHAPTER IV: COMPLEMENTARY ECOSYSTEM SERVICES PROVIDED BY PEST
PREDATORS AND POLLINATORS INCREASE QUANTITY AND QUALITY OF
COFFEE YIELDS

This chapter is published as: Classen A, Peters MK, Ferger SW, Helbig M, Schmack JM,
Maassen G, Schleuning M, Kalko EKV, Bohning-Gése K, Steffan-Dewenter | (2014).
Complementary ecosystem services provided by pest predators and pollinators increase quantity
and quality of coffee yields. Proceedings of the Royal Society B: Biological Sciences 281:
20133148 (doi: 10.1098/rsph.2013.3148)

ABSTRACT

Wild animals substantially support crop production by providing ecosystem services like
pollination and natural pest control. However, the strengths of synergies between ecosystem
services and their dependencies on land use management are largely unknown. Here we took an
experimental approach to test the impact of land use intensification on both individual and
combined pollination and pest control services in coffee production systems at Mount
Kilimanjaro. We established a full-factorial pollinator and vertebrate exclosure experiment along
a land use gradient from traditional homegardens (agroforestry systems), shaded coffee
plantations to sun coffee plantations (total sample size = 180 coffee bushes). The exclusion of
vertebrates led to a reduction of fruit set of circa 9%. Pollinators did not affect fruit set, but
significantly increased fruit weight of coffee by an average of 7.4%. We found no significant
decline of these ecosystem services along the land use gradient. Pest control and pollination
service were thus complementary contributing to coffee production by affecting the quantity and
quality of a major tropical cash crop across different coffee production systems at Mount

Kilimanjaro.

Key words: land use change, agroforestry, pollination, Coffea arabica, biological pest control,

Mount Kilimanjaro

INTRODUCTION

The productivity of crops depends on an intricate interplay of farming practices, abiotic
conditions, and ecosystem services provided by natural species communities (Boreux et al.,

2013). However, in agricultural practice, the different components of such interplay still receive
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unequal attention. While the cost-benefit analyses of human inputs into cropping systems are
easily assessable, the valuations of ecosystem services are less obvious and often neglected when
new farming strategies are adopted (Fisher et al., 2008). Indeed, intensification of land use is
often considered as the only possibility to meet the food demands of growing human populations.
However, an impoverishment of biotic communities in the course of local land use intensification
may reduce the natural functionality of agricultural systems. Such decline requires costly human
interventions which can further accelerate the loss of animal-mediated ecosystem services (Dale
& Polasky, 2007; Bommarco et al., 2013).

Two important ecosystem services that contribute to crop productivity and food security are
pollination and natural pest control (Naylor & Ehrlich, 1997; Klein et al., 2007). About two thirds
of all crop species benefit from cross-pollination by developing higher fruit sets and/or higher
fruit quality (Klein et al., 2007; Aizen et al., 2009). Pollination also increases yield stability and
maintains genetic variability of crops, which counteracts inbreeding depression and facilitates
resistance to environmental changes (Garibaldi et al., 2011) . Pest predation, in contrast, enhances
crop productivity indirectly: approximately 35 to 40 percent of potential crop yields worldwide
are destroyed by pests, including herbivorous insects (Oerke, 2005; Pimentel, 2009). Herbivores
either damage the utilized parts of crops directly, or induce resource allocations in plants. For
example, leaf damage by herbivorous pests may result in reduced fruit and seed set (Strauss et al.,
2002). Birds and bats, preying upon herbivorous pests, can directly reduce pest infestation rates
and thus indirectly increase crop productivity (Mols & Visser, 2002; Kalka et al., 2008;
Kellermann et al., 2008).

Ecosystem services provided by pollinators and pest predators in agricultural production systems
can be either additive or synergistic (Lundin et al., 2012). In case of additive effects, pollinators
and pest predators affect the same yield parameter (e.g. fruit set), but independently of each other,
or they affect different yield parameters (e. g. fruit set and fruit quality), resulting in
complementary effects of both guilds on crop production. However, there may also be interacting
effects between pollinators and predators. Low levels of pest control can reduce pollination
services due to altered floral displays or herbivore-induced changes in plant volatile components
that are avoided by pollinators (Kessler et al., 2011). Likewise, some seed predators preferentially
attack cross-pollinated ovules, counteracting positive pollinator effects. Therefore, the top-down
control of seed predators can stabilize positive pollination effects (Lundin et al., 2012). Such
scenarios can lead to combined effects of multiple ecosystem services that are different from

those of individual services.

Ecosystem services provided by pollinators and pest predators are known to be negatively

affected by local land use intensification (Naeem et al., 1995; Cardinale et al., 2012). For
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instance, loss of habitat structure by tree removal or frequent ploughing reduces the number of
suitable nesting sites for animals (Newton, 1994). Herbicides diminish plant diversity and thus the
resource diversity for bees (Nicholls & Altieri, 2012). Regular insecticide application affects
abundances of insect pollinators (Johansen, 1977) and decreases the amount and temporal
stability of food resources for insect predators such as birds and bats. Also, mass-flowering events
or high biomass turnover rates that are characteristic of intensively managed cropping systems,
provide temporally unstable food and nesting resources (Peters et al., 2013), while the use of
machines and increased human activity on these farms disturb mating, breeding and foraging
activities (Rodenhouse et al., 1995). The consequent loss of diversity poses serious threats to
ecosystem services, as modified animal communities may be functionally impoverished
(Canaday, 1996; Larsen et al., 2005).

While the effects of both pollinators and insect predators on crop performance are comparatively
well understood, very few studies investigate ecosystem service synergies, i.e. interactions
between functional groups and consequences for yield quantity and quality in a land use context
(Lundin et al., 2012; Maas et al., 2013; Martin et al., 2013). In this study, we investigated the
impact of increased management intensity on single and combined contributions of pollinators
and vertebrate pest predators to the productivity of coffee in three farming systems on Mount
Kilimanjaro, (Tanzania). Coffea arabica is a self-pollinating crop that can benefit from insect
pollination by developing higher fruit set, heavier fruits and fewer seed aberrations (Ricketts,
2004a). The most important flower visitors are social bees (Apis mellifera and stingless bees),
followed by solitary bees, syrphids and butterflies (Ngo et al., 2011). Birds and bats have been
shown to reduce herbivore numbers and herbivory rates in natural systems (Kalka et al., 2008), as
well as coffee-specific pest species (Greenberg et al., 2000; Perfecto et al., 2004; Kellermann et
al., 2008), but the consequences for fruit set and fruit quality of coffee are still a matter of debate
(but see (Kellermann et al., 2008)). Ecosystem services provided by pollinators and vertebrates
are threatened by the local intensification of farming practices on Mount Kilimanjaro. The cash
crop coffee, which was traditionally planted in complex agroforestry systems (Chagga
homegardens), is now mainly produced in simplified monocultures under shade trees or at full
sunlight exposure. Such habitat changes could affect pollinator and pest predator populations with
consequences for the stability of single and combined ecosystem services. Against this

background, we address the following questions:

(1) What are the single and combined effects of pest control agents and pollinators on coffee

production?

(2) How do differently managed coffee production systems influence the magnitude of ecosystem

services provided by insect predators and pollinators?
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METHODS

Study area and study sites

The study was conducted from September 2011 to November 2012 on the southern slopes of
Mount Kilimanjaro, Tanzania, at elevations between 1120 m and 1660 m above sea level. We
selected four 50 m x 50 m study sites for each of three coffee (Coffea arabica) production
systems: traditionally managed homegardens (HOM), shaded coffee plantations (SHA) and sun
coffee plantations (SUN). The distance between study sites ranged from 0.48km to 45.56km (2.96
km to 40.05 km between study sites of the same production system). Homegardens are
agroforestry systems with a diverse mixture of forest vestiges and fruit trees covering the most
important cash crops coffee and banana (Musa spp.), which are planted within a variety of
intercrops. Canopy cover averages 80% in these systems. On shaded coffee plantations, coffee is
planted in monocultures under shade trees, with a canopy cover of around 30%, while in sun
coffee plantations coffee is grown in monoculture at full sunlight exposure.

In all management systems, farmers were requested to continue their usual farming practice
during the study period: Pruning was conducted once per harvest season in all systems. In
homegardens, insecticides and fungicides were irregularly applied depending on infestation rate
and income level of farmers. Weeds were removed manually. On shaded and sun coffee
plantations regular, intensive pesticide and fungicide spraying was applied on the whole farm.
Weeds were either controlled by herbicides (on two SHA sites and on three SUN sites), grass
cutting (one SHA, one SUN) or manual weeding (one SHA). During the dry seasons (Dec —
March, June — Oct) all plantations were frequently irrigated with sprinklers, while homegardens

were supplied by traditional water channel systems.

Study design

On each study site we selected three clusters of four coffee bushes (minimum distance between
clusters: approximately 15-20m) (Fig. IVV.S1). Within clusters, we selected four bushes of similar
size and with comparable bud status and applied to each bush one of the following treatments: (a)
open control (b) pollinator exclosure, (c) vertebrate exclosure, and (d) combined pollinator and
vertebrate exclosure (Fig. IV.1). As pre-experiments revealed that the less conspicuous pollinator
exclosures got often damaged during pruning, harvest or pesticide treatments by farmers, we
selected three additional coffee bushes per study site outside of clusters and installed pollinator
exclosure treatments and control twigs to supplement pollinator treatment bushes within clusters
(Fig. IV.S1). To exclude pollinators we used transparent gauze bags (mesh size: 0.39 x 0.77 mm)
that were pulled over two randomly selected twigs with closed flower buds. Gauze bags were
stretched with strings to avoid insect pollination from outside the nets and waterlogging. Two
twigs served as open controls to directly contrast them to the pollinator exclosure treatment on the
hierarchical level of the coffee bush (Fig. IV.S1).
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Vertebrates were excluded from two whole coffee bushes by cultivation guard net cubes (~2 m x
2 m x 2m, mesh size 30 mm x 30 mm). One of the vertebrate exclosures was combined with one
pollinator exclosure treatment (combined exclosure). Vertebrate exclosure nets were checked at
least every two weeks and repaired or replaced if necessary. One coffee bush per cluster without
any treatment was selected as an open control (Fig. IV.1). On both vertebrate exclosures and
controls, we marked two twigs for fruit parameter assessment. A more detailed description of the
experimental set up is illustrated in Fig. IV.S1 and Plate 1VV.S1.

Figure IV.1 Experimental set up. From the left to the right: open control, pollinator exclosure,
vertebrate exclosure, combined pollinator and vertebrate exclosure (see figure Sla for more
details).

Pollinator visitation rates

During coffee blossom we selected coffee twigs with open coffee flowers (mean+SE number of
coffee flowers per twig = 66+2.9) and recorded in ten minute observation intervals all flower
visitations of honey bees (Apis mellifera) and “other pollinators”, including wild bees, syrphid
flies and butterflies. We repeated observations on at least 16 coffee bushes per study site,
including bushes of all treatments. Pollinator visitation rates were calculated by dividing the
number of visits of honey bees and other pollinators respectively by the number of observed
flowers. Neither vertebrate exclosure cubes, nor the presence of pollinator exclosures on a tree

negatively affected flower visitation rates on open twigs (Tab. 1V.S2a).
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Fruit parameter and herbivory assessment

One week after coffee blossom pollinator exclosures were removed to avoid exclusions of leaf
and fruit herbivores that oviposite during early fruit set on the respective twigs. We counted the
number of flowers with withered petals on all marked twigs. Buds which were not open by that
time were manually removed and not counted. Six weeks after coffee blossom, we counted the
number of early fruits per marked twig and related it to the number of flowers (hereafter early
fruit set). Fruits were counted again 6 months after the coffee blossom, as by that time fruits were
harvestable on a the first plots. The chance of further fruit loss on other plots was low, as fruit
drop in Arabica coffee takes place in the first three months after blossoming (DaMatta et al.,
2007). Fruits of the same bush and twig treatment were pooled and related to both the
corresponding numbers of flowers (hereafter late fruit set) and number of early fruits (hereafter
fruit retention rate), respectively (see statistics for more details). After fruit ripening, coffee
berries of all treatments were harvested. For 15 randomly selected fruits per bush and twig
treatment, we assessed fruit weight and infestation rates with the coffee berry borer
(Hypothenemus hampei), a pest insect which drills ripening seeds for mating and oviposition
(Tab. IV.S3). Herbivory rates were determined for each coffee bush by estimating the proportion
of leaf damage of 30 randomly selected leaves of different age classes before the installation of

vertebrate exclosures and six months later.

Statistical analyses

We analysed the effect of exclosure treatments on early fruit set, late fruit set and fruit retention
rate with generalized linear mixed effects models (‘Imer' function in package 'Ime4"). The total
number of flowers (and fruits) differed enormously between study sites. Therefore, we used a
two-vector response variable for fruit set and retention rate, consisting of the number of
harvestable fruits (success) and the number of “dropped fruits” (failures, i.e. number of flowers
(or early fruits) — number of harvestable fruits) for which we assumed a binomial error
distribution (Crawley, 2007). We tested treatment and coffee production system effects on early
and late fruit set and retention rate with pollinator exclosure (PollEX), vertebrate exclosure
(VertEx) and production system (HOM, SHA, SUN) and all possible interactions as fixed factors.
To meet the hierarchical structure of the study design, we added study site, cluster, bush and twig
as nested random effects. Overdispersion of the data was corrected by adding an observation-level
random effect (Bates et al., 2013). Presence/absence of the coffee berry borer was analysed in the
same way (IV.S3). Impacts of VertEx, PollEX, production system and all possible interactions on
fruit weight were investigated with linear mixed effects models, because the error distribution of
this response variable followed a normal distribution. To meet the nested study design, we

averaged fruit weight per treatment and included study site, cluster and bush as nested random
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effects ('Ime' function in package 'nlme"). For model simplification we performed likelihood ratio
tests and removed all terms that were not statistically significant (Crawley, 2007).

We tested if the exclusion of vertebrates influenced coffee production via altered herbivory levels
on coffee bushes by fitting two linear mixed effects models with vertebrate exclosure, production
system and its interaction as fixed factors, study site and cluster as a random factors and averaged
herbivory per tree before and six months after the exclosures as response variables (1VV.S4). The
influences of production system on visitation rates of “honey bees” and “other pollinators” were
analysed with linear mixed effect models, with study site as a random factor. Models were
simplified using likelihood ratio tests. All statistical analyses were conducted with the software R
2.14.2 for Windows (R Development Core Team, 2012).

RESULTS

Pollinators and vertebrates increased coffee productivity complementarily by affecting different
fruit parameters. Vertebrate exclosure had an effect on fruit quantity: early fruit set, fruit retention
rate (Tab. IV.S5) and late fruit set were significantly higher on bushes, that were accessible to
flying vertebrates, than on vertebrate exclosures (Tab. IV.1, Fig. IV.2). In contrast, pollinators had
no effect on fruit quantity parameters (Tab. IV.1). Both the three-fold interaction between
treatments and production system, and the two-fold interaction effects (PollEx x VertEx and
VertEx x production system) on fruit set were not significant and thus not included in the minimal
adequate model (Tab. IV.1).

We measured late fruit set reductions by an average of 9.0% under vertebrate exclosures. Also
herbivory rates were affected by the six-month vertebrate exclosure: Before the exclosure
treatment, herbivory rates did not differ between coffee bushes (Tab. 1V.S4a). However, six
months after exclosure installation, leaf herbivory rates were significantly higher under vertebrate
exclosures in homegardens and unshaded plantations than on control bushes to which vertebrates
had access (Fig. IV.3, Tab. IV.S4b). The infestation of berries with the fruit borer Hypothenemus
hampei was not affected by treatments and production system (Tab. IV.S3) (averaged infestation
rates 1.53%).

Fruit quality was affected by pollinator exclosure, but not by vertebrate exclosure: Fruit weight
decreased on average by 7.4 % when pollinating insects were excluded from coffee flowers (Tab.
IV.1, Fig. IV.2). Both threefold and twofold interaction effects (VertEx x PollEx, PollEx x

production system) on fruit weight were not significant (table 1V.1).
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Table 1V.1 Production system-dependent influence of pest control and pollination on C. arabica

fruit set and fruit weight, respectively. Output of (generalized) mixed effects models with fruit set
and fruit weight as response variables and vertebrate exclosure (VertEx), pollinator exclosure
(PollEX), production system and their interactions as explanatory variables (full models). After
model simplification, VertEx (in case of fruit set) or PollEx (in case of fruit weight) remained the
only explaining variables in the models (simplified models). Significance codes: **p < 0.01; *p <

0.05.
full model simplified model
Test Test
Fixed effects nDF dDF statistics p nDF dDF statistics p
Late fruit set 1 1>
VertEx 1 — 4.73 0.030 * 1 — 4.89 0.027 *
PollEx 1 — 0.17 0.682
Production system 2 - 6.04 0.049 *
VertEx x PollEx 1 — 0.34 0.557
VertEx x Production system 2 - 3.91 0.142
PollEx x Production system 2 - 1.51 0.470
VertEx x PollEx x Prod. syst. 2 - 1.00 0.608
Fruit weight F F
VertEx 1 90 0.13 0.724
PollEx 1 78 8.84 0.004 **| 1 83 893  0.004 **
Production system 2 9 0.48 0.636
VertEx x PollEx 1 78 1.55 0.217
VertEx x Production system 2 90 0.84 0.434
PollEx x Production system 2 78 0.63 0.534
VertEx x PollEx x Prod. syst. 2 78 1.13 0.329

The composition of flower visitors shifted along the land use gradient: visitation rates of honey
bees (Apis mellifera) drastically increased with land use intensity, resulting in 3.4 times higher
honey bee visitation rates on sun plantations than in homegardens. Interestingly, in homegardens
more than one third of flower visitations were by other pollinators than Apis mellifera. In total
flower visitation rates by other pollinators were 8.2 times higher in homegardens than in sun
plantations (Fig. IV.3, Tab. IV.S2b).

66



ECOSYSTEM SERVICES IN COFFEE FARMS

70 —
60 —
50 —
40

30 —

late fruit set (%)

20 —

rd

0T

fruit weight (g)

1]

Wt

A &M 44K
S W

M 4 &M
» o W oer »

T

o & MM 4!__4_
wowm o X Cl

HOM SHA

M 4 4 MM
& o WMo M

SUN

Figure 1V.2 Effects of single and combined vertebrate and pollinator exclosures on late fruit set
(a) and fruit weight (b) of Coffea arabica in different production systems (homegardens (HOM),
shaded plantations (SHA), sun plantations (SUN)). Statistics are presented in Tab. 1V.1 and Tab.
IV.S6. Vertebrate pest predation, but not pollination, positively influenced fruit set. In contrast
pollination, but not pest predation resulted in increased fruit weights. Bar colors in each panel
indicate which treatments were lumped in the course of model simplification. Please note that
fissures were applied to y-axes for better effect resolutions.
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Figure 1V.3 Herbivory and pollinator visitation rates at Arabica coffee in different production
systems. The upper panel shows averaged leaf herbivory (%) on open controls (dark bars) and
under vertebrate exclosures (light bars) six months after exclosure installation. The lower panel
presents averaged coffee flower visitation rates (i.e. averaged number of pollinator visits per
flower) of honey bees (Apis mellifera) (dark bars) and “other pollinators”, including wild bees,
butterflies and syrphid flies (light bars) during ten minute observation intervals. Statistics are
presented in Tab. IV.S4b (herbivory) and Tab. IV.S2b (visitation rates). Note log-transformation
of the y-axis in the lower panel.

DISCUSSION

Complementary contribution of pest control agents and pollinators to coffee production

We showed that both vertebrate pest predators and pollinators contribute to coffee production at
Mount Kilimanjaro by affecting different yield parameters, i.e. fruit quantity (fruit set) and fruit
quality (fruit weight), respectively. As both fruit set and fruit weight increase the total yield of
coffee farmers, the conservation of ecosystem services provided by pollinators and flying
vertebrates may be of considerable economic importance. The exclusion of birds and bats resulted
in an increase of herbivory and, importantly, also in a reduction of fruit set by an average of 9.0%.
The effectiveness of birds and bats in controlling arthropod abundances, pest infestation rates and

herbivory has been shown on coffee farms (Greenberg et al., 2000; Perfecto et al., 2004; Kalka et
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al., 2008; Kellermann et al., 2008), however, the consequences of such changes for economically
relevant fruit parameters are rarely documented (but see Kellermann et al., 2008). We suggest that
the increase of herbivory rates under the exclosures partly explained the reduction of fruit set, as
herbivory pressure can trigger resource allocation from reproductive to vegetative organs of plants
(Hendrix, 1988). However, as the increase of herbivory was only weak, we assume that changes
in arthropod assemblages (e.g. an increase of leaf sucking insects (Maas et al., 2013)) under
vertebrate exclosures additionally affected fruit set. In addition to vertebrates, parasitoid wasps
are known as important agents controlling herbivores on coffee plants (Infante et al., 2008) whose
contribution to coffee production could not be analyzed in this study. Future studies should
incorporate this important group in experiments to assess the total benefit of natural biota for
agricultural production.

Self-compatible Coffea arabica profited from insect cross-pollination, by developing on average
7.4% heavier fruits on open pollinated twigs than on self-pollinated twigs. An effect of cross-
pollination of similar order of magnitude has been shown in the few other studies that considered
not only fruit set but also fruit weight of coffee in their analyses (Roubik, 2002; Philpott et al.,
2006). Increased pollen loads and higher genetic pollen diversity have been proposed to influence
the seed weight of self-compatible plants, but detailed information about the physiological
mechanisms are still missing (Philpott et al., 2006). Seed size (which is correlated with seed
weight) is of special economic interest as it does not only increase the total yield but also has a
crucial impact on the quality and price of coffee. To our surprise, pollinators did not affect fruit
set, which is inconsistent with the results of other studies investigating pollinator dependencies of
coffee (Roubik, 2002; Klein et al., 2003), though not uncommon for self-compatible plants like
Coffea arabica (Free, 1993). Ngo et al. (2011) proposed that effects of pollinator exclosures differ
between locations or coffee varieties (Ngo et al., 2011). Indeed, most previous studies were
conducted in the Neotropics or Asia, but not in Africa, where coffee originates from (DaMatta et
al., 2007).

We did not find interaction effects between pollination and pest control. These results suggest that
in Coffea arabica the effect of pollination on fruit weight is independent of the pest control level
and, vice versa, cross-pollination does not alter the effect of pest control on fruit set. We suggest
that in coffee physiological mechanisms triggered by herbivory (e.g. resource allocations) are not
linked to the pollination-dependent physiological pathways affecting fruit quality, which might
explain independencies. However, by installing vertebrate and pollinator exclosures only shortly
before flowering, we a priori excluded some interaction mechanisms that are explained by
increased herbivory immediately before or during flowering (e.g. floral tissue damage
diminishing the attractiveness of flowers to pollinators) (Kessler et al., 2011). Furthermore,

unconsidered pest control agents (like e.g. parasitoids) could interact with pollination services.
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Effects of local land use intensity on ecosystem services

Against expectations, we found no significant effect of land use intensity on the ecosystem
services provided by pollinators and pest predators. Sun coffee plantations are currently
embedded in a tessellated and still diverse landscape at Mount Kilimanjaro, and may benefit from
high connectivity to structurally more complex habitats like homegardens, shaded plantations, and
forests, which provide nesting sites and stable food resources for pest predators and pollinators
(Ricketts, 2004a). Mobile animals have been proposed to increase their foraging ranges in
intensified systems, which can additionally buffer potential ecosystem service declines (Breitbach
et al., 2010). Interestingly, we detected a shift in the composition of flower visitors along the land
use gradient: mass-flowering events on sun plantations attracted only very few other coffee flower
visitors than Apis mellifera, while in homegardens more than one third of flower visitations were
from wild pollinators. Despite variable total flower visitation rates pollination services were stable
in all production systems. Either there is no pollinator-limitation along the land use gradient, or
the services provided by a few wild pollinators can fully replace pollination service by more
abundant honey bees (Garibaldi et al., 2013). This suggests that management forms that support
wild pollinators are both productive and less sensitive than systems relying on single managed
pollinator species (honey bees), as pollination services are stabilized under varying environmental
conditions (Garibaldi et al., 2011). This is supported by Ricketts, who showed that wild
pollinators can compensate drastic Apis declines by stabilizing visitation rates on coffee farms
that are near to tropical forest fragments, but not on isolated farms (Ricketts, 2004b). Further
expansions of sun coffee plantations that isolate intensified systems from more natural systems
may therefore reduce the stability of ecosystem services, with potential negative effects for crop
productivity.

We showed that the ecosystem services of both pest predators and pollinators complementary
support productivity of a major tropical cash crop, Coffea arabica. Land use intensification does
not influence these ecosystem services at Mount Kilimanjaro; however, shifts in the composition
of pollinator visitors raise concern about the stability of ecosystem services in intensified systems.
Optimization of ecosystem services in agricultural landscapes thus requires both the knowledge of
multiple ecosystem services operating in parallel, but also of management strategies that reliably

match the demands of wild animals providing these services.
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Supplementary data to Chapter 1V

IVV.Sla — Cluster arrangement and experimental set up
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Figure 1V.S1 Schematic illustration of cluster arrangements on coffee farms (left side) and
extended version of the experimental set up (right side). Black rectangles mark the position of
selected clusters. Blue squares mark the position of additional pollinator exclosure trees. The
additional pollinator exclosures were installed to supplement losses inside the clusters.
During the experiment treatment losses were high and treatment effect sizes were
comparatively small. Therefore, we included supplementary bushes in all analyses (extra
pollinator exclosures got separate cluster numbers in statistical models). The four different
treatments (control, pollinator exclosure, vertebrate exclosure and combined exclosure) are
described by two variables, i.e. pollinator exclosure “PollEx” and vertebrate exclosure
“VertEx” in the models. Note that control branches on a coffee bush with pollinator
exclosures are treated as open control in all models, whereas control branches on coffee
bushes with combined pollinator vertebrate exclosures are treated as VertEx in all models. For
fruit parameter assessment (fruit set, fruit weight), we pooled two pollinator exclosure twigs
per tree and two control twigs respectively.
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Plate 1V.S1 Left: Picture of single vertebrate exclosure (in the front) and combined
vertebrate pollinator exclosure (in the back) on shaded coffee plantation. Right: Single
pollinator exclosure during coffee blossom.

1VV.S2- Influence of all exclosure treatments on visitation rates

To check whether a vertebrate exclosures or the presence of pollinator exclosures on a coffee
bush negatively affects pollinator visitation rates, we conducted observations on 107 trees with
different treatments.

We analyzed data with a linear mixed effect model (response variable: Visitation rate, fixed
factor: Treatment of the tree (levels: open control, pollinator exclosure tree, vertebrate
exclosure, combined pollinator- vertebrate exclosure), random term: study site). Note that the
treatment “pollinator exclosure” refers this time to observations on open control twigs on a

pollinator exclosure tree. On true pollinator exclosures twigs we did not observe any pollinators.

Table 1V.S2a Effect of exclosure treatments on insect pollinator visitation rates.

numDF denDF F-value p-value

Intercept 1 93 26.55 <0.0001
Treatment 3 93 1.30 0.279

To compare visitation rates along the land use gradient we conducted observations on in
total 204 coffee bushes (97 of them did not belong to our selected trees). During observations
we distinguished between honey bee visitors (Apis mellifera) and other pollinators (including
wild bees, syrphid flies, and butterflies). We used linear mixed effect models to analyse whether
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visitation rates of different pollinators change along the land use gradient (response: visitation

rate, fixed factor: land use type, random factor: study site).

Table 1V.S2b Effect of land use type on pollinator visitation rates of honey bees (Apis
mellifera) and other pollinators

Fixed effects Estimate SE t-value p

Visitation rate of honey bee

Intercept (HOM) 0.153 0.099 1.541 0.125
Shaded plantation 0.170 0.132 1.285 0.234
Sun plantation 0.360 0.132 2.727 0.026 *

Visitation rate of other pollinators

Intercept (HOM) 0.049 0.008 6.295 <0.001
Shaded plantation -0.029 0.010 -2.814 0.022 ~*
Sun plantation -0.043 0.010 -4.100 0.0034 **

1VV.S3 — Influence of all exclosure treatments on the infestation rates with the

coffee berry borer

The coffee berry borer (CBB) Hypothenemus hampei (Coleoptera) is a fruit herbivore that
attacks coffee berries for oviposition, development and mating. The losses in coffee
production through this pest insect can be enormous. We tested whether our exclosure
treatments had an effect on the infestation rates with the coffee berry borer. We opened all
harvested berries (all, but maximal 15 berries per treatment branch) and checked for coffee

berry borer damages (presence/absence).

We analyzed data with generalized mixed effect models, assuming binomial error structures.
We fitted the model with pollinator exclosure (PollEX), vertebrate exclosure (VertEx), land
use type and all possible interactions as fixed factors and study site, cluster, tree and branch as
nested random terms. Model simplification was based on likelihood ratio tests.

The null model was not significantly different from the most simplified model with one
remaining fixed factor (Tab. IV.S3). Thus, neither pollinator exclosure, nor vertebrate exclosure,
nor any interaction between treatments and land use type had an effect on the infestation rate with

Hypothenemus hampei.

Table 1VV.S3 Modell comparison based on likelihood ratio tests. The null model (~1) did not
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significantly differ from the most simplified model with PollEx as last remaining explaining
variable. Infestation rates of the Coffee berry borer (CBB) were thus not explained by exclosure
treatments.

Modell DF logLik Pr(>Chisq)
CBB~1 5 -612.67
CBB~PollEx 6 -611.38 0.107

IVV.S4- Herbivory rates before and after vertebrate exclosure treatments

To exclude herbivory rate differences between our selected bushes immediately before
vertebrate exclosure installation, we estimated herbivory rates on 30 randomly selected leaves
of all age classes per tree (exclusive additional pollinator exclosures (see 1V.S1)). Averaged
herbivory rates were analyzed with linear mixed effect models, which were fitted with
VertEx, land use type and their interaction as fixed factors and study site and cluster as nested

random terms. Model simplification was based on likelihood ratio tests.

Before exclosure

Table 1'V.S4a Modell comparison based on likelihood ratio tests. The null model (~1) did not
significantly differ from the most simplified model with VertEx as last remaining explaining
variable. Thus, herbivory rates did not differ between the selected trees before the vertebrate
exclosure set up.

Modell DF logLik Pr(>Chisq)
Herbivory~VertEx 1 -181.00
Herbivory~1 2 -181.01 0.887

After exclosure

Six months after the vertebrate exclosure set up, we measured herbivory rates again and found
an increase of averaged herbivory rates under vertebrate exclosures in homegarden and sun
plantations (but not in shaded coffee plantations). The best model was the most complex

model, with VertEx, land use type and their interaction as fixed factors.
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Table 1V.S4b Effect of vertebrate exclosure, land use type and their interaction on averaged
herbivory rates, 6 months after exclosure installation.

numDF denDF F-value p-value
Intercept 1 105 53.44 <0.0001
VertEx 1 105 7.61 0.007
Land use type 2 9 3.20 0.089
VertEx x Land use type 2 105 3.10 0.049

IV.S5- Early frut set and fruit retention rate

We analyzed early fruit set (i.e. fruits set six weeks after coffee blossom) and fruit retention
rates with the same model as presented for late fruit set: We created a two-vector response
variable (fruit (success), no fruit (failure)) and fitted it with VertEx, PollEX, land use type and
all possible interactions as fixed factors, and study site, cluster and coffee bush as random term.
We then simplified the model based on likelihood ratio tests.

The best model explaining early fruit set included VertEx and land use type as explaining
variables. Early fruit set was reduced under vertebrate exclosures and higher in sun plantations
than in homegardens. There was no significant interaction between vertebrate exclosure and land

use type. Pollinators did not affect early fruit set.

The best model explaining fruit retention rate included VertEx as only explaining variables.
Fruit retention rates were lower under vertebrate exclosures than on open controls. Land use

type did not affect fruit retention rates.
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Table 1V.S5 Influence of pest control and land use type on early fruit set and fruit retention rate
in Coffea arabica. Output of generalized mixed effect models that were simplified based on
likelihood ratio tests (best model presented).

DF ' p-value

Early fruit set

VertEx 1 5.91 0.015

Land use type 2 7.61 0.018
Fruit retention rate

VertEx 1 491 0.027

IV.S6 — Late fruit set and fruit weight

Table 1V.S6 Influence of vertebrate exclosures (VertEx) on late fruit set (a) and effect of
pollinator exclosures (PollEx) on averaged fruit weight (b). Output of minimal adequate models
(see table IV.1), showing the estimates. On twigs that were accessible for flying vertebrates
49.8% of all open flowers developed into harvestable fruits (1/(1+(1/exp(Estimate))), while
under vertebrate exclosures 40.8% of all open flowers developed into fruits.

Fixed effects Estimate  SE DF Test-statistics p
(a) Late fruit set z-value
Intercept (Control)  -0.0055 0.289 — -0.019 0.985
Vertex -0.3677 0.166 - -2.211 0.027 *
(b) Fruit weight [g] t-value
Intercept (Control) 1.4353 0.066 93 21.841 0.000
PollEx -0.1058 0.035 83 -2.989 0.004 **
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CHAPTER V: GENERAL DISCUSSION

Predictors of bee richness along environmental gradients

In this dissertation we disentangled the factors which shape bee diversity, morphological traits
and pollination services along climate and land use gradients on Mount Kilimanjaro. Temperature
and resources have been widely recognized as the major predictors of species diversity along
large-scale environmental gradients (Brown & Maurer, 1989; Brown, 2014). Recent studies found
high support for limitations of diversity by resources, however, the mechanisms behind are still a
matter of debate and have largely been analysed for vertebrate taxa (Ferger et al., 2014; Price et
al., 2014). We showed that in ectothermic bees temperature-limitations were of considerably
higher importance than resource-limitations, because temperature modulated the access of bees to
floral resources. This aspect, which has mostly been ignored in literature, contributes to our
understanding about the combined effects of resources and temperature on ectothermic organisms.
When temperature is below the foraging temperature of ectotherms, species richness can be low
despite high resource availability (like in the Helichrysum zone of Mount Kilimanjaro). In warm
areas where temperature does not restrict foraging activity, resources could become limiting to
species richness. On Mount Kilimanjaro, we found no evidence for such resource limitation in the
lowlands. Here, the amount of floral resources was sufficient to support high bee diversities,
resulting in exponential species richness declines with increasing elevation. Resource limitations
in the lowlands and temperature-mediated resource-accessibility constraints in the highlands
would result in hump-shaped distribution patterns, which are found in many other ectothermic
organisms (e.g. Sanders, 2002; Brehm et al., 2007).

We also detected a strong direct effect of temperature on bee richness, demonstrating that
temperature controls evolutionary and ecological processes that drive the maintenance and
origination of diversity. Under warm temperatures, generation times are usually shortened, which
means that the number of mutation-prone DNA-replication processes is increased. Also the
amount of mutagen free radicals, causing nucleotid substitutions, is increased under elevated
temperatures and consequently increased metabolism rates. Both processes may accelerate
speciation rates (Laird et al., 1969; Martin & Palumbi, 1993; Gillooly et al., 2005; Clarke &
Gaston, 2006). Especially on Mount Kilimanjaro, which is from an evolutionary point of view
relatively young, such evolutionary processes are likely complemented by ecological
mechanisms, such as temperature-dependent negative-density mortality rates (de Sassi et al.,
2012; Johnson et al., 2012; Bagchi et al., 2014; Brown, 2014). Parasitoids and predators have
been shown to preferentially attack abundant bee and wasp species (Steffan-Dewenter, 2003),

allowing more species to coexist (Paine, 1974). These effects are predicted to be more
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pronounced under warm temperatures, as temperature increases species interaction rates
(Tylianakis et al., 2008). However, knowledge about such temperature-dependent negative-

density dependent effects is still restricted and requires further experimental investigation.

In addition to temperature, the number of floral resources was found to be indirectly limiting to
bee species richness, via bee abundances. Positive effects of flower abundances on bee
abundances have also been found on local scales in temperate regions (Hoiss et al., 2012), and on
landscape scales when considering floral resources from mass-flowering crops (Westphal et al.,
2003). On Mount Kilimanjaro, the number of flowers was higher in managed habitats than in
natural habitats. This may partly explain the finding that land use change did currently not
negatively affect bee species richness in that region (also detected by e.g. Klein et al., 2002).
Therefore, preserving floral resources could be a comparatively simple management strategy in
areas where pollinator diversity is threatened. However, we assume that on Mount Kilimanjaro
also other factors than flower densities contribute to the high bee species richness in managed
habitats. For example, insect pollinators may benefit from low application rates of pesticides,
which are simply not financeable for many local farmers. Also, the small size of fields and the
diversity of different cropping systems shape a mosaic-like heterogeneous landscape. Thus, the
distances from open habitats to forested plots are generally short, guaranteeing good-quality
nesting sites for many tree-nesting species in immediate vicinity (Ricketts, 2004b). Manual
weeding, instead of mechanically ploughing may allow many ground nesting species to persist.
Stem-nesting bees could profit from maize stems that usually remain on the field several months
after harvest (Kim et al., 2006). Although we did not explicitly test, whether the number of
nesting sites is limiting to bee species on Mount Kilimanjaro, we know from other studies that

such nesting limitation can be strong (Potts et al., 2005; Steffan-Dewenter & Schiele, 2008).

The direct and indirect effects of temperature on pollinator diversity were stronger than the
resource effect, signaling pollinators’ sensitivity to temperature increases in the course of climate
change. The loss of thermo-microhabitats due to habitat degradation may even increase this
sensitivity. Our data suggest, that pollinator diversity might profit from global warming, either
because temperature promotes the accessibility to floral resources, and/or because of facilitated
speciation processes. However, such predictions need to be treated with caution. Bees in the
lowlands might live close to their maximal thermal tolerance limit (Deutsch et al., 2008),
suggesting that communities that are now found in the lowlands shift upslopes, or polewards with
ongoing global warming, to stay in their preferred temperature range. Upslope shifts along
elevational gradients are suggested to be more likely, as the distances between climatic zones are
much shorter than on latitudinal gradients (Colwell et al., 2008). Species range shifts have already
been detected in many plants and animal species (Parmesan et al., 1999; Root et al., 2003).

However, especially in the tropical lowlands, which belong to the hottest places in the world, such
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shifts can result in biotic impoverishments of species-rich lowland communities, because no
species move up behind them (Colwell et al., 2008). On the top of the mountain, species might
then be faced with shifted levels of density-dependent processes, like interspecific competition, or
host-parasite interactions (Romo & Tylianakis, 2013), which could result in mountain-top
extinctions. Specialists and narrow-ranged species, which may not find suitable habitat corridors
to move up, due to progressing land use change and habitat degradation, may be especially
extinction-prone (Parmesan, 2006). Species loss and shifts in pollinator communities might have
drastic consequences for the plant communities that rely on their pollinators. Range-shifts of
plants might not parallel with the range-shifts of pollinators, causing spatial mismatches between
plants and pollinators. As temperature increases has also been shown to affect the phenology of
plants and pollinators, temporal mismatches can additionally destabilize plant-pollinator-networks
(Gordo & Sanz, 2005; Hegland et al., 2009). With this dissertation we provide first quantitative
baseline data for wild bee populations on Mount Kilimanjaro. Currently, we can solely use the
space-for-time approach to predict the impact of climate change on wild bee communities. Any
data collected in future, can draw on our baseline data, which will sharpen, verify or deny any

predictions of how wild bees respond to environmental changes.

Evidence for directive trait loss along elevational gradients

Energy-limitations and temperature-constraints in high-elevations are also suggested to explain
the shift in morphological traits. In chapter 111 we showed that morphological pollinator traits
shifted along elevation, however, the direction of the shift was partly dependent on the level of
biological organization. On a community level, the number of small-bodied and large-winged
bees, with on average shorter tongues increased with elevation, while on an intraspecific level
bees became on average larger, with shorter glossae and stable wing:body-size ratios. We suggest,
that individuals within species respond to physiological constraints, as predicted by Bergmann’s
rule (Bergmann, 1847; Ashton, 2002), while species within communities are rather shaped by
energy-limitations, as predicted by community assembly rules (Brown & Maurer, 1989). We
assume that larger body sizes are favored in cold environments (as proofed on an intraspecific
level); however, energy-restrictions can be so strong in high elevations that large bee species
cannot maintain large population densities, which increases the chance of local extinction
(Srivastava & Lawton, 1998). With this, two apparently contradicting theories of ecology can be

merged.

Generally, the functional approach we used in chapter Ill allowed us to differentiate between
niche and neutral assembly processes, which can both shape species along environmental

gradients. Such differentiation cannot be achieved, when looking at species numbers alone
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(chapter I1). Neutral theory predicts that species respond identically to environmental disturbance,
proclaiming that traits are randomly disappearing along environmental gradients (Suding et al.,
2005). In contrast, directive trait shifts or trait losses are expected to be present, when non-neutral
processes act on communities, diminishing the abundance of particular traits (Suding et al., 2005;
Mouillot et al., 2013). We found that bee species did not randomly disappear from communities;
instead temperature-mediated resource usability limitations seem to select for small organisms
with lower energy requirements. Although large-bodied organisms with energetically favorable
surface:volume ratios require less energy per gram body mass than small-bodied organisms, the
total energy-requirements are increased. Also, the enlargement of forewings in relation to body
size has been detected as a powerful adaption for energy-saving flights in habitats with reduced
air densities (Dillon, 2006). Species with small wings compared to body size might thus not be
able to efficiently forage in higher elevations. Similarly, long glossa lengths in bees have
sometimes been associated with greater specialization (Goulson et al., 2005) which could be a
risky foraging strategy when resource accessibility is already restricted. In summary, the directive
trait shifts strongly suggest that not neutral, but selective forces like energy-constraints shape

species communities along elevation.

Quantitative and qualitative shifts in trait composition, do not only allow us to investigate the
underlying mechanisms shaping species communities, they can also act as “early-warning-
systems”, as they do not require species extinction to be reactive (Mouillot et al., 2013). Large-
bodied bee species were increasingly excluded from high-elevational bee communities. In turn,
this indicates, that rising temperatures in the course of climate change might restructure ecological
communities, leading to an increasing number of large-bodied species in habitats which are
currently dominated by small-bodied species. For the habitats at lowest elevations, i.e. the
savannah, predictions on the composition of species communities under elevated temperatures are
only speculative: If temperature increases and precipitation patterns stay constant, severe drought
events might negatively impact the abundance or quality of floral resources (Galen, 2000;
Sangtarash et al., 2009). Limited resource abundance due to aridity may thus especially affect
large-bodied bee species with higher energy requirements, which either become extinct or which
move up to higher elevations. As ecosystem function and species richness has been proclaimed to
be a non-linear function, in which the loss of certain keystone species can result in stronger
ecosystem service losses than expected under random species loss (Larsen et al., 2005), the loss
of large-bodied pollinators in the lowlands would be extremely alarming. Large-bodied bees have
been shown to be more effective pollinators, as they generally have larger foraging ranges and
have been associated with higher seed sets (Sahli & Conner, 2007). That means that their
“response traits” (i.e. the trait that directly responses to environmental changes, e.g. body size) are

coupled with so-called “effect traits” (i.e. traits that determine functional contributions of species,
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e.g. scopa length) (Lavorel & Garnier, 2002; Naeem & Wright, 2003). As land use and cropping
activities are mainly concentrated in the lowlands, the loss of large-bodied bees due to climate
change may lead to severe pollination declines with strong economic impact. A similar effect was
found in bees in California and in dung beetles from Venezuela. Here, not climate but land use
change altered the extinction order of species, with large-bodied species being most extinction-
prone and (simulated) ecosystem services declining stronger than expected under random species
loss (Larsen et al., 2005).

Interestingly, our finding that bee body sizes decrease on a community level with increasing
elevation does not seem to be ubiquitous. Instead, the exact opposite was found in the temperate
Alps in Germany. Here, both abundance- and species-weighted bee body size increased on a
community level with increasing elevation (Hoiss et al., 2012). The increase in body size on a
community level was predominantly caused by the dominance of the genus Bombus in high-
elevational habitats of the German Alps — a genus that does not occur in subsaharan Africa. The
contrasting pattern signals, that there is more than one solution how to respond to energy
constraints. Due to their body size, bumblebees are able to fly large distances. Foraging habitats in
the Alps might be better connected than on Mount Kilimanjaro, where the forest belt is broad and
due to its patchy flower distribution assumed to be not very attractive for pollinators. We thus
assume that bees foraging in the highlands of Mount Kilimanjaro do also nest in the highlands to
avoid energy-consuming flights across the forest belt. This could be different in the Alps.
Pollinator competition in the lowlands has been shown to be high in the Alps (Hoiss et al., 2012),
so that it might be energetically advantageous to forage in the highlands, but to nest in the
lowlands where nesting seasons are much longer due to advanced snow-melts. Large bee body
sizes have been associated with large foraging distances. As the relative energy-consumption is
reduced in large species, the foraging flight might be energetically worthwhile. The finding, that
on an intraspecific level, bees on Mount Kilimanjaro became on average bigger in the highlands
supports the idea that larger bees have an advantage under cold temperatures. Alternatively, the
large body size of bumblebees could be connected with other morphological traits that make them
less prone to cold temperatures. The dense coat of bumblebees could be one adaptation that
allows bumblebees to forage even under unfavorable weather conditions (Lundberg, 1980). On
Mount Kilimanjaro, the restricted diversity of flower types (mainly short-tubed Asteraceae) and
the limitation of nesting sites above the tree-line might prevent genera that resemble bumblebees
in morphology and ecotype (e.g. Tetralonia, Amegilla, Xylocopa) to persist in the highlands.
Though admittedly unsatisfying, such case-sensitive argumentations show how complicate it can
be to detect general patterns in ecology and motivate further studies in different latitudes with

phylogenetically independent species communities (Lawton, 1999; Simberloff, 2004).
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Endangered stability of ecosystem services along land use gradients

In chapter IV we used an experimental approach to investigate the single and combined
contributions of pollinators and pest predators to coffee production and tested whether these
services are affected by land use intensification. We found that pollinators effectively contributed
to coffee production by increasing fruit weight by on average 7.4%. Birds and bats reduced
herbivore pressure and were related to fruit set increases of on average 9%. As both fruit quantity
and fruit quality was affected, the services of pollinators and pest predators were not simple
additive, but complemented each other. Land use intensification on coffee farms had currently no
detectable effect on the services provided. However, we detected a shift in the coffee-flower
visiting pollinator community along the land use gradient: While in homegarden flower-visitors
were diverse, consisting of wild bees, butterflies and syrphid flies, sun-coffee plantations were
almost exclusively pollinated by the honeybee Apis mellifera. Interestingly, we did not find a
diversity decline in pollinator communities when looking at pan trap catches along the coffee
management intensification gradient (G. MaalRen, unpublished), which coincides with the results
presented in chaper Il showing that land use does not affect pollinator diversity on Mount
Kilimanjaro. However, in sun-coffee plantations, wild bees were observed to forage preferentially
in the herbal layer, although coffee flowers are very attractive for wild pollinators, as we observed
in homegardens where the honeybee was not so dominant. Although we found currently no
significant decline of pollination services in sun-coffee plantations, we know from meta-analyses
that honey bees cannot fully substitute the services of wild pollinators (Garibaldi et al., 2013).
Also, the drastic decline of honey bee populations, known under the term colony collapse
disorder, asks for a stronger inclusion of wild pollinators into natural and agricultural systems, as
they can act like an insurance against honey bee losses (Winfree et al., 2007). Currently,
pollination limitation detected in cropping systems is usually compensated by the addition of
domesticated honey bees. However, the promotion of one species can shift the foraging behavior
of wild pollinators to alternative food resources, as we observed in sun-coffee plantations. The
provision of flower resources, the establishment of connecting corridors to habitats with suitable
nesting resources and a reduction of pesticide application could thus be better alternatives to
ensure ecosystem services, as these measures are predicted to attract a diverse pollinator
community, whose ecosystem services can complement ecosystem services of honey bees
(Garibaldi et al., 2013), and whose pollination services assure the stability of pollination in a long

term.
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CONCLUSIONS

On Mount Kilimanjaro, bee species richness declined with increasing elevation. Temperature was
identified as the main predictor of bee richness. It controlled both evolutionary and ecological
speciation rates, and the access to floral resources. Also morphological traits of wild bees shifted
along the elevational gradient. The parallel consideration of intra- and interspecific trait shifts
revealed that physiological temperature constraints and energy-limitations in the highlands can
shape pollinator communities simultaneously, but in different directions depending on the level of
biological organization. This allowed us to unify the contrasting predictions of Bergmann’s rule
and community assembly rules in the same organismic system. Furthermore, trait distribution
shifts revealed that community assembly processes are directional, but not neutral, as sometimes
suggested (Bell, 2001; Hubbell, 2001). We conclude that temperature shifts in the course of
global change are likely to affect the pollinator communities on Mount Kilimanjaro with regard to
species and trait compositions, which could threaten pollination function. If pollinators live close
to their maximal thermal tolerance limit, we expect that under rising temperatures pollinators will
shift to higher elevations, which may result in biodiversity and related ecosystem service losses in
cropping systems of the lowlands. Our data provide important baseline data that will allow
scientists to revise these predictions in future. Up to now, land use intensification had no
significant impact on pollinator communities and their ecosystem services. Pollinators are
suggested to profit from the strong landscape heterogeneity in that region and from the amount of
flower resources in the understory of cropping systems. However, progressing homogenization of
the landscape and the pronounced application of pesticides could result in reduced diversity
and/or dominance of single species, as we already found in sun coffee plantations. Such shifts in
community compositions could threaten the stability of ecosystem services within cropping and

natural systems in a long term.
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