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Summary

Summary (English)

l. Human induced global change threatens biodiversitgl trophic interactions.
Fragmentation is considered as one of the majeathrto biodiversity and can cause reduced
species richness, population declines, loss of tgemiversity and disruption of trophic
interactions such as predation and parasitism. Mewrest fragmentation effects can be
eclectic due to species specific traits. Specialgcies with narrower niches or at higher
trophic levels may be in danger of extinction wiasrgeneralist species with less specific
habitat requirements may even profit from fragmeota In the tropics, known as “the”
terrestrial biodiversity hotspots, even biodiversitventories are often lacking, especially in
forest canopies. Ongoing deforestation and regulfiiagmentation in tropical regions are
expected to heavily affect ecosystem functions bhgnges in biodiversity, community
compositions and disruption of trophic interactiohss even less unknown in what extent
different global change drivers for example climekange and fragmentation interact. It is
unlikely that deforestation will end, so that smakcondary forest fragments will be
important habitat elements that must be investéadeptimize their potential contribution to
biodiversity conservation.

This dissertation aimed to disentangle the effetterest fragmentation on trap-nesting bee
and wasp communities in small secondary forestnieargs addressing the following main

guestions:

1) Are there interactive effects between microalien and fragmentation on the
abundance of bees and wasps, their mortality panasitism rates (Chapter I1)?

2) How does fragmentation affect bee biodiverfityn canopy to the understory with
considerations of single species patterns (Chéipyer

3) How is fragmentation affecting diversity andnoounity composition of different
trophic levels between understory and canopy witiplgasis on the host-antagonist
relation? (Chapter 1V).

Il. A variety of global change drivers affect biodivgrsaand trophic interactions. The
combined effects of habitat fragmentation and denchange are poorly understood and with
ongoing deforestation and agricultural intensifmatsecondary rainforest fragments might
contribute to biodiversity conservation and mitigat of climate warming. This chapter

investigated the interactive effects of habitatgim@ntation and microclimate on the
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abundance and biotic interactions of trap-nestiegsband wasps in secondary forest
fragments in the Northeastern lowlands of CostaRic

Habitat area did not affect hymenopteran abundgraesitism and mortality rates, but tree
location- from the forest border to the forest eentinfluenced all variables. Interactive
effects were found such as in the higher mortald@tes at interior locations in larger
fragments. Mean temperature at edge and intercatilens led to significant effects on all
tested variables and interactive effects betwesrpéeature and tree locations were found.
Abundances at interior locations were significarttigher with increasing temperatures.
Mortality rates at interior location increased atvér mean temperatures, whereas higher
temperatures at edges marginally increased mgrtalies. Our results indicate, that edge
effects, mediated by altered microclimatic condisipsignificantly change biotic interactions

of trap-nesting hymenopterans in small secondagnfrents.

Il This chapter focusses on the vertical distributminbees, their parasitism and
mortality rates as well as single species pattgrmelation to fragment size and edge effects
in secondary rainforest remnants.

No size effects on bee abundance, bee diversityoangarasitism- and mortality rates were
found. Bees were least abundant at the intermetitght and were most abundant in the
understory; whereas the highest diversity was foumthe canopy. Tree location had no
effect on bee abundance, but on bee diversity simast species were found in the forest
interior. The cuckoo beesglaomelissa duckei andCoelioxys sp. 1 only partly followed the
patterns of their hosts, tweentris species.

Edge effects greatly influenced the bee commursitythat the amount of edge habitat in

secondary forest fragments will influence the covestgon value for bees.

V. In this section the effects of habitat fragmentatan biodiversity, on community

structure of hosts and natural enemies as welheasdlation of hosts and antagonists were
investigated from the understory to the canopy. f@sellts stress the importance to monitor
biodiversity, community composition and trophiceréctions from the understory to the
canopy. The higher trophic level of the antagonistss found to be more sensitive to
fragment size compared to their hosts. Again edtgrte were found to be the dominant
driver since both host and antagonist richnessyels as community compositions were

strongly affected. Ongoing fragmentation and inseehamount of edge habitat could favor

few abundant disturbance-adapted species overaiee and more diverse forest-adapted
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species. A positive-density dependent parasitiste vegas demonstrated, as well as an
increase of the parasitism rate not only with aotégf abundance but also diversity.

Small secondary forest fragments surely can canttitbo the conservation of biodiversity
and trophic interactions, but increase of edge taalvill have negative consequences on
above-ground nesting Hymenoptera, so that importatgractions such as pollination,
predation and parasitism could be disrupted. Thesefsmall forest fragments could
contribute to biodiversity conservation but willtrii®e able to compensate for the loss of large

areas of primary forests.

V. This dissertation contributes to the understagndinhabitat area - and edge effects as
well as the interaction of those with microclimationditions in small secondary rainforest
fragments. As study system trap nests inhabitesbhtary above-ground nesting bees, wasps
and their natural enemies were chosen becausetogy to study trophic interactions along
their whole vertical distribution from the undenstdo the canopy. The effect of fragment
size was rather weak, however, larger sizes affethe diversity of natural enemies
positively, proofing the hypothesis that highempti levels react more sensitive to habitat
loss. Edge effects heavily affected the abundatieeyrsity and community composition of
hosts and their natural enemies as well as pamasiind mortality rates. Increased edge
conditions resulting from ongoing fragmentation aedorestation will therefore negatively
affect bees, wasps and their trophic interactioith natural enemies. Those changes affect
important processes such as pollination, predatiod parasitism, which could result in
changes of ecosystem functioning. This study shotvedmportance to include all strata in
biodiversity monitoring since height did matter thie trap-nesting communities. Diversity
was shown to be higher in the canopy and commuaitgposition did change significantly.
To conclude we could show that secondary foreginfients can sustain a trap-nesting bee
and wasp community, but the amount of interior tabis highly important for the
conservation of forest-adapted species. Probalelyctimservation of large primary forest in
combination with a high habitat connectivity, foxaeple with small secondary forest
fragments, will help to sustain biodiversity andggstem functioning better than the mere

presence of small forest fragments.



Zusammenfassung

Zusammenfassung (German)

l. Die weltweite Umweltveranderung, die durch den Miwes verursacht wird,
gefahrdet die Artenvielfalt und die trophischen Weslbeziehungen zwischen Organismen.
Fragmentierung gilt als eine der Hauptbedrohungén die Biodiversitdt und kann
weitreichende Konsequenzen haben wie zum Beisgighmderte Artenvielfalt, Riickgang
von Populationen, Verlust von genetischer Divetsitdd auch die Unterbrechung von
trophischen Interaktionen, z.B. Pradation und R@easng. In Waldokosystemen kdnnen
Fragmentierungsauswirkungen vielfaltig sein. Sgeszgate Arten mit engen natirlichen
Nischen, die zum Beispiel in héheren trophischerrebp zu finden sind, kdnnten vom
Aussterben bedroht sein, wahrend generalisierteenArimit weniger spezifischen
Habitatansprichen sogar profitieren konnten. In deéropen, ,den® terrestrischen
Biodiversitats-Hotspots, fehlen oft sogar grundretge Bestandsaufnahmen von Flora und
Fauna, insbesondere fir die Kronen der Regenwaldier.fortschreitende Abholzung in
tropischen Regionen und die dadurch verursachtgnkteatierung wird die Funktion des
Okosystems durch Veranderung der Artenvielfalt, d@&usammensetzung von
Artengemeinschaften und der Unterbrechung von tscplen Interaktionen in hohem Mal3e
beeinflussen. Besonders das Zusammenwirken vorchiedenen Facetten des globalen
Umweltwandels, z. B. Klimawandel und Fragmentierusgnahezu unbekannt.

Da es unwahrscheinlich ist, dass die Abholzung Regenwaldern eingestellt wird, ist es
aullerst wichtig den Wert von kleinen Sekundarwafgtfrenten fur den Schutz der
Artenvielfalt zu untersuchen.

Diese Dissertation trdgt dazu bei verschiedene Wepaler Fragmentierung auf die
Artengemeinschaft von nisthilfenbewohnenden Hymésren in kleinen
Sekundarwaldfragmenten zu untersuchen und behaniddiei die folgenden zentralen

Fragen:

1) Wirken Fragmentierung und mikroklimatische Beglingen interaktiv auf die
Abundanz von Bienen und Wespen sowie deren Mditsliund Parasitierungsraten
(2. Kapitel)?

2) Wie beeinflusst Fragmentierung die Artenvielfain Bienen vom Unterholz bis zur
Krone und wie reagieren einzelne Arten darauf @ikel)?

3) Wie beeinflusst Fragmentierung die Biodiversitiid die Artengemeinschaften
verschiedener trophischer Ebenen vom Unterholz aisn Kronendach unter

besonderer Bericksichtigung der Wirts-Antagonisti€eung (4. Kapitel)?

4
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Il. Eine Reihe von Faktoren des weltweiten Umweltwantekinflusst die Artenvielfalt
und trophische Interaktionen. Die Auswirkungen Wsagmentierung und Klimawandel, die
sich gegenseitig beeinflussen koénnten, sind nahazverstanden. Auf3erdem kdnnten
Sekundarwaldfragmente zum Erhalt der Artenvielfalhd der Abschwachung der
Auswirkungen des Klimawandels sowie der anhaltentlieinolzung und der Intensivierung
der Landwirtschaft dienen. Dieser Abschnitt untehéu mogliche Wechselwirkungen
zwischen Fragmentierung und Temperatur auf die Abon und trophische Interaktionen
von nisthilfenbewohnenden Bienen und Wespen innklei Sekundarwaldfragmenten im
Nordosten Costa Ricas.

Die Fragmentgrol3e hatte keinen Einfluss auf die ndlamz, die Parasitierungs- und
Mortalitdtsraten der Hymenopteren, wahrend der Bsaandort- vom Waldrand zur
Waldmitte immensen Einfluss auf alle untersuchtamidblen hatte. In grof3eren Fragmenten
war die Mortalitatsrate innerhalb des Waldes velgh mit kleineren Fragmenten hdher. Die
mittlere Temperatur beeinflusste alle untersuchManablen und hatte je nach Standort des
Baumes unterschiedliche Auswirkungen. Die Abundanzen Waldinneren stiegen
signifikant mit hdheren Temperaturen an. Die Matddraten im Waldinneren nahmen mit
niedrigeren Temperaturen zu, wahrend hohere Teryrera am Waldrand zu héheren
Mortalitéatsraten fuhrten. Unsere Ergebnisse zeiggass Randeffekte, die auch durch
Temperaturunterschiede zustande kommen, biotischenteraktionen von

nisthilfenbewohnenden Bienen und Wespen in kleBekundarwaldfragmenten &ndern.

M. Dieses Kapitel konzentriert sich auf den Einflussr d-ragmentgréf3e und der
Randeffekte auf Bienen und deren Parasitierungs-Mortalitatsraten vom Unterholz bis zu
den Kronendachern in kleinen Sekundéarwaldfragmeridabei wurden auch die Muster von
einzelnen Arten naher untersucht.

Die Fragmentgrof3e hatte keinen Einfluss auf diem&wbundanz, die Artenvielfalt oder die
Parasitierungs- und Mortalitatsraten. Die hochsen&abundanz wies das Unterholz auf,
wahrend die hoéchste Diversitat im Kronendach gedangurde. Der Gradient vom Waldrand
bis zur Waldmitte hatte keinen Einfluss auf dier&eabundanz, wohingegen die Diversitat
zum Waldinnern hin anstieg. Die Kuckucksbiereghaomelissa duckel und Coelioxys sp. 1
folgten nur zum Teil den Mustern ihrer Wirte, zv@antris Arten.

Randeffekte hatten grof3en Einfluss auf die Bienemgeschaften, so dass der Anteil von
Waldrandern bzw. die Form der Sekundarwaldfragmaeitier den Nutzen fir die Erhaltung

der Bienenvielfalt bestimmt.
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V. In diesem Kapitel wurden die Fragmentierungsauswigen auf die Biodiversitat,
die Gemeinschaftszusammensetzung von Wirten ured iattrlichen Feinde als auch die
Beziehung zwischen den Wirten und ihren natirliclk@nden vom Unterholz bis zum
Kronendach untersucht. Die Ergebnisse zeigten, emggil3erst wichtig ist die Biodiversitat,
die Zusammensetzung der Artengemeinschatft als dieckrophischen Interaktionen in den
verschiedenen Straten des Regenwaldes zu untersuZieenatirlichen Feinde, die auf einer
héheren trophischen Ebene stehen, reagierten edtipfiar auf die Grol3e der Fragmente.
Randeffekte waren der einflussreichste Faktor, vagd Diversitat der Wirte und der
naturlichen Feinde, sowie deren Artengemeinschafteiark beeinflusst wurden.
Fortschreitende Fragmentierung und der damit egeiende erhohte Flachenanteil des
Randhabitats konnte daher wenige haufige Artenrzegen, die gestortes Habitat tolerieren
kénnen, wohingegen die seltenere aber artenr@c@@meinschaft, die das Waldinnere
bevorzugt, benachteiligt wird. Es konnte aufRRerdenme e positiv-dichteabhéngige
Parasitierungsrate sowie ein positiver Zusammenbwamgchen der Abundanz und Diversitat
von natdrlichen Feinden und der Parasitierungsrajezeigt werden. Kleine
Sekundarwaldfragmente konnen sicherlich helfen Aitenvielfalt und die trophischen
Interaktionen zu erhalten, aber die Erh6hung de®ibnvon Randhabitat wird nachteilige
Folgen fur solitare Hymenopteren haben. Dies kaon @nterbrechung von wichtigen
Interaktionen wie  Bestdubung, Pradation und Paeasitg fihren. Kleine
Sekundarwaldfragmente konnen daher zwar hilfreigh Erhaltung der Biodiversitat sein,

aber niemals grol3e Primarwaldflachen, die von uitzblarem Wert sind, ersetzen.

V. Die vorliegende Doktorarbeit tragt zum Verstasdmder Auswirkungen der
Habitatgrof3e und von Randeffekten als auch derechgébwirkungen mit mikroklimatischen
Bedingungen in kleinen Sekundarwaldfragmenten Benutzt wurden Nisthilfen, die von
solitaren Bienen, Wespen und ihren naturlichen dennbesiedelt werden, da hierdurch auch
trophische Interaktionen vom Unterholz bis zum Kxoedach aufgenommen werden kénnen.
Die FragmentgroRe hatte keine weitreichenden Akswgen. GrolRere Fragmente wiesen
allerdings eine hohere Vielfalt von nattrlichenrfélsin auf, was die Hypothese der hoheren
Empfindlichkeit von hdheren trophischen Ebenen diggt Randeffekte hingegen haben
sowohl die Bienen und Wespen als Wirte als aucterdaratirliche Feinde in ihrer
Haufigkeit, Artenvielfalt und Artenzusammensetzuimg hohem MalRe beeinflusst. Eine
Erhdhung des Anteils von Randhabitaten, die mitts@breitender Abholzung und

Fragmentierung einhergeht, wird daher einen negpatizinfluss auf diese Hymenopteren
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haben, was sogar die Funktion des Okosystems hessiah konnte, da dadurch auch
wichtige Interaktionen, zum Beispiel Bestaubungdation und Parasitierung beeintrachtigt
werden. Aul3erdem konnte diese Doktorarbeit zeigass es unbedingt notwendig ist die
Fauna des gesamten Regenwaldes unter Berucksiofptigiler Straten aufzunehmen. Die
Artenvielfalt in der Kronenschicht war hoher undchudie Zusammensetzung der
Artengemeinschaften war signifikant verschieden seiven dem Unterholz und den
Kronendachern.

Diese Doktorarbeit zeigt, dass kleine Sekundarwadpthente zwar Lebensraum und
Ressourcen fir eine Gemeinschaft von solitdren éBietWespen und deren nattrlichen
Gegenspielern bieten kann, dass jedoch die Formdamdit der Anteil von Innenhabitat
ausschlaggebend fur den Erhalt von spezialisievtatdarten ist. Der Erhalt von grol3en
Flachen von Primarwald ist daher unabdingbar, jedd@nnten Sekundarwaldfragmente zur
Erhdohung der Vernetzung beitragen, um so ein s®biartenreiches und einzigartiges
Waldokosystem zu erhalten, was allein durch ki@e&undarwaldfragmente nicht mdglich

sein wird.



General Introduction

I General Introduction

Tropical rainforests are the most important terrasbiodiversity hotspots (Connell 1978;

Wilson 1988) and characterized by high rates affadliand sun radiation leading to high
primary productivity (Wilson 1988; Ghazoul and 3H2010). Costa Rica, the place where
this dissertation was conducted, is considered aispbt for both species richness and
endemism of plants and animals (Orme et al. 2005).

Global change drivers such as climate change, lasd intensification and habitat

fragmentation threaten biodiversity and ecosystemctioning. In wide parts of tropical

regions, deforestation goes on and leads to gmblgemic landscapes with patchily
distributed forest fragments in a matrix of pastueed plantations (Vitousek et al. 1997;
Tilman et al. 2001). Vertical stratification or maclimate were often not taken into account,
when investigating fragmentation effects and seaontbrest fragments are not well studied

despite of their potential utility for biodiversigpnservation.

Habitat Fragmentation

Habitat fragmentation including both habitat lossl fragmentation per se, is one of the most
important threats for biodiversity (Fahrig 2003;adee et al. 2013; Vaughn et al. 2014).
Especially in the tropics, the largest reservoirseorestrial biodiversity, deforestation goes
on and imperils global biodiversity more than anthen contemporary phenomenon
(Laurance et al. 2012). This results in landscapiéis small forest fragments of different
quality in a matrix of pastures and plantationstgusek et al. 1997; Tilman et al. 2001).
Generally habitat loss leads to consistent negatg¥ects on biodiversity whereas
fragmentation per se has weaker effects on biosityeand can have positive or negative
consequences (Fahrig 2003; Nordén et al. 2013)itdddlbagmentation was shown to cause
reduced species richness, population declines (Zmnand Flather 2002), loss of genetic
diversity (Gibbs 2001) and disruption of trophiteiractions such as predation and parasitism
(Turner 1996; Kruess and Tscharntke 2000; Lauraheé 2002; Klein et al. 2006). However
regional estimates of extinctions from deforestatcwuld be even worse than previously
thought, because most studies neglected extindgdms and assumed that persisting forest
was continuous (Kuussaari et al. 2009; Hanski.e2@13).

Habitat fragmentation results in edge effects, it hatural habitats are affected by their
surrounding matrix. Rainforest fragments are hgawifluenced by the conditions of the
surrounding habitats (Laurance et al. 2011a; Lippblkal. 2014). There is a gradient of

temperature, humidity, tree altitude, forest swuetand invasive species depending on the

8
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structure of the forest border (Didham and Lawt889) and forest species are threatened by
change of abiotic factors, through interactions hwitther species such as invasive,
disturbance-adapted species (Gibson et al. 201drabae et al. 2012). Therefore habitat
fragmentation is affecting taxa differently depergion their needs (Huggett 2005;
Lindenmayer and Luck 2005; Ewers and Didham 2008)bility, feeding ranges, nesting
behavior as well as being member of a higher topével can lead to a more sensitive
response to fragmentation (Ockinger et al. 2010LiaMtis et al. 2010; Holt et al., 1999; Rand
et al., 2012).

Vertical stratification

Tropical rainforests consist of different stratee forest floor, the understory and the canopy
with outstanding emergents (Ghazoul and Sheil 2@®ry strata is characterized by abiotic
factors, forest physiognomy and resource availgbiBasset et al. 2003). The canopy
receives nearly 100 % of the solar radiation, whgrine understory is reached by less than
1% (Parker 1995). The canopy has a higher leaf@eaaity and abundance of young leaves,
flowers and seeds compared to the understory (Pd8®5; Hallé 1998). The vertical
gradient of resources and microclimatic factorsat@edifferent niches, which leads to
stratified communities of animals (Basset et al0®0Vance et al. 2007; Paniagua et al.
2009). The highest diversity of arthropods wasrofteind to be equal or higher in the forest
canopy (for example Erwin 1982; Stork and Grimba®6). However due to difficulties
in data assessment in the canopy, the diverse wapepy regions of tropical forests were
often ignored in the past (Basset et al. 2013). Jihetion changes now and some studies
brought considerable progress (Basset et al. 20/E3dhaugh et al. 2014). However studies
on trophic interactions in tropical forest canogaes still missing.

Microclimate

Climate change and resulting microlimatic changes affect insect communities. Especially
species adapted to forest conditions and livingonstant shade cannot easily adapt to higher
temperatures and lower air moisture in open habéatl do not have many options to escape
from rising temperatures (Ruibal 1961; Deutsch let2808). This is especially true for
lowland forest species with narrow thermal optiman( Berkum 1988; Deutsch et al. 2008).
The situation for these species becomes even hamdten they are additionally confronted
with habitat loss and fragmentation (Tewksbury le2808). Until now only a few studies
have investigated the influences and interactidmaare than one global change driver (e. g.
Gibson et al. 2013; Hill et al. 2006; Opdam and ttas, 2004). So there is much uncertainty
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about the combined effects of climate change (w&ulting microclimatic changes) and
habitat fragmentation on tropical forest organismd their trophic interactions (Wimp et al.
2011; Mantyka-Pringle et al. 2012; Gonzélez-Varalef013).

Secondary forest fragments

Intact primary forest contains more species pet area than fragments (Laurance et al.
2002; Barlow et al. 2007) and is therefore irrepidde (Gibson et al. 2011), but as
deforestation rapidly goes on (Barraclough 2018)s iimportant to evaluate if secondary
forest fragments can be helpful for biodiversityservation (Barlow et al. 2007). Secondary
forest fragments and tree plantations could helpiadiversity conservation especially of
smaller taxa like arthropods (Turner & Corlett 1996ecause their coverage is rapidly
expanding and they could connect the limited ptett@reas (Barlow et al. 2007). They
therefore can enhance landscape connectivity, ey were found more vulnerable than
previously thought (Gibson et al. 2013). The cowvesgon value of secondary forest
fragments has rarely been addressed despite thalplity that in many regions biodiversity
conservation will heavily depend on them also fer maintenance of ecosystem services for

agricultural areas.

Study Design and Chapter Outline
Trap-nests were used to monitor the biodiversitgtmive-ground nesting solitary bees and

wasps and their natural enemies (Fig. 1a).

e ; i i’"‘ ot
a) B gy

Fig. 1a) Trap nest package with raincou®rinstalled trap nest packages at 10 and 20 m h

dights: Eva

Stangler
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Trap-nests are a valuable system to monitor nof abundance and biodiversity but also
trophic interactions (Tscharntke et al. 1998) draythave been used in a variety of studies to
evaluate habitat quality or the influences of laseé- (Tylianakis et al. 2005; Loyola and
Martins 2006; Steckel et al. 2014). Therefore #ystem is well suited to investigate the
differences between the strata in rainforests (Hj.as well as the effects of fragment size

and edge effects on their inhabitants.

Fig. 2 The study region with forest fragments in a matfia) ornamental plants) pastureg) pineapple

plantations and) banana plantations; Fotos: Eva Stangler

Bees and wasps, play important roles in ecosysterttibning. Bees are the most important
pollinators (Didham et al. 1996; Kremen et al. 20@5pecially for native plants in tropical
forests, where animal-mediated pollination is nfoeguent than in temperate regions (Bawa
1990; Ollerton et al. 2011). Wasps are known tanbgortant predators and parasitoids in
natural and agricultural habitats (Penagos andiaftib 1995; Klein et al. 2004). The higher
trophic levels, like predators and parasitoids, ampected to be more vulnerable to
environmental changes (Holt et al. 1999; Rand.€2@G12) and may act as keystone species in
ecosystems (La Salle 1993). Natural enemies playmgortant role as they can regulate

11
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population dynamics from the top by positive dgnslependent parasitism or predation
(Hassel and Wilson 1997; Berryman and Turchin 20@ljt knowledge on ecological
interactions between hosts and natural enemigsaatieularly scarce (Paniagua et al. 2009).
Sarapiqui, the study region, belongs to the “tralpicoist forest” according to the Holdrige's
life zone system (Holdridge 1967). Nowadays it igypical human-dominated tropical
landscape with primary and secondary forest fragsnen different sizes in a matrix of
pastures and plantations (pineapple, banana, omahmants; Fig. 2).

The study was conducted in small secondary foragirients in order to investigate if they
can sustain above-ground nesting solitary bees waasps. 12 differently sized forest
fragments were selected from 0.9 — 16.6 ha (see3fridn each of the fragments three trees
were selected along a transect line from foresea@ddorest center in order to measure edge
effects. To account for vertical stratificationagbrpackages (each with three trap-nests) were

installed at three heights at each tree, at 2 nm Zd 20 m (Fig. 4).

g
A

p Puerto Viejo de Sarapiqui
- L

&

Fig. 3 The study region: Sarapiqui, Heredia, Costa Rwth the differently sized forest fragments
(bordered with light green).
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Forest fragment

SR1om Transect line
L3 Tree 1 at the forest border
& 2m T Tree 2 at the intermediate distance

- Tree 3 at the forest center
Tree with trap nests oy

& Trap nest package

Fig. 4 Schematic study design with different sized forfesgments. At each fragment three trees were
selected along a transect line, tree 1 at the tfdresler (yellow cross), tree 2 at an intermediate
distance (light brown cross) and tree 3 at thestocenter (light green cross). At each tree, three

packages (each with three trap-nests) were indtati¢hree heights, at 2 m, 10 m and 20 m.

This dissertation concentrates on the effectsagfrfrentation (fragment size and edge effects)
on the biodiversity of above-ground nesting sojitages, wasps and their trophic interactions
with their natural enemies. The first chapter aitmscontribute to the understanding of
possible interactive effects of habitat fragmentatand microclimate on the abundance, the
mortality and parasitism rate of trap-nesting Hyomera. The second chapter concentrated
on the effects of habitat fragmentation on bee camties and their community parameters
at different strata, including single species pateThe last chapter asked if fragmentation
affected host and antagonist communities diffeyeatid if communities changed between
different strata.

13



Interactive effects of fragmentation and microcliena

Il Interactive effects of habitat fragmentation and microclimate on trap-
nesting Hymenoptera and their trophic interactionsin small secondary
rainforest remnants

This chapter has been published online: StangleHa8son P, Steffan-Dewenter | (2014)
Interactive effects of habitat fragmentation andnoglimate on trap-nesting Hymenoptera
and their trophic interactions in small secondaaynforest remnants. Biodiversity and

Conservation, 1-15.

Running title: Interactive effects of fragmentation and microcliena

Key words: area effects, edge effects, temperature, solib@gs and wasps, parasitism

rate, mortality rate

Abstract

The combined effects of habitat fragmentation didate change on biodiversity and biotic
interactions are poorly understood. In the contéxbngoing deforestation and agricultural
intensification in the tropics secondary rainforsagments might contribute to biodiversity
conservation and mitigation of climate warming. Slstudy investigated the interactive
effects of habitat fragmentation and microclimatettoe abundance and biotic interactions of
trap-nesting bees and wasps in secondary foreghéats in northwestern lowland of Costa
Rica.

Fragment size did not affect hymenopteran abundgrarasitism rates and mortality rates,
but all variables differed between edge and inteftaxations in the forest fragments.
Interactive effects between size and location m@ichigher mortality rates at interior
locations in larger fragments. Microclimatic diféeices at edge and interior locations lead to
significant effects on all tested response varmbkbundance at interior locations was
significantly rising with increasing temperaturdgortality rates at interior locations were
enhanced at lower mean temperatures, whereas highgyeratures at edges marginally
increased mortality rates. Our results indicatet thdge effects, mediated by altered
microclimatic conditions, significantly change bt interactions of trap-nesting

hymenopterans in small secondary fragments.
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Introduction

Different aspects of global environmental changeaeger species persistence, alter species
distributions and lead to changes in antagonisiit mutualistic interactions (Barlow et al.
2007), whereas logging of rainforests results md&capes consisting of patchily distributed
forest fragments in a matrix of pastures and ptanta (Vitousek et al. 1997; Tilman et al.
2001). Deforestation and resulting fragmentatioe aegarded as a major threat to
biodiversity (Davies et al. 2000; Fahrig 2003) daehabitat loss and edge effects and can
result in reduced species richness, populationirgeci(Donovan and Flather 2002), loss of
genetic diversity (Gibbs 2001) and disruption adptric interactions like predation and
parasitism in food webs (Turner 1996; Kruess anchasitke 2000; Laurance et al. 2002;
Klein et al. 2006). Moreover regional estimategxtinctions from deforestation are probably
worse than previously thought, because studiessoeggl extinction debts and assumed that
persisting forest was contiguous (Kuussaari 2@09; Hanski et al. 2013).

Not only fragmentation can affect insect commusitieut also climate change and related
shifts in microclimatic conditions. Species adaptedforest conditions living in constant
shade cannot adapt easily to higher temperatucksoarer air moisture in open habitats and
have not many options to escape from rising tentpera (Ruibal 1961; Deutsch et al. 2008).
This is especially true for lowland forest spectdsbees and wasps with narrow thermal
optima (van Berkum 1988; Deutsch et al. 2008). TEheation for them even becomes
harsher when they are additionally confronted withbitat loss and fragmentation
(Tewksbury et al. 2008). Until now only few studieave investigated the influences and
interactions of more than one threat (e. g. Gibsbal. 2013; Hill et al. 2006; Opdam and
Wascher 2004).

Solitary bees and wasps colonizing trap nests baea used as bio-indicators, because they
are sensitive to land use change and habitat fragtien (Tscharntke et al. 1998; Klein et al.
2006; Tylianakis et al. 2006). Bees and waspslififiportant tasks in ecosystem functions.
Bees are the most important pollinator group ohfgdgaDidham et al. 1996; Kremen et al.
2007) and wasps important predators and parasitwiills high economic and agricultural
relevance (Penagos and Williams 1995; Tylianakiale2005). Their variety of functional
niches makes insects and other invertebrates iaoidir the maintenance of vital ecosystem
processes (Didham et al. 1996). In studies conductgide neo-tropical native forest trap-
nesting bees are considered more sensitive toabdpstgmentation preferring continuous
forest and natural gaps, whereas wasps seemeaefer gmall forest remnants and cleared

areas (Morato and Campos 2000). Both groups depemkesting sites (Potts et al. 2005),
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materials for nest constructions (Taki et al. 20868) pollen or arthropod food resources
(Tscharntke et al. 1998). The nesting frequenciesrap-nesting Hymenoptera are also
known to respond to climate factors like tempemtprecipitation, humidity or sun-exposure
(Thiele 2005).
Information on biodiversity of Hymenoptera is s@nc tropical rainforests, but there is even
less knowledge on species interactions (Godfray. €t999). Trap nests are a valuable system
to obtain information on biodiversity and abundarimé also on community parameters such
as mortality rate and parasitism rates (Tscharetkal. 1998). Higher trophic levels, as in
parasitoids, are more affected by drivers like alienwarming or habitat modification
(Thomson et al. 2001; Valladares et al. 2006; Fkoogt al. 2012), due to a higher
susceptibility of interactions to phenological daedyronisation and host population dynamics
(Suttle et al. 2007). There is much uncertaintyusittbe combined effects of climate change
with resulting microclimatic changes and habitaigfnentation on tropical forest organisms
and their trophic interactions (Laurance et al.12)1Gonzalez-Varo et al. 2013; Wimp et al.
2011).
Secondary forest fragments and tree plantationsbeaof great importance for biodiversity
(Turner and Corlett 1996), as their coverage isdigpexpanding and protected areas are
limited (Barlow et al. 2007). They can enhance $maghe connectivity, but they are much
more vulnerable than previously thought (Gibsoralet2013). There is a lack of tropical
studies inside the forest, as most studies invegtijinfluences of tropical forests in adjacent
agro-ecosystems (Klein et al. 2002; Klein et aD&0or along land-use gradients (Tylianakis
et al. 2005; Tylianakis et al. 2006). There ararlyeno reference studies conducted in
tropical forest, such as in a dry forest in CosizaRFrankie et al. 1988) or in forest remnants
in Brazil (Morato and Campos 2000). The conservatialue of secondary forest fragments
has been rarely addressed although in many regiolysthese will remain for biodiversity
conservation and maintenance of ecosystem seifdceagricultural areas.
In conclusion, there is a lack of studies invegiigathe possible interactive effects of habitat
fragmentation and climate change on solitary hym&rans and their trophic interactions in
tropical secondary forest fragments. Therefore weessed the abundance and trophic
interactions of trap-nesters at three locationglifferently sized secondary forest in the
Sarapiqui region in Costa Rica to answer the falgwjuestions:

1) Does the abundance of solitary bees and wasps diife interactive effects of size,

location and temperature?
2) How do parasitism- and mortality rates change viiigment size, location and

temperature?
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3) What is the conservation value of secondary fofesgments for above-ground

nesting Hymenoptera?

Material and Methods

Study region and study sites

This study was carried out during a 12 month pehetiveen February 2011 and February
2012 in the Sarapiqui region in Heredia provincest& Rica in the vicinity of La Virgen.
The average annual temperature was 25.3°C withvarage annual precipitation of 3777
mm. According to the Holdridge life zone systemrapégui belongs to the zone “tropical
moist forest” (Holdridge 1967). The landscape nyostinsists of forest remnants, pastures
for cattle and farmland producing pineapple, ornatadeplants and banana. In a region of ca
30 x 40 km, twelve differently sized forest fragrteefaverage: 5.4 ha + 4.86; range: 0.9 —
16.62 ha) with at least 2 km of distance betweearh edher and a similar amount of forest
(ap. 30%) in a 2 km circle were selected. The toigments consisted of secondary forest

with no recent management activities and were éathetween 49 and 413 m asl.

Study design and sampling

In each of the 12 study sites 27 trap nests wexeepl Three trees were selected on a transect
line, one tree in the forest center, one in anrinégliate distance and the last one at the forest
edge. A package of three trap nests were instatledery of the three heights (2 m, 10 m, 20
m) on each tree. In total 324 trap nests were aamdlyTrap nests consisted of a PVC tube
filled with different diameters of about 120 reedernodeshragmites australis) cut to 20

cm length (Tscharntke et al. 1998). At every tred@m one temperature logger (iButton
DS1921G-F5) was installed to measure the temperauery hour for the total sampling
period. The mean temperature per tree was caldulatestatistical analyses.

Occupied internodes, which were closed by soillantpmaterials indicating completed nest
construction (Krombein 1967), were replaced duremular inspections (1 - 2 months).
Occupied internodes were opened in the lab, nests dentified, brood cells were counted
and parasitized cells and dead cells were notezhimulate parasitism and mortality rates.
Then nests were put in pieces of transparent plagie and closed with cotton on both sides.
When the adults emerged, they were killed for latkentification. All wasps, bees and

parasitoids were identified to genus level.
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Statistics

For every response variable (number of brood celigttality rate, parasitism rate) linear
mixed effects models containing all interactionsiaé and tree location were calculated with
the statistical program R (R Development Core T&S8rR 3.0.3). All models contained the
random terms “fragment” and “height” to account fbe nested design. The model, which
explained most of the variance, was chosen acaptirthe lowest AIC. A correction term
for overdispersion was included in all final models

As the response variable “number of brood cellshsists of count data, a poisson
distribution was used. In the case of the parasid mortality rate linear models with
binomial distribution were used (Crawley 2002).

We did not separate the data into functional grodige bees and wasps, as we were
interested into the trap-nesting community respensB®wever the separate analyses can be

found in the supplementary material.

Results

1. Bees, wasps and natural enemies

During 12 months 22101 brood cells were construdigdsolitary bees and wasps. The
community consisted of 38 hymenopteran genera dsingrseven nonparasitic and two
parasitic bee genera and 15 nonparasitic and B&igarwasp genera (Table 1). The majority
of brood cells (89.3%) were constructed by wasgsreas only 10.7% were constructed by
bees. In total 3714 cells were attacked by natmaimies, and of these, 332 were bee cells
(8.9%) and 3382 were wasp cells (91.1%). In to#BM@cells died of other causes, and of
these, 459 were bee cells (13.1%) and 3025 werp eals (86.9%).

2. Fragments and microclimate

We tested the effects of size and tree locationtlen mean temperature. Mean site
temperature did not vary with size (p = 0.654), Wth tree location. At the inner trees, we
found a significantly lower temperature (tree 2 ©.001, tree 3: p < 0.001) compared to

trees at the edge.
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Tab. 1 Number of brood cells per location (tree 1 at thee$t border, tree 2 at intermediate distance and

tree 3 in the forest center) of all genera or morppecies.

species treel |tree2 |[tree 3 species treel| tree2| tree 3
Anthophoridae Eumenidae
Centris labrosa 120 311 206 Montezumia 14 0 2
Centris analis 148 57 43 Pachodynerus 40 50 105
Aglaomelissa duckei 1 5 26 Zethus 18 40 75
Megachilidae Chalcidoidae
Megachile sp.1 27 0 9 Brachymeria sp. 1 0 3
Megachile sp.2 4 7 67 Leucospis sp. 1 15 23
Megachile sp.3 0 Melittobia 179 48 40
Megachile sp.4 0 Perilampidae sp. 1 1 1 0
Duckeanthidium thielei 0 0 Chrysididae
Anthodioctes gualanense 23 0 31 Caenochrysis 133 35 57
Coelioxys sp.1 3 11 27 Chrysis 5 0 4
Coelioxys sp.2 0 0 1 Exochrysis 22 22 33
Coelioxys sp.3 1 0 0 Ipsiura 1
Coelioxys sp.4 0 0 1 Neochrysis 15
Coelioxys sp.5 0 0 2 Pleurochrysis 2 1 10
Colletidae Ichneumonidae
Hylaeus sp.1 20 9 89 Ichneumonidae sp. 1 1 0 0
Apidae Ichneumonidae sp. 2 0 6 2
Tetrapedia maura 107 4 17 Ichneumonidae sp. 3 2 1 2
Sphecidae Ichneumonidae sp. 4 2 0 0
Ampulex 2 6 8 Ichneumonidae sp. 5 1 0 0
Liris 3 47 78 Mutillidae
Nitela 2 9 13 Spaeropthalmina 18 16 9
Penepodium 1 0 0 Coleoptera
Pison 53 121 145 Tetraonyx sexguttata 12 7
Podium 442 549 852 Dermestidae 16
Trigonopsis 1 0 4 Nitidulidae 0 0
Trypoxylon 6493 | 3185| 4000 Diptera
Pompilidae Anthrax 15 5 11
Ageniella 2 0 0 Dolichopodidae 550 575 680
Auplopus 650 237 588 Sarcophagidae 37 9 13
Dipogon 3 0 4 Arachnida
Priocnemella 49 28 35 Acari 28 13 9

Lepidoptera

Lepidoptera 14 5 9

19




Interactive effects of fragmentation and microcliena

3. Fragment size, tree location and temperature eftts on abundances

Against our expectations size alone had no inflaemt the abundance of bees and wasps (p
= 0.25). However, size did influence the numberbadod cells in interaction with tree
location (tree 2: p < 0.001, Fig. 1 a, Table 2).

At the intermediate tree, the abundance was sggmifly lower in larger fragments compared
to smaller ones, whereas at the forest centerl@éddge abundance slightly rose with larger
fragment sizes. Further, independent of fragmezd, shner trees showed a lower abundance
of hymenopterans (tree 2: p = 0.0132, tree 3: p0842) compared to the forest edge with a
higher abundance.

A rise in temperature negatively affected the alamed of trap nesting hymenopterans (p <
0.001), however, the influence of temperature aspended on tree location. The high
abundance at the edge was negatively affected Wgngperature rise, whereas higher
temperatures at the inner trees lead to similatigintly higher abundances (tree 2: p = 0.014,
tree 3: p = 0.005, Fig. 1 b).
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Fig. 1 Effects ofa) the interaction between size and location respelgtb) temperature and location on
the abundance of trap-nesting hymenopterans (totatree 1 at the forest border, tree 2 at

intermediate distance and tree 3 in the forestecgnt
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Tab. 2 Results of generalized linear mixed effects modelating hymenopteran abundance, mortality

rate and parasitism rate to the explanatory vagglilagment size, location (tree 1 at the forest

border, tree 2 at intermediate distance and trieetl3e forest center) and temperature respectively

their interactions. Results of final models arevaho

Explanatory variables z-value p-value
Abundance size 1.163 0.244945
tree 2 -2.475 0.013331 *
tree 3 -2.845 0.004439 **
temperature -3.439 0.000585 ***
size*tree 2 -4.64 3.48e-06 ***
size*tree 3 -0.364 0.716166
tree 2*temperature 2.464 0.013736 *
tree 3*temperature 2.774 0.005535 **
Mortality rate size -0.87 0.38408
tree 2 2.126 0.03351 *
tree 3 1.993 0.04629 *
temperature 0.754 0.45097
size*tree 2 2.95 0.00318 **
size*tree 3 2.625 0.00867 **
tree 2*temperature -2.249 0.02450 *
tree 3*temperature -2.099 0.03582 *
Parasitism rate size -0.393 0.694632
tree 2 3.354 0.000796 ***
tree 3 0.213 0.8312
temperature -1.153 0.248861
size*tree 2 -3.117 0.001827 **
size*tree 3 -0.477 0.63337
tree 2*temperature -3.37 0.000751 ***
tree 3*temperature -0.248 0.803816
size*temperature 0.385 0.700339
tree2*size*temperature 3.113 0.001854 **
tree3*size*temperature 0.508 0.61126

4. Fragment size, tree location and temperature eftts on mortality rates

Fragment size alone had no influence on mortalitg (Table 2). But interestingly larger

fragments had higher mortality rates inside thesgor(tree 2: p = 0.00317, tree 3: p =

0.00868, Fig. 2 a)) compared to the forest bortlee. mortality rates responded differently at

edge and center locations. The negative slopeeofbrtality rates at both inner locations
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(tree 2 * temperature: p = 0.025, tree 3 * tempemtp = 0.036) with increasing temperature

was significantly different from the slightly pase increase at edge trees (Fig. 2 b).
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Fig. 2 Effects ofa) the interaction between size and location respelgtb) temperature and location on
the mortality rate of trap-nesting hymenopteramgdtion: tree 1 at the forest border, tree 2 at

intermediate distance and tree 3 in the forestecgnt

5. Fragment size, tree location and temperature eftts on parasitism rates

Parasitism rates varied between 2% and 28% andndidincrease with fragment size.
However the parasitism rates depended on treeidocaince parasitism was higher at
intermediate locations compared to the forest eaigecenter (tree 2: p < 0.001, Table 2).
Moreover, we found that temperature affects pasasitates differently at the tree locations.
At the edge and the center the parasitism rateg wet influenced by temperature, but
increasing temperatures lead to lower parasitisimt@tmediate trees. (Fig. 3).

We additionally found interactive effects of sigation and temperature on parasitism rates
(Fig.4). Temperature is not influencing the resgooisthe parasitism rates to size at the edge
and the forest center, but at the intermediate(ppee0.002). There, temperature changed the
response direction of the parasitism rates to feagnsizes. With increasing fragment sizes
parasitism rates decreased with temperatures idothier or middle range, but increased

strongly with higher temperatures.
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Fig. 3 Effects of temperature and location on the pamasitiate of trap-nesting hymenopterans (location:

tree 1 at the forest border, tree 2 at intermediestiance and tree 3 in the forest center).
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Discussion

1. Bees, wasps and natural enemies

In this study the abundance and diversity of waspsmall secondary forest remnants was
much higher when compared to bees. Former studigisei Central Amazon and Northern
Brazil (Morato and Campos 2000; Batista Matos eP@lL3) also found a higher abundance
of wasp compared to bees. Bees seem to be morerabla to habitat fragmentation because
they were more often found in continuous forestd aatural gaps, whereas wasps were
found more often found in small forest remnants atehred areas (Morato and Campos
2000).

2. Fragments and microclimate

Temperatures were lower inside the forest when eoetpto the forest border and fragment
size had no influence on the temperature.

Tree locations are partly characterized by tempegatlifferences, making it difficult to
strictly separate edge- and temperature effects.oBier factors also characterize edge and
center locations, such as light conditions, humjditind speed and interactions with other
organisms (Ewers et al. 2007; Ewers et al. 2008)est borders frequently have reduced
humidity, increased light and greater temperatamgability (Saunders et al. 1991; Laurance
and Williamson 2001; Hunter 2002). But since terapge explained much of the variety in
the models, we decided to include this importaatadia

3. Fragment size, tree location and temperature eftts on abundances

Size did not have a significant influence on thenbgopteran abundance. Some studies
demonstrate that habitat loss leads to a lossoiv@rsity (Debinski and Holt 2000), whereas
patterns for abundance-area relationships are waor@ble (Connor et al. 2000). It could well
be that more specialized and strict forest spdwws disappeared and have been replaced by
species that profit from habitat edges (Connod.e2@00; Laurance et al. 2002; Ewers et al.
2009). Species with small area requirements, wtatdrate matrix and edge habitats are the
least vulnerable (Offerman et al. 1995; Gasconl.et999), whereas forest-specialized bees
and wasps are quite sensitive to environmentalggm(Batista Matos et al. 2013). Therefore
small secondary forest remnants may already sfrffer a reduction of forest specialists. For
example the vast majority (ap. 50%) of wasps ard@fgenudrypoxylon, a genus known to
occupy trap nests in more open areas with lower ¢tiecumference (Morato and Campos
2000; Tylianakis et al. 2005) and nearly all bekthe genu<Lentris (see Table 1). With a
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higher percentage of habitat generalists spectesaictions may already have changed and
could have led to a lack of pollination and higlmerbivory rates through changes in the
relative abundance of predation and parasitismoad fwebs (Klein et al. 2006). Further
studies, which investigate the threshold of minintabitat for containing a rich
hymenopteran fauna are needed.

The abundance of bees and wasps was higher adte a@mpared to the forest interior,
because they get access to complementary resdikeesesting materials or nutrients (Ries
and Sisk 2004) and probably profit from the higligint availability and the resulting greater
cover of understory plants at the edge (Fye 1911#. higher hymenopteran abundance at the
edge supports the theory that species composihoour fragments shifted in favor of
disturbance-adapted species. The higher humiditly lawer temperatures inside the forest
can negatively influence the activity of bees anasps because of their low ability of
thermoregulation (Loyola and Martins 2006).

Temperature was included in our analysis in ordemvestigate the combined effects of
habitat fragmentation and climate change. Higheperatures resulted in lower abundances,
which may give cause for concern, that solitarysbaed wasps will not only get harmed by
habitat loss and fragmentation, but also by risergperatures.

The influence of rising temperatures depended entribe location. At the edge, where we
found the highest abundance, rising temperaturdsahlaighly negative impact on bees and
wasps. Higher mean temperatures are correlateidghetfluctuations of temperatures at sites
with direct sun exposure, with temperature extreatgsve 40 degrees and more intensive
radiation (Murcia 1995). More thermo-sensitive lza®l wasps species presumably cannot
compensate further such steep temperature fluohstiFye 1972). However higher
temperatures inside the forest led to a higherdmngeactivity of bees and wasps, presumably
because bees and wasps try to avoid the high temopes at the edge and nest inside the
forest. At least for wasps it is known, that thegpond highly to relative humidity, which is
connected to temperature (Batista Matos et al. 2013

With the highest abundance at the edge in smalbrekry fragments, a continued
temperature rise will negatively influence traptimes bees and wasps in high temperature
tropical lowland habitats, but it is not known tdieh extent even hymenopterans adapted to

disturbed conditions can compensate for projediethte warming (Buckley et al. 2013).

4. Fragment size, tree location and temperature edtts on mortality rates
In addition to changes in abundance, changes immibrality rate due to fragmentation or

temperature effects could affect the persistendeapfnesting hymenopterans in a changing
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environment. Our study showed, that within the eaof our fragment sizes, there was no
influence of size on the mortality rate.

The higher mortality rate at both inner trees ngéa fragments and the lower mortality rate at
the inner trees with higher temperatures could gbbbbe explained through the fact that
small fragments are more likely to be inhabiteddisturbance adapted habitat generalists
(Laurance et al. 2002). We found a high abundandbeaedge, where species prefer dry
conditions with more sunlight and are less adapgeltumid and shady conditions, typically
found in the center of larger fragments. They tfeeeerespond with higher mortality rates,
for example because of mold infestation (persobakovation) and because hymenopterans
are known to be sensitive to light and humidity doieheir low ability for thermoregulation
(Loyola and Martins 2006).

5. Fragment size, tree location and temperature eftts on parasitism rates

Higher trophic levels, like parasitoids, experiefragmentation more severe than their hosts
(Nouhuys 2005; Pimm and Lawton 1977; Ries and 3804; Tscharntke et al. 2005) and
interactions may be more susceptible due to theirsifivity, for example to species
abundances (Rand et al. 2006). Nevertheless tilseee lack of studies investigating the
combined effects of fragmentation and temperatargigher trophic levels and multi-trophic
interactions (Wimp et al. 2011) in secondary raieéd fragments. With higher host
abundances at edges, one could expect that thsitigmarate rises at the forest border. But
curiously, parasitism rates were highest at thermédiate trees and highly variable when
comparing the range of rates to edge and centethé&question is why parasitoids cannot
exploit the greater host abundance at the edgdfaBlsotheir high trophic position and their
high specialization, e.g. their narrower niche, theereason for their vulnerability and higher
habitat requirements (Holt et al. 1999). This cooédone reason for the edge preference of
hosts as they find a lower risk of being paraditizkittle is known about parasitoids in
general and less in tropical rain forests, bubtld well be, that they are less adaptable to the
steeper temperature and humidity fluctuations meiareéhe forest edge. Field data support
this suggestion as parasitoids seem to be moréigerise climatic variability than their hosts
(Thomson and Hoffmann 2009) and are less abledpedse (Cornell and Hawkins 1993).
But obviously one would then expect that paras#tgmlefer the conditions in the forest
center. The only reasonable explanation for a migheasitism rate at intermediate distances
could be that parasitoids try to follow the hostiratance to the forest border, but are not able
to survive the climatic conditions there. The bestpromise between climatic conditions

and host abundance would then be the intermedstnde.
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This is further confirmed by our finding that aistintermediate location a rise in temperature
did significantly lower the parasitism rate, presinohy since parasitoids respond negatively to
higher temperatures (Thomson et al. 2001). Thikepatlepended however on fragment size,
as the parasitism rate was lower at the intermediates in larger fragments compared to
smaller ones. It was expected, that the parasitei® drops in smaller instead of larger
fragments (Valladares et al. 2006). But this deswetakes only place at the intermediate
location, so that a probable explanation would thet larger fragments support a higher
percentage of specialized species in the centasel'bpecies do not shift to the intermediate
locations with more disturbed conditions, so the parasitism rate in larger fragments is
lower at the intermediate location compared tostin@ller ones.

Parasitoids probably respond to smaller habit&t sto a certain critical threshold as shown
by a variety of studies (Nouhuys 2005; Pimm and tioami977; Tscharntke et al. 2005). But

apparently in our size range, this is no longee,trperhaps because most of the higher
specialized parasitoids have already gone ext8inote the results of our study are unable to
document this possibility, this would be an intéires topic for future studies, because

trophic interactions such as parasitism that ineohegative feedbacks, are especially
important due to their strong linkage to biodiversproductivity and stability of ecosystems

(Worm and Duffy 2003). Our results are quite wargyi because they imply that the

community structure of hymenopterans is alreadyhliigiltered and ecosystem functions
could be harmed. This at least questions the ceasen value of small secondary forest

fragments alone for forest species of trap-nestmygnenopterans. For conservation a
landscape-wide plan with key areas of undisturlmedsts, high habitat heterogeneity and a
permeable landscape (Opdam and Wascher, 200418Bit&tos et al. 2013) will probably be

more valuable than the sole presence of smalltfin@gments.
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Tab. 3 Interactive effects of fragment size, tree loaatfree 1 at the forest border, tree 2 at interatedi

distanceand tree 3 in the forest center) and tesityrer on the abundance, mortality and parasitism

rates of bees vs. wasps.

Bees Wasps
Explanatory )
variables z-value |p-value Explanatory variables | z-value p-value
Abundance |size -3.197 0.00139 ** size 1.366 0.172067
tree 2 -0.8 0.42388 tree 2 -2.048 0.040555 *
tree 3 -0.674 0.50052 tree 3 -2.637 0.008353 **
temperature -1.99 0.04657 * temperature -3.691 0.000224 ***
size*tree 2 1.999 0.04564 * size*tree 2 -5.409 6.32e-08 ***
size*tree 3 2.184 0.02896 * size*tree 3 -0.499 0.618084
size*temperature | 3.196 0.00139 ** tree 2*temperature 2.046 0.040786 *
tree 3*temperature 2.559 0.010495 *
Mortality rate | size 1.63 0.103 tree 2 -1.978 0.0479 *
tree 3 -1.582 0.1136
Parasitism
rate temperature -1.566 0.117 temperature -1.588 0.112
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[l Vertical diversity patterns and biotic interact ions of trap-nesting bees

along a fragmentation gradient of small secondaryainforest remnants

This chapter has been submitted to Apidologie gendber ES, Hanson P, Steffan-Dewenter
I: Vertical diversity patterns and biotic interaxts of trap-nesting bees along a fragmentation

gradient of small secondary rainforest remnants.

Running title: Fragmentation effects on bees

Key words: fragmentation effects, parasitism rate, mortalityte, secondary forest
fragments, vertical stratification
Abstract
Secondary rainforest remnants might contributeiadibersity conservation and preservation
of healthy interspecific interactions with ongoifrggmentation. We studied the vertical
distribution of trap-nesting bees along a fragmemmagradient of secondary forest remnants
in Costa Rica. No size effects on abundance, dtyeasid parasitism- and mortality rates
were found. Bees were more abundant in the canopytl@e understory compared to an
intermediate height and bee diversity was highethencanopy. Edge effects did not affect
abundance, but bee diversity since most specidésrprd the forest interior. The cuckoo bees
Aglaomelissa duckei and Coelioxys sp. 1 only partly followed their hosts” pattertspo
Centris species. Edge effects affected the bee commusatihat increasing edge habitat will

influence the conservation value of secondary fdragments.
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Introduction

Global environmental change threatens biodiversipgcies persistence and distributions as
well as antagonistic and mutualistic interactioBar{ow et al. 2007). In the tropics ongoing
deforestation results in a mosaic of forest fragmedistributed between pastures and
plantations (Vitousek et al. 1997; Tilman et alO2p Habitat fragmentation is a major threat
to biodiversity (Davies et al. 2000; Fahrig 2008)itdeads to declines in species richness and
populations (Donovan and Flather 2002), loss ofegiendiversity (Gibbs 2001) and to
disruption of trophic interactions, e.g. predatsord parasitism. On the other hand, secondary
forest fragments can be valuable for biodiversityrer and Corlett 1996), since their
coverage is expanding while that of continuous primforest habitat is limited, and they
enhance landscape connectivity (Barlow et al. 2007)

In tropical rainforests arthropods have been shtovibe equally or more diverse in the
canopy than in the understory (Erwin 1982; Storkd @rimbacher 2006), but canopy
diversity, especially their community patterns, anmederstudied (Kays and Allen 2001;
Ulyshen et al. 2010). Some studies have foundcadritratification of bees with respect to
flight height and floral resource use (Frankie &@ulille 1979; Roubik et al. 1982; Bawa
1990; Ramalho 2004; Ulyshen et al. 2010), wherehasre have not (Roubik 1993). Many
trap-nesting bees in tropical rainforests preferdhnopy, at least in primary forest and large
fragments (Morato and Campos 2000; Thiele 2003yé¥er, studies along a fragmentation
gradient of small secondary forest remnants ailarigc

Most studies investigating whole communities optreesting bees with large sample sizes in
tropical countries have been done in agro-ecosystemlong land-use gradients (Klein et al.
2002; Tylianakis et al. 2005; Klein et al. 2006)t lew studies have investigated the trap
nesting bee communities in tropical forests (Mom@td Campos 2000; Morato 2001; Thiele
2003; Loyola and Martins 2006; Loyola and Martiid 2). None of the studies investigated
a fragmentation gradient of secondary forest rensjanhich is important due to their
potential for conservation and maintenance of estesy services for agricultural areas (Klein
et al. 2003; Brosi et al. 2007a).

Bees are the most important group of pollinatorglifdm et al. 1996), especially for native
plants in tropical forests, where animal-mediatedligation is more frequent than in
temperate regions (Bawa 1990; Ollerton et al. 20Ttap-nesting bees inhabiting native
forest are considered sensitive to habitat fragatemt (Morato and Campos 2000) since they
depend on nesting sites (Potts et al. 2005), naddefior nest construction (Taki et al. 2008)

and food resources (Tscharntke et al. 1998). Tiseless knowledge of species interactions
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(Godfray et al. 1999) especially in the canopy.plrests are well suited for gaining
information on biodiversity, abundance and commumpiarameters such as mortality and
parasitism rates (Tscharntke et al. 1998). Highephic levels are more affected by habitat
modification (Valladares et al. 2006; Fenoglio e2812) because their interactions are more
sensitive to phenology, behavior, physiology andnalances of multiple species (Suttle et al.
2007; Tylianakis et al. 2007).

This study investigated the vertical distributiohb@e communities, single species patterns
and community parameters along a fragmentationigmadf small secondary forests in the
Sarapiqui region in Costa Rica. We hypothesizetlltiiger fragments would sustain a more
species rich and abundant bee community, with higheasitism - and lower mortality rates.
We expected a higher abundance and species dywerdite canopy and at the forest edge,
although individual species may respond differentliie assumed that mortality rates would
be lower in the forest center compared to the exdgethat the rate would not respond to
different heights, because this would be specipem#ent. Concerning the parasitism rate of
Centris species and their cuckoo bees, we expected, tbptoparasites would be more

affected by fragmentation.

Material and Methods

Study region and study sites

This study was conducted in lowland rainforest rfinegts in the Sarapiqui region in
northeastern Costa Rica during a one year pergteen February 2011 and February 2012.
Twelve differently sized secondary forest fragme(@s9 — 16.62 ha) with no recent
management activities with at least 2 km distanegvben each and a similar amount of
forest (ap. 30%) in a 2 km circle were selectece Sitwrounding landscape consisted of forest
remnants, pastures for cattle and farmland produgmeapple, ornamental plants and

banana.

Study design

In each of the 12 fragments three trees were selamibng a transect line, one tree in the
forest center, one in an intermediate distancetl@dast one at the forest edge. At each tree
three packages of three trap nests were placéuest heights (2 m, 10 m, 20 m), amounting
to 27 trap nests per fragment. Trap nests consistead PVC tube filled with different
diameters of about 120 reed internodé¥régmites australis) cut to 20 cm length
(Tscharntke et al. 1998).
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During regular inspections (1 - 2 months) completedts, recognized by closures of soil or
plant materials (Krombein 1967), were collected sefulaced by empty internodes of similar
diameters. In the lab nests were opened and igshtib morpho-species; living, dead and
parasitized cells were counted in order to caleutatmber of brood cells and the mortality-
and parasitism rates. The nests were then placegieaes of transparent plastic tube and
closed with cotton at both ends. After emergendalta were killed for later identification to

species or morpho-species level.

Statistics

The Shannon-Index and the ICE estimator were catledlwith the Software Estimate S (Vs.
Win 910, 2014).

For the variables (1) number of brood cells, (2)japdism rate, (3) mortality rate, (4) raw
species richness, (5) mean ICE and (6) Shannonkinge calculated linear mixed effects
models containing all interactions of size, locatand height with the statistical program R
(R Development Core Team VS R 3.0.3). The numbdirobd cells was analyzed with a
poisson model, whereas the mortality- and parasitistes were analyzed with a binomial
model and the species diversity measures with asigu model (Crawley 2002). To account
for the nested design the random term “fragment’s wacluded. Where necessary an
overdispersion correction term was included infiha models.

Size effects on the variables (1) species richpes$ragment, (2) percentage @éntris cells

of all brood cells and (3) percentage parasitism fpggment were analyzed with linear
models. The same procedure was chosen to anakyzedferences of individual species with
sufficient sample size with respect to size, laratnd height. The best models were chosen
according to the lowest AIC (Burnham and Anderso2).

Results

We found a total of 2340 brood cells of 16 diffarbae species, comprising ten non-parasitic
and six parasitic bee species. Fragment size d&adeno impact on the response variables
(Tab I, Tab Il). Location (tree 1 at the forest ediyee 2 at an intermediate distance, tree 3 at
the forest center) and height (2, 10 and 20 m) &igdificant effects on the response

variables.
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Tab. 1 Effects of fragment size, tree location and he@hbee abundance, parasitism- and mortality rates
(*: p<0.05, *: p <0.01; ***: p <0.001)

response variable | explanatory variable z-value p-value
abundance size \ \
height 10 -4.019 5.86e-05 ***
height 20 -1.109 0.2673
tree 2 \ \
tree 3 \ \
height 10*size 0.907 0.3643
height 20*size -1.944 0.0519
parasitism rate size \ \
height 10 -1.923 0.0545
height 20 -1.957 0.0503
tree 2 -0.896 0.3702
tree 3 1.192 0.2331
mortality rate size 1.81 0.0703
height 10 -1.854 0.0637
height 20 -2.499 0.0124 *
tree 2 \ \
tree 3 \ \
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Tab. 2 Effects of fragment size, tree location and hemhtspecies richness, ICE and Shannon diversity
index (*: p < 0.05, **: p < 0.01; ***: p < 0.001)

response variable explanatory variable t-value p-value
Species richness size \ \
height 10 -4.752 3.08e-06 ***
height 20 -3.643 0.000315 ***
tree 2 0.079 0.936923
tree 3 2.218 0.027299 *
ICE size -0.37 0.718802
height 10 10.433 < 2e-16 ***
height 20 13.494 < 2e-16 ***
tree 2 541 1.29e-07 ***
tree 3 8.989 < 2e-16 ***
height 10 * size -2.354 0.019240 *
height 20 * size -4.153 4.28e-05 ***
height 10 * tree 2 -3.194 0.001551 **
height 20 * tree 2 -3.656 0.000302 ***
height 10 * tree 3 -5.259 2.76e-07 ***
height 20 * tree 3 -5.908 9.40e-09 ***
size * tree 2 -1.232 0.218835
size * tree 3 -2.18 0.030071 *
Shannon Index size -1.451 0.176625
height 10 12.075 < 2e-16 ***
height 20 19.559 < 2e-16 ***
tree 2 2.489 0.013344 *
tree 3 7.044 1.24e-11 ***
height 10 * size -2.326 0.020697 *
height 20 * size -4.307 2.23e-05 ***

1. Fragment size effects on species diversity, pentage ofCentris and parasitism rate
Fragment size did not influence species diversalgudated per fragment (species richness: p
=0.112; ICE: p = 0.256; Shannon: p = 0.09). The@atage of the most abundant genus and
the parasitism rates calculated per fragment didegpond to fragment size (@entris. p =
0.25037; parasitism rate: p = 0.835090).

2. Vertical distribution of bee abundance and divesity patterns
Bee abundance was significantly lower at 10 m cosgb#o other heights (p < 0.001, Fig. 1).
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Fig. 1 Vertical distribution of bee abundance (***: p <001, height in m)
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Fig. 2 Vertical distribution of species diversity witt) the estimator ICE anbl) Shannon diversity index

(***: p < 0.001, height in m)
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Species richness was lower at 10 and 20 m heigkt Q01, Tab. Il), whereas ICE and
Shannon index indicated a higher species diveasiy0 and 20 m (ICE: p < 0.001, Shannon:
p < 0.001, Fig.2). We found a significantly lowegresies diversity at 10 and 20 m in larger
compared to smaller fragments (ICE: 10 m: p < 0dlbm: p < 0.001; Shannon: 10 m: p <
0.05, 20 m: p < 0.001). With ICE, diversity wasimstted to be lower at heights of 10 m and
20 m on both inner trees (see Tab. I, p < 0.0Lfbm at the intermediate distance, p < 0.001

for 20 m at the intermediate tree and 10 and 2@ighh for the inner tree).
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Fig. 3 Vertical distribution of the abundance of indivedispecies (***: p < 0.001, **: p < 0.01, *: p <
0.05, height in m).

Overall species diversity was higher in the canobyt individual species responded

differently (Fig. 3).C. labrosa preferred the forest understory at 2 m for nestmeg 0.001),
andC. analis followed the general abundance pattern, preferzimy 20 m (p < 0.01). The
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two parasitic specie8glaomelissa duckei andCoelioxys sp. 1 followed the patterns of their
hostsC. labrosa andC. analis and preferred to attack nests at 2Anduckei: p < 0.05,C.
sp.1: p < 0.01). In contraBlylaeus sp. 1 was a canopy nester (p < 0.05) and did nugtoaect

a single nest at 2 m, which was also the caséAftinodioctes gualanense (p = 0.0552).
Worth noting isDuckeanthidium thielei, which was found for the second time in Costa Rica
near the original locality La Selva, in the cangpw 1.2 ha forest fragment. This species was

described in 2002 (Michener 2002) and is only kndnem these two localities.

3. Edge effects on bee abundance and diversity paths

The different tree locations did not affect ovelaske abundance (Tab. 1), but species diversity
was higher in the forest center compared to thestoedge. All three diversity variables (raw

species diversity, ICE and Shannon index) respopdadively to the forest center (species

richness: p < 0.05, ICE: p < 0.001, Shannon: p09D. Fig.4). ICE and Shannon estimated

species diversity to be higher at the intermedisge (ICE: p < 0.001, Shannon: p < 0.05).

However larger fragment sizes resulted in a lovz# &t the forest center (p < 0.05, Tab. I).
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Fig. 4 Edge effects on species diversity wéththe estimator ICE anbl) Shannon diversity inde§**: p
< 0.001, * p < 0.05; tree 1 at the forest bordere 2 at intermediate distance and tree 3 in the

forest center)
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Most species preferred forest conditions, but idigl species responded differently. We
found, thatMegachile sp. 2 (p < 0.05)Hylaeus sp. 1 (p < 0.05)Centris labrosa (p < 0.05)
and their cleptoparasitesglaomelissa duckel (p < 0.01) andCoelioxys sp.1 (p < 0.05)

preferred the forest interior for nesting (Fig. Wherea<C. analis (p < 0.05) andletrapedia

maura (p < 0.01) preferred edge conditions.
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4. Effects of fragment size, tree location and helg on the mortality and parasitism rate
Mortality rates did not change significantly witragment size, but tended to increase in
larger fragments (p = 0.0703). However height digantly affected mortality rates, being
highest in the understory and lowering with heighightly non-significant for 10 m (p =
0.0637), but significant for 20 m (p = 0.0124, &Y.
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Fig. 6 a)Mortality rate in relation to different heights, (B0 20 m),
b) Parasitism rate ofentris and their cuckoo bees in relation to differentalians in the forest
(tree 1 at the forest border, tree 2 at intermeditance and tree 3 in the forest center; *: p <
0.05)

Parasitism rates were not significantly relatedtfagment size and location, but tended to be
lower at 10 and 20 m height (Tab. I). As shownim B b), the parasitism rates of the cuckoo
beesAglaomelissa duckel andCoelioxys sp. 1 on bottCentris species was higher in the forest

center than at the edge (p < 0.05).
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Discussion

1. Fragment size effects on species diversity, pergdage ofCentris and parasitism rate
Contrary to our expectations fragment size didimiiience bee diversity. Previous studies in
tropical systems relating bee diversity to sizeehewealed variable results, some showing an
increase in diversity with size (Chacoff and AiZ005; Brosi 2009; Meneses Calvillo et al.
2010) and others finding no relationships betweagrent size and diversity (Brosi et al.
2007b; Gazola and Gardéfalo 2009). This variabiibyld be due to many factors, since little
is known about nesting behavior of bees in tropioe¢sts. Presence or absence of specific
tree species, occurrence of natural nesting sitdda@od availability (Tscharntke et al. 1998;
Viana et al. 2001; Morato and Martins 2006) amotigeo factors can affect bee species
diversity unrelated to fragment size. However, sorall-sized fragments appear to offer
nesting opportunities and food resources for beewe found similar species numbers as
Morato and Campos (2001) in large Amazonian fragmdpossibly size would have had a
significant impact if we had included larger fragrte since the latter contain more tall dead
trees with nesting sites for bees (Didham and Lavii@99; Thiele 2003; Morato and Martins
2006).

In small fragments there is often a dominance wfdé®undant species (Laurance et al. 2002;
Zhu et al. 2004), but the amount@éntris was not influenced by size since all our fragments
were relatively small an@entris bees seem to be generally abundant in Neotropadatats
(Buschini 2006; Morato and Campos 2000; Thiele 280&na et al. 2001).

We expected that antagonists suffer more from aabgmentation (Valladares et al. 2006;
Fenoglio et al. 2012), but parasitism rates didrespond to fragment size. Fragments in our
size range seem to provide sufficient hosts, buhéu research is needed to see whether a

size effect would occur when larger fragments anpry forest are included.

2. Vertical distribution of bee abundance and divesity patterns

The higher bee abundances in the understory caexpkined through the abunda@t
labrosa and their cleptoparasitedglaomelissa duckei and Coelioxys sp.1. There were less
abundant species likdylaeus sp. 1 and Anthodioctes gualanense that preferred the canopy,
andC. analis was abundant in the understory and the canopy.eMemnone of the species
preferred the intermediate height of 10 m. The oeasfor strata preference could be
microclimate and natural nesting availabilities (sto 2001; Thiele 2003). Natural cavities
are possibly more abundant in the canopy due tbhgbtirexposure whereas higher humidity

in the understory leads to higher activity of fur{iflorato and Martins 2006). Moreover

40



Fragmentation effects on bees

solitary bee species are often philopatric (Motd Martins 2006), i.e. that they search for
nesting sites where they emerged.

Species richness declined with height, which wgsosjte to the trends of the ICE and the
Shannon-Index. The latter two variables are moliehie, because counted species richness
does not reflect differences in abundance and esefore misleading. We conclude that
species diversity of trap-nesting bees was high#reacanopy level. The abundant species in
the understory can be considered rainforest spssiaé.gC. labrosa (Thiele 2003), whereas
the majority of bees preferred the sunny dry coowlit in the canopy. Moreover bee
pollination is especially predominant in the canagtropical lowland forest (Bawa et al.
1985), so nesting closer to their food resourceghtrve more attractive. Our results suggest
that the canopy preference could be also due ttother mortality rate and the lower risk of
being parasitized. Both studies investigating ¥ieetical distribution of trap nesting bee
communities in tropical rainforest found a canopgference of bees in primary forest and
large fragments (Morato 2001; Thiele 2003), like die in small secondary forest remnants.
Therefore it is important monitor bees and othseats at the canopy level.

Species diversity at 10 and 20 m was lower in laogenpared to smaller fragments and at
the inner tree at 10 and 20 m, which can be expththrough our study design. 10 and 20 m
have different microclimatic conditions dependingforest structure since canopy height is
lower in smaller fragments and at the edge (Didlaauch Lawton 1999). The trap nests at 20
m at the edge and in smaller fragments were mareegposed than those in larger fragments
or in the forest center, where there are tallezsreesulting in more humid conditions, which
affects nesting success. Bees also find a moreatatesting sites in larger fragments and the
forest center, resulting in a lower species divgiisi the trap nests (Viana et al. 2001).

3. Edge effects on bee abundance and diversity paths

Bee abundance did not vary from edge to centertdwdfferent preferences of individual
speciesC. labrosa, Megachile sp. 2, Coelioxys sp. 1, Aglaomelissa duckel andHylaeus sp. 1
preferred the forest interior, where@arapedia maura and C. analis preferred the forest
edge. As a result, we found a similar number ofobirgells at the different locations. So
single species responses can be more informatredbmbined abundance and richness data
in tropical forest remnants (Nemésio and Silveid@&) and species-based analyses can help
to understand contradictory responses to habagtientation in the tropics.

Species diversity was higher in the forest centel most bees preferred forest conditions,
probably due to the more stable microclimate, sieceperature increases from the center to

the edge in Amazonia and the evaporation ratevislitne same pattern (Didham and Lawton
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1999). Bee diversity was shown to be higher in iooimus forest and natural gaps in the
Amazon and bees are highly sensitive to fragmemtaMorato and Campos 2000). With
ongoing deforestation and fragmentation and thaltieg increase of edge conditions, natural
bee communities could become more threatened ureiutvhich could lead to pollination
deficits of natural plant communities (Didham et1&896; Liow et al. 2001).

The lower ICE estimates at the inner trees in lahggments could be due to more available
natural nesting cavities because of taller and ndewd trees in larger fragments since this
can affect nesting success in trap nests (Viaaa 2001).

Most species preferred the forest center, but asigecies preferred edge conditions, €.9.
analis, which has a broad geographical range from Bitazilexico (Moure 1960) and.
maura. These two species seem to be better adaptecepesttemperature and humidity
fluctuations and will probably profit from ongoinffagmentation and increased edge
conditions. Morato and Campos (2000) also found tespite an overall preference for
continuous forest and natural gaps, some specgsrpd disturbed habitats and deforested
areas. With respect to the effects on pollinattbe, question is whether the decline in most
pollinators due to fragmentation can be compendagdtie disturbance-adapted species. This
depends on the degree of specialization in polbnatwhich is highly variable in the tropics
(Bawa 1990). Because most species preferred testfmterior, small forest fragments can
help to sustain bee communities and to stabilidBnption services, which has been shown
for stingless bees (Brosi et al. 2007b). Howevethkr fragmentation leading to an even

greater increase in edge conditions will negatigfgct trap-nesting bees.

4. Effects of fragment size, location and height othhe mortality and parasitism rate
Mortality rates tended to increase in larger fragteg which is probably due to higher
humidity, that results in a higher fungal infestatirate of nests (personal observation).
However larger fragments contain more tall treegliffm and Lawton 1999), providing
natural nesting opportunities for the majority afels (Morato and Martins 2006), so that
larger fragments may be more suitable for somdnefstarcer species. Tree location did not
affect mortality rates, because of the preferermfesdividual species. Species probably
prefer certain locations due to their advantagsurvival, which is dependent on individual
species traits (Nemeésio and Silveira 2006).

The most interesting pattern was the significafalyer mortality in the canopy. Since the
mortality rate was separated from the parasitiste, réhe latter can be excluded as
explanation. Most bee species prefer the canopyrdtdo2001; Thiele 2003), probably

because it provides better conditions for survaskhown in our data. It is possible, that the
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drier sunnier conditions in the canopy helps taoedinfestations by fungi. It is also probably
easier for bees to find nectar and pollen resourcéise canopy (Bawa 1990), although this
explanation has been questioned by some authgrsReubik, 1993).

The overall parasitism rate was not related tonfraigt size or tree location, but did show the
tendency of being higher in the understory, whishprobably due to the dominance of
Centris and their related cleptoparasites. The highergi#sm rate of the two cuckoo bees
Aglaomelissa duckei andCoelioxys sp. 1 on C. labrosa andC. analis in the forest center was
interesting, because it did not follow the patteshfost abundance€. labrosa preferred the
intermediate distance between edge and forestrcanteC. analis even the forest edge. So
the two parasite species seem to prefer the foesger for other reasons, for example the
higher humidity and more stable temperature camitiDidham and Lawton 1999) as long
as they find enough hosts. This agrees with thetigsis, that higher trophic levels are more
susceptible to habitat fragmentation (Nouhuys 200&ljladares et al. 2006). We conclude
that ongoing fragmentation and deforestation wikt@ diversity and trophic interactions of
bee communities, with currently unknown long-teramgequences for the survival of forest
specialists and plant-pollinator interactions.
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IV Fragmentation effects on the trap-nesting commuity from the

understory to the canopy with special emphasis onigher trophic levels

This chapter is in preparation for publication &&angler ES, Hanson P, Steffan-Dewenter I;
Fragmentation effects on the trap-nesting communityr the understory to the canopy with

special emphasis on higher trophic levels.

Running title: Fragmentation effects on different trophic levels

Key words: area effects, edge effects, vertical stratifiagtimatural enemies, trophic

interactions, secondary forest remnants

Abstract

The effects of habitat fragmentation on host angkeislly antagonist communities from the
understorey to the canopy are still poorly undedtin tropical forests. With ongoing
deforestation, small secondary forest fragmentshtngpntribute to the conservation of
biodiversity, trophic interactions and ecosystemrvises. This study investigated
fragmentation effects on the trap-nesting commesitwith special emphasis on the
antagonists from the understorey to the canopy el ag the relation between host and
antagonists in secondary forest fragments in ththeastern lowlands of Costa Rica.

We demonstrate the importance of monitoring biodivg, community compositions and
trophic interactions from the understory to theamn Fragment size affected antagonists
more than their hosts, showing higher trophic level be more sensitive to habitat area.
However, edge conditions strongly affected bott bhosl antagonist richness, as well as their
community composition, so that ongoing fragmentatiad increased edge habitat will favor
a few abundant disturbance-adapted species overateeand more diverse forest-adapted
species. We also observed a positive-density depemérasitism rate, as well as an increase
of the parasitism rate not only with antagonistradance but also diversity.

Small secondary forest fragments can contributeh&o conservation of biodiversity and
trophic interactions, but an increase of edge haiill have highly negative consequences
on above-ground nesting Hymenoptera, which in withaffect important interactions such

as pollination, predation and parasitism.
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Introduction

Global environmental changes threaten speciesvalpalter species abundances and species
interactions (Barlow et al. 2007). Habitat fragnaioin consisting of habitat loss and spatial
configuration of habitat, is considered a majore#tr to biodiversity (Fahrig 2003).
Fragmentation can cause lower biodiversity, deslioé populations and resulting loss of
genetic diversity, as well as the disruption ofptriz interactions such as predation and
parasitism (Gibbs 2001; Laurance et al. 2002; &teBewenter 2003; Klein et al. 2006). In
the tropics, where deforestation of rainforestslbdgo forest fragments becoming embedded
in a matrix of pastures and plantations (Vitousekle1997; Tilman et al. 2001), a range of
studies investigating fragmentation has been cdedu@.g. Brosi et al. 2007b; Brosi 2009;
Meneses Calvillo et al. 2010), but the effects @fgmentation can be highly eclectic
(Laurance et al. 2002). Generally intact primarge$h contains more species per unit area
than fragments (Laurance et al. 2002; Barlow eR@07), but as deforestation rapidly goes
on (Barraclough 2013), it is important to evaluagcondary forest fragments as a one
possible resource for biodiversity conservationri@a et al. 2007).

Studies investigating the arthropod communitiegapical forests are lacking and would be
highly valuable for understanding the mechanismsnaintaining the enormous diversity
(Godfray et al. 1999). This diversity is partly digevertical stratification since most insect
communities in tropical forests prefer distinctatdr (Basset et al. 2003; Vance et al. 2007;
Paniagua et al. 2009), many of them being morersiven the canopy (Morato 2001; Stork
and Grimbacher 2006). However most studies invasitig fragmentation did not include the
vertical distribution of arthropod communities, whiis often due to difficulties in sampling
in all strata equally or in sampling the canopyq&s et al. 2003). In particular, the effects of
fragmentation on higher trophic levels with a hidagree of specialization are not well
studied throughout their entire vertical distrilouti This, however, is of great interest as they
are at a high risk of extinction (La Salle 1993a®&rand Hochberg 2001).

Trap-nesting bees, wasps and their natural eneh@ee been used as bio-indicators in a
range of studies to evaluate the quality of halaitet land use (Tylianakis et al. 2005; Loyola
and Martins 2006; Steckel et al. 2014) due to tkeirsitivity to environmental alterations.
Trap nests are a valuable system not only to mortodiversity, but also community
compositions and trophic interactions such as mation, predation and parasitism
(Tscharntke et al. 1998). Their inhabitants, beed wasps are essential components of
terrestrial systems in the tropics (Loyola and art2009) since bees are considered the

most important pollinator group (Didham et al. 198@emen et al. 2007) and wasps are
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known to be important predators and parasitoidsataral and agricultural habitats (Penagos
and Williams 1995; Klein et al. 2004). The trap4mas host community has been shown to
be sensitive to fragmentation in native Neotropfoe¢sts (Morato and Campos 2000) as they
depend on nesting sites (Potts et al. 2005), nadgeior nest constructions (Taki et al. 2008)
and pollen or arthropod food resources (Tscharetle. 1998).

With respect to the antagonist community, tropstatlies have been conducted along a land-
use gradient (Tylianakis et al. 2006; Tylianakisaet2007) or on the antagonist community
of plant gallers (Paniagua et al. 2009), but stdie the antagonistic community of trap-
nesting Hymenoptera of secondary forest fragmentsnaissing and few data exist on
specific groups of predators and parasitoids ipited canopies (Godfray et al. 1999). Such
studies are greatly needed, because higher trégyets are assumed to be more vulnerable
to environmental changes (Holt et al. 1999; Randl.e2012) and they may act as keystone
species in ecosystems (La Salle 1993). Natural mseplay an important role as they can
regulate population dynamics from the top by pesitdensity dependent parasitism or
predation (Hassel and Wilson 1997; Berryman andcHiar 2001), but knowledge of
ecological interactions between hosts and naturainges are especially scarce (Paniagua et
al. 2009). Those interactions could be disruptedinzyeasing destruction of habitat, for
example deforestation and fragmentation (Tscharatké Brandl 2004; Tylianakis et al.
2006). Coexistence mechanisms could be affectedulsecparasite loads seem to correlate
positively with host abundance (Durrer and Schmaivigel 1995), so that common species
are expected to be affected most by natural enefBieffan-Dewenter and Schiele 2008).
Moreover, Tylianakis et al. (2006) showed, that phaeasitism rate correlated positively with
parasitoid diversity, which was higher in more niiedi habitats.

There is a lack of studies in the tropics invesimgathe effects of fragmentation on the
community composition of trap-nest inhabitants amdn more importantly, their antagonist
community in small secondary forest fragments. \Weeased the abundance, the diversity
and the trophic interactions of trap-nesting Hyn@am along a fragmentation gradient of 12
differently sized forests at three different looas from the forest edge to the forest centre
and at three different heights in a tropical lowddorest in Costa Rica. This was done to

answer the following questions:

1) Does the abundance, diversity and community cortipasof hosts or antagonists
differ between the three different heights?
2) Does fragmentation — fragment sizes and edge sffgctree locations) affect the

abundance, diversity and community compositionasitland antagonists?
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3) Are the effects stronger for the higher trophiclév
4) How is the parasitism rate affected by host andgontist abundance and diversity?
5) What is the conservation value of secondary fofemgments for above-ground

nesting Hymenoptera, especially for the antagohists

Material and Methods

Study region and study sites

Twelve secondary rainforest fragments were seleictéde Sarapiqui region near La Virgen
in northeastern Costa Rica. Field work was perfarndeiring a one-year period from
February 2011 to February 2012. The landscape iap8pii consists of forest remnants,
pastures for cattle and farmland producing pinegpprnamental plants and banana.
According to the Holdridge life zone system, Sagapibelongs to the “tropical moist forest”
(Holdridge 1967). All study sites were separatedildistance of at least 2 km and contained

approx. 30 % forest cover in a 2 km circle.

Study design and sampling

At each of the twelve study sites three trees \getected on a transect line, one tree in the
forest center, one in an intermediate distancetlamdast one at the forest edge. 27 trap nests
were installed at each forest fragment with 9 tmapts per tree. Three trap nests were joined
to a package, which was installed at three hei@hts, 10 m and 20 m).

Every trap nest consisted of a plastic tube filketth approx. 120 reed internoddzh(agmites
australis) cut to 20 cm with different diameters (Tscharngteal. 1998). When nest building
was completed, e.g. when internodes were closexbibyr plant materials (Krombein 1967),
nests were collected during regular inspections2inonths intervalls). In the lab, nests were
opened and identified to morpho-species. We couthtediving and parasitized cells in order
to calculate the parasitism rates. The nests wexe stored in pieces of transparent plastic
tubes and closed with cotton at both ends. Afteergence, adults were killed for later
identification. Most hymenopterans were identifimdgenus level and in part to morpho-

species or species level (with the exception ofes@malcidoidea and Ichneumonoidea).

Statistics
Based on abundance and species diversity datathvattaxonomic levels that were available
(at least genus level) we calculated different ditg measures and community similarity

indices using the Software Estimate S (Vs. Win 92(14). Because measures of diversity
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and community similarity were correlated and regdahe same results in the analyses, we
selected the Shannon-Wiener-Index, one of the miktly used diversity indices (De” Ath
2012), and the Chao's abundance-based Jaccard(@dER, since it was shown to be better
suited for assemblages with numerous rare specdso et al. 2005) for hosts and
antagonists.

Linear mixed effects models were calculated forrgvesponse variable, 1) the abundance
(number of brood cells) 2) counted species richi3¢sShannon-Index 4) the parasitism rate
5) Chao's abundance-based Jaccard Index (= CJEApsi§ and antagonists using R (R
Development Core Team VS R 3.0.3). In all modedgrmnent size, tree location and height,
as well as the random term “fragment” were includedthe abundance models for the
antagonists and the models for the parasitismwatalso included the abundance of the host
or the diversity of the host. To test for a potendiifferent sensitivity of host vs. antagonists,
we additionally calculated all models including tia®-factored trophic level antagonists vs.
hosts. The number of brood cells and the countedisp richness were analysed using a
Poisson distribution for count data (Crawley 200@)ereas we used a Gaussian distribution
for the diversity measures and a binomial modeltler parasitism rate. An overdispersion
correction term was included in the final modelsevehnecessary and models were selected

according to the lowest AIC.

Results

The community consisted of 38 hymenopteran genamgdsing seven nonparasitic and two
parasitic bee genera and 15 nonparasitic and ldsigarwasp genera. We also found
antagonists from four families of Coleoptera, féamilies of Diptera as well as Acari and

Lepidoptera (see Tab. 1).

Vertical distribution of species richness and commuity composition

The counted species richness did not differ betwhkertree heights, but the Shannon-Index
differed between strata (Tab. 3). Host diversitysvaggher at 10 and 20 m compared to 2 m
height (p < 0.001, Fig. 1). The antagonists folldwke patterns of their host with a higher
diversity at 10 and 20 m (p < 0.001, Fig. 1). Ma®oantagonists showed a significantly
steeper diversity increase at 10 and 20 m tharsti8stannon: 10 m * hosts p < 0.001, 20m *
hosts p < 0.001).
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Tab. 1 Mean and range of abundances and numbers of émr@tgrmhabited of all genera found

genus trophic level Mean abundance Range abundance Nr of fragments
inhabited

Anthophoridae

Centris h 134.83 2-229 12

Aglaomelissa a 2.83 0-11 7

Megachilidae

Megachile h 38.83 0-142 11

Duckeanthidium h 0.33 0-4

Anthodioctes h 4.50 0-31

Coelioxys a 2.92 0-10

Colletidae

Hylaeus h 9.17 0-59 6

Apidae

Tetrapedia h 10.83 0-37 7

Spheciform wasps

Ampulex h 1.33 0-7 6

Liris h 10.67 0-62 5

Nitela h 1.92 0-10 5

Penepodium h 0.08 0-1 1

Pison h 26.58 0-123 10

Podium h 153.58 32 -342 12

Trigonopsis h 0.42 0-3 3

Trypoxylon h 1139.50 538 - 1668 12

Pompilidae

Ageniella h 0.17 0-2 1

Auplopus h 122.92 8 - 380 12

Dipogon h 0.58 0-4 2

Priocnemella h 9.33 0-55 10

Eumeninae

Montezumia h 1.33 0-14 2

Pachodynerus h 16.25 0-110

Zethus h 11.08 0-48 9

Chalcidoidae

Brachymeria a 0.17 0-1 2

Leucospis a 3.58 0-17 7

Melittobia a 18.33 1-80 12

Perilampidae a 0.08 0-1 1
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Nr of fragments

genus trophic level Mean abundance Range abundance | )
inhabited

Chrysididae

Caenochrysis a 18.42 2-36 12

Chrysis a 0.75 0-7 2

Exochrysis a 6.33 0-28 10

Ipsiura a 0.67 0-3 4

Neochrysis a 1.42 0-6

Pleurochrysis a 0.92 0-4 5

Ichneumonidae

Ichneumonidae a 2.33 0-6 11

Mutillidae

Sphaeropthalmina a 3.33 0-22 5

Coleoptera

Tetraonyx a 2.17 0-9

Dermestidae a 1.33 0-8 4

Nitidulidae a 0.08 0-1

Diptera

Anthrax a 2.33 0-9 5

Dolichopodidae a 101.08 11 - 257 12

Sarcophagidae a 4.08 0-15 10

Arachnida

Acari a 4.00 0-10 10

Lepidoptera

Lepidoptera a 2.08 0-11 4

Host abundance and antagonist abundance did rfet @étween the different strata since

height was not selected in the final models.

Community composition of hosts and antagonist vegaificantly different at the different
heights (Chao's abundance-based Jaccard Index A OJE and 20 m: p < 0.001 both for

hosts and antagonists, Fig. 2). Some families savkigher percentage at some strata, for

example Anthophoridae preferred 2 m height, wheEaseninae were more often found at

10 or 20 m height. The majority of the host commyumlways consisted of spheciform

wasps, especially of the geniisypoxylon. We found high percentages of two groups of

antagonists, Diptera, which showed higher presam@m and Chrysididae, which showed

higher presence at 10 and 20 m height.
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Fig. 1 The Shannon-Index for hosts (at the left side) fndantagonists (at the right side) in relation to
the height (2, 10 or 20 m; ***: p < 0.001).
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Fig. 2 The community composition for hosts (at the léfiey and for antagonists (at the right side) in
relation to height (2, 10 or 20 m).
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Tab. 2 Results of generalized linear mixed effects medelating the response variables 1) abundances 2)
counted species richness and 3) parasitism ratésetexplanatory variables fragment size, tree
location (tree 1 at the forest border, tree 2 trinediate distance and tree 3 in the forest center

and height. Results of final models are shown.

response variable explanatory variables z-value p-value
abundance hosts size / /
tree 2 -3.621 <0.001
tree 3 -0.981 0.3268
height / /
abundance antagonists abundance hosts 17.515 <0.001
tree 2 -1.018 0.3085
tree 3 2.07 0.0384
abundance with trophic level host 23.345 <0.001
tree 2 -4.856 <0.001
tree 3 -1.069 0.285
counted species richness with trophic level | size 1.394 0.1635
hosts 4.666 <0.001
tree 2 -5.205 <0.001
tree 3 -0.342 0.7324
size*host -2.088 0.0368
host*tree 2 3.977 <0.001
host*tree 3 1.991 0.0465
parasitism rate per genus abundance host per fragment 4.892 <0.001
size 1.52 0.128
parasitism rate with Shannon Shannon antagonists 3.464 <0.001
antagonist abundance 12.769 <0.001
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Tab. 3 Results of generalized linear mixed effects medelating the response variables 1) counted
species richness 2) Shannon-Indices and 3) abuedssed Jaccard Indices to the explanatory
variables fragment size, tree location (tree hatforest border, tree 2 at intermediate distance a

tree 3 in the forest center) and height. Resulfnaf models are shown.

response variable explanatory variables t-value p-value
counted species richness hosts size / /
tree 2 -0.68 0.4968
tree 3 3.872 <0.001
height / /
counted species richness antagonists counted species richness hosts 6.394 <0.001
size / /
tree 2 -4.599 <0.001
tree 3 -1.553 0.12
height / /
Shannon hosts size -1.869 0.0911
tree 2 7.013 <0.001
tree 3 9.189 <0.001
height 10 13.705 <0.001
height 20 16.404 <0.001
Shannon antagonists Shannon hosts 10.542 <0.001
size 2.704 0.0219
tree 2 3.648 <0.001
tree 3 6.073 <0.001
height 10 10.246 <0.001
height 20 12.449 <0.001
Shannon with trophic level size 3.276 0.0079
hosts 7.136 <0.001
tree 2 5.18 <0.001
tree 3 7.874 <0.001
height 10 13.504 <0.001
height 20 17.098 <0.001
size*hosts -17.434 <0.001
hosts*tree 2 -1.685 0.0924
hosts*tree 3 -2.977 0.0030
hosts * height 10 -5.684 <0.001
hosts * height 20 -7.465 <0.001
Chao's abundance-based Jaccard Index size 1.516 0.161
Chao's abundance-based Jaccard Index tree 2 -30.43 <0.001
tree 3 -13.21 <0.001
Chao's abundance-based Jaccard Index height 10 12.9 <0.001
height 20 23.15 <0.001
Chao's abundance-based Jaccard Index size -1.206 0.256
Chao's abundance-based Jaccard Index tree 2 4.357 <0.001
tree 3 5.388 <0.001
Chao's abundance-based Jaccard Index height 10 4.024 <0.001
height 20 -6.325 <0.001
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Effects of fragment size on species richness andnemunity composition

Diversity of hosts (both counted species richnas$ &hannon-Index) did not respond to
fragment size (Fig. 3, Tab. 1). The diversity measwf the antagonists differed in their
response to fragment size. Counted species richdigssiot respond to fragment size,
whereas the Shannon-Index measured antagonistsitijvéigher in larger fragments (p <

0.05, see Fig. 3).
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Fig. 3 The Shannon-Index of antagonists (a: black circes) hosts (h: grey triangles) in relation to

fragment size.

Responses of host vs. antagonist diversity (witlh Inoeasures) to fragment size significantly
differed since antagonist diversity responded mpositively to larger fragment sizes
(counted species richness: p < 0.05, Shannon: p.081R Abundances of hosts and
antagonists did not respond to fragment size (Zab.

The community compositions of hosts and antagor(Stsao's abundance-based Jaccard
Index = CJEA) did not differ with fragment size @A p = 0.161 for hosts and CJEA: p =
0.256 for antagonists).

Effects of tree location on species richness andramunity composition
The counted species numbers of hosts were higtibe dtee in the forest centre (Tab. 3) and

the Shannon-Index at the inner trees was highepaced to the forest edge (p < 0.001, Fig.
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4). The antagonists showed significantly fewer ggeaumbers at the intermediate trees
(Tab. 3) and they followed the patterns of theisteavith a higher diversity at the inner trees
(p < 0.001) with the Shannon-Index (Fig. 4). Hosd aantagonist diversity showed a

significantly different response to tree locatidmtagonists reacted more positively to the

conditions inside the forest when comparing th@estoof the Shannon-Index, but comparing
the slopes of the analyses with species numbersfowsd that host and not antagonists
reacted more positively to the conditions inside forest (counted species richness: tree
2*hosts: p < 0.01; tree 3*hosts: p < 0.001 / Shanti@e 2*hosts: p = 0.092; tree 3*hosts: p
<0.01).
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Fig. 4 The Shannon-Index for hosts (at the left side) fndantagonists (at the right side) in relation to
tree location (tree 1 at the forest edge, tree 2naintermediate distance and tree 3 at the forest
center; ***: p < 0.001).

Abundance was affected by tree location. Hosts weost abundant at the edge and least
abundant at intermediate locations (p > 0.001). dimagonists followed the hosts” patterns.
They were most abundant at the edge, tended teskeabundant at the intermediate location
and were significantly more frequent at the foresttre (p > 0.05). The responses of the

abundance of the two trophic levels did not diffigmificantly (Tab. 2).
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Fig. 5 The community composition for hosts (left side) dadantagonists (right side) in relation to tree

location (tree 1 at the forest edge, tree 2 ahtarmediate distance and tree 3 at the forest gente

Host and antagonist community compositions diffefreth edge to center. The inner trees
showed a significantly different community compmsitfor hosts and antagonists compared
to the edge tree (CJEA: tree 2 and tree 3 p < QBI@L 5). Apidae were only found at edge
trees, whereas Colletidae were only present aintier trees and the Eumeninae were found
with higher percentages inside the forest. Antagfacommunity composition clearly differed
due to Diptera and Chrysididae. Flies were foundemaften inside the forest, whereas
Chrysididae parasitized a higher percentage of e¢lthe edge.

The parasitism rate and its relation to host and atagonist richness

We found that abundant genera suffer a greatesipara rate than rare genera (p < 0.001,
Fig. 6). The parasitism rate rose both with antagonist adocel (p < 0.001), but also with
antagonist diversity (p < 0.001ye found a positive density-dependent responsehef t
antagonists since the antagonist abundance waficagtly higher with more abundant hosts
(p < 0.001). We also found a higher antagonist rditye with a higher host diversity (p <
0.001, Fig. 6).
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Fig. 6 The parasitism rate in relation to the abundanageagra (at the left side, each point represests th

parasitism rate of one genus per fragment.) amélation to the Shannon diversity of antagonists.

Discussion

We found a similar number hymenopteran host geasrm other studies from Neotropical
forests (Morato and Campos 2000; Thiele 2003; Bafidatos et al. 2013). However, we
found a greater number of antagonist groups (3lupggp compared to the only nine

antagonist species found along a land-use gramlidttuador (Tylianakis et al. 2006)

Vertical distribution of richness and community conposition

Species diversity of hosts and antagonists washighl0 and 20 m when calculated with the
Shannon-Index (and also the ICE, data not shown)ctunted species richness did not differ
between the strata. We trust more in the analysdstine Shannon-Index compared to the
ones conducted with species counts, since the latproblematic with a high number of rare
species (Pianka 1966). With both variables antag®ishowed a steeper diversity increase
with height than their hosts. A higher species g at the canopy level has been shown in
previous studies of Neotropical bees and wasps §doR001; Thiele 2003). This is,
however, the first study showing vertical straafion for the antagonists of the trap-nesting

57



Fragmentation effects on different trophic levels

community in the tropics. Previous studies of aotagt communities revealed preferences
for either the canopy or the understory (Moran &ulithwood 1982; Schowalter 1989;
Winchester and Ring 1996; Vance et al. 2007). Raasts are structurally stratified
(Richards 1983) due to microclimatic conditions aadource availability. The canopy, the
site of the majority of primary productivity (Ozamret al. 2003) seem to offer more
favourable conditions for the majority of the tia@sting Hymenoptera. The canopy has
shady and less humid conditions (e.g. Blanc 199@kd? 1995; Barker 1996) and a higher
availability of resources (flowers for bees; prey Wasps due to a higher leaf biomass for
herbivores; nesting materials) (Hallé 1998; Gibband Lindenmeyer 1996). This leads to
niche division of host communities and of the aatagt community due to their reliance on
their hosts (e.g. Steckel et al. 2014), resultmglifferent community compositions of both
hosts and antagonists at different strata.

We did not find differences between the respon$d®st and antagonist abundances to the
three heights. Previous studies found ambiguoysoreses of hymenopteran abundances to
strata with higher abundances in the understonetha canopy or with no differences (Basset
2001; de Dijin 2003; Vance et al. 2007). We propatid not find differences in the
abundance of hosts and antagonists due to spemesis preferences of trap-nesting bees
and wasps (Morato 2001; Thiele 2003), which is woréd by our result of different
community compositions between the three heights.

Our results emphasize the importance of includimfferént strata when monitoring in
tropical rainforests since there is still a lack stfidies in forest canopies (Thiele 2003;
Ulyshen et al. 2010).

Effects of fragment size on species richness andnemunity composition

Host diversity did not respond to fragment size,iclvhcontradicts the expectation of a
positive relation between diversity and habitataafe.g. as in Steffan-Dewenter 2003;
Meneses Calvillo et al. 2010). However the effemftforest fragmentation can be highly
variable (Laurance et al. 2002); for example Betsal. (2007b) did not find a relationship
between fragment size and species richness. Wductenthat such small secondary forest
fragments seem to provide equal resources for rgertesting host community, which is
further shown by our result that community compositvas not altered with fragment size.
The situation was different with the antagonistacsi we found a more species-rich
community in larger fragments, which is in accom®ario the hypothesis of a higher
sensitivity of antagonists to fragmentation (Hdlake 1999; Briickmann et al. 2010; Rand et

al. 2012). This has been shown for tropical cuckees (Meneses Calvillo et al. 2010), in
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temperate regions (Steffan-Dewenter 2003), anch@ory (Cronin 2004). The community
similarity of antagonists however did not diffegsificantly with fragment size. Fragments in
that size range sustain similar communities ofiastd antagonists, which could be due to an
already degraded community (Laurance and Bierrelgh897; Gascon et al. 1999). Further
studies are needed to confirm this by includingearfragments or by the comparison with
primary forests, but it is highly probable that commity structure would change between
primary and secondary forests (Barlow et al. 2007)

Independent of the trophic level abundances didrespond to fragment size. We expected
higher abundances in larger fragments, but aburdaesponses to habitat area are often

highly variable (Connor et al. 2000).

Effects of tree location on richness and communitgomposition

Tree location had more pronounced effects thamfead size since species diversity of hosts
and also of antagonists was higher inside the fomelsereas the abundances showed the
opposite patterns. Community composition also chdngignificantly. The results partly
differed between the Shannon-Index and the specieders, but the Shannon-Index is more
reliable especially in datasets including rarecsgse (Pianka 1966). At the edge, which is
characterized by reduced humidity and greater teatyes variability (Saunders et al. 1991,
Laurance and Williamson 2001; Hunter 2002), buksathe structural richness of the forest
canopy, we probably find abundant disturbance-athppecies. These species might profit
from complementary resources, such as food andhgesiaterials in adjacent habitats (Ries
and Sisk 2004), which could explain the high abmedaat the edge habitat. Under the forest
canopy with a cooler and moister environment (Fetat al. 1985) a more species rich, but
less abundant forest-adapted host community cafolned (Laurance et al. 2002). The
antagonists however were more abundant and divarsige forest centre, confirming the
higher sensitivity of higher trophic levels to emrimental changes (Holt et al. 1999; Kruess
and Tscharntke 2000; Kondoh 2003). Increasing éddpeat will affect species diversity and
species interactions negatively, so that ecologmeathanisms, (for example, control by
natural enemies) could be changed (Valladares 2086; Fagan et al. 1999; Laurance et al.
2000).

The parasitism rate and its relation to host and atagonist richness

We found that abundant genera suffer from a higlaasitism rate which confirms the
expectation that common species are most affecfednbagonists, because parasite loads
correlate positively with host abundance (Durred &chmid-Hempel 1995). This positive
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density-dependent parasitism can regulate popualatimamics (Hassel and Wilson 1997;
Berryman and Turchin 2001) and could be one mesharior maintaining high tropical
biodiversity (Godfray et al. 1999) since this tapach control of more competitive and
abundant species can facilitate coexistence wih &undant genera. We did not find an
influence of fragment size on this positive densipendent parasitism, so our results did not
show that environmental changes may affect spegiesactions and ecosystem functioning
(Tscharntke and Brandl 2004, Valladares et al. 20@6anakis et al. 2006). However, these
results might be different if we had included larfygest fragments.

The finding that higher antagonist richness waateel to higher host richness confirms that
the most important resource for antagonists arie iosts (Steffan-Dewenter 2003; Steckel et
al. 2014). Maintaining the biodiversity of hostgherefore crucial for maintaining ecosystem
functions such predation and parasitism.

We found a higher parasitism rate with increasingagonist abundance, but interestingly
also with higher antagonist diversity, which isancordance with a study from Ecuador
(Tylianakis et al. 2006). This result can indirgdtle a cause for concern since antagonist
diversity depends on fragment size, suggesting $patcies interactions are affected by
habitat loss (Valladares et al. 2006). Even abundatagonists probably cannot compensate

for the role of rarer, more specialist species.

Conclusions

We demonstrate that monitoring biodiversity at efiéint strata is crucial for recording
biodiversity and trophic interactions in tropicarésts. Fragment size of small secondary
forest fragments did not affect host communities, abundance and diversity, but antagonist
diversity did increase with larger fragments. Aorgase of edge habitat will strongly affect
hosts and antagonists and has already altered coitymtomposition of both host and
antagonists. Parasitism was shown to regulate gagmtlations and to depend on both host
and antagonist abundance and diversity. We camoeide a threshold size for secondary
forest fragments for biodiversity conservation loé trap-nesting community, but increasing
edge conditions will negatively affect bees, waapd their antagonists, especially forest-
adapted species, which in turn will affect ecosystanctions like pollination, predation and
parasitism. Further studies are much needed tosiigetde the differences along a
fragmentation gradient including larger fragmerasd from secondary forests to primary

forests.
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V General Discussion

Increasing deforestation in tropical regions, taeestrial biodiversity hotspots (Myers et al.
2000), threaten biodiversity and trophic interacsio(Turner 1996; Davies et al. 2000;
Laurance et al. 2002; Fahrig 2003; Klein et al. ®00dn this study we evaluated the
fragmentation effects along the vertical distribatiof the trap-nesting community in
secondary forest fragments. The first chapter aunages on the possible interactive effects
of microclimate and fragmentation on the abundanuatality and parasitism rates (Chapter
II). The second and third chapter evaluated thecedf of fragmentation on the vertical
distribution of bee biodiversity and species-spedifatterns (Chapter 1ll) respectively on

hosts and antagonist communities (Chapter 1V).

Vertical gradients of biodiversity

Our results highlight the need to monitor bioditgrscommunity structure and trophic
interactions not only in the understory, but desmit the associated difficulties also in the
canopy (Chapter IlI; Chapter IV) since there iff atlack of studies in forest canopi@hiele
2003; Ulyshen et al. 2010; Basset et al. 2013)e diversity of hosts and antagonists was
higher in the canopy, whereas species numbers aiddemonstrate stratification or the
pattern was opposite for bees (Chapter lll; Chaptgér The Shannon-Index and the ICE
estimator better reflect biodiversity patterns, éhese species numbers do not include
abundances, which is especially problematic foa-dats with a high amount of rare species
(Pianka 1966). Higher strata seem to harbor a rdiverse but less abundant community.
The abundances of hosts and antagonists did rfet Biétween heights (Chapter 1V), but bee
abundances were higher in the understory (Chaptgrwhich is probably due to the
dominance of theCentris species and their related antagonists. Formeriestutbund
ambiguous responses of hymenopteran abundancésata with higher abundances in the
understory, in the canopy or with no differenceaq&t 2001; de Dijin 2003; Vance et al.
2007). This shows the value of species-based a®mbisace single species responses can be
more informative than combined abundance and dityedata (Nemésio and Silveira 2006).
The biodiversity patterns found are further conédmby the results of chapter IV since
communities of hosts and antagonist differ betwésn three heights, which was more
pronounced for the antagonist community.

The explanation for the stratification of the tnagsting community in secondary rainforest
fragments lies in the structural stratification rafnforests in microclimatic conditions and

resource availability, which results in a variefydifferent niches (Basset et al. 2003). The
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canopy is the site of the majority of primary protiuty (Ozanne et al. 2003) and is
characterized by lighter and less humid condititeg. Blanc 1990; Parker 1995; Barker
1996) and a higher availability of resources (flosvior bees; prey for wasps due to a higher
leaf biomass for herbivores; nesting materials;ldH&b98; Gibbons and Lindenmeyer et al.
1996). The understory in contrast offers darker mode humid conditions leading to higher
activity of fungi. Since we found a lower mortalitgte in the canopy (presumably due to
drier sunnier conditions in the canopy and resgltass infestations by fungi; Chapter IIl),
this could be the reason for the canopy preferaficee majority of trap-nesting bees. For
other arthropod taxa vertical stratification witqual or higher diversity in the canopy has
been demonstrated before (e.g. Erwin 1982; Stodk@mmbacher 2006) as well as for trap-
nesting bees and wasps in primary forest, bothnfeags and continuous (Chapter llI;
Chapter IV; Morato 2001; Thiele 2003).

Canopy research is inevitable for biodiversity niormng (Ozanne et al. 2003) and it is highly
important to evaluate if stratification could chartgetween continuous forest and fragments,
as indicated by the study of Morato (2001) in toenparison between large fragments and
continuous forest respectively with primary andosetary fragments.

Effects of fragment size

Habitat loss can lead to loss of biodiversity (Deski and Holt 2000; Hooper et al. 2012),
which can affect ecosystem functions and servi@zdvanera et al. 2006; Perrings et al.
2011).

Fragment size did not influence host and antagatisindances (Chapter II; Chapter IlI;
Chapter IV) and in general patterns for abundamea-eelationships are variable (Connor et
al. 2000). Diversity of hosts did not respond &ginent size (Chapter Ill; Chapter 1V), which
contradicts the expectation of a positive relatetween diversity and habitat area (e.g. as in
Steffan-Dewenter 2003; Meneses Calvillo et al. 20nbile other studies also could not find
a relationship between fragment size and specotsess (Bruna et al. 2005; Brosi et al.
2007b). The diversity of natural enemies, howeusteased in larger fragments (Chapter
IV), which is in accordance with the hypothesisaohigher sensitivity of antagonists to
fragmentation (Holt et al. 1999; Brickmann et &@1@, Rand et al. 2012). Community
compositions of host and antagonists did not chamiglein our range of fragment sizes
(Chapter IV). This could be due to an already degda community (Laurance and
Bierregaard 1997; Gascon et al. 1999). Due to tlakweffects of fragment sizes on
biodiversity and abundance patterns, parasitisnnaordality rates were also not significantly
affected (Chapter IlI; Chapter III).
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Possibly size would have had an higher impact ifhaé included larger fragments, but
further studies are needed to compare secondaty pvimary forests since it is highly

probable that community structure would change betwprimary and secondary forests
(Barlow et al. 2007; Gibson et al. 2011).

Edge effects

Edge effects are known to be dominant drivers afrentation dynamics in tropical
rainforests (Laurance et al. 2011a) and the tragbisrge community was much more affected
by tree location (i.e. edge effects) than by fraginsize. Tree location affected host
abundance, which was generally higher at the e@pater 1l; Chapter 1V), except for bees
alone (Chapter Ill). Diversity in contrast was rheghin the forest center for hosts and
antagonists (Chapter Ill; Chapter V). Tree locatadso did change community compositions
and trophic interactions. The parasitism rates wggler at the intermediate distances and
the mortality rates rose inside the forest (Chaf)erOnly for bees alone parasitism rates
were not influenced by tree location (Chapter IlI).

The patterns can be explained through a gradient &dge to center both of temperature and
humidity (Didham and Lawton 1999), with lower humyd and greater temperature
variability at forest borders (Saunders et al. 29%urance and Williamson 2001; Hunter
2002) to moister and cooler conditions in the fooenter (Fetcher et al. 1985). The borders
share the drier conditions with the forest candqy, lack their structural variability and are
therefore inhabited by few abundant disturbancedia species (Laurance et al. 2002)
whereas inside the forest a species-richer butdessidant forest-adapted community was
found (Chapter IV). The edge community can profdani complementary resources, for
example food resources or nesting materials froen strrounding matrix (Ries and Sisk
2004), whereas the high structural variety insige forest offers a diversity of niches for
many more specialized species (Ghazoul and ShdiD)20rhe significant change of the
community composition and the more sensitive reactf the antagonists (Chapter 1V)
results in changes in trophic interactions so thedpite of a positive-density dependent
parasitism (Chapter IV) natural enemies are na #&blfully exploit the high host abundance
at the edge, probably because they are less atlaptateeper temperature and humidity
fluctuations (Chapter Il; Hance et al. 2007). Thghkr mortality rates inside the forest
(Chapter Il) probably resulted from higher fungetiaty (personal observation). This could
be the reason why the majority of species prefetiieccanopy and only rainforest specialist,
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such asCentris labrosa preferred the understory. At least for bees thetatity rate was
significantly lower in the canopy but it did notp#d on tree location (Chapter IlI).

To conclude, increasing edge conditions will gre&ithrm bees and wasps and to a greater
amount their natural enemies, resulting in distandgaof trophic interactions and degraded

communities with unknown consequences for ecosyfitastioning.

Interactions of fragmentation and microclimate

Microclimate is known to affect arthropods (Dialatt 2006; Rico-Gray et al. 2011). As part
of microclimate, mean temperature did affect thepomses of hymenopteran abundance, the
parasitism and mortality rates (Chapter 1l). Highemperatures, especially at the forest
borders, resulted in lower abundances (Chapterwlich proves an interaction between
fragmentation and microclimatic conditions. Thisves cause for concern, because a
continued temperature rise will negatively influerabove ground-nesting bees and wasps in
high temperature tropical lowland habitats. Itwver more worrying, since even the abundant
and disturbance adapted hymenopterans at the bameler negatively affected by higher
temperatures and thus could have problems to adgpbjected climate warming (Buckley
et al. 2013). This could affect adjacent agro-estesys by loss of pollination and pest control

services.

The conservation value of small secondary forestdgments

Small secondary forest fragments sustain a trapagesommunity (Chapter Il; Chapter IlI;
Chapter IV) but comparisons with larger fragmentsvith primary forests are lacking or are
not comparable due to different study designsd@ag¢Thiele 2003)). A more pronounced area
effect was expected, but only antagonist divensggponded to fragment size (Chapter 1V).
This dissertation could show that especially therior of small secondary forest fragments
can contribute to biodiversity conservation. Thisr&éowever no doubt of the importance of
continuous primary forest for biodiversity consdiva (Gibson et al. 2011) and comparisons
of the community compositions of primary forests. \wecondary ones were always
significantly different (Barlow et al. 2007). Sineelge effects were dominant drivers of the
patterns found (Chapter II; Chapter llI; Chapter),I\an increase of edge habitat will
negatively affect above-ground nesting solitary shewasps and especially their natural
enemies and probably already has affected the coitigsiin the small fragments. With
ongoing deforestation secondary forest fragmemsbeautile for trap-nesting Hymenoptera,

however, for conservation a landscape-wide plarh Wity areas of undisturbed forests,

64



General Discussion

heterogeneity and a permeable landscape (OpdanWassdher 2004; Batista Matos et al.
2013) will probably be more valuable than the gkssence of small forest fragments.

Conclusions

We could demonstrate the necessity of includindicar stratification of biodiversity and
trophic interactions in tropical forests and aldale value of species-specific response to
fragmentation. Fragment size nearly had no infleeoo the trap-nesting community, with
exception of the antagonist diversity. Thereforewitl be important to investigate the
threshold size to sustain a diverse trap-nestimgnaonity. There is however no doubt, that an
increase of edge habitat will negatively influertsediversity, which was more pronounced
for higher trophic levels. It is therefore probaliteat fragmentation and the resulting increase
of edge habitat already has changed trap-nestimgemities and their trophic interactions in
the studied forest fragments. Since community caitjpos changed from edge to center, an
increase of edge habitat will threaten specialifest-adapted species more, whereas
disturbance-adapted generalist will profit. Moreovee could show interactive effects of
microclimate and fragmentation, so that climatengeaadditionally could harm biodiversity
and trophic interactions. Key ecosystem functiomghsas pollination, predation and
parasitism could be affected with still unknown sequences. Further studies are highly
needed to investigate the differences along a femgation gradient including larger
fragments and the comparison between secondarypantary forests as well as the

interactions of various global change drivers.
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