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ABSTRACT

Parasitism is defined as an obligatory hetero-specific relationship where resource
transfer between a host and parasite occurs. This results in the sub-optimal expression of
host life-history traits and a consequent reduction in host fitness.

The Louse Fly, Crataerina pallida (Diptera: Hippoboscidae), is a monoxenous
haematophagous nest ectoparasite of the Common Swift, Apus apus (Aves: Apodidae).
Despite expectations, no detrimental effect to hosts from C. pallida has been
determined. Here this relationship is re-apprised. C. pallida life-history is investigated,
with particular reference to those traits of pertinence to its parasitic efficacy. Whether C.
pallida has a detrimental effect upon 4. apus is subsequently investigated.

C. pallida was found to exhibit life-history characteristics strongly indicative that it is
parasitic in nature. Morphological and ecological adaptations towards a parasitic life-
style were identified. Higher levels of prevalence, aggregation, and population
abundance were observed than previously reported. Populations were discovered to
decline over time and to be heavily female biased. Evidence for previously unreported
phenomena such as horizontal parasite transmission, intra-brood host selection,
population fluctuations, male mating competition, and host facultative heterothermy
was discovered. However, no detrimental impact upon a number of host traits, including
previously unstudied aspects of nestling post-natal development and parental
investment, were ascertained as a result of C. pallida parasitism.

Therefore C. pallida does not fulfil the criteria of the standard definition of a parasitic
species. The long term intimacy of the association between C. pallida and 4. apus may
have resulted in the development of reduced parasitic virulence as expected by host-
parasite theory. The discoveries made, especially those pertaining to C. pallida
population stability and abundance, may have implications for further studies
investigating C. pallida virulence. This study emphasizes the need for substantial
knowledge of parasitic life-history before the functioning of host-parasitic relationships
can be understood. When examining host-parasitic systems the underlying species
specific context in which parasitism occurs needs to be considered.
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GENERAL INTRODUCTION:
HOST-PARASITE RELATIONSHIPS

1.1: CHAPTER AIMS
The aim of this introduction is to:

e Introduce the biological concepts behind inter-specific relationships and in
particular for one such interaction; parasitism.

e Provide an example of one inter-specific relationship; that occurring between the
Common Swift and the Hippoboscid Louse Fly.

e Raise an overriding research problem and associated research question around
which an investigation into the nature of this relationship can be framed. Suggest
methods how this problem will be tackled.

e Lay down a clear and methodical dissertation structure showing how this

relationship will be examined.

A treatise of inter-specific relationships and of one such association, parasitism, will
allow the context of research to be understood and the subsequent results to be
appreciated. Providing a clear overriding research problem and hypothesis facilitates the
clear structuring of investigations and allows easier understanding of the specific

research conducted and its implications.

1.2: INTRODUCTION

This dissertation considers the nature of the relationship between the Common Swift,
Apus apus Linnaeus 1758 (Aves: Apodidae) and the Hippoboscid Louse fly, Crataerina
pallida Latreille 1812 (Diptera: Hippoboscidae). Biologically all species form
associations with others. These inter-specific associations are traditionally classified
according to the costs and benefits incurred or accrued to each partner species (Begon ef
al. 1996). Examples of such associations include mutualism, commensalism and
parasitism. To be defined as parasitism some detrimental effect or 'cost' must be
incurred by one species as a result of interacting with the other, which obtains some
benefit (Price 1977). The species obtaining such trophic resources must exhibit some
specialized adaptations for this life-style and be dependant to some extent upon the
other (Price 1977).



The hetero-specific relationship between A. apus and C. pallida is generally assumed to
be parasitic in nature (e.g. Hutson 1981, Lee and Clayton 1995, Tompkins ef al. 1996).
C. pallida removes considerable amounts of resources from hosts and should therefore
have a detrimental effect upon hosts. But there is a puzzling contradiction. Previous
studies have failed to establish clearly any negative influence of C. pallida upon A. apus
hosts (Hutson 1981, Lee and Clayton 1995, Tompkins et al. 1996). This is despite such
costs being clearly apparent upon a number of host life-history traits in related inter-
specific associations (e.g. Bize et al. 2003). These include upon host lifespan, host

developmental stability, and host lifetime reproductive success.

This dissertation investigates this association anew. Knowledge of the biological and
ecological traits of C. pallida, particularly those of pertinence to its parasitic efficacy,
are investigated. The expected detrimental costs to A. apus of being involved within
such a relationship with C. pallida are sought. Possible reasons accounting for the
apparent lack of parasitic virulence, or which may be mediating the virulence exhibited

by C. pallida, are suggested.

This chapter introduces concepts and classifications of inter-specific interactions.
Parasitism, as an example of one such hetero-specific association is presented. The two
species used in investigations are introduced. The current state of knowledge about this
interaction is considered. An overriding research problem and an associated
investigation question, around which the following study will be structured, are

proposed.

1.3: INTER-SPECIFIC RELATIONSHIPS

Inter-specific relationships are ubiquitous within the natural world. The nature of
hetero-specific interactions, in which trophic transfers occur between two parties, have
traditionally been classified according to the costs and benefits accrued or incurred to
each partner species (Begon et al. 1996). Examples of such relationship categories
include; neutralism, where costs are incurred by neither species; mutualism, where
individuals of both species benefit through inter-action; commensalism, where
individuals of one species benefit while the other is unaffected; and parasitism, where
one species benefits to the other's detriment (Cheng 1991, Begon et al. 1996) (Table 1).

This table illustrates a number of characteristics of inter-specific relationships:



Relationships can be classified according to the costs experienced by the host.
The extent of negative effects caused by one species upon the other become
increasingly reduced as one progresses down the list of relationship categories.
Where one species incurs costs as a result of being involved in a relationship
with another, there should be some evolutionary pressure for it to either
disassociate from the relationship or to mediate the costs.

Inter-specific relationships where there is a cost to both partner species do not
occur as there is an incentive to both species to disassociate.

Evolutionary thought proposes that inter-specific relationships that initially
result in costs to one interacting species will develop to become increasingly
commensal with increasing length and closeness of association between the two

species.
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1.4: PARASITISM

Parasitism is one inter-specific interaction. The term parasite is of Greek origin from the
word "parasitos" being composed of 'para' (along or to the side of) and 'sitos' (food).
Thus a definition based on etymological origins is that a species eating along side or
upon another. However, more precise definitions have been made. Clayton and Moore
(1997) summarize a number of definitions within the introduction to their primer on
avian host-parasites. The most commonly provided definition is that provided by Price
(1977, 1980). Another frequently used definition is that used by Kim (1985) where a
parasite is defined as ,,an organism which lives in, or on a host, from which it derives
food and other biological necessities. Watts et al. (1995) definition includes that there is
a detriment to the host. Clayton and Loye define parasitism as 'causing host mortality
(death), morbidity (weakness or other debility), or reduced fecundity (reproductive

success)

As mentioned, a frequently used definition of parasitism is that provided by Price
(1977) which denotes parasitism as being where individuals of one species, the parasite,
utilize the resources of the other, the host, to their own benefit and to the detriment of
the other. Parasitism is arguably the most successful of life strategies, with parasites
probably accounting for a half of all animal taxi (Price 1980). Many of the species still
to be described will be parasitic in nature (Hammond 1992). Parasitism is commonly
cited as being obligatory, with their being unilateral dependency of the parasite upon the
host. Parasites demonstrate clear biological specializations towards such a mode of life.
Hosts act as donors while parasites act as recipients of trophic resources. A key feature
of definitions of parasitic relationships are that these trophic transfers result in
detrimental ‘costs’ being incurred to the host species (e.g. Price 1977, Lehmann 1993,
Meller 1997).

The ‘costs’ resulting to host species as a result of being engaged in a parasitic
relationship cause the sub-optimal expression of host life-history traits (Stearns 1992).
Biologically each species possess a number of characteristic life-history features or
characteristics. Typical avian life-history traits include post-natal rates of development,

lifespan, clutch size, and brood size (Lack 1968).

Natural selection acts to promote the expression of these traits at some optimum that
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maximizes individual reproductive success and thus by consequence evolutionary
fitness (Stearns 1992). However as a consequence of the resource transfers occurring as
a result of parasitism, the trade-offs between the expression of such traits is affected,
thus resulting in a consequent reduction in host fitness (Poulin and Combes 1999). The
reduction in host fitness expressed through the sub-optimal expression of these life-
history traits is thus commonly termed as being the ‘costs’ of parasitism. The extent to
which parasites influence host life-history traits is termed parasitic virulence (Bull 1994,
Poulin and Combes 1999).

Parasitic virulence can be considered as the ‘strength’ of the parasite species in affecting
host life-history traits. The level of parasitic virulence observed is not only a result of
parasitic potency, but is a delicate balance between parasitic efficacy and host resilience
(Bull 1994). Parasitic virulence is a parasite life-history trait which is likewise under
selection pressure. Host resilience to parasitism is influenced by inter-connected aspects
of host genetics, immunological competence, and physical condition. The selection of

hosts with heightened levels of resilience should be avoided by parasites.

The level of parasite efficacy and virulence is influenced by a number of ecological
parasite and host features including amongst others; the method and type of resource
extraction by the parasite, the population dynamics of the parasite and host, the mode
and extent of parasite transmission between hosts, and the length of the evolutionary
relationship between host and parasite (Bull 1994). Host-parasite theory postulates that
an increasingly close association between host and parasite species, with a
corresponding linkage of parasite fitness with that of the hosts, will favour and result in
the selection of reduced parasitic virulence (Combes 2001, Poulin 2007). Therefore,
over evolutionary time, the host-parasite association is expected to become more

commensal in nature, with the detrimental effects of the inter-action becoming reduced.

The influence of parasitism upon host species can be great. Parasite-mediated natural
selection has been found to be a major engine of evolution; parasites have been shown
to have wide ranging effects upon their hosts, including regulating host population sizes
(Anderson and May 1978), affecting host population demographic structure and
stability (Freeland 1976), driving population cycling (Hudson et al. 1998a, Hudson et
al. 1998b), affecting community structures (Minchella and Scott 1991), and promoting

12



the evolution of secondary sexual traits (Hamilton and Zuk 1982, Mgller 1990).

1.5: AVIAN HOST-PARASITIC RELATIONSHIPS

Avian hosts have proved favourite targets of studies investigating host-parasitic
relationships. Avian species are hosts to a large number and wide variety of parasitic
species (Moller et al. 1990, Loye and Zuk 1991, Clayton and Moore 1997). The
ubiquity, small size and ease of access, which many avian species offer to biological
researchers accounts for the popularity of this biological group as targets of such
research. Their endothermy means that implications deciphered through study of these
host-parasitic interactions is of direct relevance to study of mammalian and human host-

parasitic relationships.

Investigation of avian host-parasitic relationships has proved fruitful in identifying and
confirming assumptions and principles underlying general host-parasitic research. Avian
host-parasite systems have allowed, for example, the demonstration of clear parasite
costs (Maller et al. 1990, Meoller 1997), or showed the epigenetic effect parasitism can
have upon host populations (Hudson ef al. 1998a, Hudson et al. 1998b). Table 2
provides a selection of noted seminal studies into different aspects of avian parasitism.
It helps demonstrate that:

e Avian host-parasitic systems provide useful model systems for the general study
of host-parasitic interactions.

e Avian study systems allow the quantification of the effects of parasitism upon
traits indicative of host reproductive success, including brood size, post-natal
development and mortality rates. This is often not the case with less tractable
study species.

e Clear negative effects of parasitism upon a number of host life-history traits

have been identified.

These example studies all examined haematophagous nest ectoparasites of either
nestling or adult hosts. In each case clear detrimental effects due to parasitism could be
identified. C. pallida is similarly a blood sucking insect, and is clearly associated with

host nests. Therefore a similar negative effects could reasonably be expected.

13
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1.6: AN EXAMPLE OF AN AVIAN INTER-SPECIFIC RELATIONSHIP:

THE COMMON SWIFT, 4. APUS AND HIPPOBOSCID LOUSE FLY, C.
PALLIDA.

The Hippoboscid Louse Fly, C. pallida, is involved in an inter-specific relationship with
an avian host, the Common Swift 4. apus. The relationship is generally assumed to be
parasitic in nature as C. pallida is totally dependent upon swift nests and resources for
its survival, and because large amounts of resources are known to be removed from
swift hosts (Reviewed by: Kemper 1951, Hutson 1984). These two species and the

study site used in the following investigations are briefly introduced below.

The Common or European Swift: This summary is based on the comprehensive
reviews of Common Swift biology and ecology by Weitnauer (1947), Lack (1956),
Bromhall (1980) and Del Hoyo ef al. (2000). The European or Common Swift (4. apus)
is a small 50 to 60 gram migratory insectivorous avian member of the Apodiform Order
of birds. Common Swifts are predominately aerial, and have become extremely highly
specialized and adapted to such a life-style. Many of their physical characteristics
reflect this aerial specialization. Common Swifts have an aerodynamic profile being
torpedo shaped in outline. Such a profile acts to reduce wind resistance and improve
aerodynamic performance. The head is small and unobtrusive. There is almost no neck,
which enhances flow of air around the body. The slender body tapers smoothly to a
distinct short forking tail, which enhances wind flow around the body and thus reduces
drag. The most noticeable physical features of the swift in flight are its long backwards
swept wings, which possess high aspect ratios and low drag coefficients, thus offering
optimum flight economy. As can be seen in Photograph 1 which shows a close up view
of an adult swift ‘head, the eyes are situated on the side of the head within small feather
niches to offer protection from the constant flow of air experienced during its high

altitude, high velocity flight.

Common Swifts have a uniform dark grey or black pelage, which has a slight greenish
sheen. This sinister all black colouration, along with its distinctive harsh call, led to it
being given the alternative English name of the ‘Devil’s bird.” The only marking is a
small white chin patch found directly beneath the beak. This develops from a young age

and is present in nestlings once plumage develops from 20 days of age onwards

(Photograph 2).
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Common Swifts have a migratory life-cycle. The autumn and winter months are spent in
sub-Saharan Africa. Swifts migrate to northern Europe each spring, arriving
approximately on the 1* of May each year in order to breed. The exact arrival of the
swifts is dependent on prevailing weather conditions. The alternative appellation of
'European Swift' is somewhat of a misnomer as approximately only 100 days of each
year are spent in Europe before its return to Africa on completion of breeding. Swifts
are socially monogamous and form long lasting pair bonds. Offspring are raised at
colonial nesting sites, which contain between five and one hundred breeding pairs.
These are typically situated within the roof cavities of buildings, under bridges, in
gables, or between guttering. Originally swifts would have nested on cliff faces, rocky
ledges or within old trees. The historical increase in European human population
probably led to a concurrent augmentation in swift populations due to the enhanced
availability of nesting opportunities. Swift pairs will typically reuse the same nest at the
same colony from year to year. Mating takes place mostly at the nesting site, but there

are anecdotal reports of in flight copulation.

The shallow cup shaped nests are' made from grasses, straw, and assorted debris
collected by swifts on the wing. Clutches are initiated five days subsequent to the onset
of clement weather. Between one and four eggs are laid, with clutches of two or three
eggs being most typical. Egg laying can be delayed or interrupted should weather
conditions deteriorate. The incubation period is twenty to twenty-one days. The
nestlings are altricial with both parents providing parental care. Post-natal development
is rapid, with offspring gaining up to seven grams in mass daily. Photograph 2 shows a
nestling of approximately 20 days of age. The average time span of nestling
development is forty-two days, but fledging can be obtained from thirty days of age
onwards. Full independence is obtained on leaving the nest. It is thought that
immediately after fledging the offspring begin migration immediately for the winter
feeding grounds in Africa, a trip they make without parental guidance. Adults remain for

a further two or three weeks before initiating migration.

The Common Swift Louse Fly: Systematically the Louse Fly, C. pallida, is classified
within the Hippoboscidae Family Samouelle 1819 of Dipterous insects. Members of this

monophyletic family are obligate mammalian or avian parasites, with the generic
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common name of either ‘Keds’ when present on mammalian, or as ‘Louse Fly’ when
present upon avian hosts. Here the name 'Louse Fly' will be used specifically for C.
pallida, unless otherwise mentioned. Photograph 3 taken from Lack (1956) illustrates
C. pallida morphology. As can be seen from this photograph a distinctive feature of C.
pallida are the long outstretched legs, large body size, and the hairiness of the body. A
characteristic feature of Hippoboscid biology is the in-uterine development of larvae,
with pupation occurring immediately on deposition. An picture of a pupae is shown in
photograph 4. Emergence of adult parasites occurs following a winter diapause. Another
apomorphic trait of this family is wing and flight atropism; their parasitic life-style
making independent flight unnecessary. C. pallida is one of eight known, mostly
tropical living, species within the Crataerina genus von Olfers, 1816 (Table 3). All

species within this genus specialize upon Apodidae avian hosts.

Despite parasitizing a ubiquitous host species, C. pallida life-history has been seldom
studied and is little known. This paucity of knowledge is likely associated with the
predominately aerial life-style of the hosts and the inaccessibility of host nesting sites,
which hinders access to C. pallida specimens and populations. The C. pallida life-cycle
is thought to be closely synchronized with that of its host (Hutson 1984). Following the
winter diapause emergence of adult parasites occurs on the return of swift hosts and the
initiation of their reproduction each spring. Photograph 4 shows an emerged adult C.
pallida and the pupae in which winter diapause occurs. This photograph illustrates the

relationship between the size of the initially emerged adults and the pupae.

C. pallida is monoxenous, feeding exclusively from the blood of the adult and nestling
Common Swift hosts. Each C. pallida adult is reported to feed approximately once
every five days, removing a mean of 60 milligrams of blood on each occasion (Kemper
1951). This is a significant amount, and may result in the removal of the equivalent of

five percent of adult blood volume (Campbell 1988).
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Photograph 1: A brooding adult 4. apus Common Swift at the nest. Note the eyes,
which are set within a clear depression at the side of the head, thus protecting them from

abrasive air movement during flight.

Photograph 2: A. apus nestling of approximately 20 days of age. At this stage of

development the distinctive white cheek patch has formed and is particularly prominent.
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Photograph 3: Diagram of C. pallida adult. Taken from Lack (1956). Of particular note
are the numerous short stiff hairs distributed across the entire body which aid
attachment to the host. Although flightless the wings have possibly not degenerated

completely as they likewise facilitate attachment.

Photograph 4: Adult C. pallida and pupae shown at approximately actual size. The
pupae are bright and shiny with a dark black colouration. The surface is perfectly
smooth. The adults have a brownish colour, but the abdomen is greyish. On squeezing
the engorged abdomens release a greyish liquid; although in individuals which have

recently fed this is reddish in colour.
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Study Site: The following description of the study site used was published in the
German ornithological journal Vogelwarte in German under the following citation:
e WALKER, M.D., WITTE, K. and ROZMAN, J. (2009). Brutkolonie des

Mauerseglers (Apus apus) in einer Autobriicke. Vogelwarte, 47, 1-3.

Here a previously unreported nesting colony of the Common Swift is described, which
because of its special features offers an ideal and unique chance to study the breeding
biology of this species. Although it may initially appear that the nests are difficult to
access as they are situated over water, they can in fact be easily reached by entering and

walking through hollow walkways which are situated on the underside of the bridge.

A concrete bridge is situated close to Olpe (North-Rhine Westfalia) upon the state
highway B54/55 (Photographs 5 and 6). The building of this bridge was completed in
December 1965. It is 372 metres long, 22.30 metres wide, and situated 19 metres above
the surface of the water of the Bigge Reservoir. As can be seen in Photograph 5 this
position, in close proximity to water, makes it an ideal location for a swift nesting
colony. Swifts prefer such locations in close proximity to water. On the under surface of
the bridge (Photograph 6) there are hollow concrete walkways which serve to stabilize
the bridge and provide maintenance access. These walkways are divided into separate
chambers which run the length of the entire bridge. Each chamber is approximately 40
metres long and 5 metres wide. On the floor of each chamber there are ventilation holes
which are approximately 10 to 12 cm in diameter (Photograph 7). This photograph
shows the general number and situation of entry holes in each chamber. Photograph 8
shows an adult swift entering a chamber through a ventilation hole. As can be seen
swifts would scramble through holes, becoming increasingly adept at entering the
bridge with practise as the breeding season progressed. These holes vary in depth from
13 to 56 cm. Most of the holes are between 20 and 25 cm deep. In total there are 264

holes, each chamber has on average 16 holes.

The Common Swifts use these holes to gain access into the chambers. They fly through
the holes with wings held against their bodies or they scramble onto the outer sides of
the holes and then crawl onto the floor of the chambers (Photographs 8 and 9). Most
nests are found either against the walls of the chambers or in the middle of the

chambers, close to an entry hole.
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By marking adult birds on their heads with Tip-ex correcting fluid it was found that an
individual swift pair would use a single hole for entry and exit into and out of the
bridge. There was only one exception where two pairs used a single hole. In this
instance the two nests were greatly separated from each other by a distance of
approximately 3 to 5 metres. The Common Swift colony was discovered in 2003 by
Josef Knoblauch and Dr. Matthias Klein. In 2003 29 swift pairs bred at the colony, in
2004 there were 30 pairs, and in 2007 there were a total of 38 breeding pairs. There are
good chances that the colony will expand in future years as there is plenty of sufficient

space for new nests.

The breeding biology of swifts at the colony was studied between May and August in
2007. The bridge was visited daily to determine the number of nests and eggs. The date
of hatching of nestlings was recorded and their mass was measured regularly using
portable scales (Ohaus Scout, accurate to 0.01 grams). Electronic measuring callipers
(Lux tools, accuracy 0.01 mm) were used to determine different nestling physical

parameters, for example wing length and beak length.

April of 2007 was very warm and sunny. The first adult swifts were seen in the vicinity
of the bridge on the 20" of April. The first adults were seen within the bridge two days
later. This date of return lies a good two weeks earlier than that reported as being
normal by Lack (1956) and by Weitnauer (1947). The first eggs were laid on the 17" of
May. The majority of eggs (17 from 42) were laid in the time period between the 18™
and 23" of May 2007.

From a total of 38 breeding pairs, 35 produced young. In total 75 nestlings hatched. The
average number of nestlings per nest was 2.14 + 0.65. In five nests there was a single
nestling, in 20 nests there were two nestlings, and in 10 nests three nestlings. These
results were analysed with a Kolmogorov-Smirnov goodness of fit test (Z = 2.11; n =
35; P =0.01). These results show that an equal number of clutches of different size did
not occur. The parameters influencing the clutch size and the number of nestlings per

nest is a topic of potential further study.
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Photograph 5: The bridge over the Bigge Reservoir, showing its length and general

situation.

Photograph 6: A view of the side and underside of the bridge. The walkways, which

are divided into chambers, can be seen below the carriageway.
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Photograph 7: The holes on the underside of the bridge, which allow access by the

swifts into the walkways.

Photograph 8: An adult swift entering the bridge and returning to the nest. Nests were
typically situated in close proximity to the entry holes.
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The survival rate of nestlings in 2007 was, at only 9.3%, low. Only 7 from 75 nestlings
survived and fledged successfully. The reason for this low level of success was most
probably the extremely long and frequent periods of poor weather which occurred
during the summer. On average nestlings which fledged reached their highest mass of
43.8+ 9.05 g on their 31* day in the nest. On average nestlings fledged after 38 days
within the nest (range 32-43). At this point nestlings weighed on average 41.17 £ 8.3 g.
Similar fledgling weights were found by Lack and Lack (1951) and Martins and Wright
(1993).That Common Swifts have begun to use the bridge as a nesting site shows the
adaptability of this species and their opportunistic nature. Common Swifts are aerial
specialists and seldom land. They are particularly well adapted to an aerial life-style
(Lentink et al. 2007). They therefore require nesting locations which are relatively easy
to access from the air, but which at the same time prevent access to potential nest
predators. The availability of such locations is extremely limited, and as for many other

colonially breeding birds, this is probably the main factor limiting population levels.

Originally Common Swifts would nest in the crevices found on the sides of cliff faces.
Today they also use the numerous opportunities offered to them by man-made
structures. Suitable nesting locations can be found under house roofs (e.g. Kaiser 1993),
beneath guttering, or as in our case, in bridges. Unfortunately the number of such
locations is limited. Common Swifts will readily use artificial nest boxes if they are
provided for them (Weitnauer 1947, Kaiser 2003). Hopefully this article alerts others to
possible Common Swift colonies situated in similar locations to this, thus opening up

further research opportunities.

Because of the easy accessibility that this highway colony offers to researchers it
provides an ideal opportunity to study the Common Swift. It may allow the answering
of numerous ecological, behavioural and life-history questions. An additional advantage
of this colony is its similarity to natural breeding colonies of the Common Swift found
within cliff faces. The data collected in 2007 show the potential for further research at

this colony.
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1.7: THE RESEARCH PROBLEM

What is the nature of the inter-specific relationship between C. pallida and A. apus?
There are various definitions of parasitism, as summarized in the introductory sections
of this chapter. However, one single commonly cited definition will be selected here to
provide a starting point from which the host-parasitic relationship between Louse Flies
and Common Swifts can be considered. Research can then be structured around this
definition and with the purpose of examining whether this parasitic relationship fulfils

the criteria of this definition.

Price (1977) defined a parasite as:
‘an organism in or on another living organism obtaining from it part or all
of its organic nutriment, commonly exhibiting some degree of adaptive
structural modification, and causing some degree of real damage to its

host.'

According to this definition there are three main assumptions underlying parasitic
relationships and which a species must fulfil in order to be considered as a parasite. A
parasite must:
e Remove trophic resources from the partner species.
e Exhibit a high level of biological specialization and adaptation towards a
parasitic mode of life .
e Have a detrimental effect upon its partner species, causing a reduction in its

biological fitness.

These assumptions provide a good starting point to examine the Louse Fly interaction

with swifts. By selecting this definition with these assumptions, whether C. pallida

fulfils these criteria can be studied. There are good grounds to suppose that the inter-

specific relationship between C. pallida and A.apus does fulfil the criteria of this
definition:

e (. pallida is known to remove a substantial amount of resources from its hosts:

C. pallida adults are haematophagous. They feed approximately once every 5

days, taking a mean of 60 mg of blood on each occasion (Kemper 1951). The

cumulative amount of resource removal experienced by hosts is likely therefore

to be considerable.
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e C. pallida has become dependant upon this host species. C. pallida requires
swift nesting sites and access to hosts as sources of food (Kemper 1951, Hutson
1981). C. pallida is monoxenous, having an exclusively 4. apus blood diet. The
Common Swift is the only potential host for C. pallida. This would appear to

indicate that it has become specialized upon this host.

e There anecdotal reports of Common Swifts in poor condition harbouring high
abundances of C. pallida, suggesting that the loss of trophic resources as a
consequence of their removal by C. pallida has a detrimental effect upon them
(e.g. Kemper 1951, Hutson 1981). There is evidence that parasitism by a Louse
Fly species closely related to C. pallida causes significant costs to a similar
Apodidae host (e.g. Bize et al. 2004a, Bize et al. 2004b, Bize et al. 2005).

The level of specialization of C. pallida to a parasitic life-style is unclear

Although it is known that C. pallida is dependant upon A. apus, as this host is the sole
source of its diet (Kemper 1951, Hutson 1981), the extent of specialization it exhibits
remains unknown. There is a paucity of information about C. pallida biology and
ecology (Lee and Clayton 1995). Whether C. pallida possesses morphological
specializations and exhibits the population structures characteristic of a parasitic species
is unclear. Factors affecting the level of detrimental effect it may be having upon 4.

apus hosts remain likewise unstudied.

There is no clear evidence that C. pallida has a negative effect upon its host

Despite possessing features indicative that it is parasitic in nature, the evidence that C.
pallida actually has a detrimental effect upon hosts is contradictory. Table 4 summarizes
research looking at the relationship between C. pallida and A. apus, and that conducted
on related host-parasitic systems, and assesses whether clear parasite costs have been

demonstrated or not.

A number of authors have provided anecdotal evidence that 4. apus host fitness is
related to parasitic abundance. Biittiker (1944), for example, stated that host nestling
success was related to C. pallida nest population size. Weitnauer (1947), in a

comprehensive treatise of Common Swift biology, described the relationship occurring
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between the C. pallida and A. apus as being parasitic in nature and stated that hosts in
poor condition tended to harbour greater numbers of adult Louse Flies. Likewise Lack
(1956) mentioned a link between host condition and C. pallida abundance. Hutson
(1981) stated that such detrimental effects were expected to occur and sought for an
association between the number of C. pallida adults harboured by 4. apus and their

bodily condition.

However, subsequent more detailed study has failed to identify or determine such a
detrimental influence. Despite his anecdotal reports, Hutson (1981) failed to establish
any link between adult host fitness and condition and C. pallida abundance. Lee and
Clayton (1995) failed to show a correlation between C. pallida population size and host
reproductive fitness. Tompkins et al. (1996), who investigated a variety of host traits
related to host reproductive fitness, failed to show any negative effect of parasitism
upon hosts in a study where C. pallida parasitic loads and abundances were

experimentally manipulated.

Common Swifts have a particularly precarious life-style. As aerial insectivores they
have specialized upon a source of food which is highly unpredictable in nature. Adverse
weather conditions are known to strongly influence breeding success (Koskimies 1950,
Martins and Wright 1993, Thomson ef al. 1996). This is likely to be due to the effect of
prevailing weather upon food abundance, as has been shown for other avian aerial
insectivores (Bryant 1973, Bryant 1975, Bryant 1978, Alato and Lundberg 1989). In
addition reproduction is extremely time constrained. Nestlings are fully independent
after around thirty days of development, and thus by this time must have obtained the
strict physical constraints such an aerial life-style imposes. These challenges to swift
breeding success might be thought to make this species especially vulnerable to
additional environmental stresses such as parasitism. Why are such effects not clearly

apparent?
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Why are detrimental effects upon A. apus due to resource removal by C. pallida not
readily apparent?
Why have these previous studies failed to find any evidence that C. pallida has a
negative influence upon its hosts fitness, despite expectations? There are a number of
possible reasons: _
e C. pallida has evolved to become non-virulent. Host-parasite theory postulates
that where host and parasite fitness become linked, reduced parasitic virulence
should develop as this increases parasitic fitness (e.g. Anderson and May 1978,
Bull 1994, Poulin 2007).

e True level of parasitic pressure caused by C. pallida is unknown: There is a
paucity of knowledge about C. pallida life-history. Thus factors possibly of
importance in determining the level of its parasitic pressure are unknown.
Previous studies have attempted to correlate host fitness with the abundance of
C. pallida. However, the relationship between abundance and parasitic pressure

is unknown, possibly leading to a failure to decipher expected parasitic costs.

e Limited number of studies: The limited range of studies conducted to date means
that they may not provide a truly representative impression of the influence C.
pallida has. Parasitic costs may be more readily apparent at other sites with
different underlying conditions than the one previously examined empirically. It
may also be the case that interactions with other parasites to which swifts are
prey may result either in reduced C. pallida virulence or may act to enhance host
success. C. pallida may eliminate other parasites from nests thus countering
there own detrimental effect. How C. pallida interacts with other nest fauna

requires investigation.

These possible reasons accounting for the lack of virulence exhibited by C. pallida
suggest two main aspects upon which further research can be conducted. Firstly, more
information about the biological and ecological traits of C. pallida is required. This
would allow a re-examination of the level of parasitic specialization exhibited by C.
pallida and a reassessment of the accuracy of previous studies assessing this
relationship. Secondly, further investigation as to whether C. pallida has a detrimental

effect, and upon which traits these effects may be expressed, needs to be conducted.
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1.8: DISSERTATION RESEARCH QUESTION AND STRUCTURE

Is the Louse Fly, C. pallida, a parasite?

In summary, despite being generally considered as a host-parasitic interaction, previous
research has failed to demonstrate the clear parasitic nature of C. pallida. Biological
adaptation towards a parasitic life-style and the presence of such 'costs', a key feature of
many definitions of parasitism, have not been shown. This problem allows the
formation of a general over-riding research question which forms the foundation of the

following research and around which this dissertation will be structured:

DISSERTATION RESEARCH QUESTION:
‘Does the Louse Fly, C. pallida, fulfil the conditions of the definition of parasitism
provided by Price (1977)?

In other words; 'Is C. pallida parasitic? Individual investigations will be framed around
this specific research question and objective and the definition of (Price 1977). An
overview of the investigation is provided in Table 5. Two aspects of the C. pallida and
A.apus relationship will be examined. In the first part of this dissertation C. pallida life-
history will be examined; the level of specialization exhibited, the closeness of the
relationship with 4. apus, and population parameters of consequence to its parasitic
pressure will be investigated. In the second part of the dissertation evidence that C.
pallida has a negative effect upon its hosts will be sought. These avenues of inquiry will
allow an assessment as to the true nature of the relationship between A. apus and C.
pallida and the answering of the research question. From the research question, the

following dissertation hypothesis can be formulated:

MAIN DISSERTATION HYPOTHESIS:
‘The inter-specific relationship between the Louse Fly, C. pallida, and the Common

Swift, 4. apus, is parasitic in nature.’
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Ways in which this research will enhance existing research
This research will enhance previous study of this host-parasitic system and fill in
existing gaps in knowledge in a number of ways:
e This research will provide new information from a new previously unstudied
site. Given the limited number of opportunities available to investigate this
species this is a valuable addition. Results collected here will therefore be of

importance in enhancing and confirming previous knowledge.

e Research will examine a number of C. pallida traits previously unstudied. For
example how the sexual composition of populations changes over time, the
mode and extent of parasite transmission between hosts, and the level of
population stability, remain unknown. Other factors, such as levels of parasite
aggregation or prevalence are only reported from a handful of locations so

confirmation is desired.

e The study will examine a number of host traits not previously investigated, for
example whether parasitism influences parental provisioning or nestling growth.
Given the specialized nature of swift life-history it may well be that parasitic

costs are being expressed upon such previously unstudied traits.

34



1.9: DISSERTATION STRUCTURE

Here, a definition of parasitism was selected to frame research around and examples
given. A potential study system, Common Swifts living in association with Louse Flies,
was identified. Puzzlingly, despite being apparently parasitic, previously no clear costs
to swifts from this species have been seen. This dissertation aims to determine the true

nature of this relationship.

Research aims initially to study C. pallida life-history, then to investigate whether there
is any detrimental effect upon hosts. Thus the dissertation is divided into two parts.
Section A considers C. pallida biology, in particular its morphology, population
structure and parasitic specializations. Section B investigates whether C. pallida

influences A. apus success.

A review of literature pertaining to C. pallida is provided in chapter two. This is
necessary to ascertain the state of established knowledge before deciding which aspects
require further study or could be productive research avenues. The most basic
knowledge relating to any species relate to its population structure. In addition the
pristine nature of C. pallida populations at the study site offer a uniquely opportunity to
quantify population parameters. Therefore basic population parameters are determined

in Chapter three.

Chapters four, five and six variously consider more closely particular aspects of C.
pallida life-history, which are thought particularly pertinent to its virulency. Chapter
four examines parasite movement. Chapter five studies parasite host preference.
Population fluctuations, mating competition, and host temperature regulation are studied
and are presented in chapter six. Section B concentrates on the consequences to swifts
from C. pallida. Chapter seven contains an initial observational study examining
whether there is an association of parasitic abundance with various host traits. Empirical
study aimed at establishing a causative effect of parasitism is then conducted for chapter
eight. Nestling development has been identified as a trait particular likely to exhibit
costs, and this trait was thus studied in depth. Chapter nine provides the results of
preliminary research studying parent provisioning. Finally research is summarized.
Thus the logical and step-wise nature in which research was conducted is reflected in

the structure of this dissertation.
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1.10: CHAPTER SUMMARY

This chapter introduced the concept that species interact with others. One form of such
interaction is parasitism, and this is where one species utilises the resources of another
to its own benefit but to the detriment of the other. The Louse Fly, C. pallida and the
Common Swift, 4. apus, which provide an example of a possibly parasitic relationship
and potential targets of study were introduced. The study site used for investigations

within a highway bridge was described.

A structure for the dissertation was presented and a research question, asking whether
C. pallida fulfils the criteria of a parasitic species, was proposed. A hypothesis, that the
relationship between C. pallida and A. apus is parasitic, was stated. The dissertation will
consider aspects of C. pallida biology, before later examining whether this species has

any effect upon its A. apus host.
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THE COMMON SWIFT LOUSE FLY (C. PALLIDA): AN
IDEAL SPECIES FOR STUDYING HOST-PARASITE
INTERACTIONS

This chapter was published as:
e WALKER, M.D. and ROTHERHAM, I.D. (2010). The Common Swift Louse
Fly (C. pallida): An ideal species for studying host-parasite interactions. Journal
of Insect Science, 10, 193.

2.1: CHAPTER AIMS
The aim of this chapter is to provide a comprehensive review of C. pallida biology and
parasitism through an examination of the existing scientific literature. The specific
objectives are:
e Determine whether C. pallida possesses life-history features indicative that it is
parasitic and has become specialized to a parasitic mode of life.
e Find evidence that C. pallida removes trophic resources from its A. apus hosts.
e Assess the evidence that C. pallida has a detrimental effect upon its avian hosts.
e Identify areas of C. pallida life-history which have been little studied and where
further study may prove to be productive. Also to identify host traits particularly
likely to bear costs due to parasitism and whose study would lead to the

successful establishment of parasitic costs upon swifts.

The rationale behind these objectives is that it is necessary to know what research has
already been conducted, and of what quality it is, before deciding where further study is
required. Collating existing knowledge of C. pallida and A. apus biology may facilitate
understanding of this system in the following investigations. Knowledge of parasite

biology is a pre-requisite to the understanding of any host-parasite system.
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2.2: CHAPTER ABSTRACT

Little is known of the life-history of many parasitic species. This hinders a full
understanding of host-parasitic interactions. The Common Swift Louse Fly, Crataerina
pallida Latreille 1812 (Diptera:Hippoboscidae), an obligate haematophagous parasite of
the Common Swift, Apus apus Linnaeus 1758, is one such species. No detrimental
effect of its parasitism upon the host has been identified. This may be because too little
is known about C. pallida ecology, and therefore detrimental effects are also unknown.
This is a review of what is known about the life-history of this parasite, with the aim of
promoting understanding of its ecology. New, previously unreported observations about
C. pallida made from personal observations at a nesting swift colony are described.
Unanswered questions are highlighted, which may aid understanding of this host-
parasite system. C. pallida may prove a suitable model species for the study of other

host-parasite relationships.

2.3: INTRODUCTION TO C. PALLIDA

In order to understand host-parasite systems, the life-history of the parasite species
being studied needs to be well known. However, for many parasitic species information
about basic biological traits is missing. This lack of knowledge could be hindering a full
understanding of host-parasite relationships. Although a number of studies have shown
that parasites do have an effect on their hosts (reviewed: Meller ef al. 1990, Lehmann
1993, Maller 1997) other studies have shown no such effect (e.g. Johnson and Albrecht
1993, Clayton and Tompkins 1995, Lee and Clayton 1995, Eeva et al. 1994). This
apparent lack of pathogenicity may be because of a lack of knowledge of parasite life-
history.

The Common Swift Louse Fly Crataerina pallida Latreille 1812 (Diptera:
Hippoboscidae) may be an excellent example of a parasitic species where no apparent
pathogenetic effect has been found, but this may be because of such a lack of detailed
knowledge of its life-history. This is an obligate avian nest ectoparasite of the Common
Swift Apus apus Linnaeus 1758. However, despite being relatively large, tractable, and
having a host species that is common and widely distributed throughout Europe,
surprisingly little is known of their biology (Marshall 1981). Much of what is known is
scattered among the scientific literature, is of substantial age, or is in a language other

than English which is the current hegemonic language of science. Studies have failed to
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find an effect of its parasitism upon the host (Lee and Clayton 1995, Tompkins et al.
1996).

This is the first review of what is known about this parasite species. This review aims to
collate life-history information about C. pallida and highlight questions requiring
further study in order to promote a better understanding of this host-parasite system.
New observations made from personal experiences with C. pallida from a nesting
colony of the Common Swift situated beneath a roadway bridge close to the town of
Olpe, Germany (51° 04' 00" N, 07° 81' 00" E) (Site described by Walker et al. 2009) are
described. Several features not previously observed are described. C. pallida may prove
to be an excellent model species of a nest ectoparasite, and many of the themes and
problems raised may also apply to other host-parasite systems. There are many possible
advantages of C. pallida as a model nest parasite species, including its large size and
easy tractability, which make conducting experimental work and quantifying levels of
parasitism relatively easy compared with other types of nest parasite. It is hoped that
this review will prompt investigations of the life-history traits of other species in host-

parasite systems.

2.4: TAXONOMY

Louse Flies belong to the Hippoboscidae family of cyclorrhaphous insects within the
Suborder Brachycera, Subfamil Ornithomyinae. Hippoboscids are viviparid
haematophagous obligate ectoparasites of mammals and birds (Hutson 1984). Formerly
the Hippoboscidae were classified along with the Bat Fly families Nycteribiidae and
Streblidae within the single grouping of the Pupipara. The Hippoboscidae family
contains 213 species, and is divided into three subfamilies with 21 genera (Hutson
1984). This family contains a number of well-known and common parasitic species of
birds and mammals; for example the Avian Louse Fly Ornithomya avicularia from the
Ornithomyinae subfamily which is a common parasite of a variety of bird species. The
Hippoboscinae subfamily contains the Horse Ked Hippobosca equine. The Lipopteninae
subfamily contains the Deer Ked Lipoptena cervi and the Sheep Ked Melophagus

ovinus.

Those species of Hippoboscids that parasitize birds are commonly known as ‘Louse

Flies’, while those that parasitize mammals, although similar to their avian counterparts,
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are known as ‘Keds’ (Hutson 1984). Most Hippoboscid species occur in the Old World
tropics, but 16 species occur in Europe, seven of these on avian hosts (Hutson 1984).
There are eight species within the genus Crafaerina, three of which occur in Europe. C.
pallida parasitizes the Common Swift 4. apus, C. melbae parasitizes the Alpine Swift 4.

melba, and C. hirundinis parasitizes the House Martin Delichon urbicum.

2.5: PHYSICAL CHARACTERISTICS OF C. PALLIDA

This species possesses a number of features that aid attachment to its host and reduce
the chance of removal through host grooming. It has the standard Arthropod physical
structure with there being three tagma - a distinct head, thorax, and abdomen. The entire
body is dorso-ventally flattened, which allows it to burrow with ease right to the base of
bird feathers and reach its source of food. The exoskeleton is tough, protecting them

from being crushed by the host.

The thorax and abdomen are covered with short sharp black hairs, which are also found
on the legs and head capsule, and these presumably get caught on the barbs of feathers
and provide points of attachment to the host. They are particularly prominent on the
posterior abdomen. The joints between the legs are shaped like short sharp hooks, and
the legs themselves end in three sharp claws that are ideal for attachment. Adult C.
pallida have no difficulty in walking upside down across glass or plastic surfaces. The
head is sunk into the thorax, and the mouth parts are partially retractable, which protects
them from abrasion with the host integument (Lehane 1991).

As for many Hippoboscid flies, C. pallida has atrophied vestigial wings that are borne
on the thorax and are not capable of sustaining powered flight. A number of
Hippoboscid species do retain functional wings, for example the Horse Ked H. equine.
Some species lose their wings on finding a host, such as those of the Allobosca genus,
where the wing tips are lost, or the Deer Fly L. cervi where the wings are lost entirely
once a suitable host is found (Lehane 1991). C. pallida is closely associated with their
hosts’ nests, and therefore an ability to fly is probably not necessary. However, the
wings probably have not degenerated completely and this is because of their value in

providing another type of ‘hook’ to allow attachment to the host.

The head capsule of the Hippoboscidae has become specially adapted for their
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haematophagous diet, but is nevertheless similar in structure to that seen in the
Muscidae (Bequaert 1953). The mouth parts form a distinct prognathous which is found
on the ventral mid-line of the head capsule and ends in a closed sclerotized tube or
torma. As in all cyclorrhaphids, there is a cibarial pump. There are a pair of sensory

antennae.

C. pallida are large insects, with females being larger than males. Photograph 3 shows
an emerged adult female, while photograph 4 shows a male. Fifteen female and fourteen
male engorged adult Louse Flies were measured during July 2008. The fifteen engorged
females had a body length of 7.43 mm (SD = 0.45), average abdomen width of 5.45 mm
(SD + 0.53), and abdomen length of 4.01 mm (SD =% 0.36). Males were smaller with an
average body length of 7.16 mm (SD = 0.49), abdomen width of 3.78 mm (SD + 0.41),
and abdomen length of 4.58 mm (SD + 0.42). This difference in size is not simply due
to the fact that females can store a larger volume of blood. Females have been found to
be larger than males both in the engorged and unengorged states (Kemper 1951).
Females probably have to be larger than males as they are the sex which produces eggs

and provisions the larvae internally.

The legs are held away from the body when at rest, and this gives C. pallida a
characteristic ‘spider’ or ‘star-like’ stance. In colouration, the adult imagines are a light
to dark brown colour. Teneral specimens have a translucent sheen, which is, however,
soon lost. In imagines that have fed, the abdomen is noticeably larger and more swollen
and is a light to dark grey colour. C. pallida with dark red coloured abdomens are

occasionally seen, and these have presumably recently fed.

Differentiating between the sexes of engorged C. pallida is easily done with the naked
eye, as can be seen in photograph 5 (Kemper 1951). The sexual differences between
males and females are illustrated in figure 1. In males, a black, semicircular ring is
present on the rear of the abdomen. Females instead have two spot-like triangular black
marks (Figure 1). Females have much larger, wider, more engorged abdomens than the
males. Males are hairier than females. Discriminating between males and females that
have not fed is more difficult. Males have more heavily segmented abdomens than the
females, but a magnifying microscope is needed to see this. The genitalia of male C.

pallida can be exposed by gently pressing on the abdomens of the males thus
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2.6: LIFECYCLE

There is a strong association between the life-cycle of C. pallida and that of the host’s
breeding season. 4" in-star imagines emerge synchronously with the return of the
Common Swift in spring. Pupae are cyclorrhaphous. Although emergence has been
found to coincide with the hatching of swift nestlings (Biittiker 1944, Lack, 1956),
others have found that it occurred earlier (Bromhall 1980, Hutson 1981). In 2007, the
first C. pallida emerged during the period of swift egg laying (e.g. Photographs 1 and
2). Photograph 1 shows emerged C. pallida at the nests while swift eggs are being
incubated. Photograph 2 shows a close up view of a cluster of adult C. pallida adults
around host eggs. This photograph shows the sometimes large numbers of parasites
sometimes present at nests during this period. In 2008, C. pallida had emerged before

the 3™ of June, when nestlings began to hatch.

Weather conditions may influence the exact timing of emergence of C. pallida. The
emergence from the pupae appears to be temperature mediated. Anecdotal reports
suggest that pupae left on a radiator began to hatch after several days (Kemper 1951). In
a more analytical study, emergence of the House Martin Louse Flies occurred more

rapidly at elevated temperatures (Popov 1965).

Figure 1. Schematic diagram showing differences between Crataerina pallida sexes

after Kemper (1951)

Male Female
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Photograph 1. Adult C. pallida at the nest during the incubation period of the 4. apus
eggs.

Photograph 2. A nest particularly heavily parasitized by adult C. pallida. There are
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Photograph 3: Female C. pallida showing double triangular abdomen markings. The
sexing of adult C. pallida was relatively easy at the nests with practise simply with the

naked eye.

Photograph 4: Male C. pallida adult with more 'ring like' abdominal markings. The
abdomens of males are also not as broad as those of the females. In addition the
abdomens of males are more clearly segmented, but this can only be seen with the use

of a hand lens.

Photograph 5: Heavily engorged adult C. pallida. The abdomens decrease in size when

adults are unable to feed.
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Mating of C. pallida usually takes place on or in close proximity to the nest, but may
also occur on the adult or nestling swifts. As in Bat Flies (Strebilidae and Nycteribidae),
blood ingestion may be necessary for successful copulation to occur (Yuval 2006). Mate
guarding seems to occur, with male C. pallida sometimes remaining mounted on the
females for several minutes at a time. Two or three C. pallida males may attempt to
mount a single female. Mating competition may increase as the summer progresses
perhaps due to the limited amount of time available before swift departure and due to
the falling number of females. ‘Clusters’ of C. pallida often occur in which more than

20 C. pallida may congregate together in one large mass (Photograph 2).

Female M. ovinus are able to store enough sperm after a single mating to fertilize all
their subsequent eggs (Evans 1950, Small 2005). Should this prove to be the case with
Crataerina species, it might mean that males able fertilize females first could be at a
significant advantage than later emerging males. This may explain why males hatch
from the winter diapause earlier than the females. It may also help explain the female
dominated sex ratios seen during the summer, as there may be no advantage for males in
staying alive after they have copulated. Their presence may increase the parasitic

burden on the hosts that their own offspring will ultimately rely on.

Larvae develop singly within the female’s uterus in a mechanism known as
adenotrophic viviparity. Larvae are nourished through special milk glands found within
the common oviduct (Baker 1967) and, if development is similar to that of other
Hippoboscid species, takes approximately three weeks (Small 2005). Larvae are
deposited when they reach the 3™ in-star, and they then pupate almost immediately
(Baker 1967). Larvae are deposited either underneath or some distance away from the
nest. In comparison, other Hippoboscidas deposit pupae at no specific location, for
example those of the genus Lipoptera, or the pupae are purposely attached to the host as
is the case in M. ovinus (Lehane 1991). On deposition, pupae are a light brown colour
and require six hours to become hardened and dark in colouration. Photograph 6 shows
some freshly laid pupae which have a brown colouration contrary to the darker black

seen in aged pupae.

Hippoboscids have relatively low fecundity. It is unknown how many larvae a single

female can produce, but female Sheep Keds can produce new larva every six to eight
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days, and so can therefore probably produce between 12 and 15 larvae over the course
of a lifetime (Small 2005). A similar figure in Crataerina is likely. Other Hippoboscids
have lifespans of between six and ten weeks (Lehane 1991, Small 2005). The number of
pupae seen at the nest has been found to be higher at the end of July than in June
(Kemper 1951). This indicates that most pupal production occurs during the month of
July, and therefore during the nestling period. Pupae remain in diapause until the
following spring. Basic life-history information about C. pallida is missing, for example
information on the lifespan of adults, the number of pupae females are capable of

producing, and the factors affecting adult emergence each spring.

2.7: POPULATION DYNAMICS

Population size: At the study site, the population of C. pallida found at the nests during
2007 peaked during mid-May, which coincided with the incubation of the eggs. In 2008,
C. pallida numbers peaked during the incubation and were falling by the time the nests
could be first examined at the end of incubation. Throughout the nestling period of both
years, the number of C. pallida seen, steadily dropped. A similar pattern has been
reported for C. hirundinis (Bequaert 1953). Studies on the number of C. pallida on
captured adult birds also show a decrease in numbers as the summer progresses (Hutson
1981).

A. apus pairs are nest-site faithful, often returning year after year to the same nest site
(Weitnauer 1947, Lack 1956). This may affect C. pallida populations, allowing them to
increase on a year by year basis at individual nests with progressive use. At the study
site, new and young nests do appear to be less heavily parasitized than obviously older,
well-established nests, although not enough time has passed to show this conclusively. It
may be the case that a build-up of parasite numbers over several years may be a factor
causing nest abandonment and the establishment of new nests in an attempt to forego

parasitism.

Other factors, such as the weather or climate, may also influence C. pallida numbers. A
correlation between the abundances of a Louse Fly species on Serins, Serinus serinus,
and the weather has been seen (Summers 1975). Recently fledged nestlings of the North
Island Robin, Petroica australis, were more likely to be parasitized by C. pallida if they

came from wetter territories (Berggren 2005).
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Photograph 6. Pupae deposited to the side and beneath the nest. Two of the pupae are a
dark brown in colouration, indicating that they have only recently been deposited. Pupae
are typically black in colouration. Beneath the nest to the right is a small aggregation of

adult C. pallida that may be the result of mating competition.

The number of C. pallida seen at particular nests can vary considerably on a day by day
basis. This may be due to C. pallida moving onto and off the adult hosts and thus being
removed temporarily from the nests. This, along with the general changes in C. pallida
numbers that occur throughout the swift breeding season may lead to a false picture of
the true intensity of parasitism being made if the population is sampled on only a small
number of occasions. Data on the consistency of C. pallida populations over the entire

season and on a day by day basis are needed.

Another factor which may influence the population size of C. pallida seen at a nesting
colony is the size of the colony involved. Generally speaking larger nesting
aggregations of birds are more heavily parasitized. Whether this occurs with C. pallida
is difficult to decipher, as relatively few colonies have been studied. The population of

C. pallida seen at the well studied Oxford colony of the Common Swift is smaller in
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size than that seen at the study site despite the fact that it houses considerably more

nesting swifts.

Host predation may be a major cause of Hippoboscid mortality (Hutson 1984).
However, this is not the case for C. pallida. Adult A. apus are reported to ignore adult
Louse Flies and to take no measures to remove them from themselves (Lack 1956,
Brombhall 1980). 4. apus nestlings do not feed on adult C. pallida. Should an A. apus
manage to preen a C. pallida with its beak, the parasite will simply wait until the bird
opens its mouth and crawl out (G. Candelin, personal observation). Ironically, C.
pallida may be the prey of a parasitic wasp. Two species of Hymenoptera of the
Pteromalidae family, Nasonia vitripennis and Dibrachys cavus have been reared from

the puparia of C. pallida and maybe also C. hirundinis (Bequaert 1953).

Aggregation and prevalence: Parasitic species typically exhibit aggregated population
distributions. This is the case for C. pallida (Hutson 1971, Hutson 1981) and for C.
melbae (Tella and Jovani 2000), although the level of aggregation seen by these species
is lower than seen in other host-parasite systems. The prevalence of parasitism exhibited
by Louse Flies is much higher than is normally seen in other parasites. On adult Alpine
Swifts infestation rates by C. melbae of 70.8% (Tella and Jovani 2000) and of 74%
(Tella ef al. 1995) averaged over the summer were found. On A. apus adults parasitized
by C. pallida the average infestation over the entire season was 34.4% (Hutson 1981),
and at 4. apus nests 67% (Tompkins ef al. 1996). For comparison, the prevalence of the
Louse Fly Ornithomyia avicularia, on Serins S. serinus, was found to be 3% (Senar et
al. 1994), and the prevalence of other Hippoboscid flies on other species has been
shown to be no greater than 20% (McClure 1984).

The infestation rate of adult swifts has been found to vary with date, being at around
10% in early spring, raising quickly to 50% during the incubation period, and reaching a
maximum of 50% to 60% around the time of nestling hatching, before declining rapidly
during the second period of nestling growth (Hutson 1981). These changes can probably
be explained through changes to the 4. apus life-cycle, with infestation being highest
during incubation when 4. apus are at the nest for the longest periods, and falling when
they are feeding the young and are there less often. It has been proposed that the high

prevalence of Louse Flies on swifts could be due to their short legs and lack of easily
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moveable head, which prevents birds from effectively removing parasites (Tella et al.
1998).

The prevalence of C. pallida and their intensity of parasitism has been determined at
only one nest site, at the Oxford University Museum site used in the original study by
Lack (1956). At this study site, a mean parasitic intensity of only one adult C. pallida
per nest has been found, with the maximum number in any one nest being nine adult C.
pallida (Lee and Clayton 1995). At the study colony, where nests were left in place
between breeding seasons, the maximum number of C. pallida seen in a single nest in
2007 was 27, and the average number of C. pallida seen per nest was 3.64 (SD + 2.65).
These figures are substantially higher than those seen at Oxford. However, it is usual at
the nesting site at the museum for nests to be removed on a yearly basis (G. Candelin,
personal communication). This may lead to a distortion of Louse Fly populations and to
an artificially lower number of parasites per nest than would normally occur. It has been
shown that the removal of old, heavily parasitized nests affects the distribution and
intensity of parasitism in nest box studies (Meller 1989). The removal of nests and the
resulting unnaturally lower levels of parasite abundance seen may be the reason why

studies at Oxford failed to find any negative costs of C. pallida parasitism.

Sex ratio: Louse Fly populations are female biased. More female than male C.
hirundinus were found at House Martin nests and on adults (Hardenberg 1929, Popov
1965, Summers 1975); likewise for C. melbae at Alpine Swift nests (Tella and Jovani
2000). A greater proportion of female than male C. pallida has been seen on adult A4.
apus (Hutson 1981). This female bias is puzzling as an equal number of males and
females are thought to hatch (Bequaert 1953). Other Hippoboscids, such as M. ovinus,
have more equal sex ratios (Small 2005). Distinct differences in the sex ratio at different
stages of the summer have been found (Kemper 1951). In spring, female C. pallida
were seldom found on adult 4. apus. The proportion of males found dropped rapidly as
incubation began. This may be due to males emerging and then dying off before females
(Kemper 1951). This idea tallies with observations of pupae in the laboratory, where

males consistently emerged first.

Tella and Jovani (2000) found that the ratio of male and female C. melbae Louse Flies

on hosts was inter-connected with mate attraction being one possible cause. As mating
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competition appears to be strong in C. pallida, this may also be a factor influencing sex
ratios and population dynamics. The effect of such mate attraction as a factor affecting
parasite population biology, and thus pathogenicity, has rarely been looked at, and this

species may therefore prove an ideal model species for such studies.

Transmission and dispersal: When adult 4. apus return from overwintering sites in
Africa, they are C. paliida free (Zumpt 1966). Therefore, an easy way for 4. apus to
avoid C. pallida parasitism would be to build a new nest in a C. pallida free place.
Where Louse Flies parasitizing House Martin nests have been marked, it has been seen
that although they could move between nests, this rarely occurred, with only 6 from 96
flies moving to adjacent nests (Summers 1975). Whether this was active dispersal or
whether they were carried between nests could not be determined. C. pallida have no
mechanism themselves to move between nests discretely separated from each other or to
new colonies some distance away from existing ones. Transmission has been assumed
to be vertical (Lee and Clayton 1995, Tompkins et al. 1996). C. pallida are unlikely to
move to other nests under their own locomotion and may be carried to other nests by
nestlings or adult 4. apus. However, the study by Summers (1975) showed only that
Louse Flies are unlikely to move to other nests under their own locomotion and did not

preclude them being carried to other nests by nestlings or adult hosts.

During the breeding season when the nestlings are at the nest, transmission is
undoubtedly vertical. However, once the nestlings fledge, they can no longer be re-
infected with C. pallida from the natal nest, and when they return from the winter
migration, they are C. pallida free. Thereafter, transmission of C. pallida may be
horizontal and occur from adult to adult, or from adult to nest to adult. Most likely is
that C. pallida are transmitted to new sites through first year or full adults that visit new
or existing nest sites and carry C. pallida with them. A greater proportion of female than
male C. pallida were found on adult House Martins (Summers 1975), which may be the
result of females feeding more often than males, but could also be because gravid
females actively transfer onto adults as doing so they may be dispersed to new sites
where they can deposit their pupae. Females acting in such a way as to facilitate their
own dispersal would increase their lifetime reproductive success if they managed to get
transferred to a new formerly uncolonised nest site which they and their offspring could

successfully inhabit without experiencing intra-specific competition.
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2.8: PARASITISM

Pathogenicity: No pathogenic effect of C. pallida parasitism on their A. apus hosts has
been found (Hutson 1981, Lee and Clayton 1995, Tompkins et al. 1996). This is
surprising. C. pallida feed once every five days, males taking 23 mg, and females 38 mg
of blood (Kemper 1951). It has been calculated that if the total blood volume is
estimated as being 10% of total body weight; then in an adult 4. apus weighing 42
grams, C. pallida parasitism represents about 5% of its blood being lost (Campbell
1988). Therefore, substantial quantities of blood may be lost.

Adult 4. apus with heavy infestations had weights within the normal weight range of
adult swifts leading one author to conclude that there was no evidence that heavy C.
pallida infestation affected adult condition (Hutson 1981). There are anecdotal reports
of grounded 4. apus having C. pallida (Biittiker 1944, Lack 1956). However, this is
hardly strong evidence for a negative effect of these parasites. No correlation between
C. pallida intensity and nestling body mass, the fledging date, or the number of chicks
fledged from each nest has been found (Lee and Clayton 1995). Where C. pallida
abundances were artificially manipulated, there were no differences in nestling growth
or fledging success (Tompkins et al. 1996). Although no pathogenic effect has been
found on 4. apus, a number of studies have found an adverse effect of the closely
related Louse Fly, C. melbae, on the Alpine Swift (Bize et al. 2003, Bize et al. 2004,
Bize 2005).

The type and level of transmission and transfer of parasites between hosts is important
in influencing the level of parasite virulence seen (Bull 1994). Parasites that transfer
between hosts in a mainly vertical manner, from parent to offspring, typically exhibit
lower levels of pathogenicity than parasites that transfer between unrelated hosts
horizontally (Eward 1994). Tompkins et al. (1996) postulated that the lack of virulence
seen by C. pallida may be due to the vertical nature of its transmission. Parasites which
have not fed have been shown to be more active than those that have (Meller 1997), and
thus may be more likely to transfer between closely situated nests where these are
available. The pathogenicity of C. pallida may be dependant and may alter depending
on the nature of the nest colony at which it is found; because of this C. pallida may
prove an interesting model species for looking at the evolution and development of

parasite transmission and pathogenicity.
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By looking for more subtle effects of parasitism such as; compensatory growth during
the nestling phase, the sex ratio of fledging nestlings, or the lifespan and reproductive
success of adult parent birds; effects of parasitism by C. melbae on the Alpine Swift
have been found (Bize et al. 2003, Bize et al. 2004, Bize et al. 2005). Saino et al.
(1998) found that the speed of growth of Barn Swallow Hirundo rustica nestling wings
was influenced through parasitism by the O. biloba Louse Fly. Future studies
investigating C. pallida parasitism should likewise look at such finer aspects of 4. apus
reproductive success and not simply on the most obvious parameters such as adult
weight, nestling fledging weight and nestling survival, as has been the case before.
More direct effects of parasitism, such as parasite caused anaemia, have yet to be
reported but are likely to occur as a result of the blood loss experienced by hosts

parasitized by C. pallida.

Mode of parasitism: Louse Flies within the Crataerina genus, unlike other types of
Louse Flies such as O. avicularia, are monoexous, being host specific (Kemper 19.51,
Tella and Jovani 2000). However, in addition to parasitizing A. apus, C. pallida is also
reported to parasitize the Pallid Swift, 4. pallidus (M. Cucco, personal communication).
The development of host specificity within Louse Fly-avian parasite systems may be
worth investigating further. Is there any separation in the Crataerina populations

parasitizing Common and Pallid Swifts? Could divergence occur in the future?

When initiating feeding, C. pallida dive between the feathers to reach the skin. Feeding
C. pallida appear somewhat like ticks, with the heads being burrowed into the host,
while the legs and abdomen protrude outwards. When they finish feeding, they move
backwards away from the skin of the host, before delving into a new position to feed.
On nestlings, they are often found feeding on the lower rump area. On adults, they are
reported to feed preferentially on the belly and neck (Kemper 1951). C. pallida which
have not fed have abdomens that are noticeably smaller and have a light brown
colouration. In adults that have fed, the abdomen is substantially larger and has a

greyish colouration.

Host selection: When faced with a brood of chicks parasites have to choose one to feed
from. Although large nestlings may offer large resources, they will have strong immune

responses; weak nestlings on the other hand will offer fewer resources but will be less
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able to invest in immune defences (reviewed: Sheldon and Verhulst 1996). Louse Flies
are an ideal parasite to study these trade-offs. Host preference of C. melbae has been
found to be linked to nestling age, with preference for older siblings with more
developed feathers (Roulin 2003). Later when there was little difference in feather
development between nestlings, these preferences disappeared and no nestling was
favoured. Conversely, a later study found that nestlings intermediate in size were
preferred; perhaps a compromise choice between nestling resources and immune

response (Bize et al. 2008).

Attempts should also be made to try to explain features of parasite life-history in
relation to their hosts and the host life-history. The parasite life-history features may be
tuned to those of its host, thus enhancing parasite fitness. To what extent are the skewed
sex ratios, the declining population sizes, and the intense mating competition exhibited
by C. pallida the result of C. pallida attempting to maximise their fitness in the face of
the biology and breeding biology of their avian hosts? Future studies should consider

aspects of parasite life-history as being adaptations to the host species on which they

prey.

Vectors: It is known that Hippobiscid flies act as vectors of various species of
Trypanosoma and Haemoproteus (Baker 1967, Bize et al. 2005). Crataerina may also
act as vectors of such parasites and such a role has been discussed (Kierans 1975,
Soulsby 1968). C. pallida may engage in a phoretic association with feather mites
(Astigmata), and thus aid their transmission (Jovani ef al. 2001). Small numbers of
feather mites have been found on Louse Flies collected from avian hosts (Hill ef al.
1967). However, studies testing whether this transmission could be the case have found

no evidence that such ‘hitch hiking’ occurs (Philips and Fain 1991).

Parasitic effect in conjunction with other parasites: This point is related to the
previous one concerning vectors. This review has considered only the effect that a
single species, C. pallida, has upon its swift host. However, as mentioned swifts are
hosts to a number of other parasitic species including chewing lice (Dennyus
hirundinis). The presence of such parasites may be influencing the pathogentic effect of
C. pallida and requires further study. Likewise the presence of C. pallida may mitigate

the effect of other parasites and thus there may be an advantage to swifts in harbouring
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Louse flies. Observations of swift nests indicate that there are low levels of other
parasites, for example Blowfly, which typically occur in great numbers in avian nests.
This may indicate that C. pallida somehow inoculate nests. Further research into how

C. pallida and other parasites interact is needed.

The Common Swift Louse Fly, C. pallida, is a fascinating example of an avian nest
parasite, with many puzzling life-history features. When trying to understand parasite
life-cycles and ecology it is important to consider what is occurring to the host species
and how this may be affecting the parasite, or in what way the parasite may be using the
host's own ecology to its own advantage. Considering C. pallida from this perspective
may lead to a better understanding of the strategies it uses. The Common Swift Louse
Fly C. pallida may prove to be an excellent model species for studying host-parasite
systems. It offers a number of advantages to the parasite researcher including large size
and the ease at which it can be manipulated. In comparison with other nest and avian
parasites, its populations can be easily quantified and determined. C. pallida may also
prove an excellent example of how hosts and parasites co-adapt, with the life-cycle of
C. pallida appearing to be well in tune with that of their hosts. Connecting parasite life-
cycles to that of their hosts may lead to a better understanding of a wide range of host-

parasite systems.

2.9: CHAPTER SUMMARY
This review of the literature has successfully shown that:

e C. pallida possesses a range of features and traits indicative }hat it is parasitic in
nature. These include its strong morphological specialization, that it removes
resources from 4. apus hosts, and that it exhibits population dynamics
characteristic for parasites.

e Despite this apparently parasitic life-style and trophic removal, no determinable
detrimental effect to A. apus hosts has previously been established.

e However, only a limited number of studies have looked for such detrimental
effects upon hosts and the range of host traits examined for such costs was
narrow. Studies are mainly observational or anecdotal in nature and concentrate
on basic host traits such as nestling mortality rates. Further more in depth
analysis of specialist traits such as nestling development or parental investment

may lead to the establishment of detrimental effect upon hosts through C.
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pallida resource removal.

e Information about C. pallida biology remains scant. Many of its life-history
traits, such as whether it exhibits host selection, factors influencing its
emergence, the exact nature of C. pallida populations and the closeness of its

relationship with 4. apus have never been investigated.

As a result of these findings it can be concluded that further study of the relationship
between 4. apus and C. pallida would be productive. This would provide more
information about this specific study system and broaden the range of avian host-

parasitic studies systems examined generally.

This literature review has enhanced the current knowledge about C. pallida by collating
the existing disparate information about C. pallida into a single review, which allows
easier understanding of this system for future researchers. Potentially productive
avenues for further research have been identified. The information provided here will
not only facilitate future study of this host-parasite system, but will hopefully prompt
other parasitologist's to study the life-history features of their own study species.
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CHARACTERISTICS OF CRATAERINA PALLIDA
POPULATIONS

This chapter has been published as:

e WALKER, M.D. and ROTHERHAM, L.D. (2010). Characteristics of Crataerina
pallida (Diptera: Hippoboscidae) populations; a nest ectoparasite of the
Common Swift, Apus apus (Aves: Apodidae). Experimental Parasitology, 126,
451-455.

3.1: CHAPTER AIMS
This chapter aims to determine the characteristics of C. pallida populations through the
use of standard ecological parameters. Particularly emphasis will be placed upon those
parameters of pertinence to its parasitic mode and efficacy. The objectives are to:
e Quantify key parameters such as parasitic prevalence, population aggregation
and parasitic load.
e Identify trends or changes in C. pallida population size occurring throughout the
swift breeding season.
e Determine C. pallida population sex ratios and identify whether they change

through the summer.

These aims will be met by censoring C. pallida pupal and adult populations during the
summer breeding seasons of the 4. apus hosts. This research is needed to confirm
previous observations on C. pallida population ecology reported in the literature review
in chapter 2. The population structure at nests have been described only once before,
thus further examination is required. As explained in the literature review, a false
impression of C. pallida populations may have been obtained due to the artificial nature
of the study site studied. The more natural conditions experienced at the site used here
means a more realistic impression of parasite populations can be gained. Knowledge
about parasite population characteristics is required before the level of parasitic pressure
exerted upon hosts can be quantified. The potential effect of a parasite can only be

assessed once the parasitic load hosts experience has been correctly determined.

70



3.2: CHAPTER ABSTRACT

An essential pre-requisite to understanding the nature of a host-parasite relationship is a
good knowledge of the parasite’s ecology, including its life-history. Despite removing a
significant amount of blood from their Common Swift (Apus apus) hosts, no detrimental
effect of parasitism by the Louse Fly (Crataerina pallida) has been found. This may be
because little is known of the characteristics of the populations of this parasite. We
studied the structure of Louse Fly populations that may influence its pathogenicity. High
levels of prevalence were seen, with 100% of nests being parasitized during 2007 and
2008. Louse Fly pupae were found to be aggregated, with a frequency distribution best
described by the negative binomial model in 2006-2008. The mean parasitic load per
nest was 3.72 £ 2.65 in 2007 and 4.21 £ 3.09 in 2008, much higher than that found in
comparative studies. Louse Fly numbers declined throughout the swift breeding season.
Parasite populations were heavily female biased, except for at the initial and final stages

of the nestling period.

3.3: INTRODUCTION

Avian species have proved a favourite target for biologists wishing to examine parasite-
host interactions (Loye and Zuk 1991, Clayton and Moore 1997). Detrimental effects of
parasitism on hosts have been found in a large number of empirical studies (see Maller
et al. 1990, Moller 1997). However, no negative effect of parasitism by the Louse Fly
([Crataerina pallida Latreille] Diptera: Hippoboscidae) has been found upon their
Common Swift ((Apus apus Linnaeus) Aves: Apodidae) hosts (Lee and Clayton 1995,
Tompkins et al. 1996). This is surprising as the literature review conducted in chapter 2
showed that C. pallida removes considerable quantities of blood from hosts. C. pallida
is an obligate monoxenous parasite that feeds once every five days, with males taking
on average 23 mg and females 38 mg of blood on each occasion (Kemper 1951); this
has been calculated as being the equivalent to 5% of an adult swifts total blood volume
(Campbell 1988). Although there are anecdotal reports of adult Common Swifts that
carried Louse Flies being in poor condition (Biittiker 1944, Weitnauer 1947, Lack
1956), no effects of parasitism on swifts have been found (Hutson 1981, Lee and
Clayton 1995, Tompkins ef al. 1996). However, a number of wide ranging and
considerable detrimental effects have been found by a closely related parasite species,
C. melbae (Latreille (Diptera: Hippoboscidae), a parasite of the Alpine Swift ((4. melba
Linnaeus) Aves: Apodidae)(e.g. Bize ef al. 2003, 2004a, 2004b, 2005).
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As shown in chapter 2, Louse Flies have been little studied and little is known of their
life-history (Marshall 1981). However, a good knowledge of parasite ecology is
required before the functioning of host-parasitic systems can be understood (Clayton
1991). Thus, a lack of knowledge of this parasite may have hindered the identification
of detrimental effects that it may be having upon its host. Whether the population
characteristics described in previous studies truly reflect natural levels is unknown.
Hutson (1981) examined adult Common Swifts and found that C. pallida numbers
declined throughout the summer and populations were predominately female biased but
whether such patterns are seen at nests in unknown. Studies on related parasites such as
the House Martin Louse Fly (C. hirundinis Rondani), and Alpine Swift Louse Fly (C.
melbae Linnaeus), indicate that this may be the case (Summers 1975, Tella and Jovani
2000).

Whether figures for parasitic load, prevalence and aggregation seen in the studies of this
parasites efficacy reflect true levels is also uncertain. Nest prevalence of 67% and an
average parasite load of 1 Louse Fly per nest (range 0-9) was observed at the famous
Oxford Museum swift colony (Lee and Clayton 1995). Tompkins et al. (1996)
manipulated Louse Fly numbers to create nests with enhanced parasitism, with a mean
parasite load of 7.39 flies per nest, and reduced parasitism, with a mean load of 0.37.
However, as nests are cleaned on a yearly basis at this site a distortion of parasite
populations and a reduction in the parasite load may be occurring. Such cleaning affects
parasitic abundances (Mpller 1989). Thus a re-examination of C. pallida biology is

pertinent.

Populations were studied at the Common Swift nesting colony described in chapter 1,
which offered a unique opportunity to study Louse Flies because of the ease of access to
nests that it offered. The lack of previous research on this parasite is probably due to the
difficulty of obtaining access to swift nesting sites. Common Swifts, being almost
totally aerial, are notoriously difficult to study, and their nesting colonies are usually
situated in locations difficult for predators, and biologists, to access. Since nests at this
site are not manipulated or cleaned from year-to-year, parasite populations are able to
cycle in an undisturbed manner, thereby more closely reflecting levels of parasitism

seen in this host-parasite system.
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3.4: METHODS

Common Swifts have established a nesting colony within a highway bridge spanning
the Bigge Reservoir in the Sauerland area of Germany (51° 04' 00" N, 07° 81' 00" E).
The nests are situated beneath the carriageway in dual enclosed walkways, which run
the entire length of the bridge. The walkways are divided into sets of chambers, 8 for
each walkway. Swifts enter these chambers through small, 10-11-cm wide ventilation
holes found on the floor of the chambers. In 2007 and 2008, between 0 and 8 active
nests were found in each chamber. Nests are typically widely separated. The mean
distance between nests in the same chambers in 2009 was 603 cm + 488 cm with a
range of 98-1910 cm. Nests in different chambers are separated by closed concrete
partitions. Movement of parasites between nests is, therefore, likely to be limited and

parasites at each nest are likely to be isolated from each other.

Louse Fly populations were studied in 2007 and 2008. The swift colony comprised 38
breeding pairs of swifts in 2007 of which 35 produced nestlings. In 2008, there were 41
breeding pairs at the bridge, of which 37 incubated eggs and produced nestlings.
Common Swifts are known to be nest-site faithful (Weitnauer 1947, Lack 1956), so it is
likely that pairs were present at the same nests prior to 2007. Nests were examined
regularly for Louse Flies and, when possible, daily, during the swift breeding seasons.
Breeding Common Swifts are extremely sensitive to disturbance and will readily desert.
Because of this, nests could only be closely examined from when the adults ceased the
brooding of the nestlings, which occurs when nestlings are approximately 10 days of
age. Louse Fly pupae were counted at the nests each autumn following the breeding

season in 2006-2008.

Two aspects of parasitic load were studied, i.e., the prevalence of parasitism and the
intensity of parasitism experienced by the host. Louse Flies are closely associated with
the nest, so the nest was used as a discrete unit of parasitism. Prevalence is commonly
defined as being the proportion of hosts that are infested with a parasite and, in our case,
we defined prevalence as being the proportion of nests infested with Louse Flies,
including flies on individual nestlings within a nest. Two measures of parasite intensity
were calculated. First, the average parasite load was defined as the mean number of
parasites infesting each nest while nestlings were present over the course of the swift

breeding season. In addition, the maximum number of flies seen on any single occasion
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at each nest was recorded to produce a measure of maximum parasite load per nest. Lee
and Clayton (1995) and Tompkins et al. (1996) suggested that this might be the most
accurate level of parasite load experienced at each nest since flies are not always present
at the nests, but are sometimes carried away from the nest on the adult swifts and thus
missed from counts. These authors counted Louse Fly populations on only a small
number of occasions, which meant that using the maximum number of flies seen on any

single occasion was more appropriate than calculating daily averages.

An important parameter of parasitic populations, influencing the pathogenic effect they
have upon host populations, is their distribution between hosts. Parasite populations are
typically aggregated in nature, with most parasites being concentrated upon a small
number of hosts. The strength of this aggregation can be determined by comparing the
parasitic frequency upon hosts with different statistical measures of distribution. The
extent of aggregation exhibited by Louse Fly populations was discovered by producing
frequency distributions using the maximum number of flies seen at each nest and the
number of pupae found at each nest each autumn in the same manner as done by Lee
and Clayton (1995). The statistical distribution these distributions most closely fitted
was found using the Easy-fit software program (MathWave Technologies, San Diego,
CA, USA). Additionally the k-parameter of aggregation, a typically described index
which quantifies entomological population aggregation, was calculated for pupae and
maximum adult Louse Fly number using the method introduced and outlined by
Southwood (1978).

The average number of Louse Flies seen per nest per day at all nests studied for the
period when nestlings were present was calculated for the entire breeding seasons of
2007 and 2008 to provide the mean parasite load. Nests at which there were no nestlings
present were not included as Louse Flies quickly desert nests that are no longer
occupied. In 2008, the sex of flies at each nest was established on a regular basis
following the end of adult brooding using the method of sexing described by Kemper
(1951).
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3.5: RESULTS

Parasitic load: Results for parasite prevalence and parasitic intensity are summarized in
Table 1. Of the 37 nests where nestlings hatched in 2008, Louse Flies were observed in
all on at least 1 day during the course of the investigation, giving a prevalence for all
nests for the entire season of 100%. On an average, 88.0% =+ 0.10 (SD) of nests were
parasitized each day. The range in daily nest prevalence per day varied from 70% to
100%. On average over a 21-day period, each nest was free of Louse Flies for 3.1 + 3.9
days. The most frequently parasitized nests had flies present on each day; the least
parasitized nest was free of flies 16 days over this 21-day period. The distance of pupae
from nests was measured in the autumn of 2008. Of the total number observed, 563,
19.7% were found either in, or directly beneath, a nest, 46% were found within 30 cm
of a nest, and the remaining pupae were found more than 30 cm from the nest. Pupae
and Louse Flies were aggregated in terms of frequency distributions. The distribution of
pupae in 2006 (Figure 1a) was best described by a negative binomial model (K-S Test, z
=0.13, n =47, P = 0.38) rather than by a Poisson (K-S Test, z = 0.36, n = 40, P = 0.73).
In 2007, pupae distribution (Figure 1b) was best described by a negative binomial
model (K-S Test, z = 0.23, n = 42, P = 0.01). In 2008, the frequency distribution of
pupae (Figure 1c) was best described by the negative binomial model (K-S Test, z =
0.16, n =40, P = 0.19) rather than the Poisson (K-S test, z= 0.36, n = 40, P = 0.73).

However, the adult louse fly distributions were more strongly aggregated (Figure 2a)
(K-S Test, z=0.23, n =47, P = 0.01), but could not be described by either a Poisson in
2007 (K-S test, z=0.17, n= 36, P =0.17) or the negative binomial distribution (Figure
2b) (K-S Test,z=0.17,n=4, P=0.21).

Trends in population size: Although not all nests could be examined on each day, the
average number of Louse Flies seen per nest per day was calculated for 2007 (Figure 3)
and 2008 (Figure 4). In both year, average fly numbers were initially high, but declined
as the swift breeding season progressed. In 2007, the average number of flies seen
peaked at 7.8 £ 8.8 on 19" June; the trend was for populations to fall until the 18" of
July when no Louse Flies remained. Flies were seen on fewer days in 2007 than in
2008. In 2008, the peak in mean number occurred on the 9" of June, when an average of
7.5 £ 3.6 was seen per nest. As for 2007, the trend was for the population size to

decrease, finally reaching zero on the 26" of July. There was a significant negative
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correlation between date and average fly number during 32 days of the nestling period
of 2007 (»s = 0.80, n = 32, P < 0.01). This was also the case in 2008 over 58 days
considering at all 41 active (rs = 0.9, n= 58, P <0.01).

Nestling presence at the nests and brood size are related to C. pallida population size
and prevalence. In 2008, in a sample of 10 nests studied over 31 days, there was a
strong correlation between brood size and both prevalence (rs = 0.89, n = 31, P < 0.01)
and the total fly population (rs = 0.91, n =31, P < 0.01). Thus, generally the larger the

brood size the more parasites a nest contains.

The number of male and female Louse Flies seen in total, at the nests and on the
nestlings, can be seen in Table 2. In total, 1015 flies were sexed during the entire
summer. The total sex ratio over the entire summer was 0.38 males to 0.62 females. The
proportion of males to females observed was not constant and changed throughout the
course of the swift breeding season (Figure 5). There was a significant difference in the
total number of each sex seen on each day (G = 1.22, P < 0.01, d.f. = 32) when
compared to an expected 50:50 ratio. On the 15™ of June, when the sex of Louse Fly
populations were first sampled, the proportion of males to females was almost equal,
i.e.,, 0.40 males to 0.60 females. Thereafter, the population became strongly female
biased. The highest proportion of females to males was seen on the 8" of July when

there were 0.26 males to 0.74 females.

During latter stages of the nestling period, the proportion of males to females became
more equal, reaching 50:50 on 16™ July, which almost coincided with the time of
nestling fledging, i.e., the first nestling fledged on 11™ July. As might be expected given
the decline in fly numbers, as the season progressed there were fewer males and
females. The number of females fell more sharply than the number of males, which
might be expected given their populations were larger initially. The total number of
males seen during 32 days of the nestling period was strongly correlated with date (rs =
0.70, n=32, P <0.01), as was the number of females (rs = 0.81, n =32, P <0.01). The
average number of males seen per nest was strongly correlated with date (rs = 0.66, n =
32, P <0.01), as was the average number of females seen per nest (rs = 0.92, n =32, P

<0.01).

76



LL

eednd jo JaquinN

vm wm wv,ov Nm vN 91 w. oo

F -

..v w

9 @

8 o

| ov Wo

|2 2
9002 (e)

"S9AIND SB UMOYS
91 SUOHNQLYSIp [eruioulq dane3au papadxy (Z€'061 = Z§ 0871 = uesw 26'0 =) (9) pue 800z UwmnE pue (10°ZE] = 7§ ‘16°S1 = uesw ‘g1°z = ¥)
(9) £007 vwmne (§'pe7 = 7§ “5L0'p] = ueow ‘68'0 =¥) (8) 9007 uwnne ur sjsou je oednd vpijjod vULEDIDAY JO UOTINGLISIP PIAIISGO QYL Y dan3ig



8L

aednd Jo Jaquinp
vvovmm wamvmowmr NF w v o

oocovNO

S]SeU JO JaquinN

T

S s
N O
— <

L

L00c

(a)



6L

sednd Jo JaquinN
8 OF 2€ ¥2 9l 8 O

T

(e @) © < o
S)seu Jo JequinN

o
F

800c (o)



08

sal|j-esno| Jo JaquinN
92 vz ZZ 0z 8 9 ¥L zL OL 8 9 ¥ T O

7002

T
S
S]Sau Jo JaquinN

(®)
‘SOAIND
Se UMOUS 518 SUONNQLUSIp UOSSI0 10 [erwioulq sAnesau pajoadxy (16'14 = £§ ‘ST 11 = ueaw ‘z1'y = ¥) (q) pue 00T Pue (L66'1€ = Z§ ‘TIT'S = Ueow

‘€87 =17) (8) LOOT 0¥ ‘(3s9u yoes B Us3s s)[npe Jo Ioquinu wnwirxew Juisn) ‘s}ssu Je synpe vpiypd puriapip.4) JO UOHNGLYSIP PIAIISQO Y] :7 AN



18

So||-9sNo o JaquinN
vz 0z

3

800¢

s)sal Jo JaquinN

@



8

ajeq
N~ < - ™~ i M~ (o) © ™ = N~
L o - - (o] wnHn N N N N o L o
L1 [ =g | [

Aep Jad jsau
J9d sal|4 asnoT jo 1aquinu abeiany

*dS JO [9A3] 2)eDIpUI SIBq JOLIY

"paLIeA AJIep pauIlexa sisou Jo rpquinu dyJ, *£00z Jo porad Sumpsau oy Suump Aep od isou xod ppiywd *H Ynpe Jo Ioquinu oSeIoAR 9, i€ oInSiy



£8

9jeq
NN N © 9 @
o N 0 N ~ < ~ o ©
N N - [+ o) L o N - - ™
[T [ 1 [ [ ° W
o
J
@
[4 ®
=
]
v aw
wa.
9 o3
4
r
8 ® o
1 J pn
1SRRI | e%
1 1 | 11 OL ..AH
- L1 - ml
- 2l 7
»n
o
- vl 3

"(S JO [9A3] 2y} SJeoIpUl SIBq JoLYg

"paLIEA AIep pauIliexs s)saul Jo Joquinu Y7, ‘80T Jo pouad Suipssu syy Sutmp Aep 1od 3sou 1od ppyyppd ) Jnpe Jo pqunu o3eI10AL SYJ, i oINSy



8

ajeq
N~ N N @ © © ©
- ~ ™ ™~ ™~ ™~ ~ X o 7]
N - - (-} 0 - N N - -
1 1 '] i 1 1 I 1 1 1 °
- L0
3
L z03
o
L ¢0 5
3
- 70 S
-
. [*]
- S0 5
®
- 90 =
o
n
- L'0
- 80

*so[oI10 Aq pajuasaxdar sajewa ] “saxenbs se

pajuasaidal SO[BIA'800T WO SISaU Pajod[as QT JO ordwes € je Jowwns oY) Jnoysnoiyy vpiipd pulieDIpA) S[EWA] pue S[EW JO vorpodoid oy, :§ 9ansny



Table 1: The prevalence and mean parasitic intensity of C. pallida adults and pupae.

Prevalence Mean parasite load Range
per nest £ SD
Pupae
2006 93% (n = 47) 159+15.5 0-66
2007 91% (n=45) 12.8 +11.22 0-47
2008 92% (n=41) 14 +13.97 0-74
Adults
2007 100% (n=47) 3.72+2.65 1-25
2008 100% (n=37) 4.21 +£3.09 1-35

Table 2: The number of male and female Louse Flies seen in total, at the nests and on

the nestlings during 2008.

Male Female Total
Nestlings 75 154 229
Nests 311 475 786
Total - 386 629 1015
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3.6: DISCUSSION

The results show that C. pallida are highly prevalent and highly aggregated between
nests, occur at high parasitic loads, that parasite populations decrease in size as swift
breeding progresses, and populations are strongly female biased. Surprising variations

in C. pallida population size and parasite sex ratio occurred.

These results some of the figures reported in chapter 2, but are contrary to others. The
results for Louse Fly prevalence are much higher and thus contrary to those reported by
Lee and Clayton (1995) or by Hutson (1981) who studied this species, or by McClure
(1984) and Wood (1983) who studied other Hippoboscid species. Presently, there is no
adequate explanation for this generally high prevalence. The average and maximum
parasitic intensities observed are much higher than those reported by Lee and Clayton
(1995), or even by Tompkins et al. (1996) where they were experimentally manipulated
to be artificially high. However, C. pallida adults and pupae were found to be highly
aggregated among nests confirming the findings of Lee and Clayton (1995). Louse Fly
populations decreased in size as the swift breeding season progressed, in confirmation
of Hutsons' (1981) results from adult swifts and Summers (1975) from a related species.
Populations are female biased for much of the nestling period in accordance with that

observed by Hutson (1981), Tella and Jovani (2000), and Summers (1975).

These results have important implications for studies investigating the functioning of
this host-parasitic system. Previously no detrimental effect of parasitism by C. pallida
has been found upon hosts (Lee and Clayton 1995, Tompkins et al. 1996). This is
surprising given the strong physical features indicating a parasitic lifestyle seen in
chapter 2. The parasitic loads reported here may more realistically reflect natural levels
than those used in these studies. At the Oxford site where these studies were conducted
parasitic loads were substantially lower, possibly accounting for the apparent avirulence
observed. The fluctuations and steady decrease observed in C. pallida populations
means the frequency and timing of parasite population censoring are critical in
determining the parasitic load observed. Censoring on too few occasions or during
periods of population flux, may result in a false estimate of parasite abundance being
obtained. Furthermore, the measure of parasitic intensity used by Tompkins ez al.
(1996), using maximum Louse Fly number seen at any single occasion at each nest,

may have lead to a false and artificially high level of parasitism being reported. The
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mean fly number over the entire breeding season may provide a more realistic
indication parasite load. Negative effects of parasitism are most likely to be strongest
early in the season when populations are highest. Due to the sensitive nature of swifts,
C. pallida populations could not be quantified during clutch incubation. As Louse Fly
populations were at their greatest immediately post nestling hatching, it is likely that
parasite populations are at their highest during the preceding incubation period.
Appearance of C. pallida during this period would be too their advantage as at this time
swift adult hosts are present at the nest for great lengths of time and thus most available
as hosts. Parasite abundance may decline later during nestling development as a result

of increasing nestling immunity.

Aggregated population distributions are commonly seen in parasitic species (Anderson
and May 1978). Thus the contagious distribution observed here in C. pallida
populations is not unusual. The extremely poor weather conditions experienced during
that summer of 2007 may account for the adult parasite distribution of that year which
more closely fitted a normal distribution. The poor conditions meant swift breeding was
curtailed at many nests, possibly preferentially at those which would have harboured the

greatest abundances of parasites, thus causing the observed decrease in aggregation.

The short term variations in Louse Fly population size are surprising and probably the
result of C. pallida moving from the nests onto adult hosts in order to feed, and then
being transported temporarily away from the nests. Small changes in nest populations of
1 or 2 within 24 hours could have been caused by miscounting. However, the larger
differences of 5 or more within 24- or 48-hour time periods must be the result of such
movements. This again shows that the number of Louse Flies seen on any particular day
may not be a reliable indication of parasitism. Instead, repeated measures of parasite
intensity should be used-to avoid false estimation. Large fluctuations appeared to occur
during poor weather conditions when adult swifts spent more time at the nest and were
thus more accessible to feeding Louse Flies thus facilitating such movement. Parasite
abundance was found to be related to brood size. Greater parasite abundance may occur
when there are the most available resources, such as when brood sizes and the number

of potential hosts higher.

The female biased sex ratios confirm previous observations (e.g. Hutson 1981).
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However, the changes in sex ratios over the season have not previously been described.
Equal numbers of males and females are reported to emerge from pupae (Bequaert
1953). However, populations have been found to be male biased in the spring (Hutson
1981). A similar pattern would probably have been observed here could nests have been
examined during swift incubation. This initial male bias is due to male emergence
before females. The increasing predominance of females is probably due to higher male
mortality early in the season (Kemper 1951), possibly due to male mating competition.
Males increase in proportion late in the season, probably as a result of later female
mortality. Alternatively phoretic dispersal may be occurring, with gravid females
moving onto nestlings late in the season to be dispersed to new, previously uncolonized

nest sites where their offspring would face lower intra-specific competition.

These results confirm some aspects of C. pallida biology seen in previous studies but
are contrary to others. The higher parasitic loads and the variations in population size
and sex ratio, may mean that previous studies falsely estimated parasitic abundance and
this may account for the lack of detrimental parasitic effects reported. These factors
should be considered in further investigations examining the effect this parasite has

upon its host.

3.7: CHAPTER SUMMARY
The results of scientific enquiry upon C. pallida biological and ecological life-history
traits were:
e Higher level of parasitic population prevalence and parasite load were seen than
have been observed in previous studies of C. pallida and related parasites.
e High levels of host aggregation were seen, with most parasites being found upon
at a small number of hosts nests, in confirmation of another study on C. pallida.
¢ An association of nestling presence with C.pallida abundance was discovered,
with larger broods harbouring more parasites.
e Short term variations in C. pallida populations causing discrepancy in maximum
and mean measures of parasite load observed.
e Populations found to be female biased. Changes in population sex ratio over
summer discovered.
e A decline in abundance occurred throughout the swift breeding season in

confirmation of previous reports.
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These results have a number of implications. The high levels of parasite prevalence and
population aggregation are features are characteristic for parasitic species. Thus the
conclusion can be drawn that C. pallida may have an analogous mode of life and be
likewise parasitic. The results are therefore strongly indicative that C. pallida is engaged
within a parasitic relationship with 4. apus, and should therefore have a clear
detrimental effect upon it. This conclusion is justified because the population dynamics

demonstrated by a specific species provide a good indication as to its life-style.

The higher levels of prevalence, aggregation and parasite load, plus the short term
variations in abundance discovered here strongly suggest that the previous
investigations studying the effect of C. pallida on swifts may have underestimated the
extent of parasitic pressure. A mean measure of parasite load may provide a more
realistic impression of parasite load and pressure. Using more accurate measures of
parasite pressure may lead to the elucidation of clear effects, not apparent in these

previous studies.

The decline in population size over time indicates that parasitic effects should be most
apparent early during swift reproduction, particularly when nestlings are young. Thus
study of nestling growth and development may be particularly productive in
establishing parasitic costs, as altricial nestling growth is at its most rapid during the

initial stages of development.
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DISCOVERY OF INTER-NEST DISPERSAL BY AN
ECTOPARASITIC LOUSE FLY, CRATAERINA PALLIDA

The contents of this chapter have been accepted for publication and can be cited as:
e WALKER, M.D. and ROTHERHAM, ID. 2011. Discovery of inter-nest
dispersal by an ectoparasitic louse fly, Crataerina pallida. Annals of the

American Entomological Society. In press.

4.1: CHAPTER AIMS
The aim is to investigate the mode and extent of C. pallida parasite transmission. The
specific objective is to:

e Examine whether movement of C. pallida adults between 4. apus nests occurs.

A method involving the marking and subsequent observation of individual adult C.
pallida will be developed in order to fulfil this objective. C. pallida adults from selected
nests will be marked. Adjoining nests will then later be examined for the presence of
marked C. pallida originating from other nests. This would successfully demonstrate

that C. pallida movement occurs between nests.

The rationale behind this investigation is that the level of C. pallida movement between
host nests may account for the lack of parasitic effect previously demonstrated by this
species. The mode and extent of transmission between hosts greatly influences the level
of virulence parasites express. Parasites which move vertically, that is solely between
parent and offspring, exhibit typically lower levels of virulence. Where a parasite uses
host offspring as further hosts, reducing host reproductive success would lower a
parasites own reproductive chances. The assumed vertical nature of adult C. pallida

transmission has been used to account for the lack of virulence shown by this parasite.

However, the exact nature of C. pallida transmission remains unstudied. Evidence that
movement of C. pallida between nests does not occur would help substantiate the
hypothesis that reduced virulence has evolved due to the vertical nature of its dispersal.

Evidence for horizontal transmission would mean some other explanation for the lack of

detrimental effect would have to be made.
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4.2: CHAPTER ABSTRACT

The dispersal of ectoparasitic Louse Flies Crataerina pallida (Diptera; Hippoboscidae),
between nests of their Common Swift Apus apus (Aves; Apodidae) hosts is reported for
the first time. Adult flies were marked and the presence in other nests determined. Over
ten percent of marked flies were found in nests other than those in which they were
originally marked. This indicates that such dispersal is frequent. As the supposed lack of
dispersal of this parasite between unrelated hosts has been used to account for the lack
of effect it has upon hosts, this discovery has important implications for understanding
of this host-parasite system. New explanations accounting for its apparent lack of

virulence may be required.

4.3: INTRODUCTION

Parasite virulence is related to the extent and ease of parasite dispersal between hosts
(Anderson and May 1982, Ewald 1994). Easy dispersal between hosts allows parasites
to exhibit high levels of virulence as parasite fitness is not related to host fitness or
reproductive success. Therefore knowledge about parasitic dispersal is required for a

good understanding of the functioning of host-parasite systems to be developed.

Previous investigations have found no negative effect of the Hippoboscid Louse Fly
Crataerina pallida Latreille 1812 (Diptera; Hippoboscidae), an haematophagous nest
ectoparasite, on its Common Swift Apus apus Linnaeus 1758 (Aves; Apodidae) hosts
(Lee and Clayton 1995, Tompkins ef al. 1996). This is surprising as the literature review
in chapter 2 showed that Louse Flies possess all the features of being a pugnacious
parasite and the study conducted in chapter 3 shows that they have population structures
in accordance with those seen by parasitic species. This lack of parasitic virulence has
been accounted for as being due to the lack of horizontal transmission of parasites

between non-related hosts (Lee and Clayton 1995).

Louse Flies have atrophied wings, and thus movement between nests is believed to be
limited (Walker and Rotherham 2010). As Louse Fly success is thought to be dependant
on successful host reproduction a reduction in virulence would be advantageous to
parasites. However, observation of related species indicates horizontal transmission may
occur (Bize 2004). Thus an investigation of the mode and extent of Louse Fly dispersal

was considered pertinent.
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4.4: METHOD

A preliminary study to investigate the movement of marked adult Louse Flies was
conducted to find evidence for inter-nest dispersal. The research was conducted at a
swift nesting colony situated within a roadway bridge spanning the Bigge Reservoir at
Olpe, Germany. This site is described in detail elsewhere (Walker ef al. 2009). In 2009,
38 breeding pairs nested here, producing 30 broods of young and 74 nestlings.

A total of 76 adult Louse Flies were marked between the 12* and 18" of June 2009.
Flies from individual nests were all marked identically on their atrophied wings using
acrylic paint. Through the use of different colours and through marking either left or
right wings, flies from separate nests could be identified. Trials in 2008 successfully
showed that marking was permanent and had no detrimental effect on parasites. Trial
markings using numbered apiary discs, which would have allowed individual marking
of adults, proved ineffective (Photograph 1). Photograph 1 shows one adult marked with
one such apiary tag. As can be seen the large size of these tags hindered louse fly
movement and eventually led to louse fly death so there use was discontinued. Seven
nests, containing a total of 13 nestlings (range in brood size 0 to 3) were used. No
nestlings died during the period of Louse Fly marking and the subsequent examination
of nests. The average age of nestlings on the day of marking was 10.8 SD =+ 2.54 days
(range 2 to 10 days of age). Nests are typically widely separated from each other (Mean
distance between nests = 5.30 metres £ 48 metres, Range 1.07-19.10 metres). C. pallida
are closely associated with nests and have not been observed at distances greater than
four metres away from nests (Author, personal observation). Thus self-mediated
dispersal of the flightless C. pallida is unlikely. Parasite numbers and movement

between nests was studied on the 15 days post marking.

4.5: RESULTS

Of 76 parasites originally marked (mean per nest 10.86 + 5.56), 9 were found in nests
other than where they had originally been marked, clearly indicating that inter-nest
movement had occurred (Table 1). Such dispersal occurred at 3 of the 7 nests where
parasites were marked. Thus 11.84% of marked adults were found to transfer between
nests over the 15 days studied and dispersal was seen from 42% of nests where parasites

were originally marked.
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Figure 1 shows the total number and number of marked parasites seen in nests over the
15 days post marking. C. pallida moves between nests and nestling and adult hosts in
order to feed. Thus unmarked C. pallida were seen at nests as a result of returning to
nests from hosts post feeding. Likewise the number of marked C. pallida seen post
marking was low, due to movement of marked flies onto hosts and thus their consequent
disappearance from nests. Both the total parasite population and number of marked flies
declined over time, in line with general trends for C. pallida populations seen in
previous seasons (Walker and Rotherham 2010). Despite close examination no dead

flies were found at nests.

More males, 41 (Mean per nest = 4.29 £ 1.70), than females, 35 (Mean per nest = 6.86
+ 4.71), were initially marked (Sex ratio = 54: 46). Despite there being significantly
more males than females within the total nest population on the day of marking and the
subsequent 15 days (Wilcoxon Rank Test: W = -130, n = 16, z = 3.35, P < 0.01), there
was no significant difference in the sex of flies marked initially or marked flies
subsequently seen at nests (Wilcoxon Rank Test: W = -26, n = 16, z = 3.54, P = 0.18).
However eight of the nine dispersed flies were female, indicating that this sex is more

likely to disperse between nests.
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Table 1: The number of C. pallida marked and subsequently found in nests other than
where originally marked for each of the 7 nests studied. The number of males and

females respectively is provided in brackets.

Nest Number of C. pallida Number later found in
initially marked nests other than where

originally marked

1 6 (2:4) 2(0:2)
2 22 (16:6) 4 (0:4)
3 13 (6:7) 0
4 10 (2:8) 0
5 11 (3:8) 0
6 6 (3:3) 3(1:2)
7 8 (4:4) 0

Photograph 1: Initial attempts to mark C. pallida adults with numbered apiarist

marking discs failed. Instead painted marks of different colour were placed upon the

atrophied wings.
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4.6: DISCUSSION

This is the first reported discovery that C. pallida disperses between adult hosts and host
nests. A notable number of marked adults were found to have moved between nests thus
indicating that dispersal between nests occurs. The discovery of such dispersal has
important implications for the understanding of this host-parasite system as the assumed
lack of such dispersal has been used to account for the lack of detrimental effect this

species exerts upon hosts.

In the only other quantitative study of Hippoboscid dispersal, inter nest movement was
rare. Adult C. hirundinis, a Louse Fly parasite of the House Martin Delichon urbica,
were marked and dispersal studied (Summers 1975). Only 6 of 450 marked flies moved
between nests. Movement occurred only between nests situated closely together and
thus dispersal through self locomotion could not be excluded (Summers 1975).
However, recent anecdotal observations of another Hippoboscid, C. melbae, a nest
ectoparasite of the Alpine Swift, report high levels of parasite dispersal (Bize 2004).
The results presented here support this observation and suggest that movement by C.
pallida is more frequent than previously thought. If this is the case new explanations for

the observed lack of parasitic virulence are required.

Movement of the flightless Louse Flies may be mediated through physical contact
between adult swifts. Such contact was reported in chapter 2. The true level of dispersal
is probably even greater than that observed here as swifts are more gregarious before
incubation begins but become increasingly sedentary as breeding is initiated (Lack
1956). Here parasitic movement only post incubation could be quantified. Adult
visitation of foreign nest sites could be another mechanism by which Louse Flies
potentially move between nests as explained in chapter 2. Inter-nest dispersal may
explain how C. pallida colonizes new and vacant nest sites, previously how this

occurred was unclear as adult swifts return from migration parasite free (Zumpt 1966).

The low proportion of marked C. pallida seen following marking suggests that the nest
population of parasites makes up only a fraction of the total amount of parasitism to
which hosts are exposed. Previous studies have examined and quantified solely the nest
populations in the calculation of the hosts exposure to parasitic pressure. Parasites

feeding temporarily on nestling or adult hosts have not been considered in such counts.
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Thus such studies may have underestimated or miscalculated the true level of parasitic
pressure faced by hosts. This may account for the apparent lack of effect this parasite

has on hosts observed in previous studies.

The results indicate that female C. pallida may more readily disperse between nests than
males. Gravid females could gain significant fitness benefits by depositing larvae at
uncolonised nests or those with lower intra-specific competition. There is good
anecdotal evidence that nests may be abandoned once parasitism levels become too high
(G. Candelin: personal communication), which would favour such dispersal to sites with

lesser competition.

Although limited the discovery of inter-nest dispersal here reported is important as it is
the first report that such movement occurs. Further investigation of C. pallida
movement and populations is required. More detailed study, with a larger number of
parasites being marked from a greater number of nests is required to confirm such
movement and discover its true extent. The sensitivity of adult swifts during breeding
and the limited number of nests available for study hindered marking at additional nests.
Swifts colonial nesting sites are typically difficult to study and those that are accessible
are often small in size, limiting such research. Pooling of data from a number of years
may provide additional data. Further research could extend the scope of this study by
individually markings adults, allowing the true size of nest plus host population sizes to
be established. The relation of nest parasite population size to the level of parasitic
pressure experienced is required to gauge the effectiveness of previous studies

investigating parasitic virulence.
Despite the limited nature of the results presented here, the discovery and reporting of

such dispersal is important in stimulating further study and a re-examination of this and

other similar host-parasite systems.
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4.7: CHAPTER SUMMARY

Movement of C. pallida adults between A. apus nests was discovered. Marked C.
pallida adults were successfully found in nests other than those in which they were
originally marked. This discovery has important implications for the understanding of

this host-parasite relationship.

The discovery of marked C. pallida in nests other than those they originated from,
implies that C. pallida can move between nests and thus that inter-nest dispersal and
horizontal transmission of C. pallida adults occurs. Thus new potential hosts are easy to
access, meaning that there is less selection pressure on parasites to reduce the levels of
virulence they exhibit. Previously such movement of C. pallida was not thought

possible.

Marked parent adults could only have dispersed upon adult swifts. Transmission must
occur either through physical contact between individual adult swifts or through adults
visiting other swift nests. The successful demonstration that horizontal transmission
occurs, and probably at quite high levels, means that some other factor accounting for
its lack of pathogenicity must be formulated. Further research should quantify the exact

extent and mode of C. pallida movement between nests.
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HOST SELECTION BY THE LOUSE FLY

The contents of this chapter were accepted for publication by the Cambridge Journal of
Parasitism and Journal of Wildlife Disease following peer review, but were not
published due to administrative problems. The article in this form has been submitted to

Experimental Parasitology.

5.1: CHAPTER AIMS
This chapter aims to determine whether there are intra-brood differences in the pressure
of parasitism faced by nestling 4. apus from C. pallida. The specific objectives are to:
e Discover whether there are differences in the numbers of C. pallida adults
feeding from different nestlings within broods.
e Assess whether there are differences in the abundance of male and female C.
pallida adults on different nestlings within broods. Formulate possible

explanations for accounting for such differences.

These objectives are pertinent as differences in the numbers and sex of C. pallida adults
on different nestlings might be affecting and accounting for the lack of parasitic effects
seen. Differences in the numbers of C. pallida on different nestlings would be indicative
that this insect preferentially selects particularly nestlings within each brood over others.
Parasites might be preferentially choosing those nestlings either able to offer them the
most resources or with the lowest level of resistance to their parasitism. Should
nestlings best able to overcome the negative effects of parasitism be chosen as hosts

over others, this might be masking the detrimental effects of parasitism.

Studying differences in the number of different sexes of C. pallida on offspring is of
interest, as the costs of parasitism from male and female adult C. pallida may vary.
Thus, although different nestlings might suffer infestation from similar numbers of C.
pallida, differences in the sexual composition of these parasites may mean the costs
faced are different. This may be obscuring the expected detrimental effects of

parasitism.

This topic is worthy of study as preferential host selection by parasite has rarely been
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considered as a factor influencing parasitic effect. This has been seldom studied in any
host-parasite system. This is the first such study examining intra-brood differences in

parasitism by C. pallida and examining the possibility of host selection by this species.

5.2: CHAPTER ABSTRACT

Preferences by parasites for particular hosts may influence the parasitic costs evident in
host-parasite systems. No detrimental effect of Louse Fly Crataerina pallida parasitism
has been found on Common Swift Apus apus nestling hosts. Host selection choices may
be mediating the effect this parasite has and account for this apparent avirulence. Two
aspects of parasite host selection were studied at a breeding colony of Common Swifts
during 2008;

e Intra-brood differences in C. pallida parasitism.

e Sexual differences in C. pallida parasitism between nestlings.

Greater mean abundances of parasites were seen on higher than lower ranking nestlings
within broods of both two and three chicks. Greater proportions of females were present
upon higher ranking than lower ranking nestlings. Proportions of females were greater
on nestlings than at nests. These results indicate that host selection may be occurring

and this may account for the previous lack of parasitic virulence reported.
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5.3: INTRODUCTION

Studies of host-parasite systems have often centred on host biology, while the life-
history traits of parasites engaged in such inter-specific relationships have often been
neglected (Combes 2001). Parasite, as well as host, life-history traits should occur at
some optimum that maximises biological fitness (e.g. Poulin and Combes 1999,
Combes 2001). Such traits may be important in determining parasitic virulence. Host
selection is one such parasitic life-history trait. Parasites are expected to choose those
hosts which provide the greatest returns at least cost. Trade-offs between host condition,
resource availability and host immunity may mediate the host selection decisions
parasites make (reviewed by: Sheldon and Verhulst 1996, Norris and Evans 2000).

However, knowledge about parasitic host selection choices remains poor.

One example where parasite host selection choices may be affecting a host-parasite
relationship occurs between the haematophagous ectoparasitic Louse Fly, Crataerina
pallida Latreille (Insecta: Hippoboscidae), and its host the Common Swift, Apus apus
Linnaeus (Aves: Apodidae). No detrimental effect of C. pallida parasitism on nestling
hosts has been identified (Lee and Clayton 1995, Tompkins ef al. 1996). Host selection
choices by C. pallida may be mediating or obscuring the expected heavy costs such

parasitism is expected to incur.

Two aspects of parasite host selection choice were studied. Firstly, intra-brood
differences in the abundance of C. pallida on particular nestling hosts were investigated.
C. pallida may be selecting nestlings of a particular rank preferentially. Sibling nestlings
can vary considerably in size and resource availability as can be seen in photograph 1
which shows two nestling siblings from a single nest. Despite being only a day older
than its younger sibling was considerably larger. Studies have shown that nestling
resistance to parasitism varies according to nestling rank and immunology (Christe et
al. 1998, Roulin et al. 2003). If preferential selection for nestlings best able to resist
parasitism occurs no costs of parasitism may be apparent if all nestlings within a brood

are considered together in investigations examining parasitic costs.

Secondly, sexual differences in C. pallida parasitism were studied. Females remove
more resources from hosts than males, thus differences in parasitism between the sexes

could strongly influence the expression of parasitic costs. C. pallida is pupiparous, with
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larvae developing internally and the physiological demands such parental care entails
probably accounts for the increased nutritional requirements that females have. The
higher feeding demands of female C. pallida may result in a greater impact of female
parasitism than that of an equivalent number of males (Lehane 2005). However,
previous studies examining the effect C. pallida has on hosts have not considered what
effect differences in sex ratios might be having on the parasitic costs observed. C.
pallida populations are known to be heavily female biased (Walker and Rotherham
2010a). As female parasitism has a potentially greater impact, females would be

expected to exhibit stronger host selection choices.

Whether parasites adaptively select certain hosts over others remains contentious. The
possible factors influencing and mediating such choices are complex and often
contradictory. Trade-offs between host condition and host immunity may be occurring
(Sheldon and Verhulst 1996, Norris and Evans 2000). However other factors such as
host availability, and the specific life-history features of the host species involved in
each host-parasite relationship are complicating factors meaning much further study is
required. Species specific traits may mean an examination of individual host-parasitic

systems is necessary to fully understand the functioning of each system.

Photograph 1: Siblings from a nest in OL-K6. Despite there only being a days
difference in age, there is considerable difference in nestling size and development.

Such differences may be facilitated through parasite host selection choices.
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5.4: METHODS

Study Species: C. pallida is an obligate nest ectoparasite of the swift. Adult Louse Flies
feed from hosts approximately once every five days removing a mean of 60 mg of blood
on each occasion (Kemper 1951). This is expected to result in significant detrimental
costs to the hosts (Lee and Clayton 1995). C. pallida life-history has been reviewed by
Walker and Rotherham (2010b).

The Common Swift hosts are specialist avian aerial insectivores. Breeding commences
each spring at colonial nesting sites following the return of adults from the over
wintering grounds in southern Africa (Lack 1956). Common Swifts exhibit high mate
and nest site fidelity (Weitnauer 1947, Lack and Lack 1951). Nestling development is
highly time constrained and strongly weather dependant, with nestlings having to be
fully capable of flight upon fledging at approximately only 35 days of age. Thus the
additional costs that parasitism may incur and its consequences are expected to be

particularly great in this species.

Study Site: The study was conducted during the swift breeding season of 2008 at a
nesting colony situated within a road bridge close to the German town of Olpe (51° 04'
00" N, 07° 81' 00" E). Thirty-eight pairs of swifts bred at this site in 2008 with a total of
89 nestlings hatching of which 38 fledged successfully. High rates of nestling mortality
are usual in this species (Lack and Lack 1951). Nestlings were weighed daily using
electronic scales accurate to 0.01 grams (Ohaus, Scout Pro). Hatching asymmetry
occurs in swifts, with the earlier hatching nestlings being of greater weight than later
hatching siblings. Nestling weight is known to be a reliable and consistent indicator of
nestling rank, with intra-brood weight hierarchies remaining constant once established
(Weitnauer 1947, Lack 1956). Marking of nestlings using tippex (Trade-mark) and
different colours of nail vanish confirmed that nestling weight differences between
nestlings remained constant and could be used to accurately determine nestling rank

throughout the nestling period.

Louse Fly abundance on hosts: C. pallida populations were quantified on a daily basis
and the number and sex of adult parasites on each nestling and within each nest was
determined. This followed the methods outlined by Kemper (1951) and Walker and

Rotherham (2010b). Broods with a single nestling were excluded from subsequent
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analyses. Bize et al. (2008), studying a related host-parasite system, that between the
Alpine Swift Apus melba (Aves: Apodidae) and its Louse Fly C. melbae (Insecta:
Hippoboscidae), classified nestlings as ‘senior’ or ‘junior’ and calculated the mean
number of C. pallida parasitizing on each. This method was refined and extended by

considering broods of two and three nestlings separately and each nestling individually.

Data was analysed from approximately weekly intervals throughout the swift breeding
season, on the 21% and 28" of June, and the 5" and 10" of July. These dates also, rather
practically, closely corresponded to average nestling ages of approximately 15, 20, 25
and 30 days of age (21 of June, mean = 16.12 & 1.92; 28" of June, mean = 21.94 +
3.30; 5" of July, mean = 23 + 6.78, 10" of July, mean = 26.70 + 6.87). Studying C.
pallida populations at such discrete periods of the nestling period allows an examination
of general trends throughout the swift breeding season within the parasite population to
be established. C. pallida feed once every five days (Kemper 1951) so examining C.
pallida host selection at such intervals corresponds to the feeding cycle of individual
parasites. The number of fledglings and available nests dropped rapidly from the 5* of
July onwards due to nestling fledging. Fledging of nestlings occurs once they reach 35

days of age.

The aggregated nature of C. pallida populations meant that statistical analyses were
conducted using non parametric Mann-Whitney and Friedman testing. Two way
repeated measures ANOVA testing was also conducted despite the aggregated nature of
populations to allow comparison with a similar study by Bize et al. (2008). In addition
such testing allows examination of the interaction of parasite abundance on separate

dates and between individual nestlings.

Louse Fly sex determination: The sex of C. pallida adults parasitizing nestlings was
recorded at regular intervals from the 28" of June onwards. Whether the sex ratio of C.
pallida populations seen on individual nestlings and at individual nests was as expected
compared to the sex ratio seen overall at all nests at the colony was examined with

Fischer exact test analyses for the dates; the 28™ of June, and the 5%, and 10" of July.
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5.5: RESULTS

C. pallida parasite abundance upon nestlings of different rank:

Table 1 summarizes parasitic abundance and number of broods of each size on each date
examined. Tables 2 and 3 provide the C. pallida abundances at broods with two and
three nestlings, and show the total and mean number of parasites found on each nestling,
in the nest, and in total. Figures 1 and 2 illustrate mean abundance of C. pallida
parasites found on each rank of nestling in broods containing two and three nestlings.
Nestlings were 16 + 3.31 days old when first parasitized (range 10 to 30 days of age).
There was no significant difference in the age at which nestlings of different rank were
first parasitized (Kruskal-Wallis test, ¥* = 0.905, d.f. =2, P = 0.90). Abundances fell over
time fitting what is known of C. pallida biology (Walker and Rotherham 2010a, Walker
and Rotherham 2010 b).

There were higher mean parasite abundances on first than second ranking nestlings in
broods with two nestlings (Table 2), however this difference was not significant on the
dates examined (28" June: U= 16.3,z=0.08, P =0.47: 5" July; U=165,z=0.44, P=
0.33: 10" of July, U = 171, z = -0.61, P = 0.27). There were significantly greater
numbers of parasites at nests than on nestlings (Friedmans Test, x*= 6.00, d.f. =2, P =
0.04). For broods of three nestlings there were greater mean abundances of parasites on
first than second ranking nestlings on two dates examined, and upon second than third
ranking nestlings on all dates. However no significant difference in the total number of
parasites observed on the four occasions on each nestling (Table 3) (Friedmans Test,
=2.38, d.f. =2, P =0.30). As for broods of two nestlings there were significantly more
C. pallida in the nest than on nestlings (Friedmans Test, x° = 8.63, d.f. = 3, P = 0.03).

Two-way factor ANOVA analyses showed that there wére significantly more C. pallida
parasites on first ranking nestlings within broods containing two nestlings (¥ =4.93, P <
0.01). There was a significant difference between the mean number of C. pallida
parasites seen on nestlings in broods with three nestlings, with first ranking nestlings
having most parasites (F = 14.63, P < 0.01). However, there were no differences
between different nestling ages (F = 0.63, P = 0.54) and no interaction between age and
date (F=0.75, P=0.62).
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Sex ratio differences in Louse Flies parasitism: Tables 4 and 5 provide data on the
sex ratio of C. pallida on nestlings within broods of two and three nestlings respectively.
On the 28" of June there were 61 male (mean per nest = 1.74 + 1.38) and 103 female
parasites (mean = 2.94 + 3.00) (overall sex ratio = 0.41 males: 0.59 females). On the 5®
of July there were 29 males (mean = 0.97 £ 0.96), and 94 females (mean = 3.14 + 3.25)
(sex ratio = 0.30: 0.70). On the 10™ of July there were 29 males (mean = 1.12 + 0.86)
and 49 females (mean = 1.88 + 1.84) (Sex ratio = 0.43: 0.57).

There were greater numbers of females on first than second ranking nestlings for broods
with two nestlings, but this difference was significant on only the 10* of July (U =
270.5, z = -1.47, P = 0.07). There were significantly more females on nestlings than
within the nest over the three dates (Friedmans Test, y* ~ 4.67, d.f. = 2, P = 0.09).
Similarly there were more females than males on nestlings than at the nest in broods
with three nestlings but this was not significant (Friedmans Test, * = 7.3, d.f. =3, P=
0.63). There was no significant difference in the number of females between individual

nestlings in broods with three nestlings.

Two factor repeated measures ANOVA for broods of two nestlings, with date as the
repeated measure and nestling as factor showed that there were significantly more
females on first ranking nestlings than their smaller siblings (¥ = 3.38, P < 0.05). There
was however no significant difference in the number of males between nestlings (F =
1.21, P = 0.30) There was no difference between dates (F = 0.18, P = 0.67) and no
significant interaction between the number of males and date (F = 5.25, P = 0.90) or of
females and date (F = 0.22, P = 0.80). A similar pattern was seen in broods with three
nestlings. First ranking nestlings had significantly more females than second and third
ranking nestlings (F = 3.38, P < 0.05), but not males (F = 0.42, P = 0.67). There was an
effect of date upon male C. pallida (F = 4.23, P < 0.02) but not on female population
size between nestlings (F = 0.18, P = 0.67). There was no significant interaction

between factors and repeated measures (F = 0.22, P = 0.80).
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5.6: DISCUSSION

Differences in C. pallida abundances on nestlings of different rank:

Generally, there were greater mean abundances of parasites upon higher ranking
nestlings than their lower ranking siblings within broods of both two and three
nestlings. This is the first time that such preferences have been shown within this host-
parasitic system. Preferences for larger nestlings has been previously demonstrated
(Valera et al. 2004). Conversely, other studies show parasite preferences for weaker
hosts with decreased immune responses (Wakelin 1996, Roberts et al. 2004). Studies on
a related system to this, that between 4. melba and C. melbae, found senior siblings
were favoured (Roulin ef al. 2003), or that parasites distributed themselves equally
between hosts (Bize et al. 2008).

Factors mediating parasite host selection are complicated with trade-offs between the
nutritional resources available to parasites and nestling immunocompetence occurring
(Lochmiller and Deerenberg 2000). Nestling rank has been found to be a good surrogate
for nestling condition, availability of resources for parasites and nestling immunity
(Raberg et al. 2003, Roulin ef al. 2003). First ranking nestlings offer more resources for
potential parasites, but conversely are better able to fight off parasite challenges (Christe
et al. 1998).

The preference for higher ranking nestlings discovered in this study may account for the
apparent avirulence of C. pallida. Negative effects may be being obscured if the burden
of parasitism is being carried predominately by higher ranking nestlings as these are
best able to overcome costs, which are thus not apparent. These selection tendencies
may lessen pressure on lower ranked nestlings. Parasites may be causing costs, but these
may simply be being obscured due to them occurring only upon those hosts best able to

surmount them.

Selecting the host most able to tolerate the effects of its parasitism may be an active
strategy by C. pallida to increase its fitness. C. pallida reproductive success is
dependent upon the reproductive success of its host. Further research should consider
the possibility of intra-brood differences in parasitism as opposed to considering all
nestlings within a nest together. Factors affecting parasite choices should also be

studied, for example although differences in feather development between siblings are
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small, differences being most apparent in nestling mass, it may be that parasites prefer
the slightly more feathered older siblings as hosts than the siblings and be using this as a
cue influencing their choices. Examination of the correlation between parasite
abundance and nestling rank may lead to the discovery of distinct differences in the

expression of parasitic costs.

Sexual differences in host selection: Greater proportions of females than males were
seen on higher ranking than lower ranking chicks and also upon chicks than at the nests.
The proportion of males was greatest within the nests. This is the first time that such
sexual differences in host selection by parasites have been demonstrated within this or

similar systems.

This may result from females feeding more frequently than males due to the increased
food demands that they have. Females take larger blood meals than males as the
physiological demands of larval production mean females require more resources
(Kemper 1951). The higher proportions of female C. pallida seen on higher ranking
nestlings may be a reflection that these nestlings are able to offer the greatest nutritional
resources. Remaining in the nest may be the best strategy for males as the risk of
removal from the nest or of injury by the host is lower. Increased opportunity to mate
may occur in the nest. Gravid females may remain on nestlings as they offer a method

of dispersing between nests and colonising new nest sites.

The results of this investigation into host selection may tie in with the presence of
mating clusters observed in chapter 6. The differences in host selection observed may
explain the presence of mating clusters at the nest documented in chapter 6, as males
may remain at the nest in order to participate in mating competition. Females carried on
nestlings which move between nests or fledge may be carried phoretically to new nest

sites, and thus their offspring may experience sites with less intra-specific competition.

Previous studies have not considered sex related differences in costs of parasitism,
instead considering the costs of male and female parasitism as being equal. This may
have caused the burden of parasitism to be falsely estimated or quantified and thus lead
to the making of false assumptions about parasite virulence. Further investigation

looking for virulent effects of this parasite should consider these aspects.
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General discussion: Host selection choices by parasites may be mediating the costs of
parasitism and account for avirulence observed in other studies. Investigating the
interactions between host immunity and host resource availability in influencing such
choices are logical next steps of study. A previous study which found a lack of virulence
by this parasite concluded that it was due to the vertical nature of parasitic dispersion,
with parasites assumed to be mostly transferred from parent to offspring. However, host
selection may also be a mechanism by which parasitic effect could be reduced. The
results of this study therefore offer another possible explanation for the results seen by

Lee and Clayton (1995).

This investigation shows that the species specific life-history traits of the partners
engaged within a host-parasitic interaction must be considered when examining parasite
host selection choices. Further research is needed to determine why preferential host
selection is occurring, the factors mediating it and its influence on parasitic

pathogenicity.

5.7: CHAPTER SUMMARY

Intra-brood differences in C. pallida parasitism were observed. It was found that greater
abundances of C. pallida were present upon the largest and highest ranking nestlings
within broods. The proportion of females upon nestlings was discovered to be greater

than that seen in nests.

These results indicate that parasites might preferentially be selecting those hosts most
able to fulfil there needs and therefore offering them the best levels of fitness. This
conclusion may account for the lack of perceived costs nestlings face as a result of
parasitism. Higher ranking nestlings are those of the largest size, with most resources to
offer and the greatest levels of immunity. They may thus be better able to resist and
counter the expected costs experienced through parasitism than their weaker siblings.

This may be obscuring the costs of parasitism.

Parasitism by female C. pallida parasites is expected to be more costly than that by
males. That greater abundances of females are seen on nestlings than at nests, indicates
that females feed more than males to fulfil these needs and may express stronger host

selection preferences. Further studies examining parasitic virulence should quantify the
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numbers of each sex of C. pallida adults at nests to correctly assess the parasitic
pressures experienced by each brood. This may result in costs due to C. pallida

parasitism becoming apparent.

This is the first time evidence of intra-brood differences in parasite abundance and sex
have been examined. It is the first evidence indicating that parasite preferences for
certain hosts may be occurring. This investigation again shows the need for more
parasite centred research as opposed to simply concentrating on host biology. A closer
examination of parasite traits is needed before host-parasitic systems can be understood.
The study demonstrates that parasites will exhibit features, such as host selection, which

provide them with the maximum levels of fitness.
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OTHER ASPECTS OF C. PALLIDA
AND A. APUS BIOLOGY

The contents of this chapter have been published or have been accepted for publication

by the following journals:

WALKER, M.D. (2009). Daily fluctuations in the numbers of the Louse Fly C.
pallida (Latreille 1812) (Dip.: Hippoboscidae) seen at Common Swift 4. apus
nests. Entomologist’s Record, 121 (4), 157-158.)

WALKER, M.D. and ROTHERHAM, LD. Previously unreported mate guarding
and 'clustering' by a nest ectoparasite. Accepted for publication by Dipterist's
Digest.

WALKER, M.D. and ROTHERHAM, LD. (2010). Temperature Affects
Emergence of Crataerina pallida (Diptera: Hippoboscidae). Journal of Medical
Entomology, 47, 1235-1237.

WALKER, M.D. and ROTHERHAM, ID. ‘Cool dudes’: torpor in Common
Swifts? British Birds.

6.1: CHAPTER AIMS
This chapter aims to consider other aspects of C. pallida and A. apus life-history which

could possibly influence the effect that this insect has on its hosts. A number of different

biological features will be investigated including; short term C. pallida population

stability, male C. pallida mating competition, factors influencing parasite emergence,

and temperature regulation in nestling swifts.

The precise objectives of this chapter are to:

Assess the short term stability of nest-based parasite population sizes and thus
make an assessment as to the accuracy of estimates of parasite load used in
previous studies looking for effects of parasitism.

Examine whether competition is likely to occur between male C. pallida for
mating opportunities and to ascertain what effect this might be having on its
distribution and thus parasitism.

Investigate how temperature affects the rate of emergence of adult C. pallida
from pupae.

Study whether there is a decrease in 4. apus body temperatures during periods of
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poor weather conditions.

The stability of populations were examined by counting the abundances of C. pallida
adults on a daily basis. Evidence for mating competition was sought through nest
observation of C. pallida behaviour. C. pallida emergence will be studied
experimentally by placing pupae under different temperature regimes and observing
rates of hatching. Host temperatures was measured during periods of poor weather to

establish whether they were lower than normal.

These are valid aims as each of these aspects could have a direct influence on the
pressure A. apus faces from parasitism. The parasitic load; the number of parasites
which each host harbours; is of importance in determining the existence of parasitic
costs. Previous investigations have assessed parasitic load from only a limited number
of population counts. However, should short term fluctuations in C. pallida abundance
occur this may affect the parasite load observed. Strong mating competition pressures
may influence nest based sex ratios and population sizes, likewise affecting parasite
load, especially if the extent of male and female resource removal differs. The factors
affecting parasite emergence influence C. pallida abundance; and are thus of interest.
Differences in parasite load may occur if rates of male and female insects emergence
vary under different conditions. Also an examination of emergence provides an
indication of the level of synchrony in the relationship between C. pallida and A. apus.
Investigating whether hosts exhibit lower temperatures during poor weather could
indicate that hosts actively lower metabolic rate to save energy in response to

environmental stresses such as parasitism thus mediating these costs.

6.2: DAILY FLUCTUATIONS IN THE NUMBERS OF LOUSE FLIES

The Louse Fly C. pallida (Latreille 1812) (Diptera: Hippoboscidae) is a blood sucking
nest parasite of the Common Swift 4. apus (Linnaeus 1758) (Aves: Apodidae). Louse
Flies are closely associated with their hosts nests, moving onto the adult and nestling

swifts approximately once every five days in order to feed (Kemper 1951).

No effect of Louse Fly parasitism upon the host has been found (Lee and Clayton 1995,
Tompkins et al. 1996). This could be because the levels of parasite abundance seen did

not truly reflect this parasites true population size. Parasite counts were made on only a
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few occasions. The stability of Louse Fly numbers at nests over time is unknown.

Common Swifts have established a nesting colony within a road bridge which spans the
Bigge Reservoir close to the German town of Olpe (51° 04' 00" N, 07° 81' 00" E). The
number of Louse Flies in each swift nest was counted on a regular basis. A summary of
the Louse Fly population observed at this site and the quantification of basic population

parameters was made in chapter 3.

Surprisingly the number of Louse Flies seen at individual nests rarely remained constant
between days. Sometimes even great fluctuations in Louse Fly number occurred per
nest from one day to the next. This is best shown by considering individual nests. For
example at nest OL-K5-72 the number of Louse Flies seen on the 12™ of June was 27.
The day after it had dropped to 12. It dropped to 6 on the 14" of June, only to increase
to 23 on the 15% of June. It fell again to 12 on the 16™. Another example was DR-K6-
228 where great fluctuations occurred. At this nest on the 25" of June the number of
Louse Flies seen was 20. On the day after, the 26" of June, it had dropped to 15. While
on the 27" it had again increased to 20. Thereafter the number seen began to fall, being

18 on the 28", 15 on the 29" and 5 on the 30,

Considering all 47 swift nests there were 26 separate occasions where the population of
Louse Flies changed by 5 or more over a single 24 hour period at single nests. On 6 of
these occasions Louse Fly numbers increased, but decreases in Louse Fly numbers were
more common occurring 20 times. There were 5 instances where Louse Fly populations
changed by more than 10 from one day to the next. Such fluctuations were most
prominent at nests with the highest numbers of parasites, but even at nests with fewer
Louse Flies the number seen from day to day rarely remained constant but simply did

not fluctuate by as large a range.

I believe that the reason for these fluctuations is that Louse Flies move alternately
between the nests and the adult swifts as and when they feed. A decrease in adult Louse
Fly populations in the nest may mean that more are to be found on the adult swifts. The
changes in the nest population size are unlikely to be caused by death of adult Louse
Flies or by hatching of new adults. Although the life-cycle of this parasite is not well
known it is unlikely that large numbers of Louse Flies would die or hatch out over such

short periods of time.
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The observation of these fluctuations complement the results of Louse Fly population
parameters made in chapter 3. Initial investigation of populations showed that
populations declined in size over time, exhibited heavy sexual bias, and that both
prevalence and parasite load were high. A closer examination of Louse Fly populations
at the nest level allowed a more detailed examination of these traits and identified the
presence of nest population fluctuations at the nest based level. Thus these results

extend the results of chapter 3.

These fluctuations have important implications for studies investigating the effects of
parasitism in this host-parasite system. Single or a small number of Louse Fly
population counts, on either the adult hosts or in the nests, may not reflect the true level
of parasitism these hosts are exposed to. The abundance of parasites should be studied
over many occasions to gain a more realistic view of parasitic abundance. This
observation shows the difficulty of estimating the true level of parasitism experienced
by wild birds and the importance of studying parasite life-history before attempting to

understand the functioning of host-parasite systems.

6.3: PREVIOUSLY UNREPORTED MATE GUARDING AND 'CLUSTERING'
BY A NEST ECTOPARASITE

We report the discovery of mate guarding and the formation of concentrated
aggregations of males into 'clusters' or 'mating balls' by Louse Flies, Crataerina pallida
(Diptera: Hippoboscidae) Latreille 1812, a parasite of Common Swifts, Apus apus
(Aves: Apodidae) Linnaeus 1758. C. pallida is a obligate haematophagous nest
ectoparasite of swifts (Kemper 1951, Bequaert 1953, Walker and Rotherham 2010a,
Walker and Rotherham 2010b). However due to the difficulties of accessing swift
colonial nesting sites there is a paucity of knowledge about this parasite, and

particularly about its reproductive habits (Marshall 1981).

A Common Swift nesting colony situated beneath a roadway bridge spanning the Bigge
Reservoir at Olpe in Germany (51° 04' 00" N, 07° 81' 00" E), offered a unique
opportunity to study this species further. This colony comprised 38 breeding pairs of
swifts in 2008 and 30 breeding pairs in 2009. Nests were visited on a daily basis
throughout the swift breeding season and C. pallida populations observed. Particular

attention was paid to parasite mating behaviour. This parasite is closely associated with
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the host nests, with mating occurring on the nest rim or in direct proximity to the nest

rather than upon hosts directly.

Here the first report of mate guarding by males of this species is reported. Although
mating is often ephemeral, males would frequently remain situated positioned over
females for much longer periods of time post copulation. Typically such waiting lasted
approximately five to ten minutes in length, but on one occasion was observed to

continue for approximately 20 minutes.

In addition, large aggregations of C. pallida adults, with parasites present in ball-like
'clusters', were observed frequently at nests. Photograph 1 shows one such ball like mass
of parasites at one nest, (Nest: DR-K6-231), observed on the 14™ of June 2008. This is
the first time such congregations and aggregations of this parasites have been seen and
reported. An example of one such mating cluster can be seen in photograph 1. Close
examination showed such aggregations to be comprised predominately of males centred

around a single or small numbers of females.

Although anecdotal, these reports indicate the presence of strong mating competition in
this species, with males contesting fiercely for access to female copulation. Such strong
mating competition may be expected. C. pallida is viviparous, with larvae developing
singly in-uterus before being deposited at the 4™ in-star stage. So although C. pallida
populations are heavily female biased for much of their active life-cycle, female
reproduction is limited and thus females are likely to be a limited resource for males. In
addition, at emergence from winter diapause population sex ratios are equal (Bequaert
1953). Female preponderance only occurs later due to heavy male mortality, possibly as
a direct consequence of severe mate competition. Males remaining positioned over
females post mating may be ensuring paternity and thus be increasing their own fitness.
Likewise the formation of 'clusters' of parasites may occur due to the males actively

competing for females.

The observation of mating competition and apparently of mating clusters composed
predominately of male Louse Flies may explain the host selection differences observed
in chapter 5. Here, nest based populations were found to be more male biased than the

population of parasites observed in nestlings. It could well be that males prefer to
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remain in the nest to participate in mating clusters and enhance their chances of

reproductive success, and thus a greater preponderance of females is seen on hosts.

The possible presence of mating competition has implications for the functioning of this
host-parasite system. As the males and females remove different amounts of resources
from hosts (Kemper 1951), and therefore cause different levels of costs to hosts, this
may be influencing the effect this parasite has on hosts. Previous studies have found no

effect of parasitism by this species on hosts (Tompkins et al. 1996).
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Photograph 1: Mating cluster observed at nest DR-K6-231 on the 14" of June, 2008.
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Photograph 2: Adult C. pallida can clearly be seen in this nest of newly hatched

nestlings.
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6.4: TEMPERATURE AFFECTS EMERGENCE OF HIPPOBOSCID LOUSE
FLIES, CRATAERINA PALLIDA.

Abstract: Despite knowledge of parasite biology being essential for host-parasitic
system functioning to be understood, the life-histories of many parasites remain little
studied. One example being the Hippoboscid Louse Fly, Crataerina pallida, a nest
ectoparasite of the Common Swift, Apus apus. The factors influencing adult parasite
emergence remain unclear. Whether temperature affects emergence was studied by
exposing overwintering pupae to differing temperature regimes. At higher temperatures
greater numbers of adults emerged. This indicates that adult hatching is temperature
mediated and may be enhanced by host presence. The relationship between C. pallida

and their hosts is thus close.

Introduction: There is often a paucity of knowledge about parasite biology, despite
such information being essential for the functioning of host-parasite systems to be
understood (Clayton 1991). One example is the Louse Fly Crataerina pallida Latreille
(Diptera: Hippoboscidae), a haematophagous nest ectoparasite of the Common Swift,
Apus apus Linnaeus (Aves: Apodidae), about which little is known. Crataerina pallida
is pupiparous; larval development occurs internally before deposition of 4" in-star
larvae which pupate and overwinter in this form (Bequaert 1953). No detrimental effect
of parasitism has been found on hosts (Lee and Clayton 1995, Tompkins et al. 1996).
The expected costs resulting from such parasitism may be being obscured or mediated

by unknown aspects of its biology.

The timing of parasite emergence is important in influencing the parasitic pressure hosts
experience and thus the costs they may bear. Crataerina pallida populations fall
gradually as the swift breeding season progresses. Thus the factors affecting the timing
of their emergence are of pertinence in understanding the level of parasite virulence
observed. Whether temperature influences the timing of emergence was investigated.
The number and sex of C. pallida adults emerging from pupae experiencing different
temperature regimes was examined. Adult emergence at particular temperatures may
indicate possible cues initiating emergence and indicate the closeness and dependency

of the relationship between the parasite and its host.
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Materials and Methods: Pupae were collected from a Common Swift nesting colony
situated beneath a roadway bridge spanning the Bigge Reservoir situated at Olpe,
Germany (51° 04' 00" N, 07° 81' 00" E). Pupae were collected over several days in
October 2007 and placed under experimental treatments from November the 2. The
total number of C. pallida pupae at the bridge at this time was 748, which were
distributed between 48 nests (mean per nest = 20.33 £ 13.69, range 0-66 per nest). 183
pupae were collected from a total of 9 nests (Mean = 19.22 + 13.86, range = 2-44) and
used in the subsequent experiment. These pupae were selected as the destruction of the
nests where they originated was expected to occur as a result of subsequent building

work.

Of the original 183 pupae collected 14 were destroyed through handling. The remaining
pupae were randomly allocated into four groups, each containing 41 pupae. Pupae were
placed on filter paper in petri dishes, five pupae per dish. Pupae were then placed under
one of four different temperature regimes, each with the intention of simulating different
conditions. One group remained a;c the bridge, and was placed upon filter paper within
petri dishes as for the other treatments. These dishes were kept at one end of the bridge
in close proximity to nests and experienced the same conditions as pupae present close
to nests would. This group acted as a form of 'control' and thus experienced normal
conditions (mean temperature = 21.05 °C + 1.77, range = 18-27.5 °C). The second group
was placed within a refrigerator, to simulate 'winter' (mean temperature = 8.33 £ 2.42
°C, range = 4-14 °C). A third group was placed within an incubation cabinet
experiencing temperatures typical of 'spring-like' conditions (mean = 22.71 °C + 1.84,
range = 19-25 °C). The final group was placed in a warmer incubating cabinet at
temperatures aimed at simulating those experienced by pupae situated within the nest
during swift brood incubation. (mean = 34.70 °C + 9.02, range = 27-36 °C). Automatic
data loggers checked the constancy of temperatures experienced within each regime.
These recorded temperature every five minutes over five days from the 20" of May; the
mean and range of temperatures recorded was calculated. Pupae were examined
regularly to quantify the adult emergence until it became clear that emergence had

ceased.
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Results: Table 1 shows the number and sex of adult C. pallida which emerged from
each group. Emergence began on the 27" of May 2008 within the 'nest' group of pupae.
Within the 'spring' group, hatching began on the 30" of May. Emergence within the
'control' bridge group of pupae began on the 6" of June.

Most adults appeared from those pupae within the 'nest' regime which experienced the
highest temperatures. No adult emergence resulted from the pupae kept refrigerated in
the 'winter' simulated group. Intermediate levels of emergence were seen from pupae in
the other two temperature regimes. Using the 'control' group as a standard comparison
of normal hatching rates, there were significantly fewer adult emergence's from the
'winter' group (2= 13, P <0.01), and more from the 'nest' group (x2 = 13.71, P < 0.01).
There was no significant difference in the number hatching from the 'spring' group or in

the number of males and females hatching either overall or within any group.

Discussion: The higher the temperature experienced the greater the number of adult C.
pallida which hatched from pupae, with the greatest number appearing amongst pupae
experiencing temperatures that would be experienced within nests during swift
incubation. These results indicate that C. pallida hatching is temperature mediated, with
raised temperatures promoting adult emergence. However emergence is not dependent
on swift presence, as hatching occurs under typical spring like conditions, which would
be experienced whether hosts were present or not. Swifts may facilitate C. pallida

emergence as hatching is greatest at temperatures encountered during host presence.

Emergence rates of adults from pupae kept at 'spring-like' temperatures and under
'control' conditions at the bridge were broadly similar in magnitude. The difference seen
between these two groups in hatching may be due to differences in humidity or in the
number of times certain temperatures were reached in each treatment. Emergence may

be triggered once certain minimum temperatures are reached.

This study raises many related potential avenues of further investigation. Bequart
(1951) cited that populations exhibited equal sex ratios. However, this has not been
investigated further. Determining the sex ratio over the entire season at individual nest
sites and at whole colonies would be interesting. Males appear to emerge earlier than

females. This needs further investigation as this may affect the parasitic efficacy of this
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species. Females are likely to pose a greater cost to hosts than males as they may
remove more resources more often. Males may be emerging earlier in order to engage in
male mating competition. Also, an investigation into the lifespan of Louse Flies is
needed. Differences in lifespan between males and females may likewise influence

parasitic effect.

These results may explain some features of C. pallida populations observed earlier in
this discussion. Should emergence of male and female pupae differ, this may account
for the differences in sex ratios observed in nest populations seen in chapter 3, or the
differences in host selection by the two sexes observed in chapter 6. Thus an

examination of sex based differences in emergence should be considered.
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The results indicate that the relationship between C. pallida and swifts is close. C.
pallida adult emergence appears synchronized with host arrival as it is timed to occur at
temperatures experienced at this season. Parasite hatching must occur in conjunction
with swift presence as unfed C. pallida have a lifespan of only approximately five days
(personal observation). There are therefore strong selective pressures promoting
synchrony of hatching and host arrival and the development of mechanisms for

accurately predicting swift arrival by C. pallida.

These results mirror anecdotal reports about parasite emergence (Popov 1965).
Hatching of C. pallida has been found to occur once pupae were placed upon a heated
radiator (Kemper 1951). C. pallida emergence is reported to coincide with swift arrival
and commencement of swift breeding (Weitnaeuer 1947, Lack 1956). The results
demonstrate the synchrony of swift and C. pallida life-cycles and how increasing
dependency upon hosts may develop that may lead to a consequent reduction in parasite
virulence. Further study examining the number of adults emerging from pupae at each
nest could be conducted. Also the exact cues initiating emergence may be studied.
Hatching may occur once a particular 'trigger' temperature is reached or when
temperatures remain above a minimum for a certain duration. Host olfactory or sensory

cues also may enhance hatching success.

6.5: 'COOL DUDES': TORPOR IN COMMON SWIFTS ¢

Maintaining a constantly high body temperature is energetically costly for warm-
blooded birds and any mechanism that reduces the substantial costs entailed should be
favoured. One way is to lower temperatures and, in extreme cases, to enter a form of
torpor or ‘hibernation’. Hibernation as a strategy to save energy during the winter
months is a well-known mammalian strategy but, apart from isolated examples, was not
thought to be common in birds. However, recent research has indicated that it might be

more widespread than previously thought (McKechnie and Lovegrove 2002).

There are anecdotal reports of Common Swift Apus apus entering torpor during periods
of cold weather (e.g. Lack 1956), while young swifts kept in cool conditions were able
to lower their temperatures without apparent detrimental effect (Koskimies 1948).
Moreover, nestling swifts are reported to be resistant to a level and duration of cooling

to which other altricial nestlings quickly succumb. Swifts rely on an unpredictable food
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source (aerial insects), the abundance of which is heavily dependant upon ambient
temperature, and so the ability to lower energy demands during poor weather would be

of particular benefit.

Here an anecdotal report of torpor in swifts and of the remarkable ability of nestlings to
resist cooling is reported. We hope that this will stimulate more systemic study of this
phenomenon. On a number of occasions where adults had temporarily deserted nests
and left broods exposed, nestlings with extremely low temperatures were recorded.
Nestling temperatures were measured with a hand-held probe thermometer, accurate to
within 0.1°C, which was placed beneath the fold of skin under their hind leg in close
proximity to the body. This proved the most practical place at which to take such a
measurement in such small nestlings and provided a good indication of nestling

temperature.

On the 17" of June 2008 the temperatures of twelve nestlings from five different broods
were measured. Nestlings exhibited reduced temperatures in two broods. At one nest the
three nestlings present, which were aged seven, eight and nine days of age, had
temperatures of 15.5, 15.6 and 19.3°C respectively. All these nestlings survived this
level of extreme cooling with no ill effect. At another nest on the same day the three ten
day old nestlings present had temperatures of 18.4, 18.8 and 19.3°C and likewise
survived this cooling with no negative effect. The ambient temperature was 16.1°C. At
the three other broods where nestling temperatures were measured on this day, nestlings
had temperatures of the normally observed levels, ranging from 33.5 to 36°C whether
brooded or not. The average temperature of nestlings not exhibiting reduced

temperatures was 33.7°C.

Numerous other instances of nestlings exhibiting reduced temperatures were observed at
this site during this summer. For example on the 19" of June, two nestlings from one
brood had temperatures of 20.1 and 20.6°C. This is in comparison to a mean
temperature for the other ten nestlings measured on this day of 36.5°C (ranging from 34
to 38.2°C).On the 20" of June two nestlings had temperatures of 20 and 20.1°C, while
three others measured had temperatures of 35.7; 37.8; and 38.4°C. And on the 13" of
June, on a particularly cold day, ten of the nineteen nestlings measured had temperatures

below 25°C.
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Two possible instances of adult swift ‘torpor’ were observed during 2007, a summer
which was characterized by cool temperatures and high rainfall. On both occasions the
adults appeared to be asleep and showed no response to human presence. This is
unusual as swifts typically leave immediately when human presence within the bridge
is apparent. On being touched, the swifts appeared to awaken, but remained docile and
‘dozy’ for several minutes before apparently fully recovering and leaving.

Unfortunately, it was not possible to measure the temperatures of these birds.

The ability of swifts to alter body temperature and endure extreme cooling is of great
potential interest. It demonstrates a method by which this species may save energy. A
reduction in body temperature and the associated metabolic rate will bring substantial
energetic savings. This is of possible importance in ensuring the survival and success of
nestlings within this species. Common Swift nestling development is extremely
constrained due to environmental pressures such as weather, food abundance, and
parasitism. Any mechanism facilitating nestling survival may mediate these costs and

ensure survival.

6.6: CHAPTER SUMMARY

A number of interesting discoveries concerning C. pallida ecology and life-history were
made. Considerable fluctuations in the nest based population size of C. pallida over
short periods of time were discovered. Evidence for mating competition was observed
and documented for the first time. Emergence of parasites was found to be temperature
related with rates of hatching being elevated at higher temperatures. The possible use of

facultative heterothermy in nestlings was identified.

These discoveries have implications for studies examining the parasitic effect of C.
pallida. The observed short term fluctuations in C. pallida populations may influence
nest parasitic pressure. The presence of mating competition and the formation of male
mating clusters may influence parasite population sizes and likewise parasite load. The
effect of temperature on adult emergence indicates that the relationship between C.
pallida and A. apus is close and likely to be parasitic in nature. The possible ability of
nestlings to facultatively lower body temperature offers a mechanism by which
nestlings could mediate the costs of additional environmental stresses such as

parasitism.
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This is the first time such short term fluctuations in nest populations and evidence for
mating competition have been described. The results examining C. pallida emergence
confirm previous anecdotal reports, but this is the first empirical examination. This is
the first description of lowered swift temperatures under natural conditions. These
results should be considered in further examinations of the effect C. pallida has on hosts
as they are likely to affect the parasite loads observed. The results show how parasite

and host life-history may affect parasite abundance.
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COMMON SWIFT BREEDING SUCCESS AND LOUSE
FLY ABUNDANCE

The contents of this chapter were published in a similar format as:
e WALKER, M.D. and ROTHERHAM, 1.D. (2010). The breeding success of
Common Swifts Apus apus is not correlated with the abundance of their Louse

Fly Crataerina pallida parasites. Bird Study, 57, 504-508.

7.1: CHAPTER AIMS

The aim of this chapter is to examine whether the reproductive success of 4. apus is
related to C. pallida abundance. The inter-specific relationship between C. pallida and
A. apus is expected to result in the sub-optimal expression of host life-history traits.
The expression of host traits associated with reproductive success are important in
influencing lifetime success and are thus especially likely to be related to parasite

abundance.

The specific objectives of this chapter are;
e Censoring of C. pallida nest populations and calculation of parasitic loads.
¢ Quantification of 4. apus life-history parameters of relevance to reproductive
success. Parameters to be examined include clutch and brood size, nestling
asymptotic size and mass, fledging size and mass, and fledging success.
e Examination of whether there is a correlation between parasite abundance and

the parameters studied.

The rationale behind such an initial observational study would be that it could lead to
the identification of host life-history traits where the costs caused by parasitism are
especially apparent. These traits could then be examined in more detail in a
manipulative experimental study. The successful establishment of a relationship
between C. pallida abundance and A4. apus reproductive success, with 4. apus
reproductive success being lower in hosts experiencing higher C. pallida infestation,

would indicate that C. pallida causes costs to 4. apus and is thus parasitic in nature.
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7.2: CHAPTER ABSTRACT

Aims: To determine whether parasitism by a haematophagous nest ectoparasite, the
Louse Fly Crataerina pallida has a detrimental effect on the reproductive success of its
Common Swift Apus apus hosts. Methods: An association between C. pallida
abundance and various host life-history parameters indicative of host reproductive
success were sought. Results: No relationship was found between measures of parasite
load and clutch size, brood size, length of time required to reach nestling asymptotic
weight, the length of time from hatching to fledging, fledging success per nest, fledgling
weight, and fledgling size. Conclusion: Parasitism has no apparent detrimental effect
upon its hosts. Louse Flies may have evolved low levels of virulence or the negative
effects expected as a consequence of its parasitism may be expressed on life-history

traits other than those studied here.

7.3: INTRODUCTION

An explicit assumption of host-parasite relationships is that parasites cause some cost to
their hosts (Poulin 2007). These costs influence host fitness or life-history traits in a
variety of ways. Parasites can, for example, increase nestling mortality (Merino and
Potti 1995), reduce nestling body mass and growth rates (Brown and Brown 1986,
Richner et al. 1993), influence clutch sizes (Moss and Camin 1970, Mgller 1991), cause
an increase in the time nestlings spend in the nest (reviewed by Meller 2005), or
increase the amount of provisioning parents must provide (Christe et al. 1996). The
Louse Fly Crataerina pallida Latreille (Diptera: Hippoboscidae), is an obligate
haematophagous nest ectoparasite of the Common Swift Apus apus Linnaeus
(Apodiformes: Apodidae). Louse Flies feed regularly (Kemper 1951) and the
cumulative effect of such parasitism should incur considerable costs on host fitness.
However, there is no evidence that parasitism has such an impact (Lee and Clayton
1995, Tompkins et al. 1996). A limitation of these studies could be that parasite
abundance seen at the colony studied, the Oxford University Museum colony (Lack

1956), may not truly reflect natural levels of parasite abundance.

Access to a previously unstudied swift colony provided an opportunity to examine the
relationship between swift breeding success and parasitism anew and to attempt to find
an effect upon hosts of such parasitism. Parasitic abundances at this site are

considerably higher than those seen at Oxford, possibly more closely resembling natural
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parasitic levels and distributions. We compared swift breeding success between the
years 2007 and 2008 at this colony and the association between parasitic abundance and

several important swift life-history traits were investigated.

7.4: METHODS

Study site: The colony was positioned within a concrete highway bridge (51° 04' 00" N,
07° 81' 00" E) spanning the Bigge Reservoir, Olpe, Germany. The bridge was a large
concrete structure 372 metres long, 22.3 metres wide and 19 metres above the water
surface. A pair of enclosed walkways ran the length of the underside of the bridge.
These walkways were divided into eight chambers, each approximately 5 metres wide
and 40 metres long. Swifts could access these chambers through ventilation holes with
an approximate diameter of 10.5 cm on the floors of the chambers. There were a total of
264 holes at the bridge. The swifts built their nests on the floor of these chambers in
close proximity to the entry holes. The colony comprised 38 breeding pairs in 2007; 35
of which produced a total of 75 nestlings. Unfortunately, owing to poor weather only
seven nestlings fledged. Nestlings were present from 10" June until 26" July. In 2008
there were 41 breeding pairs, 38 of which produced 89 nestlings, 38 of which fledged.

Nestlings were present from 2™ June to 31% July.

Swift nestling measurements: The colony was visited daily during both breeding
seasons. Data on the dates of hatching and fledging were recorded. Clutch size could not
be determined in 2007. The fledging date was determined as the last day on which a
nestling was present at the nest. Nestling weight was measured using electronic scales
accurate to 0.01 g (Scout Pro, Ohaus, USA). The asymptote weight was nestling mass
on the date on which a nestling reached its maximum weight before subsequently
fledging. Weight regression occurs in this species in the days prior to fledging. Nestling
size parameters, left wing length (in both 2007 and 2008), and length of the longest left
primary feather of nestlings (2008 only), were measured using electronic callipers (Lux-

tools, Germany) following the methods outlined by Svensson (1992).

Parasite load: Louse Fly populations were censored regularly throughout the swift
breeding period. Following the methods used by Lee and Clayton (1995) and Tompkins
et al. (1996) the highest number of Louse Flies seen on any single occasion was used as

a measure of parasitic intensity for each nest. Parasite numbers can fluctuate on a day-
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by-day basis (Walker 2009). This measure allows easy comparison with previous

studies.

Data analysis: Statistical analyses were used to investigate relationships between
parasite load and life-history traits. Possible differences in breeding and nestling traits
between 2007 and 2008 were examined using Mann-Whitney U-tests. The strength of
associations between parasite abundance and host traits were gauged using Spearman
rank correlation. A general linear model analysis was conducted using parasite load as a
dependent and year, brood size, and fledgling number per nest as variables. Data were
considered separately for 2007 and 2008. However, owing to the small size of the
colony, and in particular the small number of fledglings in 2007, data were additionally
pooled across years. Where more than one nestling was present within a single nest, and
where appropriate for the analysis conducted, mean values per nestling per nest were

~ calculated and used to avoid pseudo-replication.

7.5: RESULTS

Parasite abundance: The level of parasite abundance at the 35 nests where nestlings
hatched in 2007 was 8.94 £ 5.17 adult Louse Flies per nest. At the 38 nests inhabited by
nestlings in 2008 mean parasite abundance was 12.05 + 7.47. The overall mean parasite
abundance over the two years was 10.61 + 6.64 adult parasites per nest. There was a
significant difference in parasite abundance between the years (U =460.5,z=1.91, P <
0.02). The overall mean parasite abundance considering only the nests where nestlings
fledged from in both 2007 and 2008 was 11.01 % 6.74. There was a significant
difference in levels of parasitism at nests where fledging occurred between years, with
the parasite abundance in 2007 being higher (mean = 12.50 + 4.41) than in 2008 (mean
=10.76 £ 6.96) (U = 461.50, z = 2.24, P < 0.01). An adult parasite prevalence of over
90%, and parasite pupae prevalence rates of over 70% were observed in both 2007 and

2008.

Clutch and brood size: The mean parasite load for broods and clutches of different
sizes is shown in Figures 1 and 2. There was no significant difference in brood sizes
between years (U= 717.50, z = -0.044, P = 0.33). There was no significant difference in
the parasite load at nests with different clutch sizes in 2008 (one-way ANOVA, F =
2.28, d.f. = 3, P = 0.09). There was, however, a significant difference in levels of
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parasite abundance between broods of different sizes, with smaller broods having more
parasites, both in 2007, (one-way ANOVA, F = 5.02, d.f. = 3, P < 0.05) and in 2008
(one-way ANOVA, F =5.66, d.f. =4, P <0.05).

Nestling asymptotic mass: There was a significant difference in the asymptotic mass
nestlings reached in 2007 (mean = 47.96 + 6.87 grams) and in 2008 (mean = 50.22 +
6.87 grams) (U = 59.00, z = 2.30, P < 0.01) and also the time it took them to reach it
(mean 2007 = 31.55 + 4.18 days; mean 2008 = 26.67 = 4.18 days) (U= 69.50, z=1.97,
P < 0.01). This reflects the generally better weather conditions experienced in 2008,

which enabled survival of smaller nestlings and quicker nestling development.

There was no association between asymptotic weight and parasite load in either year
(2007, rs = -0.36, n =7, P = 0.41; 2008, s = —0.98, n = 38, P = 0.55). Using pooled
data for 2007 and 2008 there was also no significant association between parasite load
and either asymptotic weight (overall mean = 49.80 & 4.93 g; rs = 0.19, d.f. = 30, P =
0.29), or the number of days required to reach asymptotic weight (overall mean = 25.58
+ 4.94 days; rs = -0.07, d.f. = 30, P = 0.70). At the asymptote mass nestlings in 2007
had larger left wing lengths (mean = 126.72 £ 10.23 mm) than in 2008 (mean = 113.93
+ 10.22 mm), and this difference was almost significant (U = 85.50, z = 1.47, P = 0.07).
There was, however, no significant correlation between parasite abundance and wing
length over the two years (overall mean = 116.34 + 15.73 mm; rs = -0.11, d.f. = 30, P=
0.54), or between parasitism and primary feather length (overall mean = 82.83 + 18.87
mm; rs = -0.08, d.f. =30, P =0.64) in 2008.

There were no significant differences in mean mass between fledglings in 2007 (mean =
37.60 = 16.43 g) and 2008 (mean 40.40 £ 4.05 g; U= 146.00,z=-0.39, P =0.34), but a
signiﬁcant difference in their wing lengths (mean 2007 = 116.98 + 4.61 mm; mean 2008
=157.97£5.11 mm; U=37.00, z=2.99, P < 0.01). The mean primary feather length in
2008 was 123.79 £+ 5.31 mm).
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Fledging Mass: There was no notable correlation between fledging mass and parasite
abundance in either 2007 or 2008 (2007, rs = 0.22, d.f. = 6, P = 0.63; 2008, rs = —0.005,
d.f. =37, P=0.97). There were also no significant associations between parasitism and
left wing size in 2008 (rs = -0.121, d.f. = 37, P = 0.471), or longest left primary length
(2008, s = 0.038, d.f. = 37, P = 0.822). A significant effect on left wing size was seen in
2007 (rs = 0.85, d.f. = 6, P < 0.01), but this was probably because of the small sample
size. Using pooled data for both 2007 and 2008 there was likewise no noticeable
association between parasite load and either fledgling weight (»s = 0.03, d.f. =30, P =
0.86), left wing size (rs =-0.04, d.f. = 30, P = 0.80), or longest left primary length (s =
-0.01, d.f. =24, P=0.96).

There was a significant difference in the age at which fledging occurred in 2007 (mean
=31.66 £ 3.94 days) and in 2008 (mean = 40.01 + 2.57 days; U=202.50,z=-2.16, P<
0.01). Poor weather probably initiated earlier nestling fledging in 2007. The age taken to
reach fledging was not significantly correlated with parasite abundance (s = 0.02, d.f. =
30, P=0.91).

Fledging success: There was a significant difference in the per nest number of
fledglings between 2007 (mean = 0.21 * 0.48) and 2008 (mean = 1.00 = 0.84) (U =
1038.00, z =—4.11 = 71, P < 0.01), and in the number of nestlings which died per nest
in 2007 (mean = 1.94 + 0.84) and 2008 (mean = 1.34 + 0.91; U = 420.00, z = 2.70, P <
0.01), which given the high level of nestling mortality in 2007 is not surprising.

There were no notable correlations between either parasitism and the number of
fledglings per nest (overall mean = 0.62 = 0.79; rs = 0.11, d.f. = 71, P = 0.34), or
parasite abundance and the number of nestlings dying before fledging per nest (overall
mean = 1.63 = 0.92; rs = 0.03, d.f. =71, P = 0.73). The glm analyses revealed that there
was no statistically significant interaction between variables on parasite ranking (R2 =
0.18, d.f. =70, F = 0.84, P = 0.47). Year was the variable that most strongly influenced
parasite rank (B = 2.30, SE =+ 1.69, P =0.17), followed by brood size (B = 0.80, S.E. =
+ 1.05, P=0.44).
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7.6: DISCUSSION

As in other studies examining this host-parasite system, no convincing association
between parasite load and the breeding success of the host swifts was found. This is
surprising given the considerable level of resources this parasite appears to extract from
hosts and the constraints that swifts face in their reproduction. Swift breeding has to be
completed within an extremely short time period and given the vagaries of European
summers, with the changeable weather conditions and fluctuating aerial insect
abundances, parasite load would be thought to be an important factor influencing
breeding success in this species. That no effects on clutch size were found is perhaps not
unexpected as adult parasites emerge from diapause once clutch size is already
established. Parasitism could, therefore, only influence clutch size if swifts could
anticipate parasite loads before incubation begins. Parasites could influence brood size
if they disrupted adult behaviour during incubation; however, such disturbance has not

been reported and, therefore, is unlikely (Lack 1956).

That Common Swift nestlings exhibit flexibility in development rates in response to
detrimental environmental conditions is well documented (Weitnauer 1947, Lack and
Lack 1951, Lack 1956). Increased parasitism might, therefore, be thought to be a prime
candidate leading to an extension of the nestling period. However, we found no
connection between parasite load and the time required for nestlings to reach asymptotic
weight or the time required to reach fledging. Nestling mass is an important predictor of
fitness (Magrath 1991). Therefore, any detrimental effect of parasitism on asymptotic or
fledging weight is likely to have substantial future fitness costs. No relationship
between parasitism and either asymptotic or final fledgling size was found. It might be
expected that no influence of parasitism upon traits of pertinence to fledgling flight

ability, such as final fledgling weight and size, would be found.

Swifts are aerial specialists, spending the majority of their lives airborne. The
physiological demands of flight impose strict constraints on body design. Fledging
swifts have to be perfectly capable of flight immediately on leaving the nest. It has been
shown that nestling fledging is dependent on specific wing loadings being reached, and
that nestlings do not fledge until this is reached (Martins 1997). Any fledgling deviating
from such constraints will have low survival chances. Effects of parasitism upon

fledgling size should, therefore, be avoided at all costs. It may be more advantageous
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for such costs to be deferred onto traits with later lifetime consequences in order to

maximize immediate survival chances.

The population abundance of C. pallida that we recorded was considerably greater than
that reported by Lee and Clayton (1995) and by Tompkins er al. (1996). Lee and
Clayton (1995), in their examination of C. pallida population abundances, found a nest
parasite prevalence of 67%, and a mean parasitic intensity, of 1.0 + 0.2 larvae per nest
(range 0-5), and a mean pupae number per nest of 1.7 + 0.4 (range 0-9). Tompkins et al.
(1996) experimentally manipulated parasite abundances to create nests with enhanced
parasite lbads, and these had mean per nest parasite loads (based on the maximum
number of adults seen) of 7.39 + 0.87. Lee and Clayton 1995, and Tompkins et al.
(1996) proposed that the vertical nature of Louse Fly transmission may account for lack
of virulence observed. The development of reduced virulence is expected where host

and parasite reproductive success is linked (Poulin 2007).

The high level of host specificity exhibited by species within the Crataerina genus upon
their respective hosts indicates that such co-adaptation may have occurred in these host-
parasite systems. However, although vertical transmission between adult and nestling
swifts is common, the extent of horizontal or phoretic transfer between nests and
unrelated hosts and the implications this would have on parasite virulence remain
unknown.

Studies on the Alpine Swift Apus melba Linnaeus and its related parasite, Crataerina
melbae Réndani, have found detrimental effects upon such subtler host traits than those
here studied, including growth rates (Bize et al. 2003a), nestling behaviour (Bize et al.
2003b), and parental lifetime reproductive success (Bize et al. 2004). Conversely, a
study on a more obvious host life-history trait, host condition, found no correlation with
Louse Fly abundance (Tella ef al. 1995). This may indicate that costs of such parasitism
are indeed deferred upon more subtle traits. Likewise studies of other aerial insectivores
have found parasitic effects upon a myriad of host traits, with, for example, parasitism
being found to effect immune system investments and trade-offs in the Barn Swallow
Hirundo rustica (Meller et al. 2001). Studies of these and other life-history traits in the
Common Swift may be a promising avenue of further research. Another potential

avenue of research is an examination of the effects different sexes of C. pallida have on
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hosts. As observed in chapter 3, where differences in parasite population ratios were
observed, chapters 5 where differences in host selection by male and female C. pallida
were observed, and in chapter 6 where mating clusters were discovered, there may be
differing costs of parasitism by the different sexes. A closer examination of sexual

differences and their influence of parasitic effect may be pertinent.

Also in the studies of C. pallida populations undertaken in chapter 3 it was found that
previous attempts to quantify parasite load may have been inaccurate. A correct
quantification of parasite load is essential when attempting to elucidate parasital effects.
The figures for parasite abundance seen in chapter 3 are more likely to reflect true
parasite abundances levels. Further studies into parasite effects should consider the
conclusions made in chapter 3. As mentioned in chapter 3 parasite pressure should be
established over as wide a number of dates as possible and not simply over a small

number of population counts.

A limitation of the present study was its purely observational nature. Although host-
parasite systems are often studied in such a fashion, such studies do not provide
conclusive evidence of parasitic effects. Experimental studies where parasitic
abundance is artificially manipulated are required to reach more rigorous conclusions.

Such an experimental study would be a logical next step in our research.

7.7: CHAPTER SUMMARY

This investigation examined whether there was an association between C. pallida
abundance and various parameters of A. apus breeding success. The results were that;
There was no association between parasite abundance and clutch size; adult swifts in
more heavily parasitized nests did not lay fewer eggs.

e However, nests with higher parasitic abundances had smaller brood sizes,
suggesting that parents experiencing higher parasitism may hatch out fewer
offspring.

e There was no relationship between parasite abundance and either nestling mass
at asymptoty, nestling mass at fledging, wing length at asymptoty or fledging, or
in the time taken to reach fledging mass. This indicates that parasitism does not
influence nestling development.

e There was no association between parasitism and the number of fledglings per
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nest or in nestling mortality. This indicates that parasitism does not influence

nestling mortality.

The implication of these results are that C. pallida has no obvious large influence on
host reproductive success. Parasitic costs may be being expressed upon subtler traits
than those examined and thus are not evident here. The lack of association between C.
pallida abundance and host reproductive traits suggests that C. pallida is not parasitic in
nature. This conclusion is contrary to expectations, and does not support the dissertation
hypothesis. Given the considerable amount of resources this species removes the
expected costs to 4. apus of experiencing C. pallida infestation would be expected to be

considerable and clearly evident.

This investigation complements the only other observational study of C. pallida
parasitism, which likewise found no relationship between parasitic abundance and host
breeding success (Lee and Clayton 1995). However, its main limitation is its purely
observational nature. Mere correlation of two features famously does not necessarily
imply causation. Therefore, an obvious line of further inquiry is more detailed empirical
study involving experimental manipulation of parasitic abundances. Also of interest
would be examination of more detailed host life-history traits upon which parasitic costs
may be more evident. Obvious traits of examination, given there importance to swift
success and the time-constrained nature of swift breeding, are traits indicative of

nestling growth and development.
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ECTOPARASITE LOAD DOES NOT REDUCE
REPRODUCTIVE SUCCESS OF
COMMON SWIFTS, APUS APUS

The contents of this chapter have been accepted for publication by the Ibis Journal of
Ornithology. It can be cited as follows:
e WALKER, M.D. and ROTHERHAM, I.D. 2011. Ectoparasite load does not
reduce reproductive success of Common Swifts Apus apus. Ibis journal of
ornithology, 153, 416-420.

8.1: CHAPTER AIMS
This chapter aims to demonstrate empirically that increased C. pallida infestation results
in a lowering of A. apus reproductive success, namely through the sub-optimal
expression of traits associated with 4. apus reproduction and growth. The specific
objectives of this chapter are to:
e Experimentally manipulate C. pallida population abundances to create broods
and hosts experiencing artificially high and low levels of C. pallida abundance.
e Assess whether there are differences between experimental treatments in the
following host reproductive traits:
»  Clutch and brood sizes
» Nestling development

»  Nestling and fledging number per brood.

Especial emphasis will be placed on traits related to 4. apus growth and development as
it may be that parasite costs are especially likely to be expressed upon these.
Differences in the length of developmental period, rates of growth, and various indices
of development such as the k-growth factor, will be sought between experimental
treatments. These traits have either not been studied in previous investigations
examining C. pallida parasitism, or have only been briefly considered. Differences in
these traits between experimental treatments would successfully demonstrate that
increased C. pallida abundance causes clear costs to hosts, and thus support the

dissertation hypothesis that C. pallida is parasitic.
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Such experimental study is necessary as simply demonstrating linkage between two
variables as was attempted in Chapter 7, does not necessary indicate a causative effect
of one factor upon the other. To clearly demonstrate such an effect, experimental

manipulation of the variable thought to be of influence is required.

8.2: CHAPTER ABSTRACT

Previous studies have failed to ascertain negative effects of Louse Fly Crataerina
pallida parasitism on Common Swifts Apus apus. Abundances of C. pallida were
experimentally manipulated to create broods experiencing either enhanced or reduced
levels of parasitism and then host life-history traits were examined. No significant
differences were observed in clutch and brood size, rate of growth, asymptotic and
fledging mass and size, or the number of fledglings per nest. Reductions in parasite
virulence may have evolved due to the dependence of successful C. pallida transmission

on host reproductive success.

8.3: INTRODUCTION

By definition, parasitism results in costs to the host (Price 1980). However, previous
studies of parasitism by the Louse Fly Crataerina pallida on the Common Swift Apus
apus have found no negative effects (Hutson 1981, Lee and Clayton 1995, Tompkins et
al. 1996, Walker and Rotherham 2010a). The costs of parasitism are expected to be high
as C. pallida is an obligate haematophagous nest ectoparasite occurring at high
population densities (Walker and Rotherham 2010b). Adults emerge from over-
wintering pupae each spring. Feeding occurs approximately every five days. Larvae
develop internally before deposition as fourth in-star larvae, which pupate immediately

(Walker and Rotherham 2010b).

The lack of recorded parasite virulence exhibited by C. pallida is surprising as studies
of a closely related host-parasite system of Alpine Swifts 4. melba have shown clear
detrimental effects on hosts as a result of parasitism (Bize et al. 2003, 2004a, 2004b,
2005). However, the numbers of C. pallida seen in previous studies of Common Swifts
may not reflect natural abundances. This is because the nests at the colony examined by
Lee and Clayton (1995) and Tompkins ef al. (1996) were cleaned annually. This is likely
to have led to a reduction in parasite abundance, as has been shown to occur in other

studies (Mgller 1989), and reduced effects of parasitism as a consequence.
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In this study, the availability of a colonial nesting site with natural parasite abundances
offered the opportunity to re-examine this host-parasite system and the level of host
resilience to parasitism. Abundances of C. pallida were manipulated between nests to
create broods with either increased or reduced parasite loads. Life-history traits
associated with reproductive success were compared between experimental treatments.
Traits investigated included clutch size, brood size, growth rate, and nestling size and
mass at asymptoty and fledging. Swift nestling development is especially likely to be
influenced through parasitism as development is strongly time constrained and occurs
quickly (illustrated by photographs 1 to 4). These photographs show nestling size at
ages 2 days, 10 days, 20 days and 30 days. They illustrate the rapid development of

nestling size in the short period of time comprising nestling development.

Differences in these life-history traits would be indicative of an effect on host fitness as
expected by host-parasite theory. Failure to find such costs would provide support for
Lee and Clayton (1995), Tompkins et al. (1996), and Walker and Rotherham (2010)
(chapter 7), who concluded that a reduction in parasite virulence had occurred due to the
close synchrony of C. pallida and host life-cycles. Where parasite fitness becomes
linked with the reproductive success and fitness of hosts, the evolution of reduced
parasite virulence is expected. Lee and Clayton (1995) postulated that the vertical nature
of parasite transmission, occurring solely between parent and offspring and meaning
parasite dispersal is dependent on host reproductive success, accounted for parasite

avirulence.

8.4: METHODS

Study site: The Common Swift is a migratory insectivore returning to Europe in April
to breed. Common Swifts were examined at a colonial nesting site beneath a concrete
roadway bridge spanning the Bigge reservoir, north of Olpe, North Rhine Westphalia,
Germany (51° 04' 00" N, 07° 81' 00" E). The site is similar in nature to traditional cliff
vaults used by swifts for nesting, and the artificial substrate provides numerous nooks
and crannies for pupal deposition by the parasite. Nests lie exposed upon the floor of
enclosed internal concrete walkways beneath the bridge and are typically situated close

to each entry hole. Nests are typically widely spaced (mean + SD = 5.3 + 4.8 metres).
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Photographs illustrating development of A. apus:

Photograph 2: Nestling development at approximately 10 days. Note the beginning of

feather development at this age.
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Photograph 3: Nestling of approximately 20 days of age. At this stage young are fully

feathered but still somewhat dumpy and squat in appearance.
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Photograph 4: Nestling of approximately 30 days of age. Development is effectively

complete at this age, although lengthening of wings continues until time of fledging.
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Experimental manipulations: C. pallida pupae and adults were transferred between
nests to create broods experiencing either increased or reduced parasitism. The aim was
to create bimodal population distributions, with nests encountering either little
parasitism or approximately double that experienced in the previous year. Nests were
randomly assigned to either ‘reduced’ or ‘enhanced’ treatments. Reduced regime nests
were paired with a partner nest in the enhanced regime that had the same brood size and
a similar parasite load in the previous year (2008). All parasites present within reduced-
load nests were transferred to their parasite-increased partner nests. This resulted in
parasite-reduced nests with no or little parasitism, or parasite-enhanced nests with levels
of parasitism approximately double that seen previously. A similar method was used by

Bize et al. (2004a).

Pupae were transferred between nests on 30™ April 2009, before the arrival of adult
swifts. On hatching of nestlings, nests were checked every five days and, when present,
parasites were transferred from parasite-reduced nests to their enhanced partners. In
practice, the initial transfer of pupae proved highly effective and few subsequent

transfers of adult parasites were necessary.

Measurement of host life-history parameters: Nests were visited daily once nestlings
hatched. Clutch size was determined from the presence of unhatched eggs, and brood
size was taken as the maximum number of nestlings that hatched at each nest. Nestling
mass was determined daily using electronic scales (Ohaus, Scout Pro, accuracy 0.01 g)
between 07:00 and 13:00 hours. Maximum left wing length (closed), the length of the
longest left outermost primary feather (PX), overall body length, and head length and
width were measured daily following the methods outlined by Svensson (1992). Left
wing length was measured from carpal joint to the tip of the longest primary.
Measurements were taken with electronic measuring callipers (Lux-Tools, accuracy
0.01 mm). The parasitic load was calculated following the method outlined by Lee and
Clayton (1995), using the maximum number of adult parasites observed at each nest

during nest visits.

Data analysis: Data analysis was conducted using Excel and SPSS 14. Mean values per
brood were calculated to avoid pseudo-replication. All means are presented + 1SD.

Standard growth curves of nestling mass against age were produced for all nestlings
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which subsequently fledged and for each parasite regime and described as brood means.
The following indices of nestling growth were calculated:
e The point of growth inflection (slowing of growth rate).
e Linear growth rate at this point (k), assuming a logistic growth curve (Ricklefs
1967, 1968).
e Asymptotic and fledging measures of size and mass.
e Length of time taken to grow from 10% to 90% of asymptotic mass (tio.00)
(Ricklefs 1967).

Asymptotic measures were those attained by nestlings at maximum mass prior to
fledging. Swifts undergo weight regression prior to fledging with the asymptotic mass
being reached approximately five days before nestlings leave the nest. Before & can be
calculated it is necessary to know the general pattern of nestling development. Swift
nestling growth was best fitted by the logistic model (57 of 64 nestlings). Using the
tables provided by Ricklefs (1967), the appropriate growth conversion rate and & were
determined from the gradient of best fit for the logistic growth curve for each nestling.
k was estimated for each nestling and means for each brood and then for each treatment
level were calculated following Ricklefs (1967). The mean k-growth parameter for

broods with increased and reduced parasitism could then be calculated and compared.

Nestling mass and size were compared between experimental treatment on the day
asymptotic mass was reached and at fledging. Fledging was deemed to have been
successful once a nestling left the nest following weight regression, and the attainment
of a minimum age of 30 days. Nestling mass and size on the day prior to disappearance
was used for comparisons at fledging. Fledging age was considered as the date nestlings
were first absent. A total of 45 nestlings fledged successfully from the colony in 2009;
20 from broods facing enhanced parasitism (mean brood size = 1.00 + 0.97), and 25

from broods facing reduced parasitism (mean = 1.39 + 1.19).

T e -
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8.5: RESULTS

The transfer of C. pallida pupae and adults produced significant differences in parasite
loads between the parasite-increased and parasite-reduced treatments (Figure 1; mean
parasite-increased = 9.94 + 6.26; mean parasite-reduced = 2.14 + 2.24 individuals;
Mann Whitney U = 186.5, z = -3.54, P < 0.01). The increased parasite loads produced
here are greater in magnitude than natural levels observed in 2007 and 2008 at this site
(Walker and Rotherham 2010a), by Lee and Clayton (1995) (mean + SD = 1.00 % 0.2)
or those produced artificially by Tompkins ef al. (1996) (mean = SD = 7.39 + 0.87).

Ninety-five eggs were laid by 38 adult pairs (mean per brood + SD = 2.5 % 0.69). Mean
clutch size did not differ significantly between treatments (enhanced mean: £ SD = 2.55
+ 0.69, n = 20 nests, reduced mean * SD = 2.44 + 0.70 eggs, n = 18 nests: t = 0.5854,
d.f. =35, P=0.56) (Figure 2) . Likewise, for brood size (mean enhanced + SD = 1.95 +
1.28, n = 20 broods; Mean reduced = SD = 1.94 + 1.21, n = 18 broods: = 0.0137, d.f.=
36, P =0.99) (Figure 3).

No significant effect of parasitism was seen between nestlings on hatching (parasite
enhanced mean mass £ SD = 3.22 + 0.49 grams; parasite reduced mean £+ SD = 3.10 +
0.40 grams; ¢ =-1.58, d.f. = 39, P = 0.12: mean wing size enhanced + SD = 7.89 + 1.27
mm; reduced = 7.85 £ 1.13 mm; #=-0.41, d.f. =39, P=0.29).

No effect of the parasite load treatment was found on any nestling size, mass or growth
measure, except mean daily mass increase which was significantly greater in broods
with increased parasite loads (Table 1). Standard growth curves for all nestlings, and
comparing nestlings from enhanced and reduced parasitized broods are shown for
nestling mass (Figure 4), left wing length (Figure 5) and longest left primary length
(Figure 6).
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Figure 4: Growth curves showing development in nestling mass over time using data
from (a) all 45 nestlings which fledged in 2009, (b) for 25 nestlings experiencing
enhanced levels of parasitism, and (c) 20 nestlings experiencing reduced levels of
parasitism. Error bars indicate levels of standard deviation.
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Nestling age in days
Figure 5: The mean left wing lengths for (a) all 45 nestlings which subsequently
fledged, (b) those 25 nestlings from broods facing enhanced levels of C pallida
parasitism, (c) those 20 nestlings from broods facing reduced levels of C pallida

parasitism. SD indicated by error bars.
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Figure 6: The mean length of the longest left primary feather for (a) all 45 nestlings
which subsequently fledged, (b) those 25 nestlings experiencing enhanced levels of
parasitism, (c) those 20 nestlings facing reduced levels of parasitism. SD indicated
through error bars.
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8.6: DISCUSSION

No reduction in any measure of reproductive performance was found in broods
experiencing experimentally increased parasitism, when compared with those
experiencing reduced parasitism. Although contrary to expectation, these results
confirm findings of other studies of this host-parasite system (Hutson 1981, Lee and
Clayton 1995, Tompkins et al. 1996, Walker and Rotherham 2010b). The results are
surprising as the parasite abundance observed at this site is greater than those seen in
previous studies and thus parasite pressure might have been expected to lead to clear

detrimental effects.

These results contrast sharply with investigations of closely related host-parasite
relationships in Alpine Swifts (Bize ef al. 2003, Bize et al. 2004b, Bize et al. 2005).
Why detrimental effects should be so apparent within the one system and not the other
is unclear, but may be related to differences in parasite movement between nests and
parasitic abundances. For example, Bize et al. (2004a) had parasite abundances at
reduced parasite nests of 7 £ 1 adults per nestling, and 17 £ 1 per nestling at enhanced

nests and observed horizontal movement of parasites between nests.

Lee and Clayton (1995) postulated that reduced parasite virulence had evolved due to
parasite fitness becoming related to host success. The obligatory nature of the
relationship, monoxenous diet, and predominately vertical transmission exhibited by C.
pallida parasites indicate that this may have occurred. For example, there may be
selection pressure to reduce impacts on nestling survival and fledging success, as
nestling swifts must be capable of sustained flight immediately on fledging.
Alternatively the costs of parasitism may be being expressed upon other traits not
examined. Alpine Swifts are able facultatively to modulate development in response to
poor weather conditions and compensate later during development and such

compensatory growth may also occur in response to parasitism (Bize et al. 2004a).

Power to detect effects may have been limited in this study as sample sizes were small,
as has also been the case in previous studies (Lee and Clayton 1995, Tompkins et al.
1996). However, because larger swift colonies with easy access are rare, opportunities

to obtain larger samples may be few.
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In conclusion, no costs of parasitism by Louse Flies on the reproductive success of
Common Swifts were found. Further studies should investigate whether parasitic

biological traits or deferment of costs influences parasitic virulence.

8.7: CHAPTER SUMMARY
The results of the investigation composing this chapter are:
e Manipulation of adult insects abundances resulted in the successful creation of
broods experiencing either experimentally high or low levels of infestation.
e No difference in the expression of a variety of host life-history traits of
pertinence to reproductive success, and in particular to nestling growth and

development, were seen between empirical regimes.

These results show that 4. apus facing higher levels of C. pallida infestation do not
demonstrate lower reproductive success, and this indicates that C. pallida has no
virulent effect upon those traits examined which were indicative of host reproductive
success. This is contrary to expectations and does not support the dissertation

hypothesis that C. pallida is parasitic.

‘This conclusion is justified because the host life-history traits considered, are known to
be of prime importance in determining individual lifetime fitness. Therefore effects of
parasitism would be thought to be readily ascertainable if they occurred. This would be
expected to be especially the case for this study species, as Common Swift must be
capable of full flight upon fledging as it becomes immediately independent and is

totally dependent upon an aerial diet.

These results extend the existing knowledge of C. pallida parasitism considerably. It
confirms results of others studies. It extends the research on post-natal growth begun by
Weitnauer (1947) and Lack and Lack (1951). The inter-relationship between factors
influencing nestling growth are complex and such additional data helps elucidate
general pattern influencing swift post natal development. Many aspects of nestling
growth, and the calculation of several growth parameters here used, was performed for

the first time for this species in this study.

180



8.8: CHAPTER REFERENCES

BIZE, P, ROULIN, A., BERSIER, L.F., PFLUGER, D. and RICHNER, H. (2003).
Parasitism and developmental plasticity in Alpine Swift nestlings. Journal of Animal
Ecology, 72, 633-639.

BIZE, P., ROULIN, A. and RICHNER, H. (2004a). Parasitism, developmental plasticity
and bilateral asymmetry of wing feathers in Alpine Swift (4dpus melba) nestlings. Oikos,
106, 317-323.

BIZE, P.,, ROULIN, A., TELLA, J.,, BERSIER, L.F. and RICHNER, H. (2004b).
Additive effects of ectoparasites over reproductive attempts in the long-lived Alpine
Swift. Journal of Animal Ecology, 73, 1080-1088.

BIZE, P., ROULIN, A., TELLA, J. and RICHNER, H. (2005). Female-biased mortality
in experimentally parasitized Alpine Swift (Apus melba) nestlings. Functional Ecology,
19, 405-413.

HUTSON, A.M. (1981). The population of the Louse Fly, Crataerina pallida (Diptera,
Hippoboscidae) on the European Swift, Apus apus (Aves, Apodidae). Journal of
Zoology, London, 194, 305-316.

LACK, D. and LACK, E. (1951). The breeding biology of the swift. 4. apus. Ibis, 93,
501-546.

LEE, PL.M. and CLAYTON, D.H. (1995). Population biology of swift (Apus apus)
ectoparasites in relation to host reproductive success. Ecological Entomology, 20, 43-50.
MOLLER, A.P. (1989). Parasites, predators and nest boxes: Facts and artefacts in nest
box studies of birds. Oikos, 56, 421-423.

PRICE, P.W. (1980). Evolutionary biology of parasites. Princeton: Princeton University
Press.

RICKLEFS, R.E. (1967). A graphical method of fitting equations to growth curves.
Ecology, 48, 978-983.

RICKLEFS, R.E. (1968). Patterns of growth in birds. Zbis, 110, 419-451.

SVENSSON, L. (1992). Identification guide to European Passerines. British Trust
Ornithology/ Privately published.

TOMPKINS, D.M., JONES, T. and CLAYTON, D.H. (1996). Effect of vertically
transmitted ectoparasites on the reproductive success of Swifts (Apus apus). Functional
Ecology, 10, 733-740.

WALKER, M.D. and ROTHERHAM I.D. (2010a). Characteristics of Crataerina

pallida (Diptera: Hippoboscidae) populations; a nest ectoparasite of the common swift

181



(Aves: Apodidae). Experimental Parasitology, 126, 451-455.

WALKER, M.D. and ROTHERHAM, 1.D. (2010b). The breeding success of Common
Swifts Apus apus is not correlated with the abundance of their Louse Fly Crataerina
pallida parasites. Bird Study, 57, 504-508.

WEITNAUER, E. (1947). Am Neste des Mauerseglers, 4. apus apus (L.). Der
Ornithologische Beobachter, 44, 133-182.

182



CHAPTER NINE:
PARENTAL INVESTMENT IN RESPONSE TO

PARASITISM
CHAPTER AIMS 9.1
CHAPTER ABSTRACT 9.2
INTRODUCTION 9.3
METHOD 9.4
RESULTS 9.5
DISCUSSION 9.6
CHAPTER SUMMARY 9.7

CHAPTER REFERENCES 9.8

183



PARENTAL INVESTMENT
IN RESPONSE TO PARASITISM

The following investigation has been accepted for publication by the ornithological
journal Bird Study;

e WALKER, M.D. and ROTHERHAM, LD. (2011). No evidence of increased

parental investment in response to parasitism by Common Swifts. Bird Study. (In

press.)

9.1: CHAPTER AIMS
The aim of this chapter is to determine if parent swifts increase their levels of parental
investment to nestlings experiencing greater C.pallida parasitic abundances. The
specific objective is to:

e To test the parental compensation hypothesis.

The reason for this objective is that parent birds may be bearing the costs nestlings are
expected to experience as a result of the resource removal from C. pallida. This may
thus account for the previously observed apparent lack of detriment to hosts as a result
of such parasitism found in previous studies and earlier in this dissertation in chapters 7
and 8. The parental compensation hypothesis proposes that parent birds may mediate
the costs their offspring face as a result of parasitism by increasing levels of parental

investment (Moss and Camin 1970).

The method to be used will involve recording the length and rate of parental visits to
broods with experimentally raised or lowered levels of C.pallida parasitism. According
to the parental compensation hypothesis, parental visitation rates will be greater to those
broods facing enhanced parasitism. This aspect of parasitism has not been studied

within this host-parasite system.

9.2: CHAPTER ABSTRACT
Parasitism is known to cause substantial costs to avian nestling hosts in the form of
increased mortality or decreased rates of development. The parental compensation

hypothesis postulates that parent birds may attempt to mediate these costs by increasing
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provisioning to more heavily parasitized nestlings thus accounting for the lack of
parasital effect sometimes seen in host-parasite studies. Whether parental compensation
occurs in Common Swifts was examined. Visitation rates and lengths to nestling
experiencing either enhanced or reduced parasite pressures was examined. Common
Swifts did not increase levels of parental care in response to increased levels of Louse
Fly parasitism, as would have been expected according to the parental compensation
hypothesis. The expected costs of parasitism may thus be being borne upon other traits

or may not be present indicating that this parasite has become benevolent.

9.3: INTRODUCTION

Parasitism is an inter-specific relationship in which one species, the parasite, utilizes the
resources of the other, the host, to its detriment (Combes 2001). Parent birds may
attempt to offset the costs caused through parasitism by increasing levels of parental
effort to parasitized nestlings (Moss and Camin 1970). Such parental compensation may
mask the potential detrimental effects of parasitism upon nestling hosts and account for
the apparent avirulence observed in some host-parasite systems (Tripet and Richner
1997). However the empirical evidence for parental compensation is limited and
originates almost entirely from nest box studies of tits (Tripet and Richner 1997,
Hurtrez-Bousses et al. 2000, Bouslama et al. 2002, Banbura et al. 2004).

Nestling Common Swifts Apus apus Linnaeus 1758 (Aves: Apodidae) are hosts to an
obligate ectoparasitic Louse Fly Crataerina pallida Latreille 1812 (Diptera:
Hippoboscidae). C. pallida has a life-cycle closely synchronized with that of its host,
with adults emerging from winter diapause at the commencement of swift breeding each
spring. C. pallida parasites remove considerable amounts of blood regularly from their
nestling hosts and can occur at high population abundances (Kemper 1951, Walker and
Rotherham 2010a). C. pallida life-history traits were investigated earlier in this
dissertation, and the features found, including the high levels of parasite abundance,
high levels of host prevalence, and high level of parasite aggregation are highly
indicative that this species should be particularly pugnacious. Therefore the impact of
such parasitism would be expected to be great. Despite this no detrimental effect from
such infestation has been observed upon hosts in a number of studies (Lee and Clayton

1995, Tompkins et al. 1996, Walker and Rotherham 2010b).
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Parental compensation may account for the apparent lack of parasitic virulence
observed in these studies and in chapters 7 and 8 of this dissertation. Swift life-history
traits make the use of such a strategy particularly likely. Swift nestlings are altricial and
require substantial levels of parental care. Photographs 1 and 2 show parent swifts
provisioning nestlings. As reported in chapter 1, swift breeding is severely time
constrained. Vagaries in weather and food abundance make nestling success particularly
precarious (Lack and Lack 1951, Thomson et al. 1996). Any mechanism which could
negate the additional pressures caused by parasitism would therefore be particularly
advantageous in enhancing host reproductive success and overall fitness. The benefits of
increasing reproductive success may offset the longer term costs of increased parental

effort and enhance overall fitness.
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9.4: METHOD

The possibility of parental compensation in response to parasitism was investigated by
studying levels of parental care provided by Common Swifts to broods experiencing
experimentally enhanced or reduced levels of Louse Fly parasitism. Parasite abundances
were manipulated during the 2009 breeding season at swift nests situated at a colony
within a highway bridge spanning the Bigge reservoir at Olpe, Germany (51° 04' 00" N,
07° 81' 00" E).

Nests were randomly allocated into one of two experimental treatment groups as
described in chapter 6. Nests within each group were paired with partner nests from the
other which had had similar brood sizes and had experienced similar parasite
abundances in 2008. Parasites were transferred from the nests within the one group to
nests within the other to create nests experiencing either reduced or enhanced levels of
parasitism. The aim was to produce nests experiencing parasitism of approximately 0%
or of 100% greater than that seen in the previous year. Initially C. pallida pupae were
transferred between paired nests in April 2009 before the arrival of adult swifts.
Following the cessation of adult brooding in early June, emerged C. pallida adults were
transferred between paired nests approximately every five days until the fledging of the

nestlings to ensure that parasite abundances remained reduced or elevated.

Parental effort was recorded through video recording of parental feeding visits to nests.
Recordings were made at 11 nests, 6 with elevated and 5 with reduced levels of C.
pallida parasitism. The average brood size at all these nests was 2.72 = 0.46, the
average brood size at parasitized nests being 3 + 0.00, and at reduced parasitized nests
3.2 = 0.51. Recordings were made using infra-red cameras (Conrad electronics,
Germany) attached to standard video recorders (Orion 6- Head HiFi Stereo) and 14 inch
Colour-Quad-Monitors (E.L.V. Elektronik AG, Leer). The number of adult C. pallida
parasites at study nests was ascertained on a daily basis as described in Walker and
Rotherham (2010a). Accurate surveying of parasite populations was possible as
parasites are closely associated with nests; have a relatively large size (of approximately
one centimetre in diameter) making ascertaining there presence easy; and have a
conspicuous mobile nature, all of which aids quantification. Population counts were
made through visual inspection over several minutes at each nest. Counts were made in

a methodical manner with nestlings first being removed; then the interior, sides, and
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finally underside of nests being examined. In cases of doubt counts were repeated. The
levels of parasitic pressure was calculated following Lee and Clayton (1995) and

Tompkins et al. (1996).

Recordings were made on alternate days, with a total of 18 days spanning a total of 32
days of the swift breeding season. Recording was conducted over two sessions running
from 8:00 to 12:00 and from 13:00 to 15:00 daily. A total of 2,226 hours of recording at
all nests over all days were made. Each nest was observed for a mean of 202.41 £ 0.22

hours (range 185 to 215).

The mean hourly rate of parental visits per nest per day was calculated as was the
overall mean hourly rate of parental visits over the entire period. The mean visitation
length per nest per day and the mean visitation length for the overall recording period
were likewise calculated. Differences between parasite enhanced and reduced nests
were sought using non-parametric Mann Whitney testing. A two-way repeated measures
ANOVA with parasitism as the factor and parental provisioning rates on different dates

as variables was used to gauge the influence of day on parental provisioning.

There may be differences in the rate of parental provisioning during different periods of
the day or because of different weather conditions. For example, less parental
provisioning occurs during periods of poor weather, or parental provisioning may be

greater in early mornings when nestlings are most hungry and demanding of food.

However, these differences were not examined here as parental provisioning was
recorded at nests over the same periods of time and for the same lengths of time. This
meant each nest experienced identical time frames and weather conditions. Thus any
differences in parental provisioning were due to other factors such as differences in
parasitism rather than through differences in the times of day or weather experienced by

each nest.
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9.5: RESULTS

The transfer of C. pallida pupae and larvae between nests resulted in the successful
establishment of nests with enhanced and reduced levels of parasitic abundance (see
figure 1 in chapter 6). The maximum number of C. pallida seen per nest on any one
occasion during the breeding season may provide a reliable index of parasitic pressure
(Lee and Clayton 1995). The maximum parasitic load seen at those nests studied with
enhanced levels of parasitism (mean = 10.17 £ 5.10) was significantly higher than that
seen at parasite reduced nests (mean = 3 + 2.53) (U = 3.05, z = 2.01, P < 0.05).
Addiﬁonally the mean number of C. pallida seen per nest over the entire season was
calculated and this was also significantly higher at parasitized (mean = 3.41 + 1.27) than
non parasitized nests (mean = 0.21 £ 0.23) (U= 0, z = 2.65, P < 0.05). In comparison
the mean parasite load at non manipulated nests was 3.72 + 2.65 at 47 nests in 2007,
and 4.21 £ 3.09 at 37 nests in 2008 (Walker and Rotherham 2010a). In 2009 eggs were
laid at 38 nests and the mean parasite load over all nests at the colony, including nests
not included in the video study, was 9.94 + 6.26 at 20 parasite enhanced nests and 2.14

+ 2.24 at 18 nests with reduced parasitism.

Parent birds at nests facing an artificially elevated level of parasitism had slightly lower
hourly visitation rates than those parents where parasite abundances had been reduced
(Figure 1). However, this difference was small and was not significant (U= 13, z = 0.27,
P = 0.39). Parents caring for offspring at nests facing an enhanced level of parasitism
spent longer at the nests when provisioning with food than parents at nests facing the
reduced abundances of parasitism (Figure 2). This differences was, unlike that seen for
mean hourly visitation rate, statistically significant (U = 3, z = 2.1, P < 0.05). No
significant interaction between date and parental provisioning level was seen (F = 3.99,

P=0.60).

A small sample of parental behaviour at eight nests was made over a single day. 34.37%
of parental time at nests was engaged in feeding young. 9.56% in nestling care and
56.07% in other activities. A greater percentage of time, 40.87%, was spent in feeding
young at reduced parasitized nests, than at nests with enhanced parasitism, where it was
26.82%. Nestling care composed 9.56% of parental time at reduced and 15.64% at

enhanced nests.
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Figure 1: The mean hourly parental visitation rate at nests with enhanced and reduced levels of
parasitic abundance. Parasite enhanced nests in black, parasite reduced nests in white. Error bars

indicate standard deviation.
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Figure 2: The mean visitation length by parents at nests with enhanced and reduced abundances of
C. pallida parasites. Parasite enhanced nests in black, parasite reduced nests in white. Error bars

indicate standard deviation.
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9.6: DISCUSSION

In summary, no convincing evidence of differences in the level of parental provisioning
between nests experiencing different levels of parasitism were found. Thus there is no
evidence either supporting or against the parental compensation hypothesis. The
difference in parental provisioning between nests was very small and not statistically
significant and no conclusions can be made from it. Parents at nests where parasitism
had been enhanced did spend significantly more time at the nests when provisioning
offspring. One possible explanation for this could be that such birds increase the quality
and quantity of food they provide to their more heavily parasitized broods, and thus

there feeding takes longer.

The costs to Common Swifts of parasitism are not clear. A reduction in parasitic
virulence is expected within host-parasite relationships over evolutionary time and has
been postulated as a reason for the lack of virulence observed within this relationship
(Tompkins et al. 1996). However, research upon a closely related host-parasite system
between the Alpine Swift Apus melba, and its associated Louse Fly species has found
evidence of detrimental effects (e.g. Bize et al. 2004), thus reduced parasite virulence

cannot simply be assumed.

A number of studies have found evidence supporting the parental compensation
hypothesis since it was first proposed by Moss and Camin (1970). Although no negative
effect of bird fleas Ceratophyllus gallinae were found on nestling Blue Tits Parus
caerulus, parents were found to increase their rates of provisioning where they were
present (Tripet and Richner 1997). A similar increase in parental provisioning by parent
Blue Tits was found by Bouslama et al. (2002). Adult Blue Tits were found to provide
more care in response to parasitism (Hurtrez-Bousses et al. 2000). Blue Tits parasitized
by Blow-fly (Banbura et al. 2004) increased both the quantity and quality of food

provisioned.

This study acts as an interesting introduction to this topic of research and suggests
numerous other avenues of potential study. An interesting question for further research
will be examining differences in the quality or amount of food provided to nests
experiencing different levels of parasitism. Although the weight and composition of

swift food pellets can be easily determined as adult swifts readily drop pellets when
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disturbed at the nests, there collection is difficult. The return to the nest by adults is
unpredictable and occurs only a limited number of times per day. In addition the
disturbance entailed to swifts can lead to their desertion from nests. Thus obtaining

substantial sample sizes of pellets is difficult.

This investigation is limited in that only a small number of nests could be examined.
Additional nests could not be studied due to the financial costs of equipment, the
sensitive nature of some birds, and the lack of similar accessible nesting sites in the
locality to act as replicates. However, the sample size used is, however, consistent with
that seen and used in similar studies. Hopefully, data collected in subsequent years can
lead to firmer conclusions. The results, despite the limitations, are however extremely
useful in that parental compensation was not readily apparent thus indicating that
parental compensation may not be occurring. It also raises awareness of this hypothesis,
maybe prompting investigation of these themes by others. Hopefully, more
comprehensive study of parental care at this site in further years will result in larger

samples being obtained.

The study illustrates the wide range of host traits that can be influenced through
parasitism and of the pernicious influence parasites may have. The clearly parasitic
nature of C. pallida observed in chapter 2 and the features of C. pallida population
structure which are parasitic in nature seen in chapter 3 should lead to clear costs to
hosts. These costs may be borne by various host life-history traits such as nestling
developmental stability, host lifespan or reproductive success, or nestling rates of
growth. Examination of these and other traits may lead to the discovery of such costs.
Another potential avenue of research is an examination of the influence of short term
weather changes on parental provisioning. Differences in parental provisioning between
parasitized and non-parasitized nests may be more pronounced in conjunction with poor
weather periods and thus lead to the identification of clear parasitic costs during
adverse conditions. Even in host-parasitic systems where the effects of parasitism are
not apparent, their absence should not be assumed before all ways in which they may be

being borne are explored.
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Photograph 1: An adult swift feeding a nestling at the nest. Photographs courtesy of
Erich Kaiser, Frankfurt, 2010.

Photograph 2: The transfer of food from parent to nestling. The nestlings here are

approximately 12 days old.
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9.7: CHAPTER SUMMARY

There were no differences in the rate of parental visitation to offspring facing either
experimentally enhanced or reduced levels of C. pallida parasitism. Neither was there a
notable difference in the length of feeding visits. Thus it can be concluded that adult

swifts do not increase levels of parental care in response to higher levels of parasitism.

The results do not support the tenets of parental compensation hypothesis that parents
bear the costs of their offspring's parasitism through increased parental care. The
provision of extra or additional care to parasitized offspring would be a significant
additional cost to breeding swifts and a notable disadvantage of parasitism. It appears
that the costs of C. pallida parasitism to nestlings are therefore not being deferred or

masked through increased care by parents.

The number and length of parental feeding bouts made to offspring is a reliable
indicator of levels of parental care. That no increase in the number or length of such
visits was apparent in the face of increased parasitism indicates that other variables are
of more importance in influencing parental investment. Weather and insect abundance

may be more important factors limiting the parental feeding.

This study, although restricted in extent, is useful, as previously only a limited number
of experimental studies have tested this hypothesis. This aspect of swift life-history
might have been thought especially likely to demonstrate such costs in this way, due to
the dependence of nestling success on parental provisioning rates. This facets of

parasitism had previously not been investigated in this study system.
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DISSERTATION DISCUSSION:
IS THE LOUSE FLY C. PALLIDA PARASITIC?

10.1: CHAPTER AIMS

A number of interesting discoveries were successfully made during the course of

research into C. pallida. This chapter aims to summarize these and to conclude whether

C. pallida successfully fulfils the criteria of Price's (1977) definition of a parasite. Is the

Louse Fly a parasite? The specific objectives are:

To summarize the results and discoveries about C. pallida life-history, especially
those which may be influencing the effect it has upon its swift host.
To assess whether there is any evidence that C. pallida influences A. apus

fitness.

The following will be discussed:

Explanations accounting for the life-history traits exhibited by C. pallida and
how these could be influencing its virulence will be formulated.

Limitations of the empirical investigations conducted both here and by others
will be discussed. Ideas for improvement will be suggested.

Further potentially productive avenues of research into C. pallida will be
identified.

Finally, a decision will be made as to whether the research question and
investigation hypothesis around which the dissertation is structured have been
answered or supported. Does C. pallida demonstrate parasitic traits? Does C.
pallida influence host fitness? Is C. pallida parasitic according to Price's

definition?

This discussion is necessary because the research presented throughout the course of the

dissertation has become increasingly complex. An overview of what has been

discovered and its implications is therefore needed to provide a clear summary of the

results.
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10.2: RESULTS OF EACH CHAPTER

The important results and discoveries of each investigation are stated. How these results
complement existing knowledge and their possible implications are discussed.
Limitations of previous research and possible methods of improvement are discussed.

The overall findings of the dissertation are then summarized.

Chapter 2: The Common Swift Louse Fly

The literature review examining C. pallida life-history found that this species exhibits
biological features clearly indicative that it is parasitic and has a parasitic life-style.
Evidence that C. pallida removes considerable resources from its swift hosts was found.
C. pallida demonstrates a high level of physical specialization towards a parasitic life-
style. The relationship with 4. apus is obligate. These are characteristic features

typically exhibited by a species that is parasitic.

This was the first time such a review has been conducted on C. pallida and as such it is
a significant contribution towards understanding this host-parasite system. Previously
information about this parasite had been disparate in nature and published in a variety of
languages. Research into C. pallida life-history was mostly of a substantial age. This

hindered a good understanding of this host-parasite system.

Numerous physical and ecological adaptations indicating C. pallida has a parasitic life-
style were identified. These included possession of physical features facilitating
resource removal from hosts, adaptations aiding its retention on hosts, and the close
synchrony of its life-cycle with that of swifts. The review identified many typically
parasitic features of C. pallida population structure, for example the high but
unexplained levels of parasite prevalence (Hutson 1981). There are conflicting reports
as to the deleterious impact of C. pallida upon its hosts (for; Biittiker 1944, Hutson
1981; against: Lee and Clayton 1995, Tompkins ez al. 1996). The paucity of knowledge
about this Louse Fly and this particular host-parasite system meant that the scope of the
review was limited, but suggested further investigation of C. pallida biology is
necessary. This review supports the hypothesis that C. pallida is parasitic as it shows
this species possesses the features indicative of having a parasitic mode of life and that

it should therefore have a significant detrimental effect upon its host.
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Chapter 3: Characteristics of C. pallida populations

The population structure of C. pallida was successfully investigated. It was discovered
that C. pallida exhibits high levels of population aggregation, has high rates of
prevalence upon hosts and exerts a high level of parasite pressure. An association of
parasite abundance with nestling presence was established, with larger broods
containing more C. pallida adults. Populations were discovered to decline throughout
the swift breeding period. The sexual composition of populations was also discovered,
with populations being found to be heavily female biased but changes in sexual

composition were found to occur over time..

The levels of parasite prevalence and population aggregation observed were
considerably higher than those reported for C. pallida by Lee and Clayton (1995) and
by Tompkins et al. (1996), and by McClure (1984) and Tella and Jovani (2000) in other
Hippoboscids. The strongly skewed sex ratio supports the observations of Hutson
(1981) and Kemper (1951), however, the variations in population sexual composition
over time were discovered here for the first time. This is the first time that the parasite

load has been found to be associated with nestling presence and brood size.

Parasitic abundance was also found to be much higher than that seen by Lee and
Clayton (1995) and Tompkins et al. (1996). Differences in parasite load depending on
the method used in its calculation were found. Measures of parasite load based on daily
mean C. pallida abundance were found to provide a more accurate way of measuring

parasitic pressure.

These results have large implications for studies of C. pallida parasitic efficacy. The
higher levels of parasite abundance, prevalence and aggregation, suggest that previous
studies may have falsely gauged parasitic pressure and thus obtained an unrealistic
impression of the effect C. pallida has on hosts. This may account for the lack of

parasite virulence previously observed.
The population parameters of C. pallida are in accordance with those typically seen in

parasitic species and thus suggest that C. pallida is likewise parasitic in nature. This

further supports the overall hypothesis that C. pallida is parasitic.
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Chapter 4: Inter-nest Dispersal

Marking of C. pallida adults led to the discovery that they move between host nests.
This discovery was unexpected and is contrary to previous assumptions that such
movements do not occur (e.g. Lee and Clayton 1995). Previous studies have assumed
that C. pallida transfers itself exclusively between adult and offspring hosts (e.g. Lee
and Clayton 1995, Tompkins et al. 1996). Bize et al. (2003) noted anecdotally the
possible occurrence of parasite self-mediated inter-nest dispersal by C. melbae. This
investigation was the first time that dispersal by adult C. pallida between A. apus nests
had been studied. It is also only the second investigation examining parasitic
transmission by any Hippoboscid parasite altogether. This was also the first time this
method of marking parasites had been used and thus is an important development in the

study of this and similar insects.

This discovery is of importance as the mode of dispersal influences parasitic virulence.
Where transmission is mainly horizontal transmission high levels of virulence can
develop as parasite fitness is not connected to that of hosts. Thus the discovery that C.
pallida transmission is probably predominately horizontal in nature would lead to the
supposition that C. pallida could develop high levels of virulence. Previously the
assumed vertical nature of transmission was thought to favour and explain the reduced
parasite virulence observed (Lee and Clayton 1995). This supports the dissertation
hypothesis that this parasite should have a strong negative effect upon its host, and

makes the lack of such costs found in previous studies even more puzzling.

Chapter 5: Host Selection

It was shown that C. pallida were found in greater abundances upon higher ranking than
lower ranking nestlings. There was also the surprising and unexpected discovery that
the ratio of females to males was greater on nestlings than at the nests. The findings
support the idea that C. pallida exhibits active host selection, with higher ranking and
thus potentially resource rich hosts being preferred over lower ranking possibly resource
scarce but weaker hosts. Despite the possibly higher levels of immunological defence of
higher ranking nestlings, these are probably preferred as hosts as they provide more
resources for parasites than their smaller ranking siblings. The sexual differences in host
selection are also potentially important. That proportionally more females than male are

seen upon hosts indicates that females feed more frequently than males, probably
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because of the higher nutritional demands that larval production entails. Thus female

parasitism may have a greater impact upon hosts than male.

This is the first time parasite host selection has been investigated or demonstrated
within this system. However, study of host selection by a related Hippoboscid parasite,
C. melbae, has found greater parasite numbers on hosts intermediate in size (Bize ef al.

2008).

These findings have important implications for the study of parasite virulence. Previous
studies have failed to investigate the effect of parasitism upon different ranks of
nestlings, instead examining parasitic effect on the entire brood and all the nestlings
they contained. Earlier studies have failed to quantify or consider the sexual
composition of nest parasite populations, thus potentially falsely gauging subsequent

parasitic pressures upon hosts.

Chapter 6: Other aspects of C. pallida and A. apus biology

Other factors possibly influencing parasitic virulence, including short term population
fluctuations, the presence of mate guarding, the timing of parasitic emergence, and host
hetero-thermy, were studied in this chapter. It was discovered that nest populations of C.
pallida can fluctuate considerably over relatively short spans of time, in some cases on a
daily basis. Evidence for parasite mate guarding and male clustering due to mating
competition was discovered. A close synchrony of parasitic emergence with host
presence was established, with the emergence of adult C. pallida being found to be
temperature mediated. Evidence that nestling host body temperature varies under

environmental stress was found.

These results were contrary to expectations and in most cases had not been previously
described. Parasite populations had been assumed to be relatively stable in nature (e.g.
Hutson 1981, Lee and Clayton 1995, Tompkins et al. 1996). The presence of mate
guarding and the formation of mating clusters has not been described previously. This is
the first empirical study investigating how temperature influences parasite emergence,
but its results do confirm the anecdotal reports made by Kemper (1951) and Lack
(1956) that adult C. pallida emergence occurs on arrival of adult swifts and initiation of

breeding at the nest sites. Nestling body temperature under environmental stresses haves
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not previously been investigated in swifts, although there are anecdotal reports of adult

swifts being able to endure periods of cooling (Koskimies 1948, Lack 1956).

These discoveries may affect parasite virulence. The short term population fluctuations
indicate that previous investigations of C. pallida efficacy may have falsely estimated
parasitic abundances, as populations sizes were determined on only a limited number of
occasions thus not providing a true representation of parasite numbers. As C. pallida
transfer between nest and host in order to feed, the number of adults temporarily absent
from the nest needs to be considered when estimating parasite load. The discovery of
male mate guarding and male clustering may influence population structure and thus
likewise influence parasitic loads and pressures. The synchrony of parasitic emergence
with host presence indicates the close association and likely parasitic nature of C.
pallida. The ability of nestlings to reduce temperatures and thus save energy, suggests a

possible mechanism by which swifts may mediate costs due to parasitism.

Chapter 7: Swift breeding success and C. pallida abundance

No notable association between parasite abundance and host breeding success was
found. This is unexpected given the specialized features of C. pallida biology
previously discovered, which suggest that it should have a strong detrimental effect on

hosts.

The results extend previous knowledge by presenting data from a previously unstudied
swift colonial nesting site. The results confirm these earlier studies which likewise
failed to find an association of parasitic abundance with parasitic effect (Hutson 1981,
Lee and Clayton 1995). The results from this study may confirm the conclusion made
by Lee and Clayton (1995) that this parasite has developed low levels of virulence.
However, the lack of virulence observed may be the result of the specialized nature of
Common Swift biology, meaning the transfer of parasitic costs onto traits with longer

term fitness implications is favoured.

The apparent lack of correlation between parasitic abundance and host breeding success
indicates that C. pallida does not have a particularly strong impact upon hosts or it may
indicate that the expected detrimental effect of C. pallida is expressed upon traits other
than those studied here.
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Chapter 8: Ectoparasitic load

There were no significant differences in a range of nestling host traits between nestlings
facing experimentally different levels of parasitism. This is a surprising finding and
contrary to the assumptions of host-parasite theory. A novelty of the study was that it
examined a number of host nestling traits which had previously not been studied for the
effects of parasitism, such as those indicative of nestling development. These results
imply that parasitism by C. pallida has no detrimental effect upon host reproductive

success.

These results are in accordance with the only other experimental investigation of this
system. (Tompkins et al. 1996). However, empirical studies looking at closely related
parasites, such as Crataerina melbae, have found clear effects due to parasitism (Bize ef
al. 2003, Bize et al. 2004a, Bize et al. 2005). A limitation of this study is that although it
considers previously unexplored host traits, it does not consider some of the traits
examined in these studies. For example, Bize et al. (2004a) showed that C. melbae
parasitism caused nestling compensatory growth, while Bize ef al. (2004b) showed that
such parasitism affected host lifespan. Also, it did not consider some of the findings on
C. pallida biology elucidated earlier in this dissertation, such as the evidence of host
selection, intra-nest differences in parasitism, or ephemeral population fluctuations.

Further work should examine these and other host and parasite traits.

The main implication of these results is that there is apparently no clear detriment to
hosts as a result of resource removal by C. pallida. This does not therefore support the

dissertation hypothesis.

Chapter 9: Parental investment in response to parasitism

No difference in parental investment was observed between broods experiencing either
enhanced or reduced parasitic abundances. This is unexpected as it has been proposed
that parents may increase levels of support to offspring in order to offset the costs they
face from parasitism. This is known as the parental compensation hypothesis (Moss and

Camin 1970).

Other studies have found a connection between parental investment and parasitism (e.g.

Tripet and Richner 1997, Bouslama et al. 2002, Banbura et al. 2004). However, the
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results of this investigation failed to support the parental compensation hypothesis and
are thus further contrary to the dissertation hypothesis. However, the results are limited
because only a very small number of broods could be studied and that the quality or
exact quantity of food provided could not be determined. The study is useful in
demonstrating the varied ways parasitic costs may be borne and in prompting others to
conduct further study. This finding likewise illustrates that no clear costs of parasitism

are apparent to the host; contrary to expectations and the dissertation hypothesis.

Summary of main findings:
The specific results of each chapter were discussed in detail above. However, a
summary of those findings which are of especial importance or which were previously
unstudied may be of interest in emphasising the novelty of research:
e C. pallida found to exhibit strong physical and behavioural specialization
towards a parasitic life-style.
e Higher levels of parasite prevalence, population aggregation, and parasite
abundance were found than has previously been the case.
e Decline in C. pallida population size observed and documented. Short term
variations in C. pallida populations were documented for first time.
e Sexual composition on C. pallida populations documented; discovery of
temporal variation in population sexual composition.
¢ Evidence for parasite host selection sought and found.
e Possibility of inter-nest dispersal, mating competition, host torpor, and linkage
of parasite emergence with host presence, studied or documented for first time.
e Experimental study of C.pallida efficacy confirms previous study which found
no detrimental effect on hosts due to parasitism. First quantification of a number
of parameters associated with nestling development.

¢ First investigation of parasitic effect on parental investment in this system.
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10.3: OVERALL CONCLUSION

From these specific findings, the following can be surmised:

C. pallida was found to exhibit life-history traits and ecological features
indicative that it is parasitic in nature and that it is involved in a host-parasitic
relationship with 4. apus. C. pallida possess morphological and population traits
indicative of possessing a parasitic mode of life. C. pallida removes
considerable amounts of resources from hosts. There is close synchrony of C.
pallida and A. apus life-cycles. Therefore C. pallida is expected to be a
particularly effective and pugnacious parasite and to thus have a considerable

effects upon its hosts. (Evidenced by Section A)

However, subsequent investigation failed to determine any detrimental impact
upon A. apus as a result of being infested by C. pallida. Observational study
failed to find an association of host success with C. pallida abundance. There
was no difference between broods experiencing increased and reduced levels of
C. pallida infestation in a number of A. apus life-history traits. Parents of broods
with experimentally increased C. pallida abundances did not increase parental

provisioning rates. (Evidenced by section B).

This is a definition of parasitism, provided by Price (1977), which was selected to

provide a structure around which to frame research. A parasite is:

'an organism in or on another living organism obtaining from in part or all
of its organic nutriment, commonly exhibiting some degree of adaptive
structural modification, and causing some degree of real damage to its

host.'

Strictly following this definition, to be classed as a parasite a species should remove

resources from another, be specialized for such a life-style, and as a result of this

resource removal cause some detrimental effect upon hosts. Under these criteria, and

considering the evidence discovered in the course of these scientific inquiries, it can be

concluded that:

C. pallida does not fulfil this strict definition of parasitism; although it exhibits
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considerable adaptation to obtaining resources from 4. apus, and there being
good evidence that it removes such resources, no discernible detriment to 4.

apus hosts could be established as a result of this interaction.

There are a number of implications of this conclusion. Firstly, as to whether the
relationship between Common Swifts and Louse Flies should be termed parasitic.
Secondly, an investigation into the true nature of the relationship between the swift and

its host needs to be made.

10.4: CONTEXT OF CONCLUSION TO PREVIOUS RESEARCH

It is necessary to examine these results and associated conclusion in context with
previous research. There is a strong body of evidence that avian parasites have negative
effects upon hosts (reviewed by: Mgller et al. 1990, Lehmann 1993, Mgller 1997).
Seminal volumes published within the previous decades have highlighted the growing
understanding of host-parasite systems and the clear negative consequehces of
parasitism, especially to avian hosts (e.g. Loye and Zuk 1991, Clayton and Moore 1997,
Poulin 2007).

However, there is no clear evidence regarding this specific relationship between 4. apus
and C. pallida. A number of authors state that C. pallida should have negative
consequences upon A. apus fitness (Biittiker 1944, Weitnauer 1947, Lack and Lack
1951, Lack 1956, Bromhall 1980, Hutson 1981, Hutson 1984). Despite these anecdotal
reports and observations, basic observational and empirical investigation has failed to
demonstrate the presence of such detrimental effects on hosts:
e Hutson (1981) failed to demonstrate any association between C. pallida parasite
load and the physical condition of adult swifts.
e No correlation between Common Swift breeding succésé and C. pallida nest
population abundance was found (Lee and Clayton 1995).
e An experiment found no difference in host breeding success between broods

(Tompkins et al. 1996).

Thus, the results and conclusion of the investigations conducted here confirm and
substantiate these previous findings. This lack of clear detrimental effects is especially

surprising as such costs are clearly evident in other closely related Hippoboscid host-
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parasite systems:
e The physical condition of cardueline finches was found to be related
Hippoboscid louse fly parasite, Ornithoica turdi abundance (Senar et al. 1994).
e Clear detrimental effects of parasitism caused by a roughly analogous species of
Louse Fly to C. pallida, C. melbae, a parasite of the Alpine Swift 4. melba, have
been found (Bize et al. 2003, Bize et al. 2004a, Bize et al. 2004b).
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10.5: EXPLANATIONS FOR CONCLUSION
What has happened to the expected 'costs' of parasitism? Why are the expected costs of
this relationship to A. apus either not apparent or not present? What factors are

mediating or obscuring these costs?

Reduced Parasite Virulency: According to the tenets of host-parasitic theory reduced
parasitic virulence will develop over evolutionary time and with increasing closeness
and dependency between host and parasite (Anderson and May 1978). Where parasite
reproductive success is dependant upon host success, those parasites having a reduced
effect upon hosts will experience higher levels of fitness and be selected for. There are
many examples of this occurring, notably the reduced virulence exhibited by H.I.V.

recently.

Such a development of reduced parasitic virulence may have occurred between C.
pallida and A. apus. There is good circumstantial evidence that this is the case. The
obligate nature of the relationship, with C. pallida being totally dependent upon a single
specific host, A. apus, is indicative that a linkage of C. pallida fitness with that of the
hosts has occurred. The close synchrony of parasitic emergence with host arrival and
corresponding convergence of swift and C. pallida breeding demonstrates the closeness
of the relationship. C. pallida is unable to survive without its 4. apus host. The lack of
apparent costs to A. apus hosts indicates that the C. pallida is no longer parasitic and

that the relationship between these two species has become commensal.

The costs of parasitism may become reduced either through reduced parasitic efficacy,
though better host defence against parasitism, or a combination of both factors. Avian
host-parasitic research has concentrated upon studying aspects of host defence and
immunity, for example with the development and use of assays of host immunology and
by considering the theoretic implications of trade-offs between host immunology and
host condition (Poulin 2007). However, although parasites are expected to develop
reduced efficacy, the ways this may occur has been relatively little studied. The host
centred viewpoint of host-parasite research has resulted in factors causing such reduced
parasite efficacy, such as modifications in parasite behaviour, life-history and ecology,

being neglected.
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Emphasis of parasite biology: This dissertation is therefore a useful counterweight and
its emphasis on parasite biology is pertinent and novel. It suggests ways in which such
reductions in parasite virulence influenced by parasite ecology and behaviour could
have occurred. This can be exemplified through the discovery of temporal changes in C.
pallida population sexual composition. The seemingly puzzlingly high female sex ratios
exhibited by C. pallida, may not be puzzling at all, but a consequence of an evolved
'kamikaze' strategy of males which once mated can best increase their own fitness
through mortality. This would thus reduce parasitic impact upon hosts and potentially
reduce the risk of nestling mortality and associated adult swift nest desertion. Such nest
desertion would lead to the cessation of breeding by female C. pallida inseminated by

males.

Specialization of swift lifestyle: The development of reduced parasitic virulence may be
especially likely within the C. pallida and A. apus relationship, due to the extreme
biological constraints and specializations 4. apus experiences and exhibits. 4. apus
reproductive success is extremely time constrained; with successful fledging of
offspring being necessary within 100 days of commencement of adult breeding. The
unpredictable nature of European summers and consequent vagaries in insect food
abundance means that reproductive success is highly precarious. Thus an additional
negative impact from parasitism may be of critical importance in determining host
success and may have favoured a reduction in parasitic vulnerability by this host. Even
a closely related species, the Alpine Swift, does not experience such heavy constraints,
and thus hosts and parasites may not be under the same pressure to exhibit reduced
virulence or susceptibility, accounting for why costs are present in this systems but not

between C. pallida and A. apus.

A reduction in C. pallida populations?:C. pallida populations may not reach levels
needed to have a substantial or even detectable effect upon the swift hosts. There may
be a number of reasons for this. Selection for low C. pallida population abundances
may have occurred. C. pallida may 'choose' not to occur at high population densities.
Although such an argument may sound somewhat group selectionist, there are
nevertheless ways in which this may be selected for. Individual C. pallida success is
strongly related to the success of nestling hosts. Only with continued nestling survival

can the C. pallida reproductive cycle be successfully completed. Therefore it is in each
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individual C. pallida own interest to reduce the pressure it exerts upon hosts. This may
occur in a number of ways. C. pallida is not fecund, producing only 7 or 8 offspring per
annum, compared with other Diptera this is an extremely low rate of population
renewal. This may developed in order to reduce nest population levels in order to have
avoid detrimentally impacting the host. Likewise male C. pallida may emerge earlier
than females and die sooner in order to reduce parasite population levels at the nest.
Such self-induced mortality may be favoured if it ensures survival of males own

offspring.

This idea of lowered populate size accords well with host-parasite theory. With
increasing evolutionary closeness between parasite and host species, parasite
virulency is expected to decrease. This can be either through increased host
immunity or through reduced parasitic pathogenicity. It appears that lower C.
pallida population abundance may indicate the increasing evolutionary closeness
between parasite and host. This leads weight to the idea that relationship has

become commensualistic.

However, there are other reasons why the parasite population seen may not reach levels
detrimental to the host. At the Oxford nesting site studied nests are cleaned each year
meaning that parasite populations do not reach higher levels. Study at this study site, as
seen in chapter 3, found higher parasite populations at undisturbed nests. Other factors
may be lowering C. pallida populations. Parasite pupal mortality may be high during
harsh winters. The previous few winters have been particularly harsh. Also, how C.
pallida interacts with other parasites and microparasites is unknown. Other parasites
which swifts harbour may lead to a reduction in C. pallida population size or

pathogenicity.
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10.6: IMPLICATIONS OF CONCLUSION

The discoveries made have implications for further studies of this inter-specific

relationship and for host-parasite research in general. The implications for the

relationship between C. pallida and A. apus are:

The association between C. pallida and A. apus may not be parasitic but instead
commensal. Although the lack of costs may appear puzzling and counter-
intuitive, it may in fact reflect what is expected to occur between host and

parasite through evolutionary time.

The relationship between C. pallida and 4. apus may be an example of an
inquiline relationship. Parasitism, as a discrete category of inter-specific
relationship, can and has been subdivided into various more exact relationships
more precisely defining the specific nature of costs and benefits. Inquilism is a
type of parasitic relationship in which one species is obligate upon another but
which causes no detriment to its host. Inquiline means 'lodger'. Such
relationships have possibly developed from previous strictly parasitic
relationships, in which reduced parasitic virulence developed either through
selection of parasites with reduced virulence or through increases in host

resistance.

The wider implications of this study include:

The study demonstrates that host-parasitic systems can only be fully understood
once a good knowledge of the biology and ecology of both participants in the
relationship is known. Knowledge of host and parasite life-history is a pre-

requisite to the full understanding of host-parasitic system functioning.

The effects of parasitism can only be deciphered once correct levels of parasitic
pressure and load can be quantified. The correct quantification of this is only

possible when parasite ecology and life-history is well known.

Parasites will exhibit traits which enhance their own fitness. However, how
parasites increase their own fitness has rarely been studied in comparison to that

of hosts (e.g. Poulin and Combes 1999, Poulin 2007). An increasing emphasis
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upon parasite fitness and a more parasite centred viewpoint may be equally

productive in allowing understanding of host-parasitic relationships.

The dissertation demonstrates the growing depth and breadth of general host-
parasitic research. Initial research simply quantified whether parasitic effects
were observable upon basic host life-history traits such as nestling survival (e.g.
Mgller et al. 1990). However, the effects of parasitism have been shown to be
much more widespread and occur over a much wider range of host traits (e.g.

Moller 1997).

A strict categorization of inter-specific relationships may not be possible. Such
relationships may be best seen as occurring upon a movable scale of increasing
benefit and detriment to each partner, rather than as being part of discrete
category. The classification of relationships as being symbiotic, mutualistic, or
parasitic, is artificial and simplistic. Such categorization may be an unhelpful
construct that does not reflect the complex realities of inter-specific

relationships.

10.7: LIMITATIONS

There are a number of limitations to research into the C. pallida and A. apus relationship

conducted both here and previously. Limitations to pre-existing research on this host-

parasite system include:

The scarcity of swift, A. apus nestling sites offering the possibility of study. This
means that C. pallida parasitism has only been examined at a single nesting
colony previously, that within the Oxford Biological Museum in Oxford. The
limitations of this site has meant that in former studies only limited sample sizes
could be obtained. In comparison the effect that the analogous insect, C. melbae,

has upon its Alpine Swift hosts has been investigated at a number of sites.

The previous studies investigating the efficacy of C. pallida considered only an
extremely limited range of host traits: For example the study by Lee and Clayton
(1995) considered only basic host life-history traits associated with host

reproductive success. In addition this study was purely observational in nature
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and thus could make no firm conclusions as to the effect C. pallida was having.
This study did not consider a number of traits related to nestling growth or traits

which affect longer term host fitness.

e The abundances of C. pallida reported in previous studies, such as that by
Hutson (1981), may not reflect their true nature. The findings of the
investigations into C. pallida life-history presented here, suggest that assessing
C. pallida population abundance is more difficult than initially thought. An
incorrect estimation of C. pallida abundance may lead to a false estimation of
parasitic load, which in turn could lead to a consequent failure to find evidence

that C. pallida has a detrimental effect upon its hosts.

This dissertation shares some of the limitations of these previous studies:
e Study sizes were likewise limited in extent and only a single site could be
examined. This is best demonstrated through the parental provisioning study, in
which less than a dozen nests could practically be examined due to financial and

practicality constraints.

e Whether the correct level of parasitic pressure was determined remains likewise
unknown. Although it was acknowledged that quantifying abundance is complex
and factors possibly affecting it were studied, its exact quantification remained
difficult. C. pallida life-history requires more study to allow a correct

assessment of abundance and therefore parasitic pressure to be made.

e Although several previously unstudied host traits were examined, nevertheless
only a limited number and range of parameters could be examined for parasitic
costs. The main emphasis of the investigations presented here was upon traits
important to nestling growth and development. This allowed a more thorough
examination of this aspect of host biology than that conducted in previous
studies, but meant that other traits were neglected. The range of traits upon
which parasites could be having an effect is large, and it was necessary to
concentrate upon those believed most likely to exhibit such costs. Time,
financial and practical constraints limited the range of traits that it were possible

to study. Examining the effects of parasitism on swift lifespan, is for example,
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difficult due to the difficulty of tracking swifts throughout entire lifespans.

Aspects of host biology such as host immunity, sibling competition, or host
behaviour were not studied. This was done on purpose in order to concentrate
instead on features of parasite biology which are typically neglected in host-
parasite study. This concentration on the biology of the parasite is instead one of
the key strengths of these investigations. More thorough examination of host
biology may lead to the discovery of detrimental effects as a result of the C.
pallida relationship.

Only the effects of a single parasite; C. pallida, were considered. Actually swifts
are host to a wide range of both ecto- and endoparasitic species. These include
feather mites, nasal mites, and chewing lice (Dennyus hirundinis (L.)
(Phthiraptera: Menoponidae). Swifts may also harbour microscopic parasitic
organisms such as viruses and bacteria, for example avian malaria. The effect
these other parasites have on 4. apus is unknown and has yet to be studied. How

such parasitism interacts with that of C. pallida remains likewise unknown.
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10.8: AVENUES OF FURTHER STUDY:

These limitations and the results of the investigations conducted here suggest numerous

avenues of potential further study:

Synchrony of C. pallida and A. apus lifecycles: The mechanisms behind the close
synchrony in C. pallida and A. apus life-cycles requires further study. For
example the processes initiating C. pallida emergence are unclear. Do C. pallida
pupae possess an internal clock allowing emergence at the correct period? Is
such emergence mediated by weather condition, and if so which? Or is
emergence initiated through detection of host presence through movement or

olfactory senses?

Sexual differences in C. pallida parasitism: Determining the difference in
parasitic pressure exerted by female and male C. pallida would be pertinent.
Female C. pallida remove larger quantities of blood from A. apus hosts, thus the
costs they incur should be greater. Future studies should consider these
differences and study there possible effects. Also examining whether C. pallida
populations are affected, or indeed, suffer from parasitism should be examined.
C. pallida has been reported to be prey to a parasitoid insect, pictured in
Photograph 1, which may be influencing C. pallida population sizes.

C. pallida emergence: Further investigation of C. pallida emergence is needed.
Whether equal proportions of males and females emerge over the entire summer
needs to be determined, and also whether there are differences at specific nests.
In addition clarification as to whether males emerge earlier than females is
needed. The lifespan of Louse Flies should be determined and also possible
differences between males and females. Males may have lower lifespans due to
the costs of male-male competition. Given the potential differences in parasite
cost caused by males and females examination of such differences is most

pertinent in determining parasite efficacy.

Establishment of host-parasite phylogenies: The length and closeness of
association of C. pallida with A. apus is unknown. Genetic analysis may reveal

its extent and length. Phylogenetic study comparing and contrasting
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evolutionary relationships between host and parasite for 4. apus and other
Apodidae species, along with their Hippoboscid hosts, may illustrate the link

between host-parasite relationship closeness and parasitic virulence.

Immunological study of host resistance: Biochemical or genetic assessment of
swift host ability to resist parasitism would allow study of host biology
contrasting with the parasite centred view presented here. The relationship of
nestling rank, size, and resource availability with host resistance to parasitism
and its corresponding effect on parasite fitness would be of interest. Study of the
predisposition of hosts to parasitism would be pertinent. as parasitic abundance
of populations is somewhat dependent of host ‘quality’ and fitness. This has

been studied in Bize et al. (2008), in A. melba, but not in 4. apus.

Intra-brood effects of parasitism: The discovery of intra-brood differences in
parasite host selection identified within this dissertation open up the possibility
of intra-brood differences in the expression of parasitic costs occurring. This,
and previous studies of this host-parasitic system, have considered the effects of
parasitism only upon the entire nest system. Further work could investigate such

within nest differences in parasitism and its consequences.

Study of relationship of parasitism with other environmental and social factors:
Multivariate analysis of the inter-relationship between parasitism and other
factors such as weather, food abundance, and host competition is required.
Whether parasitic effects can be determined under regimes where additional and

cumulative environmental and social stresses are apparent may be pertinent.

The effect of other ecto- and endoparasites: An investigation into the effects of
cumulative parasitism by the numerous parasitic species to which Common
Swifts play host may reveal true costs of such parasitism. It may be that C.
pallida infestation may offer host benefits by leading to a reduction in other
forms of parasitism. For example parasitism by Protocalliphora nest
ectoparasites is low at swift nests and this may be the result of competition with
C. pallida at the nest sites. As such parasitic Blow Fly lead to high host

mortality, swifts may actually preferentially favour the relatively benign Louse
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Fly. C. pallida may act as a vector of microscopic blood parasites (Baker 1967).
This may influence the negative effect of C. pallida parasitism. The costs of C.
pallida parasitism may vary depending on whether such phoretic transfer occurs
and impose additional costs or even benefits to hosts. Such phoretic transfer of
blood parasites may lead to benefits to hosts and thus mediate the costs of C.
pallida parasitism. There are several examples where infection by one agent,
offers resistance to attack from other pathogens e.g. infection' by cowpox is

classically known to offer resistance to smallpox.

e Examination of host traits of lifetime fitness consequence: Examination of host
life-history traits not previously studied may elicit parasitic costs and
demonstrate that the costs of parasitism are borne upon traits with longer term
fitness implications than those studied here. The practical difficulties of studying
such traits may however make such study impossible over the short time and

with the limited number of study sites available.

o Need for species specific explanations: Rather than simply collecting evidence
of the effect which parasitism has, such evidence must be explained in the
species specific context in which it occurs. Simply documenting parasitic
effects, without attempting to explain why they occur in the way they do is
unproductive.

Photograph 1: Dibrachys cavus Walker, 1835, (Hymenoptera: Pteromalidae) is a
chalcid wasp parasitoid of C. pallida, predating upon the pupae of C. pallida. However,

it remains totally unstudied.
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10.9: STATE OF DISSERTATION
Has the research question been answered? Is C. pallida parasitic?
The overriding research question initially proposed in the introduction and around

which investigations were structured, was:

Does the Louse Fly, Crataerina pallida, fulfil the conditions defining a parasite species?

This investigation has shown that C. pallida possesses the attributes expected of a
species engaged within a parasitic association. Many of its life-history traits,
particularly the large quantities of blood it removes from hosts, indicates that it should
be a particularly efficacious and pugnacious parasite. However, no evidence that there
are negative effects to Common Swift hosts as a consequence of its association with C.
pallida were found. Thus the answer to the research question is in the negative. An
assumption contained within the standard definition of parasitism provided by Price
(1977) is that as a result of such an inter-action there should be some negative effect
upon hosts. The conclusion is that the relationship does not, strictly fulfil the definition

of a host-parasitic relationship.

The discoveries and results contained within this dissertation suggest that C. pallida
may have reduced its own virulence in order to maximise its own fitness. Thus the
relationship between C. pallida and the A. apus Common Swift host has become

inquiline in nature as predicted by host-parasitic theory.

State of hypothesis

The dissertation hypothesis, stated in the introduction, was:

The inter-specific relationship between the Louse Fly, C. pallida, and the Common

Swift, A. apus, is parasitic in nature.

As the research question has been answered in the negative, with no evidence of a
negative effect upon 4. apus hosts, the following statement about the hypothesis can be
made:

The hypothesis has not been supported or proved.
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The dissertation has emphasized the highly specialized and inter-connected nature of
swift host and parasite louse fly biology. Examinations of other host-parasite systems
should likewise consider the species-specific contexts in which parasitism is occurring.
The unique features of each specific host-parasitic association mean that a full
understanding of the functioning of each system can be gained only by considering it in
its own specific context. The expression of detrimental effects due to parasitism should
not be expected or assumed to occur, but the reasons possibly mitigating them or

accounting for an absence should be sought.
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10.10: CHAPTER SUMMARY

The investigations conducted during the course of this dissertation demonstrate the
closeness of the relationship between C. pallida and A. apus. C. pallida is clearly
obligate and dependent upon its host. However, although the nature of C. pallida
biology indicates that it is parasitic, and should therefore have a clear detrimental effect
upon its hosts, no such effect is apparent. An apparently more commensal relationship

has developed.

The answer to the dissertation research question asking whether there are negative
effects to A. apus as a result of being engaged within this relationship is therefore in the
negative. Thus the dissertation hypothesis stating that such an effect should be seen has

not been supported.

An explanation for this lack of virulence, the development of reduced parasitic
virulence, was presented and appears likely. Further research upon this host-parasite
system could investigate whether this has occurred, or seek the expected costs of
parasitism upon host traits not examined in the investigations contained within this

dissertation.
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