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Abstract
Mutualisms are ubiquitous in nature and shape whole ecosystems. Although species benefit
by interacting with each other, they permanently act selfishly. As a consequence, the involved
partners must balance gaining the maximal benefit while accepting a certain amount of costs.
Changes in the environment, however, may alter selection pressures and lead to a shift in the
relative costs and benefits for both involved species. Due to this complexity, many
mutualisms and their underlying processes, such as the dependence of the involved species on
each other, are only poorly understood. Moreover, in several so-called mutualistic interactions
it is unclear if they are in fact beneficial for all partners because detailed cost-benefit analyses
are missing.
The aim of my thesis was to contribute to a better understanding of the basic principles of
mammal-plant mutualisms with special emphasis on the interdependence of the involved
species. Using the interaction between an insectivorous bat species (Kerivoula hardwickii)
and carnivorous pitcher plants (genus Nepenthes) as a model system, I conducted a detailed
cost-benefit analysis to test if the partners interact mutualistically and are strongly dependent
on one another. I hypothesised that pitchers of these plants serve as high quality roosts for the
bats while the bats in turn fertilise the plants via their nutritious faeces. For the involved
species the costs of the interaction should be lower than the gained benefits, but general costs
should increase in the absence of the partner.
Over the course of my field research, I found the bats roosting in three Nepenthes species, but
the bats occupied intact pitchers of only one species, Nepenthes hemsleyana. In Nepenthes
bicalcarata and Nepenthes ampullaria, the bats used senescing or damaged pitchers whose
high amount of digestive fluid had drained off. Thus, only N. hemsleyana was potentially able
to digest bat faecal matter, and thereby benefit from the bats. My cost-benefit analysis showed
that N. hemsleyana plants strongly benefited from their bat interaction partner: depending on
the degree of nutrient deprivation, the plants gained between 34% and 95% of their nitrogen
from bat faeces, which significantly improved their growth, photosynthesis and survival. In
feeding experiments, N. hemsleyana plants could not fully compensate an induced lack of
nutrients by using arthropod prey when bat faeces were not available. Field observations
revealed no obvious costs for the pitcher plant. N. hemsleyana pitchers occupied by bats did
not differ in their lifespan from unoccupied ones as bats did not injure the plants’ tissue. The
interaction was also advantageous for K. hardwickii because N. hemsleyana offered high
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quality roosts with a favourable microclimate and low parasite infestation risk. Consequently,
bats roosting in N. hemsleyana pitchers were in better condition than those roosting in dead N.
bicalcarata pitchers. Although N. hemsleyana pitchers are rare in the natural habitat, bats did
not have to invest much time and energy to find them. Most N. hemsleyana plants
continuously provided at least one intact pitcher meaning bats could return to the same plants
over a period of several months or even years. Additionally, the pitcher’s back wall acted as
an echo reflector, reducing costs for pitcher detection and identification.
The interaction between K. hardwickii and N. hemsleyana can be classified as an asymmetric
facultative mutualism with stronger dependence of the plant partner. N. hemsleyana has
outsourced arthropod capture and digestion to its mutualistic bat partner while arthropod
attraction is strongly reduced. Contrastingly, several populations of K. hardwickii frequently
use alternative roosts. Strong selective pressure on the plants could be the consequence to
attract bats with a potential stabilising effect on the interaction: N. hemsleyana has to
outcompete the involuntarily offered roosts of the other Nepenthes species in terms of quality
and accessibility.
My thesis revealed complex interdependencies in an animal-plant mutualism. This study
exemplifies that rigorous cost-benefit analyses are crucial for the classification of interspecific
interactions and the characterisation of how the involved species affect and depend on each
other.

1
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Interspecific mutualistic relationships where the partners exchange beneficial commodities
(i.e. resources and/or services) are ubiquitous in nature, shape whole ecosystems, and are
drivers of biodiversity (Bronstein 2001b; Bascompte & Jordano 2007). They allow the
interacting species to utilise resources and/or to colonise habitats where neither of them can
persist alone (Boucher et al. 1982; Bronstein 1994a, 2001b; de Mazancourt et al. 2005).
Without mutualisms some key stages for life on earth, such as the development of the
eukaryotic cell (Margulis & Chapman 1998), would not have been possible (Bronstein
2001b). Other influential examples include the close relationships between terrestrial plants
and mycorrhizal fungi that accompanied the initial settlement of plants on land (Remy et al.
1994) and the interactions between plants and their pollinators or seed dispersers that
influenced the radiation of angiosperms (van der Niet & Johnson 2012).
Mutualisms are highly diverse: the interacting species may associate for their whole life, or
the interaction can be limited to short periods of resource/service exchange (Leigh Jr 2010).
Moreover, mutualisms can range from facultative dependency where the interaction is not
essential to the interacting species, to obligatory dependency where the interacting species
cannot survive or reproduce without their partners (Bronstein 1994a). In many mutualistic
interactions, partner species do not depend equally on each other (Jordano 1987), which can
lead to asymmetric mutualisms. This can be seen in mutualistic interactions between mobile
and sedentary species. While mobile partners often are not highly specialised, sedentary
partners commonly have evolved special traits that meet the behaviour of their particular
interaction partner (Bronstein 2009). How strongly the interacting species depend on each
other not only varies on an evolutionary timescale, but is also influenced by contemporary
biotic and abiotic factors (Bronstein 1994a; Hom & Murray 2014) such as the abundance of
predators (Del-Claro & Oliveira 2000) or access to light (Kersch & Fonseca 2005).
Despite their importance and omnipresence, “the evolution and maintenance of mutualisms
remains a largely unsolved puzzle“ (Jander & Herre 2010). To maintain their mutualistic
interaction and to avoid parasitism, the involved species are in a constant evolutionary race.
They must persistently adapt to their partners, keeping their own costs lower than the
resulting beneficial outcome, to avoid exploitation by or the loss of the partner species
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(Doebeli & Knowlton 1998; Bronstein 2001b; Sachs et al. 2006; Leigh Jr 2010). Species may
abandon facultative mutualistic interactions and live autonomously when benefits can also be
gained from the environment. Instead, they may switch to alternative partners if that is more
beneficial for them (Denison & Kiers 2004; Moeller & Gebre 2005; Stadler & Dixon 2005;
Sachs et al. 2006; Thompson & Fernandez 2006).
Investigating mutualistic interactions requires that involved costs and benefits have to be
revealed first. This can be challenging as in some cases it is difficult to determine if, for
example, “services” of the associated partners are beneficial at all, or if they are just
commensalistic or even parasitic actions. This can be seen in the relationship between fungi
and algae in lichens (Ahmadjian & Jacobs 1981; Gargas et al. 1995). Currently, a detailed
cost-benefit analysis is missing in many presumed mutualisms. Approaches are often
unilateral where only one of the involved species is investigated (Bronstein 1994b, Currie
2001), e.g., due to challenges in manipulating the other species. Moreover, there is still a
profound lack of knowledge concerning context dependency in mutualisms (Chamberlain &
Holland 2009). Thus, for detailed analyses regarding the costs and benefits of the interacting
species different abiotic and biotic environmental factors have to be taken into consideration
(Bronstein 1994b). Understanding the costs and benefits for the involved species and hence
the degree of evolved dependence, the geographic variation and stability over time, as well as
the evolution of mutualistic relationships, are central topics in evolutionary biology and
ecology (de Mazancourt et al. 2005; Ferrière et al. 2009).
Overall I aimed to contribute to a better understanding of mutualisms, especially those
between animals and plants, the incurred costs and benefits, and the interdependence of the
partner species. To do so, I focused on the interactions between a tropical bat species and
several carnivorous plants of the genus Nepenthes. In order to classify whether these
interactions are mutualistic or not, I intended to investigate the costs and benefits of all
involved species and to determine how strongly they depend on each other.
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Animal-Plant Mutualisms

The exchange of services and/or resources is fundamental in animal-plant mutualisms. Plants,
as sedentary partners, often rely on mobile animal partners that transfer gametes to the other
sex or disperse their seeds. In return, animals receive food for their services (Rosas-Guerrero
et al. 2014). Other plants offer shelter to their animal partners, which defend them as in the
case of Acacia trees that harbour ants (Janzen 1966). Several plant species, including maize
and tobacco, chemically attract parasitoid wasps that rid the plants of their herbivorous pests
(De Moraes et al. 1998). The majority of such mutualisms comprise plants and insects but
there are also prominent examples for mutualistic interactions between plants and mammals:
A minimum of 528 angiosperm species from 67 families rely on pollinating bats (Fleming et
al. 2009). Many of those bats and plants strongly depend on their respective partner species,
which is indicated by highly adapted morphological traits. Nectarivorous bats, for example,
have extremely long tongues, an elongated rostrum and reduced dental structures, which
allow them to reach the nectar of flowers (Winter & von Helversen 2003; Gregorin &
Ditchfield 2005; Muchhala 2006a). Morphological and physiological adaptations can also be
found in the plants as their flowers have, for example, wide apertures and open (only) at
night. Such adaptations not only facilitate pollination by the preferred pollinator, but also
exclude those pollinators that are not effective (Muchhala 2006b). Some of these plants
additionally have characteristic traits for the attraction of their bat pollinators. It has been
shown that many bat-pollinated flowers produce a sulphuric odour that attracts bats (von
Helversen et al. 2000). However, the main orientation sense of bats is echolocation, a
multifunctional system which meets various demands of the bats (Jones & Holderied 2007).
Some plant species in the Neotropics have thus developed flowers or leaves that are highly
echo-reflective and attractive for their bat pollinators (von Helversen & von Helversen 1999;
Simon et al. 2011).
For many other bat-plant interactions it remains unclear whether the plants gain benefits.
Several bat species are known to roost in foliage such as developing tubular leaves of various
plant families, e.g., Musaceae, Zingiberaceae, or Strelitziaceae. These leaves are occupied by
single individuals or by aggregations of bats (Happold & Happold 1996; Ralisata et al. 2010;
McArthur 2012). Moreover, other bat species modify leaves, producing tent-like roost
structures (Kunz et al. 1994; Kunz et al. 1996). Even though the bats often damage these
leaves, it has been suggested that the plants could also benefit from the bats as the damage is
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often limited (Cholewa et al. 2001) and the bats’ nutrient-rich faeces could serve as highly
effective fertiliser for the plants (Foster & Timm 1976).
The use of animal faeces as fertilisers is a
successful strategy in several (carnivorous) plant
species to compensate for low nutrient content in
soils (Anderson 2005; Romero et al. 2006). For
example,

the

mountainous

pitcher

plant

Nepenthes lowii occurs at high elevations with
low abundance of potential arthropod prey and
produces aerial pitcher-shaped trapping organs
that lack typical traits for attracting arthropods.

Fig. 1. Tupaia montana approaching the peristome of the
mountainous pitcher plant Nepenthes rajah. (Photo
courtesy of Christian Ziegler).

These pitchers are visited by tree shrews (Tupaia montana), which feed on exudates from the
pitchers’ lid. In turn, they provide the pitchers with nutrients via their faeces (Clarke et al.
2009). Recent studies showed that several mountainous Nepenthes species (Nepenthes
macrophylla, Nepenthes rajah; Fig. 1) mutualistically interact with animals as they are visited
by T. montana during daytime and additionally by nocturnal rats (Rattus baluensis) (Chin et
al. 2010; Wells et al. 2011).
Nepenthes pitchers are hosts for a huge variety of organisms such as larvae of mosquitos or
flies, spiders, crabs, and frogs, e.g., Microhyla nepenthicola that can be found in Nepenthes
ampullaria pitchers (Beaver 1985; Ratsirarson & Silander Jr 1996; Das & Haas 2010;
Rembold et al. 2013). Associated organisms can be classified as nepenthebionts if they cannot
live outside Nepenthes pitchers, nepenthephiles if they do not totally rely on them in every life
stage, and nepenthexenes if they only sometimes can be found in the pitchers. For many of
these organisms the mode of interaction with the pitcher plants is unclear (Clarke 2006). If
these species make use of the pitchers’ captured prey, they are usually considered as parasites.
However, it is likely that many of these presumed parasites mutualistically interact with the
plants by receiving domicile, protection and food in exchange for support in breaking down
the pitchers’ prey and thus accelerated digestion processes. One example is an ant,
Camponotus schmitzi, which feeds on the prey of the pitcher plant Nepenthes bicalcarata.
These ants had first been considered as parasites (Clarke & Kitching 1995) but further
investigations showed the contrary: They not only keep the pitchers’ peristomes slippery
(Thornham et al. 2012), but these ants also reduce the pitchers’ nutrient loss by preying upon
kleptoparasites in the pitcher fluid (Scharmann et al. 2013).
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A further puzzle is represented by different Nepenthes species that are occupied by bats of the
species Kerivoula hardwickii (Payne et al. 1985; Clarke 2006; Arthur & Lemaire 2009).
Before the start of this work nothing was known about the relationships between the involved
species and whether they could be classified as mutualistic, commensalistic or even parasitic.
I hypothesised that bats of the species K. hardwickii interact mutualistically with one or
several Nepenthes species, which the bats use as roosts. To test this hypothesis, I conducted
cost-benefit analyses with those pitcher plants that potentially benefit from the bats as well as
with the bats themselves and classified the interaction as mutualism if for both partners the
benefits exceeded the costs.

1.3

Study Organisms

Carnivorous Plants in the Genus Nepenthes
Nepenthes pitcher plants grow on nutrient-poor soils in diverse habitats such as peat swamp,
heath, and mountain forests (Bohn 2004; Clarke 2006) but gain nutrients from capturing
arthropods (Box 1). For this purpose, these plants have specialised leaves that form pitchers
(Fig. 2) (Clarke 2006). Each pitcher is characterised by four different zones: lid, peristome,
the inner upper waxy zone, and the glandular zone at the bottom of the pitcher (Clarke 2006).
The lid protects pitchers from entering rainwater that would dilute the digestive fluid
contained in the pitchers (Clarke 2006; Bauer et al. 2012). Moreover, the lid plays an
important role in prey attraction and prey capture (Bauer et al. 2012). The second pitcher
zone, the peristome, is very slippery and lures arthropods, with nectar, to approach the inner
edge where they easily fall into the pitchers. In the interior of the pitchers the upper zone is
coated with epicuticular wax crystals or lunate cells that point downwards (Bohn 2004;
Gaume et al. 2002) to prevent captured arthropods from escaping the pitchers. The lower zone
comprises the digestive fluid and the wall of the pitcher is full of glands that produce and
secrete digestive enzymes and acids (Thornhill et al. 2008; Bazile et al. 2015). The acidity of
the digestive fluids inside the pitchers varies from neutral to highly acidic, reaching pH values
below 2 in species such as Nepenthes rafflesiana and Nepenthes gracilis (Clarke 2006). The
digestive fluid contains various enzymes such as proteases, lipases, and chitinases (Tökés et
al. 1974; Eilenberg et al. 2006; Hatano & Hamada 2008), which allow the plant to break
down prey. In many species the digestive fluid is viscoelastic, a trait that significantly
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contributes to the plants’ prey capture success as
arthropods are drawn into the fluid (Gaume & Forterre
2007; Bonhomme et al. 2011). Most Nepenthes species
produce dimorphic pitcher types: 1) terrestrial pitchers
that touch the ground and have an ovoid shape, and 2)
aerial pitchers that are located above the ground (Fig. 2).
The latter pitchers are produced by the plants when
Fig. 2. Pitcher morphology of terrestrial and
aerial Nepenthes pitchers (Clarke 2006).

stems start climbing and the plant reaches maturity
(Clarke 2006).

Box 1: Carnivory in Plants
Carnivory has convergently evolved in different lineages of angiosperms (Albert et al. 1992).
Pitcher plants occur in seven genera in the Americas, Asia, and Australia. Five of these genera
are restricted to the New World, with the majority of plants belonging to the family
Sarraceniaceae (genera Heliamphora, Sarracenia, and Darlingtonia). The two other New
World genera are bromeliads (Catopsis and Brocchinia). In the Old World the genus
Cephalotus is monotypic and solely occurs in south-western Australia (Clarke 2006). Pitcher
plants of the largest genus Nepenthes are common in northern Australia, in South-East Asia,
and southern China. Some species occur in Sri Lanka, India, the Seychelles, and Madagascar
as well as in New Caledonia. However, the largest diversity of Nepenthes species has been
described on Borneo (Clarke 2006; Meimberg & Heubl 2006). Carnivory is a strategy of
plants that occur in wet, sunny, and oligotrophic habitats to compensate the low nutrient
content in soils (Givnish et al. 1984). Until recently it was unclear to which degree carnivory
is important for carnivorous plants. Only few studies have focused on the benefits of prey
capture in terms of growth and/or photosynthesis gain, and results were partly controversial
but with a general agreement that carnivory is at least in some aspects beneficial for the plants
(Moran & Moran 1998; Mendez & Karlsson 1999; Wakefield et al. 2005; Farnsworth &
Ellison 2007; Pavlovič et al. 2009; Pavlovič et al. 2013). In some species, such as Nepenthes
talangensis, prey capture seems to additionally stimulate reproductive activity (Pavlovič et al.
2009).
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a)

N. hemsleyana was previously characterised as the elongate form of N.
rafflesiana Jack (elongata nom. nud.; Cheek & Jebb 2001; Phillipps et
al. 2008). In northwest Borneo, the ‘elongate’ and ‘typical’ varieties
often occur sympatrically. The elongate form was recently elevated to
species status by Clarke et al. (2011) who named it Nepenthes
baramensis. However, this name is a junior synonym of N. hemsleyana
(Macfarlane 1908; Scharmann & Grafe 2013). N. hemsleyana can attain

b)

a maximal height of 6 m. The pitchers are soft, due to the low amount of
incorporated lignin (Osunkoya et al. 2008), and can be green, white, or
speckled with purple patches (Fig. 3a) (Clarke 2006). The length of the
terrestrial pitchers is up to 20 cm with a width of up to 5 cm. They are
thin-chartaceaous and arise directly from the tendril. The lower third is
ovoid and a clear hip can be observed. The aerial pitchers are 18 to 25
cm long with a width of 3 to 5 cm. They are narrowly infundibular in
the lowest third of the pitcher and broaden towards the hip, which can
be found between the middle and upper third of the pitcher. The pitcher

Fig. 3. a) Aerial pitcher of
Nepenthes hemsleyana. b)
A mature (left) and a
developing aerial pitcher of
Nepenthes rafflesiana.

section above the hip is cylindrical (Clarke et al. 2011). Volatile
emission and UV light patterns, as typically observed in the closely related N. rafflesiana
(Scharmann, personal communication; Fig. 3b), cannot be found in the aerial pitchers of N.
hemsleyana (Moran 1996). The plants occur in the periphery of peat swamp and heath forests
of Western Borneo (Brunei Darussalam, Sarawak) usually below 200 meters above sea level
(Clarke 2006; Clarke et al. 2011).
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Nepenthes bicalcarata
N. bicalcarata (Hooker, 1873) plants are able to climb 20 m upwards to
reach the forest canopy. Pitchers of N. bicalcarata have a bulbous or
urceolate shape (Clarke 2006) (Fig. 4) and wax crystals are missing
from the surface of these plants (Bohn 2004). There are two
characteristic thorns in the upper part of the pitchers that are derived
from the apical ribs of the peristome (Fig. 5) (Clarke 2006). As nectar

Fig. 4. An aerial pitcher of
Nepenthes bicalcarata.

glands can be found in these thorns, it is probable that they serve for prey attraction (Merbach
et al. 1999). Aerial pitchers vary from the lower ones because of their smaller size and lower
liquid quantity (Clarke 1997). The pitchers are often yellow, orange, or sometimes green. The
species predominantly occurs in the periphery of peat swamp and heath forests (Clarke 2006).

Nepenthes ampullaria
Similar to N. bicalcarata, N. ampullaria (Jack, 1835) can climb to a
height of up to 15 m (Fig. 5). Pitchers grow in rosettes, have an
urceolate shape, and are smaller than 10 cm. Each pitcher has two
fringed wings that reach from the tip to the bottom of the pitcher
(Clarke 2006). The lid is small and narrow and in contrast to other
species it is not located above the pitchers’ orifice (Moran et al. 2003).
These traits enable the plant to gain a considerable amount of nutrients
from digesting leaf litter (Moran et al. 2003; Pavlovič et al. 2011). The

Fig. 5. Rosette pitchers
of Nepenthes ampullaria
(Photo courtesy of
Christian Ziegler).

plants only rarely produce upper pitchers. N. ampullaria grows sympatrically with N.
hemsleyana and N. bicalcarata (Clarke 2006).
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Bats (Chiroptera) and the Genus Kerivoula
The order Chiroptera (approximately 1,230 species) comprises more than 20% of the
currently described mammal species and is the second largest mammalian order (Wilson &
Reeder 2005; Kunz et al. 2011). As in many other taxa there is a global biodiversity gradient
in bats, with the highest bat diversity in the subtropics and tropics. Some bat families, e.g., the
Old World fruit bats (Pteropodidae), are completely restricted to these areas (Marshall 1985).
Bats are the only mammals capable of active flight, which was probably key to their
enormous radiation and their wide distribution as they occur on every continent except
Antarctica (Thomas & Suthers 1972; Wilson & Reeder 2005). Another key factor that has
allowed bats to occupy diverse ecological niches is their acoustic orientation system, which is
adapted to their primarily nocturnal lifestyle (Neuweiler 2000). Most bats produce ultrasound
calls in the larynx and emit them through the mouth or nose (Schnitzler & Grinnell 1977).
Some Pteropodidae produce clicks with their tongues (i.e. bats of the genus Rousettus) (Jones
& Teeling 2006) or wings (Boonman et al. 2014). It is highly likely that echolocation
developed several times independently (Boonman et al. 2014).
The genus Kerivoula comprises 22 species, a number that has increased during the last few
years as new species especially from South-East Asia, such as Kerivoula kachinensis (Bates et
al. 2004), Kerivoula krauensis (Francis et al. 2007), and Kerivoula titania (Bates et al. 2007),
have recently been described. More cryptic species are likely to be discovered as genetic and
morphological analyses are on-going (Douangboubpha et al. 2015). Bats in the genus
Kerivoula are characterised by a dense, woolly fur, a non-specialised dentition, and funnelshaped ears with a long tragus (Payne et al. 1985). Kerivoula usually roost solitarily or in
little groups of about six individuals (Nowak 1994) (for a general overview see Box 2). Their
echolocation calls are downward-frequency-modulated with low intensity and are
characterised by short call durations, extremely large bandwidths, and high starting
frequencies (152.0 – 180.0 kHz) (Kingston et al. 1999).
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Box 2: Roosting Ecology of Bats
Small vertebrates frequently suffer high predation risk (Lagos et al. 1995) or adverse climatic
conditions (Roper et al. 2001; Shimmin et al. 2002). Thus, they often strongly depend on
shelters for survival and reproduction. As a consequence, low shelter availability can lead to
population decline (Grillet et al. 2010; Lagarde et al. 2012). Similarly, the availability of
roosts seems to influence the number of occurring bats in a certain area probably due to
competition between bats and other vertebrate or invertebrate species (Humphrey 1975; Kunz
& Lumsden 2005).
Most bats are highly social with group sizes ranging from only few individuals to
aggregations of several million bats in some locations (McCracken & Wilkinson 2000; Kunz
& Lumsden 2005; Kerth 2008). While females roost solitarily in only a few species, such as
Lasiurus borealis (Mager & Nelson 2001), solitary lifestyle is more common in males
(McCracken & Wilkinson 2000). Besides commonly used roosts, such as caves and tree
cavities (Kunz & Lumsden 2005), some bats also use exceptional roost types such as ant and
termite nests (Hodgkison et al. 2003; Dechmann et al. 2004) or abandoned bird nests (Schulz
2000). Roost selection is not only variable between but also within species as it often depends
on the developmental stage and reproductive status of the bats (Lewis 1995; Kerth et al. 2001;
Chruszcz & Barclay 2002). Here, abiotic factors such as microclimatic conditions inside the
roosts play an important role. Reproductive female bats of several species are known to select
warm roosts to accelerate the development of the juveniles (Hamilton & Barclay 1994; Kerth
et al. 2001). Similarly, in the bat Lophostoma silvicolum, males excavate active termite nests
to create roosts that provide the associated females with higher inner temperatures than the
ambient one. By roosting in active termite nests, these bats can reduce their daily energy
needs by up to 5% (Dechmann et al. 2004; Dechmann et al. 2005). A further important
microclimatic factor is the humidity inside roosts, which is especially relevant in bats whose
water loss is high due to their large and exposed wing membranes (Chew & White 1960).
Thus, bat roosts are commonly characterised by high air humidity (Baudunette et al. 1994;
van der Merwe & Stirnemann 2009).
Furthermore, roost selection in bats is often influenced by parasite infestation risk. Bats suffer
from various highly specialised ectoparasites such as mites (Spinturnicidae, Macronyssidae),
and bat flies (Nycteribiidae). While some of those parasites (e.g., Spinturnicidae) spend their
whole lifecycle on the bats, others (e.g., Nycteribiidae) need the roosts of their hosts for
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certain developmental stages (Rudnick 1960; Zahn & Rupp 1999). Parasites of the latter
group deposit their larvae in the bats’ roosts, where they pupate and subsequently wait for
new hosts to arrive (Dick & Patterson 2006; Reckardt & Kerth 2006, 2007). It is likely that
such ectoparasites negatively influence the body condition of animals, although several
studies investigating the cost of parasitism have produced contrasting results (Brown &
Brown 1986; Lewis 1996; Zahn & Rupp 1999; Giorgi et al. 2001; Lourenço & Palmeirim
2007). Roost switching in many bat species seems thus to be a behavioural adaptation that
minimises parasite load (Lewis 1996; Reckardt & Kerth 2007). Pallid bats, Antrozous
pallidus, for example, show very low roost fidelity and switch roosts highly frequently to
disrupt the reproductive cycle of their parasites (Lewis 1996). However, bats are faced with a
trade-off as not only the parasites themselves but also roost switching incurs costs, for
example, it may be more difficult to keep a social group intact when roost switching occurs
frequently (Lewis 1995, 1996).

Kerivoula hardwickii
K. hardwickii (Horsfield, 1824) is a small bat with a forearm
length of 32.0 – 34.0 mm and a weight of 3.5 – 4.2 g. The fur
colour on the dorsal surface is grey-brown with dark grey at the
base, while the ventral surface is lighter grey (Fig. 6). It can be
Fig. 6. The insectivorous bat
Kerivoula hardwickii.

found in the undergrowth of mature forests (Payne et al. 1985)
and especially in primary forests (Heaney 1998). The range of

K. hardwickii includes Sri Lanka, India, southern China, Malay Peninsula, Sumatra, Java,
Kangean Islands, Bali, Borneo, Sulawesi, Philippines (Payne et al. 1985; Corbet & Hill 1992;
Nowak 1994; Esselstyn et al. 2004), and Singapore (Leong & Lim 2009). Several subspecies
of K. hardwickii have been described including K. h. hardwickii that has been reported to
occur in Sabah, Sarawak as well as in East and West Kalimantan (Payne et al. 1985; Hill &
Rozendaal 1989). However, the classification of subspecies based on morphological and
multiple genetic datasets has produced contradictory results (for an overview see
Douangboubpha et al. 2015).
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We found bats of the species K. hardwickii roosting in pitchers of three Nepenthes species: in
aerial pitchers of N. hemsleyana and N. bicalcarata, as well as in terrestrial pitchers of N.
ampullaria (Grafe et al. 2011; Schöner et al. 2013; Schöner C. et al. 2015), which is in
accordance with previous publications (Payne et al. 1985; Clarke 2006; Arthur & Lemaire
2009). The bats were present in all study sites in North-western Borneo (Brunei Darussalam
and Sarawak) where one or several of these pitcher plant species occurred except for one area
where the pitcher plants grew outside the forest (Fig. 7). As bats are highly sensitive to the
microclimatic conditions inside their roosts (Kerth et al. 2001; Dechmann et al. 2004), it
seems that the relationship between K. hardwickii and the pitcher plants is restricted to areas
with dense canopy cover that buffers the microclimatic conditions (Schöner et al. 2013).

Fig. 7. Study sites with populations of Kerivoula hardwickii using Nepenthes pitchers as roosts. The percentages of occurring
pitcher types and the ratios of occupied roosts are shown (data from 2009 till 2014 included). Nh = Nepenthes hemsleyana; Nb
= Nepenthes bicalcarata; Na = Nepenthes ampullaria. Colours indicate which pitcher type(s) were used by K. hardwickii: red =
Nh, orange = Nb, violet = Nh and Nb, turquoise = Nh and Na.

Intact pitchers of N. bicalcarata and N. ampullaria are characterised by high levels of
digestive fluid and an urceolate shape (Clarke 2006) so that bats cannot use them. Instead, we
found bats roosting in senescing and damaged pitchers of those species where the digestive
fluid had drained off (Schöner et al. 2013). Therefore, the interaction with K. hardwickii is
not beneficial for N. bicalcarata and N. ampullaria as they cannot gain nutrients from the
bats’ faeces (Schöner et al. 2013). In contrast to N. bicalcarata and N. ampullaria pitchers,
Costs and benefits in a bat-pitcher plant mutualism
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only intact pitchers of N. hemsleyana can be used because these pitchers lose their shape as
soon as they start senescing (Schöner C. et al. 2015). This makes them an optimal candidate
for a mutualistic interaction with the bats. In the following cost–benefit analyses I will thus
focus on this interaction between the bats and N. hemsleyana.

2.2

Benefits for the Interacting Species

Benefits for K. hardwickii
Interspecific roost competition has been discussed as a potential cause for
roost partitioning in bats (Kunz & Lumsden 2005). By choosing a
particular type of roost, such as pitchers of carnivorous plants, bats could
benefit by avoiding interspecific competition. In fact, we never found
another bat species other than K. hardwickii roosting in pitcher plants
(Grafe et al. 2011; Schöner et al. 2013). One possible reason why only K.
hardwickii use N. hemsleyana pitchers is that the pitchers’ dimensions are
well matched to K. hardwickii’s body lengths and widths as we showed in
Grafe et al. (2011) and Lim et al. (2015). Compared to the closely related
Fig. 8 Kerivoula
hardwickii roosting in
a Nepenthes
hemsleyana pitcher.
The shape of the
pitcher and the low
fluid level perfectly
match the bats’ body
size.

N. rafflesiana, N. hemsleyana‘s pitchers are characterised by a reduced
fluid level (Fig. 8) (Lim et al. 2015). Thus, the inner volume of N.
hemsleyana pitchers is large enough to host a maximum of two K.
hardwickii individuals (normally a mother with her offspring). In contrast,
many other sympatric bat species would either be too big and would not fit
into the pitchers or they would be too small and thus at risk of falling into

the digestive fluid (Payne et al. 1985).
K. hardwickii particularly benefit more from roosting in pitchers of N. hemsleyana than in
those of the non-mutualistic N. bicalcarata. During the hottest hours of the day the
temperature inside N. hemsleyana pitchers is continuously lower than in wilted N. bicalcarata
pitchers. In contrast to N. bicalcarata pitchers, the humidity inside N. hemsleyana pitchers is
higher than the ambient humidity and highly stable during the course of the day. The presence
of evaporating digestive fluid in combination with the elongated shape, which retains the high
air humidity, supports beneficial microclimatic conditions inside N. hemsleyana pitchers
(Schöner et al. 2013). This helps bats to avoid heat stress and dehydration (Herreid &
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Schmidt-Nielson 1966; Vonhof & Barclay 1997). Additionally, K. hardwickii roosting in
pitchers of N. hemsleyana are free from parasite species such as fleas and bat flies that
strongly depend on the roosts of their host for reproduction (Reckardt & Kerth 2007). The
inner surface of N. hemsleyana pitchers is covered with waxy crystals (Gaume & Di Giusto
2009; Bauer et al. 2011), which prevent the attachment of eggs or larvae on the roosts’ walls.
Such a waxy layer is missing in N. bicalcarata pitchers (Bohn 2004).
The higher quality of N. hemsleyana pitchers also affects the bats’ physical condition and
behaviour: Bats that exclusively roost in N. hemsleyana pitchers are in better body condition
compared to those individuals that at least partially use N. bicalcarata pitchers (Schöner et al.
2013). As a consequence, the bats use N. hemsleyana pitchers more frequently (Schöner et al.
2013). Such behaviour can also be seen in other bat species that use those roosts more
intensively which correspond to their current requirements (Kerth et al. 2001; Lausen &
Barclay 2002). Could the roost preference of K. hardwickii also be beneficial to N.
hemsleyana?

Benefits for N. hemsleyana
Despite the fact that the production of trapping organs is costly (Osunkoya et al. 2007;
Pavlovič et al. 2009), carnivory is beneficial for Nepenthes and other carnivorous plants
(Aldenius et al. 1983; Chapin & Pastor 1995; Pavlovič et al. 2013). In this context, N.
hemsleyana seems to be a paradox as its large pitchers capture a low amount of arthropods
(Moran 1996). To determine whether N. hemsleyana profits from harbouring bats, we
compared the isotopic signature of leaf blades from pitchers used as roosts with those from
control pitchers that had never been occupied and which had been monitored on a daily basis
since they had opened (Grafe et al. 2011). Our results showed that N. hemsleyana gains more
than one third of its foliar nitrogen from bat faeces (Fig. 2 in Grafe et al. 2011). Yet, the value
of this nitrogen source and its fitness relevance were still unclear. To compare the beneficial
effect of bat faeces on N. hemsleyana with that of arthropod prey, we conducted feeding
experiments both in the wild and in the greenhouse (Schöner et al. submitted). We determined
growth, photosynthesis and survival of all experimental N. hemsleyana plants. Plants fed with
bat faeces performed better in all measured parameters than plants fed with arthropods only.
After long-term nutrient deprivation plants that we fed with both faeces and arthropods even
covered 95.4% of their nitrogen demand from bat faeces (Schöner et al. submitted) probably
Costs and benefits in a bat-pitcher plant mutualism

RESULTS AND DISCUSSION

24

because faecal nitrogen is typically bound in urea molecules that can be more readily
assimilated by plants than protein-bound nitrogen (McFarlane et al. 1995). Arthropod prey
alone was not sufficient for the plants as 21.4% of the arthropod-fed plants died during the
experiment while all of the faeces-fed plants survived. N. hemsleyana has thus outsourced
prey capture and digestion to its animal-interaction partner (Schöner et al. submitted), similar
to other mammal-Nepenthes interactions (Clarke et al. 2009; Chin et al. 2010). This results in
multiple benefits for the plants: The associated mammals have large foraging areas and access
to a variety of food items that otherwise would be inaccessible for the plants (Payne et al.
1985). Finally, all of these mammals predigest their food, and deliver it to the plants via their
faeces (Clarke et al. 2009; Chin et al. 2010; Grafe et al. 2011) in a readily absorbable format
(Schöner et al. submitted).

2.3

Costs for the Interacting Species

Costs for K. hardwickii
Finding new roosts is a critical and challenging task for bats (Ruczyński et al. 2007)
especially when roosts are highly ephemeral (Chaverri et al. 2010). N. hemsleyana pitchers
are relatively rare, grow hidden in the dense peat swamp forests of Borneo, and are shortlived (Osunkoya et al. 2008; Schöner C. et al. 2015). Other roosts used by K. hardwickii (N.
bicalcarata and N. ampullaria) are more abundant and available for a long time as they keep
their shape when they are dead (Schöner C. et al. 2015). However, most N. hemsleyana plants
continuously provide at least one suitable pitcher (Schöner C. et al. 2015) so that the bats are
able to remain associated with the same plant for months or years (Schöner et al. 2013).
Costs to find new pitchers could additionally be reduced if N. hemsleyana pitchers have
characteristics that help the bats to find them. We detected a concave structure in the
elongated back wall of N. hemsleyana, which serves as an effective echo reflector with a
species-specific spectral signature that makes the pitchers acoustically stand out in cluttered
environments. Behavioural experiments showed that this echo reflector helps the bats to find
and identify their pitcher roosts (Schöner C. et al. 2015). Convergent structures have
previously been found in Neotropical plants which however are pollinated and not fertilised
by bats (von Helversen & von Helversen 1999; Simon et al. 2011). Taken together, it seems
that the costs for K. hardwickii to find new pitchers are relatively low. It is highly likely that
the bats find new pitchers by inspecting plants that they already know and even if they have to
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find new plants, the pitchers’ echo-reflective structure will facilitate the search. Other
potential costs, which we investigated, appeared to be marginal (Schöner M. et al. 2015).

Costs for N. hemsleyana
Voluntarily or involuntarily, some bat species are known to damage plant tissue while or in
order to roost in it (Kunz et al. 1996). N. hemsleyana pitchers are highly delicate due to their
low lignin content and thin walls (Osunkoya et al. 2008). By monitoring the lifespan of
pitchers and whether and how often they were occupied by bats, we could neither find visible
damage in pitchers used by the bats nor a reduction in their lifespan compared to pitchers that
had never been used by K. hardwickii (Schöner C. et al. 2015). As the rare pitchers of N.
hemsleyana are a valuable resource for the bats (Schöner C. et al. 2015), it is likely that they
avoid damage to their foliage roosts in order to use them for as long as possible (Cholewa et
al. 2001).
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2.4

Classification of the Interaction between Bats and Pitcher Plants

Mutualisms are defined as interactions where the benefits of each involved species outweigh
the costs (Bronstein 1994a) – a situation that seems to be the case in the interaction between
K. hardwickii and N. hemsleyana (Fig. 9). Despite a net-benefit resulting from the interaction,
some mutualisms cause high costs for the involved species. Some ant species, for example,
limit growth and reproduction of their host trees that they defend against herbivores (Stanton
& Palmer 2011). Several obligate pollinators feed on the seeds of associated plants and
thereby impair the reproduction of the mutualism partner (Pellmyr 1989; Herre & West 1997).
To quantify the outcome for K. hardwickii and N. hemsleyana, I examined the most
prominent factors that were already known to be beneficial (e.g. the use of faeces as fertilisers
(Clarke et al. 2009)) or costly (e.g., the ephemerality of plant roosts (Chaverri et al. 2010)) in
other mammal and (pitcher) plant mutualisms. Even though the list of possible benefits and
costs could still be extended (Schöner C. et al. 2015), the benefits are so significant that the
consideration of further costs is unlikely to reverse this ratio. The effect of the mutualism
between K. hardwickii and N. hemsleyana on the reproduction of both species is still
unknown but we found that the survival of N. hemsleyana plants and the body condition of K.
hardwickii improved when both species interacted (Schöner et al. 2013; Schöner et al.
submitted). Thus, our studies provide indirect evidence that this mutualism has a beneficial
effect on the fitness of both species.
As common in other facultative mutualisms (Bshary & Bronstein 2004; Moeller & Gebre
2005; Stadler & Dixon 2005; Thompson & Fernandez 2006) K. hardwickii and N. hemsleyana
still use alternative sources outside the mutualism to meet their requirements (Grafe et al.
2011; Schöner et al. 2013; Schöner et al. submitted). N. hemsleyana has retained some traits
that are effective in arthropod capture such as the viscoelasticity of the digestive fluid (Bazile
et al. 2015). These traits may be important during early stages of the plants’ development
when they do not produce pitchers that are suitable bat roosts or during times when bats are
not available. Similarly, the bats use alternative roost sites. By additionally using resources
and services outside the mutualism the involved species retain flexibility and are not strictly
bound to the occurrence and distribution of the partner as is the case in obligatory mutualisms
such as those between figs and fig wasps (Harrison 2000). However, when one of the species
utilises resources outside the mutualism, selective pressure may act on the respective partner
to prevent the former escaping the mutualism.
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Fig. 9. Classification of the interaction between Kerivoula hardwickii and Nepenthes hemsleyana (upper panel), and between
Kerivoula hardwickii and Nepenthes bicalcarata (which also represents Nepenthes ampullaria; lower panel).
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There are several ways for species to become more attractive for the partner and thus to
strengthen the mutualism: first, species can increase the probability to be more frequently
encountered by their partner than alternative resources. Neotropical flowers, for example,
catch the attention of phyllostomid bats that pollinate a broad range of different plants with
olfactory or acoustic signals (Raguso 2004). Second, species can provide high quality
resources and services to be more competitive. Many organisms are able to distinguish
partners that offer high quality resources from those offering low quality resources. Bees, for
example, avoid unrewarding flowers (Smithson & Gigord 2003) and in cleaner-fish
mutualisms high quality cleaners are preferred partners (Bshary & Grutter 2002). The pitcher
plant N. hemsleyana uses both mechanisms: the conspicuous echo reflector, which is missing
in N. bicalcarata and N. ampullaria, helps the plants to be located and identified quickly by
the bats (Schöner M. et al. 2015). Additionally, the roost quality of N. hemsleyana pitchers
exceeds that of the other Nepenthes species in respect to microclimate and parasite infestation
risk (Schöner et al. 2013), which should have a beneficial effect on the bats. Often, partners
that offer greater benefits also gain more benefits themselves, which improves their costbenefit ratio and enforces the mutualism (Ferrière et al. 2007). N. hemsleyana also benefits
from offering conspicuous and high quality roosts as it is used more intensively than other
Nepenthes pitchers (Schöner et al. 2013; Schöner M. et al. 2015).
A consequence, which can often be seen when mutualistic partners strongly depend on each
other, is trait loss (Ellers et al. 2012). Leaf cutter ants, for example, have lost arginine
biosynthesis pathway due to fungus cultivation (Suen et al. 2011). Although the mutualism
between N. hemsleyana and K. hardwickii is not an obligate one, N. hemsleyana seems to
strongly depend on its bat partner to whom it outsourced prey capture and digestion. The plant
has largely reduced its arthropod attracting traits (Moran 1996) and therefore partially
abandoned one of the key characteristics of carnivorous plants: carnivory itself (Schöner et al.
submitted). Notably, captured arthropods cannot fully compensate for the beneficial effects of
bat faeces and N. hemsleyana’s mortality increases when bats are excluded (Schöner et al.
submitted). The loss of its bat mutualism partner would thus imply high costs for the plants.
The bats seem to have retained more flexibility than the plants. Although alternative roosts of
K. hardwickii, such as pitchers of N. bicalcarata and N. ampullaria, are of low quality with a
direct or indirect negative influence on the bats’ body condition, they are consistently used by
the bats in several populations (Schöner et al. 2013) (Fig. 7). Therefore, the mutualism
between K. hardwickii and N. hemsleyana is not completely symmetrical, a characteristic

RESULTS AND DISCUSSION

29

observed in many mutualistic interactions (Guimaraes et al. 2006). This could partially be
explained by abundance effects of the involved species (Vazquez et al. 2009). Bascompte et
al. (2006) suggested that such evolved asymmetries could have a stabilising effect on
mutualisms. Accordingly, in the interaction between N. hemsleyana and K. hardwickii the
plant seems to have acquired highly attractive traits that meet the requirements of their
mammal partner (Grafe et al. 2011; Lim et al. 2015; Schöner, M. et al. 2015).
My thesis emphasises the necessity of rigorous cost-benefit analyses to determine how the
involved species affect and depend on each other. Such analyses have regularly been
conducted incompletely, often neglecting the determination and quantification of benefits and
especially costs for one or several of the interacting partners (Bronstein 2001a). This may lead
to preliminary classifications not revealing the true nature of these complex interspecific
interactions especially as in most cases not only two organisms but whole networks of
different organisms interact with each other (Knowlton & Rohwer 2003). Examples can be
seen in Acacia trees and their symbiontic ant species (Palmer et al. 2010). The complex
interplay between multiple species often opens up advantages for species but also poses
problems such as increased competition and opportunities for cheating (Addicott 1978;
Palmer et al. 2010). Cost-benefit analyses of all involved partners would be fundamental for
the improved understanding of such complex systems.
Moreover, this study can serve as basis for future projects that will investigate the evolution
of this and similar mutualisms. Although mutualisms are omnipresent and shape whole
ecosystems (Bronstein 2001a; Bronstein 2009; Vazquez et al. 2009), our understanding of
how mutualisms originate is incomplete. Current knowledge is mainly limited to theoretical
approaches (Connor 1995; Yamamura et al. 2004), and a few exemplary systems that have
been extensively examined (Anstett et al. 1997; Yoder et al. 2010).
Finally, the interaction between K. hardwickii and N. hemsleyana is likely to be in an early
stage of evolution as molecular analyses suggest that speciation processes in Nepenthes only
took place after the last glacial period (±10000 ya) (Meimberg & Heubl 2006; Chin et al.
2010). This comparatively young interaction therefore gives us the rare opportunity to
experimentally reconstruct and identify which components have been important for its
development and which traits of the partners facilitate the maintenance of the mutualistic
relationship.
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bats and pitcher plants -- This is additional material to clarify and augment the
Methods, Results and Discussion sections of the paper

2. MATERIAL AND METHODS
Study species
Nepenthes rafflesiana variety elongata
Pitcher plants of the genus Nepenthes grow on nutrient-poor soils, found e.g. in the threatened
heath and peat swamp forests of Borneo. As a result, pitcher plants strongly depend on additional
nitrogen supply that they gain by catching arthropods and small vertebrates in their pitchers.
Stoichiometric analyses have shown that Nepenthes species are nitrogen limited (Osunkoya et al.
2007). Most Nepenthes species show an ontogenetic dimorphism: they produce terrestrial and aerial
pitchers (Clarke 2006, Gaume & Di Giusto 2009). With at least 31 described species (Jebb & Cheek
1997) of about 120 species worldwide (McPherson 2009), Borneo harbours the greatest regional
diversity of Nepenthes species (Moran 1996). In addition, many species comprise several subspecies
further increasing the genetic and ecological diversity of pitcher plants.
Our study species, N. rafflesiana comprises at least nine subspecies, five of which occur in
Borneo and can be discriminated from each other by the form of their aerial pitchers (e.g. typica-form
vs. elongata-form that commonly co-occur in lowland forests in northern Borneo; Clarke 2006). N. r.
typica occurs in Borneo, Sumatra, Singapore and Peninsular Malaysia. The less widespread N. r.
elongata is restricted to the heath and peat swamp forests of Borneo (Clarke 2006; Phillipps et al.
2008). The aerial pitchers of the conspicuous subspecies elongata are characterized by their elongated,
narrow and cylindrical form, a lack of the typical volatiles (as detected by smell; DiGusto et al. 2010),
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and reduced UV-absorption of the peristome (Moran 1996; Phillipps et al. 2008). The two latter
features are important mechanisms of the typica-form that help it to attract insects (Bauer et al. 2009).
As a result, the insect catching rate of the typica-form is about seven times higher than that of the
elongata-form (Moran 1996, Gaume & Di Giusto 2009). Aerial pitchers of N. r. typica have a lifespan
of about two months (Di Giusto et al. 2008), whereas aerial pitchers of N. r. elongata are functional
for 2-4 months (own observations). Active aerial pitchers of N. r. elongata can be found all year round
(own observations).
We monitored a total of 223 N. r. elongata plants of which 64 (28.7%) harboured a total of 25
bats during our 6.5 week study period in 2009. Individual plants had a maximum of five intact pitchers
of which bats used up to three pitchers per plant. Only a single leaf blade was sampled from a plant for
subsequent nitrogen analysis.

Kerivoula hardwickii
Hardwicke’s woolly bat can be found in the undergrowth of tall forests (Payne & Francis, 2005)
particularly in primary forests (Heaney et al. 1998). K. harwickii is an insectivorous bat that forages in
narrow-spaces or clutter (Struebig et al. 2010). The range of Hardwicke’s woolly bats includes Sri
Lanka, India, southern China, Malay Peninsula, Sumatra, Java, Kangean Islands, Bali, Borneo,
Sulawesi, Philippines (Corbet & Hill, 1992; Esselstyn et al. 2004; Nowak, 1994; Payne & Francis,
2005) and Singapore (Leong & Lim, 2009). However, the subspecies K. h. hardwickii, which we
found to roost in Nepenthes pitchers, occurs only in Borneo (Brunei, Sabah, Sarawak as well as in East
and West Kalimantan; Payne & Francis, 2005). Thus, the mutualistic relationship between pitcher
plants and bats seems to be restricted to Borneo involving one particular subspecies of Kerivoula
hardwickii and one variety of Nepenthes rafflesiana. It should be noted, however, that additional
cryptic species of Kerivoula are currently being described from Borneo (M.J. Struebig pers.
communication) and it appears likely that the hardwickii subspecies found on Borneo may be a
separate species (Barcode of Life Data Systems, http://www.barcodinglife.org/).

PUBLICATION LIST

53

Details of sampling and stable isotope analysis
Observations of faeces in aerial pitchers of N. r. elongata confirmed that bats were
defecating into the pitchers (own observations). Bats presumably defecate on entering or
exiting the pitcher and we have seen them turn around in the pitcher, suggesting that they can
easily avoid soiling themselves if they choose not to. However, defecation within the pitcher
could be uncommon and the droppings themselves do not show that the pitcher plants
sequester any of the nitrogen from the faeces. To test the hypothesis that pitcher plants obtain
nitrogen from bat faeces, we determined the source of foliar nitrogen in N. r. elongata using
stable isotope analyses. Nitrogen obtained from pitchers is stored within the associated leaf
blades and is likely to be transported to the youngest, uppermost leaf of the plant to facilitate
pitcher construction there, as has been shown in N. mirabilis (Schulze et al. 1997). We opted
not to sample the youngest leaf to avoid picking up nitrogen signal from other pitchers on the
plant, as each plant usually has multiple pitchers. Since some of the sequestered nitrogen from
a pitcher that has harboured bats is lost to younger, developing leaves, our estimate of the
contribution of bats to nitrogen must be regarded as conservative. Likewise, we could not
exclude the possibility that pitchers known not to have had bats roosting in them might have
been on plants that had bats roosting in other pitchers. Thus, sampling the youngest leaves on
a plant might have introduced considerable error. Nitrogen is not known to be transported to
already established pitchers and their associated leaf blades. After harvesting leaf blades, they
were freeze dried in a specimen freeze dryer (Virtis model 24DX24) and stored in a dessicator
over silica gel for one to two weeks before they were ground to a fine powder using liquid
nitrogen.
We used a two-member isotopic mixing model (Shearer & Kohl 1989; Treseder et al.
1995) to determine the contribution by bats to the nitrogen intake by pitcher plants. Our
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model included mean 15N values for aerial leaf blades with potential faecal input (n = 38),
aerial leaf blades without faecal input (n = 17) and woolly bat faeces (n = 3). The bat faeces
was collected from bats defecating upon handling and immediately dried over silica gel. We
estimated the contribution of bats as:

%Nfaeces = ([δ15Nleaf blade with bat - δ15N leaf blade without bat] / [δ15Nfaeces - δ15N leaf blade without bat])*100

where δ15Nleaf blade with bat and δ15N leaf blade without bat represent the nitrogen isotope ratios of the
leaf blades associated with aerial pitchers of N. r. elongata known to have harboured bats and
leaf blades associated with aerial pitchers known not to have harboured bats, whereas
δ15Nfaeces represents the nitrogen isotope ratio of bat faeces.
Ideally the model would have included the nitrogen isotope ratio of N. r. elongata pitcher
plants that acquire their nitrogen only from bat faeces to exclude influences of isotopic
discrimination by the pitcher plant (Shearer & Kohl 1989, Treseder et al. 1995; Clarke et al.
2009). For practical reasons, however, it is very difficult to exclusively “feed” pitcher plants
with animal faeces while excluding nitrogen input from other sources (Clarke et al. 2009). We
believe that substituting δ15N values for N. r. elongata aerial leaf blades with 100% faecal
input for δ15N values of bat faeces is justified, since studies on several non-carnivorous plant
species have shown that lower N availability decreases discrimination (e.g. Pritchard & Guy
2005) a situation very likely to apply to Nepenthes.

3. RESULTS
Some woolly bat individuals showed high site fidelity, using the same pitcher without
interruption for up to 11 days. Other woolly bats switched pitchers daily. Pitchers used by bats had an
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average length of 19.8 ± 3.1 cm, with a diameter of 4.6 ± 0.8 cm and a height above ground of 123.4 ±
60.6 cm (n= 87). In total, 75 (86.2%) of the 87 occupied N. r. elongata pitchers showed single
occupancy, 10 pitchers (11.5%) had double occupancy and two (2.3%) pitchers were visited by three
different bats.
In total, 64 plants (out of 223) harboured at least one bat in one of its pitchers. Thus, the incidence
of plant occupancy was 28.7 % over the total study period of 6.5 weeks, compared to a 20.8% pitcher
occupancy rate. On average, 1.30 ± 0.70% of the 423 monitored pitchers were occupied on a single
day.

4. DISCUSSION
Bats use a variety of daytime roosts (Kunz & Lumsden 2003), including furled leaves (Chaverri et
al. 2010) and bamboo culms (Feng et al. 2008), but none are known to roost in pitcher plants. None of
the other woolly bats are known to use pitchers as roosts although some (K. minuta and K. intermedia)
are smaller than K. hardwickii and thus would find ample space within pitchers. Bats are known to be
highly selective in their choice of roosting sites. For example, the neotropical bat Lophostoma
silvicolum roosts in active termite nests that the bats modify (Dechmann et al. 2004). Likewise, the
Malaysian bat Balionycteris maculata excavates arboreal ant nests for use as day roosts (Hodgkison et
al. 2003) and Kerivoula papuensis roosts predominantly in abandoned birds’ nests in Australia (Schulz
2000). These examples show that the highly specialized nature of daytime roost use in K. hardwickii is
not unusual.
Additional advantages of roosting inside pitchers can be identified. A significant advantage could
be the absence of blood-sucking ectoparasites, which are frequently found in other bat roosts (Zahn &
Rupp 2004; Reckardt & Kerth 2007). Roost longevity may be another factor that has selected for
woolly bat roosting behaviour. Although the pitchers of N.r. elongata are ephemeral in nature,
remaining intact for only two to four months, they are much more reliable as roosts than short-lived
alternatives such as furled leaves. For example, the neotropical bat Thyroptera tricolor is only able to
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use furled leaves as roosts for one day (Vonhof & Fenton 2004). Finally, the narrow and cylindrical
form and the presence of a prominent girdle in the aerial pitchers of N.r. elongata might suit woolly
bats by allowing them to wedge themselves into the pitcher. We have often found it difficult to extract
bats from their pitchers because they were so tightly lodged.
We suggest that the low fluid levels, the prominent girdle as well as the narrow, elongate, and
cylindrical pitcher form may be adaptive traits, derived or ancestral, that facilitate bat roosting
behavior. This study has identified a suit of characters that facilitate bat roosting, some may be
derived, others (such as the elongate form) are likely to be ancestral in which case selection is likely to
maintain them in the presence of bats.
This study has also documented a significant contribution by bats to the nitrogen needs of pitcher
plants. It should be noted that our estimate of a 33.8% contribution to the total foliar nitrogen is
conservative because some of the nitrogen sequestered from the pitchers by leaf blades is likely to be
transported to younger leaves. For comparison, ants, the most common arthropod trapped in aerial
pitchers of N. r. typica, provide 68% of total foliar nitrogen (Moran et al. 2001) whereas the tropical
epiphyte Dischidia major derives 29% of its nitrogen from debris deposited by ants (Treseder et al.
1995).
Pitcher plants could also benefit from this relationship if bats glean off herbivores from pitchers
and associated leaves or reduce herbivore population levels in the surrounding habitat. Such tritrophic
cascades have been documented for vertebrate insectivores (Kalka et al 2008; Mooney et al 2010).
Further research is needed to assess if pitcher plants benefit in this way from attracting bats.
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Study period and harp trap setup per study site.

Study site

Andulau Badas

Bukit
Teraja

Labi 17
front

Labi 17
back

Labi
31

Saw
Mill

Wasai
Teraja

Duration
[d]

19

28

5

14

41

50

29

5

No. of harp
traps per
study site

44

48

14

8

32

17

22

16

Trapping
nights

14

13

4

4

15

6

6

4
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Overview of the numbers of captured K. h. hardwickii, monitored Nepenthes plants and
pitchers and numbers of Nepenthes used by the bats.
Andulau

Badas

Bukit
Teraja

Labi 17
front

Labi 17
back

Labi Saw
31
Mill

Wasai
Teraja

Total no. of bats

3

11

0

0

14

32

9

0

Bats caught in harp
traps

3

10

0

0

5

3

3

0

No. of monitored
N. hemsleyana
plants

11*

30

0

218

14

223

36

0

No. of monitored
N. bicalcarata
plants

0

70

0

0

38

8

60

0

No. of monitored
N. hemsleyana
pitchers

34*

34

0

489

32

418

82

0

No. of monitored
N. bicalcarata
pitchers

0

548

0

0

212

60

358

0

No. of used N.
hemsleyana plants

5*

0

0

0

9

91

8

0

No. of used N.
bicalcarata plants

0

28

0

0

39

0

25

0

No. of used N.
hemsleyana
pitchers

5*

0

0

0

14

94

12

0

No. of used N.
bicalcarata
pitchers

0

32

0

0

41

0

26

0

*Note that the observed Nepenthes in Andulau seemed to be hybrids (N. hemsleyana N. rafflesiana).
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Morphology of the Nepenthes species’ pitchers
For each accessible (< 2.5 m height above ground) roost pitcher, we measured length,
peristome diameter, and inner volume available for the bats. In N. hemsleyana and N.
bicalcarata pitchers, the upper part is relatively cylindrical while the lower part has the shape
of a cone. We measured the height and the radius of both, cylinder and cone to calculate the
corresponding volumes and added them. In N. hemsleyana pitchers the lower part of the
pitcher’s cone is too narrow for the bats. As the bats’ perimeter was 49.63 ± 4.25 mm we
subtracted the pitchers’ inner volume that is not available for the bats (pitcher perimeter <
49.63 mm) from the cone.

Cylinder

Cone
Cone not available for bats

N. bicalcarata
47

Mann-Whitney-U test

Number of measured pitchers

N. hemsleyana
98

Length of the pitcher [cm]

19.92 ± 2.96

8.42 ± 1.24

W = 4605.00, P < 0.0001

Diameter of the peristome [cm]

4.53 ± 0.85

3.96 ± 0.54

W = 3215.00, P = 0.0001

Pitcher volume available for the
bats [cm3]

73.22 ± 38.80 64.52 ± 21.82
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Treatments

O

AF

F

Page 30 of 43

A

C

Nutrient content
N (% d. wt)

1.70

1.38

1.69

1.54

1.70

(0.55-2.65)

(1.10-1.83)

(1.30-1.90)

(1.14-1.89)

(1.42-3.41)

0.09

P (% d. wt)
K (% d. wt)

0.11

0.12

(0.03-0.23)

(0.07-0.20)

(0.06-0.17)

(0.06-0.13)

(0.04-0.14)

2.18

2.20

3.06

2.13

2.82

(0.81-4.50)

(1.46-3.54)

(1.95-3.46)

(1.82-3.05)

(1.65-3.48)

-

N (% d. wt)

Fo
rP
1.12

(0.63-1.44)

-

P (% d. wt)

0.25

-

-

N:K (%/%)

-

K:P (%/%)

1.05

0.70

0.69

(0.77-1.67)

(0.47-1.02)

(0.51-0.91)

0.22

0.21

(0.19-0.48)

(0.14-0.26)

1.88

2.34

(1.55-3.37)

(1.30-3.25)

3.00

3.56

(1.47-4.94)

(2.53-5.00)

4.14

3.43

(2.93-8.16)

(1.71-6.72)

0.60

0.51

(0.45-0.90)

(0.17-0.66)

Re
v

6.41

8.39

8.79

(4.89-13.44)

(3.20-20.47)
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Supplemental figures

A

B

Figure S1, Related to Figure 1 and 2. Nepenthes hemsleyana and other sympatric
Nepenthes species.
(A) Measurement planes of the ensonification exemplarily shown for one N. hemsleyana
pitcher. Pitchers of N. hemsleyana and N. rafflesiana were ensonified from different
directions in the elevation plane (9 pitchers per species) and in the azimuth plane around the
pitchers’ orifice (8 pitchers per species). In contrast to N. rafflesiana, N. hemsleyana has an
exposed and echo-reflective inner backwall (indicated by the red marking). (B) The echoreflective inner backwall is also missing in other sympatric Nepenthes species.
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Figure S2, Related to Figure 1 and 2. Bat approach towards a N. hemsleyana pitcher.
(A) Approaching bats are initially echolocating towards the reflector, which directly leads
them to the pitcher’s orifice. (B), (C) Once the bats have reached this orifice they direct their
calls into the pitchers (photographs provided by C. C. Lee).
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A

B

Figure S3, Related to Figure 1 and 2. Target strength of N. hemsleyana and N.
rafflesiana.
The graph shows the direct comparison between N. hemsleyana (blue curve) and N.
rafflesiana (green curve) for different angles of sound incidence (error bars show SE) in (A)
the elevation plane (n = 9 pitchers per species) and (B) the azimuth plane (n = 8 pitchers per
species) with the sonar head tilted 5° downwards.
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Supplemental tables
Table S1. Modifications of Nepenthes hemsleyana pitchers in three behavioral experiments and
experimental set ups.
(A) In initial experiments we measured the time until a bat approached the offered but partly hidden
pitcher whose reflector was unmodified, enlarged or completely reduced. In further experiments we
compared the bats’ roost selection when we offered N. hemsleyana pitchers with a modified (B)
reflector, (C) lid, or peristome. We simultaneously provided bats with one unmodified and three
modified pitchers. Numbers indicate how many bats entered the four different N. hemsleyana pitchers
in each choice experiment. Both in the lid and the peristome experiments bats randomly selected
potential roosting pitchers independent of their degree of modification (lid: P = 0.63; peristome: P =
0.94). Thus, pitcher modifications (apart from modifications of the reflector) had no influence on the
bats’ roost choice.
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Table S2. Approaches of bats to simultaneously offered N. hemsleyana pitchers with different
reflectors.

The left column shows the total number of each bat’s approaches towards the four pitchers
(unmodified, enlarged, partially and completely removed reflector, respectively) in the
reflector choice experiment. In the right column only approaches of K. hardwickii individuals
(Kh) that landed on the pitchers are shown. Bats landed more often on unmodified reflectors
than expected by chance (mean = 1.2 ± 1.0; P < 0.001), whereas there was no difference in
enlarged reflectors (mean = 0.5 ± 0.7; P = 0.48). Pitchers with reduced reflectors were
disfavored (mean = 0.2 ± 0.4; P = 0.01).
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Supplemental Experimental Procedures
Permits: Capturing and handling of the bats was conducted with permission of the University

Brunei Darussalam Research Committee (UBD/PNC2/2/RG105 &193) adhering to the
Animal Behavior Society Guidelines [S1] and the Forest Department Sarawak
(NCCD.907.4.4(JLD.10)-207).

Description of study site and time: From 20 June to 3 December 2012 and from 5 April to
10 September 2014 we conducted field studies in the peat swamp and heath forests of the
Belait district of Brunei Darussalam [S2] and in the Gunung Mulu National park, Sarawak,
Malaysia.

Experimental ensonifications: We ensonified N. hemsleyana and N. rafflesiana pitchers
with a biomimetic sonar head consisting of a custom built condenser speaker with a
membrane made of Electro Mechanical Film and a 1/4” free-field microphone Type 40BF in
combination with the preamplifier 26AB, which was connected to the power module 12AA
(all from G.R.A.S. Sound & Vibration, Denmark). Using a continuously replayed MLS
(Maximum Length Sequence) for ensonification allowed us to retrieve IR (impulse responses)
through deconvolution of echo and original MLS. The frequency response of the speaker
allowed measurements between 40-160 kHz (sound pressure levels at 1 m distance:
approximately 95 ± 6 dB) [S3] covering K. hardwickii’s peak and end frequency range. We
measured from a distance of 20 cm from different angles (1.8°/step) around the pitcher’s
orifice (defined as 0°) for the elevation (-40 to +60°) and the azimuthal plane (±90°; Figure
S1A). For the azimuthal measurement the sonar head was directly ensonifying the backwall
structure between the lid and the pitcher’s orifice (Figure 2A). During a further azimuthal
measurement the sonar head was tilted 5° downwards pointing into the pitchers cavity (results
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of this measurements are shown in Figure S3B). For the calculation of the detection distances
we used the sonar equation [S4]: DT = SL + TLA + TLS + TS (dB), where DT is the
detection threshold, SL is the source level of the bat's call, TLA is the transmission loss owing
to absorption, TLS is the transmission loss owing to spherical spreading and TS is the target
strength of the pitcher. TLA and TLS are functions of distance. We calculated detection
distances for a source level of 90 dB SPL (which is a conservative estimate for the
echolocation call intensity of Kerivoula) and assumed a detection threshold of 0 dB [S5].
TLA and TLS were calculated for a frequency of 80 kHz, a temperature of 20°C and 97%
humidity. To deduce the catchment area for every pitcher, we calculated the detection
distance for every measurement. From these distances we extrapolated the catchment area. As
data were normally distributed (Shapiro test), a one-sided Welch two-sample t test was
applied to test if there were differences in the catchment area between N. hemsleyana and N.
rafflesiana. To compare results of the ensonifications’ azimuth and elevation plane of the two
pitcher plant species, we used Wilcoxon signed rank tests as these data were not normally
distributed. These and all following tests were conducted with R (v.2.15.2; R Foundation for
Statistical Computing, Vienna, Austria).

Spectral comparison: To find out if echoes reflected from N. hemsleyana and N. rafflesiana
pitchers have species-specific spectral features, we compared spectra of the azimuthal
measurement (see Fig 2B and 2C). We computed intra- and inter-specific pairwise
comparisons of spectra from 8 pitchers from each species (N. hemsleyana and N. rafflesiana).
For each comparison, we compared spectral content using a 27° angle sliding window
(step=1.8°). Within each sliding window, the Log-spectral distance D between the two
pitchers was calculated for each measurement (every 1.8°) and then averaged (arithmetic
mean). As the spectra of the different species had different overall TS levels (see Fig. 2A) and
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we only wanted to deduce the spectral difference (e.g., different frequency of notches), we
centralized the data of each spectrum to the mean energy prior to calculating distances
between pitchers. The following formula was used to calculate Log-spectral distance D:

Dspectrum1 | spectrum2 = Dspectrum2 | spectrum1

spectrum1 2
= √∑ [10 × log10 (
)]
spectrum2

These comparisons were done with a custom written LabView code (LabView, National
Instruments, Austin, Texas, United States).
With permutations we tested the null hypothesis that species did not differ in spectral content.
The following statistic [mean (diff)] was used as an estimate of the distance between the two
species that is not due to within species variability:
mean(diff ) = mean(diff Nh/Nr) −

mean(diff Nh) + mean(diff Nr)
2

with 'mean(diff Nh/Nr)' being the mean inter-specific Log-spectral difference, 'mean(diff Nh)'
and 'mean(diff Nr)' the mean intra-specific Log-spectral difference for N. hemsleyana and N.
rafflesiana, respectively. We compared the observed (mean(diff)) value to the distribution of
values expected under the null hypothesis. To obtain the null hypothesis distribution we
randomly assigned species status and then calculated each intra- and the inter-specific mean
difference. This procedure was repeated 10,000 times. Then we calculated the P-values by
comparing the observed mean inter-specific differences 'mean(diff)' to the null distributions.

Echolocation call recording and analyses: In the flight arena we recorded echolocation calls
of five female K. hardwickii during approaches to pitchers with an Avisoft UltraSoundGate
116Hn (sampling rate 750 kHz). We directly placed the microphone (CM16/CMPA
condenser microphone; frequency range 10 to 250 kHz) laterally behind the focal pitcher’s
entrance (distance: 5 cm). For the analyses we used SASLab Pro (256 FFT, FlatTop window,
87.5 % overlap). We set a threshold element separation of -30 dB relative to maximum.

Costs and benefits in a bat-pitcher plant mutualism

PUBLICATION LIST

154

Noise-induced errors were avoided by a high-pass filter (30 kHz) and manual background
noise removal. We analyzed the last five calls (Clast; n = 25) of a bat approaching a pitcher
within a maximal distance of 20 cm to exclude atmospheric damping. To avoid pseudoreplication due to the presence of more than one call per individual, we generated 10,000 data
sets by randomly selecting one call per individual bat and then ran 10,000 tests resulting in
10,000 P-values from which we calculated the median.
Following Jakobsen et al. (2013) [S6] we calculated the intensity of a signal at different
angles from the source by using a Piston model
RP (θ) =

2 × J1 (k × a × sin(θ))
k × a × sin(θ)

(with RP(θ) = ratio between the pressure on-axis and at a given angle θ; J1 = a first-order
Bessel function of the first kind; k = 2π/λ; λ = wavelength; 𝑎 = piston radius), and the
directivity index (DI= 20log10(2π𝑎/λ)). To estimate DIs, we used a constant gape assumption
for which we measured the gape height (0.0025 ± 0.004 m) from five living K. hardwickii.
Atmospheric attenuation was accounted for a relative humidity of 97%.

Behavioral Experiments: We caught bats in harp traps or Nepenthes pitchers and marked
them with PIT-tags for individual identification [S3] to ensure that each bat was tested only
once. Experiments were filmed (Sony HDR-CX560VE) in a flight arena (3.5 m × 3.5 m,
height 2.5 m) and conducted in the early morning hours around dawn (5:00 to 7:00), which is
the normal time when bats are searching for new roosts (personal observation during radiotracking studies). We fed and released the bats within 12 hours of capture into their original
habitat. Pregnant and lactating females as well as juveniles were excluded from the
experiments. To be sure that fragrance definitely has no influence on the bats’ choice, we had
emptied all experimental pitchers and washed them before starting the experiment.
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To find out if the reflector reduces the time a bat needs to find a pitcher in cluttered habitat
(Experiment 1, Table S1A), we placed shrubbery of plants that naturally occur close to pitcher
plants (e.g., Macaranga bancana) in each of two corners of the flight arena. Then we
randomly placed an unmodified pitcher or one where the reflector had been enlarged or
removed in one of the two shrubberies so that leaves surrounded around 40% of a pitcher.
Importantly, the potential reflector part was freely accessible. We tested each bat (19 males, 5
females) once randomly with only one of the three pitcher types. For the randomizations we
used the “sample” function in R. To limit the number of pitchers that we had to remove from
the field, we tested up to two different bats with the same pitcher (in total 18 pitchers) for this
experiment. We released each bat in the flight arena in front of the camera and stopped the
time when the bat first approached a pitcher. We defined an approach as frontal flight towards
an object within a distance of 10 cm for at least 0.2 s. Using Kruskal-Wallis and Wilcoxon
rank sum tests we compared search times for the different treatments.
Furthermore, we conducted experiments in which each bat could choose between one
unmodified and three pitchers with modified reflector (6 male, 12 female bats; 44 different
pitchers; Experiment 2, Table S1B), the lid (5 males, 6 females; 30 pitchers), or the peristome
(5 males, 5 females; 25 pitchers; Experiment 3, Table S1C). For these experiments we used
each pitcher to test up to three different bats (1.41 ± 0.62 mean ± s.d.). We randomly arranged
the unmodified and the three modified (1/3, 1/2 or complete lid or peristome removed) pitchers
within the flight arena (distance to each other = 0.5 m; height = 1.5 m). Each bat was tested
only once per type of experiment but due to the limitation of individuals 12 of the 25 bats
were tested in different types of experiments. One bat in each of the experiments regarding
the reflector and the lid and two bats in the peristome experiment made no choice within the
maximum time span of 20 min per trial so that we had to exclude them from the analyses of
the bats’ final pitcher choices. Individuals without background knowledge on the experiments
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analyzed the videos. Because of camera problems two experiments had to be analyzed based
on direct observations during their performance. For the statistical analysis we pooled the
approaches to the partly and completely removed reflectors into a 'modified reflector'
treatment as there was no difference between them (P = 0.15).
For the permutation tests, we tested the null hypothesis that the treatments did not affect the
number of approaches. We first calculated each treatment’s mean number of approaches,
which we then compared to the distribution of values expected under the null hypothesis. To
obtain the null hypothesis distribution we permuted the number of approaches between
treatments for each tested animal and then calculated the mean number of approaches per
treatment. We repeated this procedure 10,000 times from which the null distribution of the
mean number of approaches was obtained. Then we calculated the P-value by comparing the
mean number of approaches for the considered treatment to the null distribution.
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Biological field research:
04/2014 – 09/2014

Biological field research in Brunei and Malaysia

06/2012 – 12/2012

Biological field research in Brunei and Malaysia

08/2011 – 01/2012

Biological field research in Brunei

06/2009 – 08/2009

Biological field research in Brunei

08/2009 – 10/2010

Monitoring of colonies of Bechstein’s bats

05/2008 – 10/2008

Diploma thesis, topic: The colony is more than the sum of its members:
Influence of individual behavior and information transfer on the
organization of a Bechstein’s bats’ colony (Myotis bechsteinii)

04/2008 – 10/2008

Internship: Long-term conservation of black adders

Skills and further expertise, advanced trainings, memberships:
Language skills:

English (fluent), French (very good command), Malay, Spanish (good
command), Latin

Academic skills:

University teaching, supervision of internships, and graduate and master
students

Ecological skills:

Radio-telemetry, habitat analyses, experimental setups, bioacoustics,
population genetics, PAM-fluorometry

Advanced trainings:

E.g., project management; research ethics; university didactics; analysis
u. visualizations of ecological data with GIS, statistics with R

Scientific Memberships:

Since 2014: IUCN Red List Group for Carnivorous Plants
Since 2012: South East Asian Bat Conservation Research Unit (SEABCRU)
Since 2010: Mediävistenverband e.V. (Medievalists’ Society)
Since 2010: Association for Tropical Biology and Conservation (ATBC)
Since 2009: DZG - Deutsche Zoologische Gesellschaft (German Zoological
Society)
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