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ABSTRACT
Phorid and conopid flies parasitize bumble bees (Bombus spp.) in southwestern
Alberta. Conopids parasitized bees at several sites, whereas phorids parasitized bumble
bees extensively only at Barrier Lake. The prevalence of phorids and conopids differed
among bumble-bee species and sexes. Although phorids and conopids may increase
their reproductive success by parasitizing relatively large bees through more (phorid) or
larger (conopids) offspring, large bees were rare at my study site. Nevertheless,
conopids tended to parasitize large bees and thereby achieved heavier offspring. In
contrast, phorids achieved relatively large offspring on small bees when few larvae
developed per bee. The lifespan of bumble bees in the laboratory was reduced
considerably by phorid parasitism, but less so by conopid parasitism, and similar results
are expected among bees in the field. Conopid parasitism affected the incidence of
pollen collection by bees, but neither phorid nor conopid parasitism affected the species
of pollen that bees collected.
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1 Introduction
1.1 Parasitoids of social insects
Organisms are exposed to a variety of natural enemies that may threaten their
survival and reproductive success. Social insects are host to parasites (e.g. viruses,
protozoans, entomopathogenic fungi, helminths, nematodes, mites) and hymenopteran,
dipteran and strepsipteran parasitoids (Schmid-Hempel, 1998). Of these, parasitoids are
probably the least well known, perhaps because they have traditionally been considered
in the context of controlling pest species (e.g. Sweetman, 1963; Greathead, 1986;
Godfray, 1994; Vinson et ah, 1998), relatively few of which are social insects (but see
Johnson, 1988; Jouvenaz, 1988).
Parasitoids have a strong potential to suppress host populations (Beddington
et al, 1978; Hassell, 1986) and affect host community structure through non-random
attack of host individuals and species (Hassell, 1986; Lawton, 1986) and alteration of
host survivorship and behaviour (Godfray, 1994). Parasitoid prevalence (proportion of
hosts parasitized) can differ both intra- and interspecifically among hosts when coexisting
hosts differ in quality or susceptibility to parasitoids. For example, differential parasitism
risk among host species arising from parasitoid host preference may determine the
outcome of competitive interactions between hosts for limited resources (Feener, 1981;
Orr et al, 1995). Conversely, differential parasitism risk within host populations may
stabilize host-parasitoid population dynamics if parasitism is sufficiently aggregated in
space or time (Munster-Swendsen & Nachman, 1978; Chesson & Murdoch, 1986; Walde
& Murdoch, 1988). Even if parasitoids do not exert a strong mortality effect on their
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hosts, parasitism may adversely affect the foraging efficiency of hosts. For example,
while foraging, bumble bees (Hymenoptera: Apidae) containing conopid (Diptera:
Conopidae) larvae may become torpid more frequently than unparasitized bumble bees,
perhaps because parasitism affects a bee's ability to thermoregulate (Heinrich &
Heinrich, 1983).
Parasitoid prevalence often differs within and between social insect species and
may correlate with aspects of host ecology. For example, Pseudacteon phorid flies attack
the imported red fire ant, Solenopsis invicta (Hymenoptera: Formicidae), more frequently
than other related ant species, both in the field (Porter et al., 1995a) and laboratory
(Gilbert & Morrison, 1997). The exact cause of this preference is not known, but it may
be motivated by host-specific chemical cues (e.g. Brown & Feener, 1991; Feener et al,
1996), or the reliance of Pseudacteon females on polymorphic host species, like S.
invicta, for the sex determination of their offspring (Morrison et al., 1999). Parasitoid
prevalence may also differ within host species. For example, aggregating males of the
stingless bee Cephalotrigona capitata (Hymenoptera: Apidae) experience drastically
higher levels of parasitism by Apocephalus apivorus (Phoridae) than conspecific females
(Brown, 1997). It is not clear whether the aggregation behaviour of C. capitata males or
some other factor causes them to have relatively higher incidences of parasitism than
conspecific females. Despite common differences in parasitoid prevalence within and
between host species, the factors that determine host use by parasitoids are often
unknown.
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The presence of parasitoids often affects the behaviour of social insect hosts and
can alter the outcome of interactions between species for resources. For example, at
experimental baits, Solenopsis invicta workers ceased foraging and assumed defensive
postures in the presence of their parasitoid, Pseudacteon solenopsidis (Porter et al.,
1995b). As a result, the competitive dominance that S. invicta exerted over co-occurring
ant species was disrupted, and the diversity of ant species foraging at these baits
increased (Orr et al, 1995). In other cases, Pseudacteon attacks on S. geminata had a
large effect on exploitative competition with S. invicta, but little effect on interference
competition (Morrison, 1999).

1.2 Parasitoids of bumble bees (Hymenoptera: Apidae)
Bumble bees are attacked by a variety of hymenopteran and dipteran parasitoids
(Table 1.1; Schmid-Hempel, 1998, 2001). In most cases, parasitoids of bumble bees are
known to reduce the survivorship of host colonies and individuals or alter the behaviour
of adults. In particular, dipteran parasitoids tend to attack adult bumble bees, whereas
hymenopteran parasitoids typically attack brood (Schmid-Hempel, 1998). Although
parasitoids that invade bumble-bee nests can do severe damage, parasitoids that attack
only adults can also adversely affect bumble bees (Table 1.1).
Although the majority of parasitoids described in Table 1.1 are poorly studied,
parasitism of bumble bees by conopid flies (Conopidae) has been investigated in greater
depth. Conopid flies parasitize bumble bees while they forage for pollen and nectar
(Allen, 1969, Schmid-Hempel & Schmid-Hempel, 1996b). The average incidence of

Table 1.1. Dipteran and hymenopteran parasitoids of bumble bees and their effects on bee behaviour and survival.
Effects on bee survival

Bee stage
Parasitoid

attacked

Effects on bee behaviour

or colony success

Reference

Dipteran parasitoids
Conopidae
Physocephala

adults

& Sicus spp.

infected workers less likely

infected workers have 45-65% Schmid-Hempel & Muller,

to collect pollen, have reduced

shorter residual lifespans (in

1991; Schmid-Hempel &

flower constancy and tend to stay

lab) than uninfected workers

Schmid-Hempel, 1990, 1991;

away from nest at night

Muller & Schmid-Hempel,
1993; Schmid-Hempel &
Stauffer, 1998

Phoridae
Apocephalus
borealis

adults (?)

unknown

infected workers may have up

Otterstatter et ai, unpublished

to 70% shorter lifespans (in

manuscript

lab) than uninfected workers
...continued

Bee stage
Parasitoid

Effects on bee survival

attacked

Effects on bee "behaviour

adults

unknown

or colony success

Reference

Sarcophagidae
Senotania tricuspis

unknown - but can reduce

MacFarlane & Pengelly, 1975

honey-bee (Apis mellifera)
lifespan by 25%

Brachycoma spp.

larvae, pupae

unknown

can cause severe damage to

Cumber, 1949; Alford, 1975

infected nests

Hvmenopteran parasitoids
Mutillidae
Mutilla europaea

pupae

unknown

can cause severe damage to

Alford, 1975; Whitfield &

infected nests

Cameron, 1993; Brothers
et al, 2000

...continued

Bee stage
Parasitoid

Effects on bee survival

attacked

Effects on bee behaviour

pupae

unknown

or colony success

Reference

Eulophidae
Melittobia chalybii

can cause severe damage to

Alford, 1975; Whitfield &

infected nests

Cameron, 1993

infected queens become

infected queens rear smaller

Alford, 1968, 1975

sluggish and abandon brood

workers

Braconidae
Syntretus
splendidus

adults
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conopid parasitism among bumble-bee workers is 20-30% (but peaking at 70%) in
Europe (Schmid-Hempel, 1998), 10-30% in Japan (Maeta & MacFarlane, 1993) and 520% in eastern North America (MacFarlane & Pengelly, 1974). By adversely affecting
foraging workers through increased mortality (Schmid-Hempel & Schmid-Hempel 1988,
1989, 1991) and altered foraging behaviour (Schmid-Hempel & Schmid-Hempel 1990;
Schmid-Hempel & Miiller, 1991; Miiller & Schmid-Hempel 1993; Schmid-Hempel &
Stauffer, 1998) conopids may reduce colony size and investment in sexual individuals
(Miiller & Schmid-Hempel 1992a, 1992b). Conopid parasitism can also alter the
effectiveness of bumble-bee workers as pollinators (Schmid-Hempel & Schmid-Hempel,
1990; Schmid-Hempel & Schmid-Hempel, 1991; Schmid-Hempel & Stauffer, 1998).
Conopid parasitism may significantly reduce the lifespan of bumble-bee workers,
thereby diminishing their contribution to colony growth and reproduction. Bumble bees
parasitized by conopids may only live 45-65% as long after collection, when maintained
in the lab with food, as unparasitized bees (Schmid-Hempel & Schmid-Hempel, 1988,
1989, 1990). Further, workers containing Sicus ferrugineus larvae have significantly
shorter residual lifespans than those containing Physocephala rufipes larvae, reflecting
the different larval development times between these conopid species (Schmid-Hempel,
1989). Consequently, conopid parasitism may diminish the worker force of a colony and
reduce the resources (pollen and nectar) gathered for colony growth. In turn, reduced
colony size and pollen availability could ultimately decrease the number and/or quality of
males and queens produced (Michener, 1964; Owen et al., 1980; Sutcliffe & Plowright,
1988; Schmid-Hempel & Durrer, 1991; Miiller & Schmid-Hempel, 1992a, b). However,
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workers parasitized by conopids need not live shorter lives than unparasitized bees
(Otterstatter et al., in revision), and conopid prevalence may be too low in some areas
(e.g. MacFarlane & Pengelly, 1974; Otterstatter et al, in revision) to affect colony
reproduction through worker mortality (Muller & Schmid-Hempel, 1992b). Clearly,
more investigation of conopid prevalence and effects on bumble-bee mortality is needed.
Conopid prevalence often differs between bumble-bee species and sexes in
patterns that do not reflect differences in relative host abundance (Schmid-Hempel &
Schmid-Hempel 1988; Schmid-Hempel et al. 1990). In a review of conopid prevalence
among bumble bees in Europe, Schmid-Hempel & Schmid-Hempel (1988) found
conopids in 10-30% of Bombus pascuorum and B. lapidarius and 0-10% of B. pratorum
and B. hortorum. Bombus pratorum likely experiences little conopid parasitism because
it emerges early in spring and completes its colony cycle before adult conopids emerge
(Schmid-Hempel et al, 1990). However, this explanation cannot apply to the later
emerging B. hortorum, which is typically active during the same periods (for bumble-bee
species phenology, see Prys-Jones & Corbet, 1987) as adult conopids (e.g. SchmidHempel et al., 1990). In other cases, differences in conopid prevalence among bumblebee species may reflect host quality. For example, Sicus ferrugineus tends to parasitize
species of large-bodied bumble bees, which allow the growth of larger pupae (a predictor
of greater adult body size and parasitoid fecundity) and greater emergence success
(Schmid-Hempel & Schmid-Hempel, 1996a). However, the co-occurring Physocephala
rufipes tended to use smaller host species, probably as a result of being displaced from
larger hosts by the faster developing S. ferrugineus (e.g. Schmid-Hempel & Schmid-
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Hempel, 1996b). On the other hand, conopid prevalence may relate to the foraging habits
of bees as bumble bees with more specialized flower-visiting habits tend to have lower
incidences of conopid parasitism (Maeta & MacFarlane, 1993). However, the possibility
that conopids locate the plants frequented by bumble bees non-randomly, producing
differing prevalences among host species, has received little attention. Further, although
conopid prevalence is consistently lower among male bumble bees than among workers
(MacFarlane & Pengelly, 1974; Schmid-Hempel & Schmid-Hempel, 1988; Maeta &
MacFarlane, 1993), this trend has not been investigated.
Bumble-bee workers containing conopid larvae may pollinate less effectively than
unparasitized workers. Schmid-Hempel & Stauffer (1998) found that workers parasitized
by conopids were less likely to visit Trifolium pratense, the predominant food plant in
their study area, and more likely to switch plant species after the first visit, than
unparasitized workers. Reduced flower constancy by a pollinator may alter the structure
of plant communities by affecting relative reproductive success of the resident plant
species (e.g. Goulson, 1994). Worker bumble bees containing conopid larvae may also
collect pollen less often than unparasitized workers (Schmid-Hempel & Schmid-Hempel,
1991). However, the weak (P = 0.048) results of Schmid-Hempel & Stauffer (1998) may
not apply to naturally foraging bees, because they used workers that had been starved of
nectar for two hours and foraged in small field enclosures. Clarification of the effects of
conopid parasitism on flower constancy and pollen collection by bumble bees using
unmanipulated bees would therefore be desirable.
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Although most detailed information on parasitism of bumble bees concerns their
association with conopid flies in Europe, a recent study suggested that conopids may be
less common parasitoids of bumble bees in western Canada and produce lower worker
mortality, whereas phorid flies are more common parasitoids than in Europe (Otterstatter
et al., in revision). The phorid fly, Apocephalus borealis Brues parasitizes bumble bees
(Brown, 1993; Disney, 1994). Multiple A borealis larvae develop per host, typically
feeding on thoracic flight muscle (Ennik, 1973; Disney, 1994). De Prins & Disney
(unpublished data; cited in Disney, 1994) found a 10% infection rate in B. vosnesenskii
from western North America, and incidences of 5% are known from bumble bees in
eastern North America (C. Cormier & D.B. McCorquodale, pers. comm.). A preliminary
investigation in southern Alberta (Otterstatter et al., in revision) found A borealis in 25%
of male bumble bees and 15% of workers, with differences between bumble-bee species
and conspecific pollen and nectar collectors. Further, A. borealis parasitism may reduce
worker lifespans by up to 70% (Otterstatter et al., in revision). As with conopids, the
factors determining host use by A. borealis are unknown. Apocephalus borealis is
broadly distributed throughout North America (Brown, 1993), and their association with
bumble bees clearly deserves further study.

1.3 Objectives
In this thesis I address four main objectives: (1) to investigate the basic ecology
and distribution of phorid and conopid parasitoids of bumble bees in southwestern
Alberta; (2) to determine what factors influence the selection of hosts by phorid and
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conopid parasitoids of bumble bees; (3) to determine the effects of phorid and conopid
parasitism on the survivorship of worker and male bumble bees; and (4) to determine the
effects of phorid and conopid parasitism on the pollen collection of worker bumble bees.
In chapter two, I outline the methods I used to collect bumble bees and maintain them in
the laboratory. In chapter three, I address the first objective by reviewing the natural
history of phorid and conopid parasitoids of bumble bees and investigating the
occurrence of phorid and conopid parasitism of bumble bees among nine sites in
southwestern Alberta. In chapter four, I address the second objective by examining the
effect of bumble-bee species, sex, body mass, resource collection (pollen or nectar), and
plant species choice on the probability of fly parasitism. To assess the importance of host
quality on host choice by phorid and conopid flies, I also investigate larval survivorship,
pupal weight and brood sex ratio (phorids only) of flies developing on bumble bees of
different species, sex and body mass. Finally, in chapter five, I address the third and
fourth objectives by comparing the survival and pollen collection of parasitized and
unparasitized bumble bees. In particular, I compare the survival after capture of worker
and male bumble bees that were not parasitized, or parasitized by conopids or phorids.
Further, I investigate the effect of parasitism on the propensity of worker bumble bees to
collect pollen over nectar, and on the composition of pollen loads collected by bumblebee workers.
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2 General methods
2.1 Study site
The bumble-bee fauna at my main study site near Barrier Lake, in southern
Alberta, Canada (50°54' N , 115°04' W) includes 17 species of Bombus and 3 of the
socially parasitic Psithyrus. I collected workers and males of the four most abundant
species, B. bifarius Cresson, B. occidentalis Greene, B.flavifrons Cresson and
B. californicus Smith, during the summers of 1999 and 2000. Queens were not collected
because they are rarely infested with dipteran parasitoids (Otterstatter et al., in revision).
During 1999, sampling occurred from July 9 through August 20, and during 2000 from
June 27 through August 21. Samples were taken on average (+ SD) every 1.8 ± 0.77
days during 1999 and 2.3 ± 1.66 days during 2000.

2.2 Collecting bumble bees
One or two observers walked various paths within the study site, capturing all
visible foraging workers and males with sweep nets and storing them in individual 7
dram vials for live transfer to the laboratory. The plant species upon which each bee was
collected was recorded. Samples were taken during both morning and afternoon. It was
noted whether bees were foraging actively or appeared sluggish when captured.
However, the proportion of bees parasitized did not differ between actively foraging and
sluggish bees
Subsequent to capture, I transported bees to the laboratory and left them at room
temperature for 2 hours to consume their nectar reserves, so that I could obtain accurate
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weights. I then identified bees to sex and species and, in the case of workers, classified
them as either pollen or nectar collectors based on the presence or absence of pollen on
their corbiculae. It should be noted that worker bumble bees may collect both pollen and
nectar during a single foraging trip (Brian, 1952). However, I was not able to determine
if workers with pollen loads were also collecting nectar at the time of collection. Pollen
loads were removed and refrigerated in microcentrifuge tubes for later analysis. I
weighed bees to ± 0.1 mg using a Mettler AE100 electrobalance. I housed bees
individually in 7 dram vials, provided them with sugar water ad libitum (60:40, distilled
water:sugar), and checked them twice per day for dead individuals. After a bee died, I
recorded the residual lifespan (number of days alive after capture). The right forewing
was removed and measured (proximal end of median plate to distal end of radial cell) as
an indicator of bee body size (Harder, 1982). Dead bees were left undisturbed for 4-5
days to allow parasitoid larvae to complete development and, in the case of phorids,
emerge from the host. During 1999, the period between host death and the emergence of
phorid larvae was recorded. I then dissected bees under a stereomicroscope to determine
whether any parasitoid larvae or pupae were present. Bees were recorded as parasitized
(conopid or phorid) or unparasitized, and parasitoid larvae were recorded as either alive
or dead (i.e. surviving to pupation or not). For phorids, the number of larvae was
recorded for each bee in those cases where at least one larva survived to pupation.
Conopid and phorid puparia were held at ~5°C for several months and then placed at
room temperature (-21 °C) with a constant light-dark cycle (16:8 L:D) until adults
emerged. A l l phorids were Apocephalus (Mesophora) borealis Brues (B.V. Brown, pers.
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comm.) and all conopids were probably Physocephala spp. (adults not yet reared for
positive identification).
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3 Ecology and distribution of phorid and conopid parasitoids of bumble bees
(Hymenoptera: Apidae) in southwestern Alberta
3.1 Introduction
Parasitoids of social insects are poorly known even though considerable
information exists on parasitoids of solitary insects (Waage & Greathead, 1986; Godfray,
1994) and parasites of social insects (Schmid-Hempel, 1998). Further, parasitoids that
attack pest species of social insects, such as phorid parasitoids of fire ants {Solenopsis
spp.), have received considerably more attention than parasitoids of non-pest social
insects. For example, although phorid and conopid flies may frequently attack bumble
bees and adversely affect bumble-bee populations (Schmid-Hempel et al., 1991; Miiller
& Schmid-Hempel, 1992a; Otterstatter et al., in revision), very little is known about their
prevalence among bumble bees in North America.
Parasitoid conopid and phorid flies attack bumble bees, inserting eggs on or
within a bee's body. Such attacks probably occur while bees forage at flowers. By
increasing worker mortality (Schmid-Hempel & Schmid-Hempel, 1988; MacFarlane et
al., 1995) and altering foraging behaviour (Heinrich & Heinrich, 1983; Schmid-Hempel
& Schmid-Hempel, 1990; Miiller & Schmid-Hempel, 1993), conopid parasitism may
reduce the size of bumble-bee colonies and investment in reproductive offspring (Miiller
& Schmid-Hempel, 1992a). Although conopid parasitism of bumble bees has been well
studied in Europe, only two published accounts exist from North America, a simple list of
conopid species infecting bumble bees at a site in California (Ryckman, 1953) and a
report of conopid prevalence among bumble-bee species and sexes at a site in Ontario
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(MacFarlane & Pengelly, 1974). The phorid fly, Apocephalus borealis Brues, also
attacks bumble bees (Brown, 1993; Disney, 1994) and parasitism has been recorded in
British Columbia (De Prins & Disney, unpublished data; cited in Disney, 1994), Nova
Scotia (C. Cormier & D.B. McCorquodale, pers. comm.), New Brunswick (unpublished
record, cited in Brown, 1993) and Alberta (Otterstatter et ah, in revision). In southern
Alberta, A. borealis parasitism differs among bumble-bee species and within species
between workers and males and may cause severe host mortality (Otterstatter et al., in
revision).
Strickland (1938, 1946) listed 18 species and 6 genera of conopids in Alberta,
most collected from southern areas. The actual number of species in Alberta is probably
less because several species listed by Strickland are forms of a single, highly variable
species (see Camras, 1967, 1996). A l l conopid species parasitize aculeate Hymenoptera
and two species of Physocephala are known to attack bumble bees in southern Alberta
(Whidden & Otterstatter, unpublished data). However, specific host records do not exist
for most conopid species in Alberta and it is unclear how frequently they attack bumble
bees.
Of the 48 phorid species collected in Alberta (B.V. Brown, pers. comm.),
Apocephalus borealis is the only known parasitoid of bumble bees. Although A. borealis
adults have been collected throughout North America, their distribution is concentrated
near the east and west coasts (Brown, 1993). In Alberta, bumble bees containing
A. borealis larvae have been found in the Kananaskis Valley, but not in Calgary, 80 km

17
to the east (Whidden & Otterstatter, unpublished data). Consequently, it is unclear how
frequently A. borealis parasitism of bumble bees occurs in Alberta.
Of the approximately 45 truly eusocial bumble-bee (Bombus) species occurring in
North American (Heinrich, 1979), about 21 occur in southern Alberta (Hobbs,
1964,1965a, b, 1966a, b, 1967, 1968). Southwestern Alberta is an area of particularly
high Bombus diversity because the ranges of boreal, prairie and Rocky Mountain species
overlap; up to 17 species have been collected at a single site (Whidden & Otterstatter,
unpublished data).
Differences in the composition of the bumble-bee fauna between sites may have
important effects on the selection of hosts by phorid and conopid parasitoids of bumble
bees. For example, conopids may experience differing degrees of success when
developing on different bee species (Schmid-Hempel & Schmid-Hempel, 1996) and
A. borealis prevalence is known to differ strongly among bumble-bee species
(Otterstatter et al, in revision).
In this chapter, I review the natural history of phorid and conopid parasitoids of
bumble bees and investigate their prevalence in southwestern Alberta. First, I discuss the
ecology of conopid flies and the phorid, Apocephalus borealis, in regards to parasitism of
bumble bees. I then investigate the distribution of conopid and phorid parasitism among
nine sites in southwestern Alberta and compare incidences of parasitism with other
studies. Finally, I examine differences in parasitoid prevalence between bumble-bee
species and between workers and males.

18
3.2 Methods
3.2.1 Study sites
During July-August 2000, bumble-bee workers (N = 501) and males (N = 183)
were sampled at the following sites in southwestern Alberta: 1) Claresholm (49°56' N
113°45' W), 2) 13.5 km north of Coleman (49°39' N 114°35' W), 3) Drumheller (51°28'
N 112°43' W), 4) 10 km north of Innisfail (52°00' N 113°54' W), 5) Fortress Mountain
(50°24' N 114°47' W), 6) Sibbald Flats (50°56' N 114°45' W), 7) 78 km southwest of
Sundre (5F24' N 115°06' W), 8) 58 km southwest of Sundre (51°31' N 115°16' W) and,
9) 36 km northwest of the junction of Highway 1A with Highway 940 (51° 17' N
115°00' W). I chose sites as representative subalpine, grassland and parkland areas
(Strong, 1992). Each site was sampled once, except for Sibbald Flats which was sampled
three times. Parasitoid prevalence did not differ among sites 7, 8 and 9. These sites were
very similar to one another and therefore I pooled data for these sites (henceforth referred
to as the Trunk Road site). I also present data for bumble bees that were sampled in
Calgary (Ecology Reserves area, University of Calgary) during July-August, 1998
(Whidden & Otterstatter, unpublished data) and at Barrier Lake, Kananaskis during JulyAugust, 1998-1999 (Otterstatter et al., in revision). However, because these two sites
were sampled during different years than the other seven sites, I do not use these data in
any of the analyses. I described the methods used to collect and house bumble bees in
Chapter 2.
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3.2.2 Statistical analyses
I used logistic regression (McCullagh & Nelder, 1989) to assess the effects of
sampling location and bumble-bee species on the probability of conopid parasitism. I
assumed that the incidence of conopid parasitism was binomially distributed and treated
sampling site and host species as categorical explanatory variables.
I analyzed multi-way contingency tables (Fienberg, 1977) to test for
independence between conopid parasitism and bumble-bee species, sex, and sampling
location (Proc C A T M O D ; SAS institute, 1998). I tested a set of hierarchical log-linear
models that specified different patterns of dependence among variables with likelihood
ratios (G). Goodness of fit statistics were then compared among all possible models.
The significance of each term in a model was assessed by comparing the likelihood ratio
of a model containing that term, with that of the model that lacked it (Bishop et al.,
1975). The model for which no single term could be removed while still describing the
data adequately (P > 0.05), and that did not differ significantly from any of the more
complicated models from which it could be derived, was considered the best explanation
of the data.

3.3 Natural history
3.3.1 Apocephalus borealis
The phorid fly Apocephalus (Mesophora) borealis is a parasitoid of bumble bees,
Vespula wasps (Hymenoptera: Vespidae) and Latrodectus spiders (Araneida:

20
Theridiidae) (Brown, 1993). Several larvae develop endoparasitically (internally) per
host, and hosts are not paralyzed at oviposition. Other members of the subgenus
Mesophora parasitize species of cantharoid beetles and stingless bees, whereas all other
members of the genus Apocephalus are parasitoids of ants (Brown, 1993). The subgenus
Mesophora contains 8 species from the Nearctic Region and 34 from the Neotropical
Region and may include as many as 50-100 species in total (Brown, 1993). Hostparasitoid associations involving A. borealis have rarely been documented, despite the
collection of adults throughout North America (Brown, 1993). The following life-history
information of A. borealis is from data that I collected near Barrier Lake in the
Kananaskis Valley, Alberta, during 1997-2000.
Female A. borealis attack bumble bees during July to early September, probably
while bees forage away from the nest. Parasitized bees usually contain 1-25 larvae (mean
± SD number of larvae: workers: 7.5 ± 4.3, n = 128; males: 9.6 ± 5.0, n = 74), although as
many as 43 A. borealis larvae have been found in a single bee. Larvae feed primarily on
the thoracic muscle of their host, but also on head and abdominal tissue. Parasitized bees
have a maximum residual lifespan of 6-7 days and larvae emerge 2.9 ± 0.71 (n = 54) days
after host death. Larvae normally pupate outside the host body and, in the laboratory
(~22°C), adult males emerge 17.5 ± 0.77 (n = 126) days, and females 18.2 ± 1.08 (n = 78)
days, after artificial overwintering in the laboratory. Apocephalus borealis pupae weigh
1.1+ 0.40 mg (n = 196) and adults are 2-3 mm in length.
Very little is known about the host location and oviposition behaviour of
A. borealis. Ennik (1973) suggested that A. borealis adults confine their activities within
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the host nest, because parasitized Vespula were more common inside nests than in baited
cone traps in the field. Although 1 have collected^, borealis adults on flowers (Chapter
4), it is not known if they are also found inside bumble-bee nests. Because the pupal
period I observed for A. borealis was six times longer than that observed by Ennik
(1973), Ennik may not have studied A. borealis. Brown (1993) suggested that some
phorids in the subgenus Mesophora may be active during twilight or at night, given the
presence of sensilla on the enlarged first flagellomeres of males, possibly for detecting
female pheromones, and the commonness of certain Mesophora species in light (night)
traps. However, this suggestion may not apply to A. borealis because the first
flagellomeres of males are not as highly modified as those of some other Mesophora
species (e.g. A. wheeleri; Brown, 1993).
Average incidences of A. borealis parasitism vary between sites, from 5-25%,
with differences between bumble-bee species, sexes, and conspecific pollen and nectar
collecting workers. Further, A. borealis parasitism may reduce the lifespan of worker
bumble bees by up to 70% (Otterstatter et al., in revision). Little is known about the
selection of bumble bees as hosts by A. borealis or the effect of A. borealis parasitism on
bumble-bee behaviour.

3.3.2 Conopid parasitoids of bumble bees
Conopid flies are endoparasitoids of aculeate Hymenoptera (Smith, 1966).
Larvae develop singly per host, and hosts are not paralyzed at oviposition. Conopids are
distributed worldwide and are represented in the Nearctic Region by 66 species in 9
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genera (Smith & Peterson, 1987). The ecology of conopid parasitism of bumble bees has
been reviewed previously (Miiller et al, 1996; Schmid-Hempel, 1998) and will only be
summarized briefly here.
Conopids attack adult bumble bees in flight or on flowers during mid-summer
(Schmid-Hempel & Schmid-Hempel, 1988). In Calgary and the Kananaskis Valley, all
reported conopid parasitism of bumble bees involved Physocephala texana and P. tibialis
(Whidden & Otterstatter unpublished data). Female Physocephala insert eggs between
their host's tergites (dorsally) and likely require that their host's wings are spread for
successful oviposition (Schmid-Hempel, 1998). Although multiple conopid larvae may
compete within a bee, only one survives to pupation (Schmid-Hempel & SchmidHempel, 1989, 1996). A successful larva develops through three instars inside the host's
abdomen and pupates, killing the host, 10-12 days after oviposition (Schmid-Hempel &
Schmid-Hempel, 1996). A mature conopid larva can weigh 30-40% as much as an
unparasitized bumble-bee (M.C. Otterstatter, unpublished data). The conopid pupa then
overwinters in the dead body of the host and adult flies emerge during the following
summer.
Conopid prevalence among bumble bees has been investigated in Europe
(Schmid-Hempel & Schmid-Hempel, 1988; Schmid-Hempel & Durrer, 1991; SchmidHempel et al, 1991; Shykoff & Schmid-Hempel, 1991; Durrer & Schmid-Hempel, 1995)
and Japan (Maeta & MacFarlane, 1993), and the effects of conopid parasitism on
bumble-bee survival (Schmid-Hempel & Schmid-Hempel, 1988; Schmid-Hempel &
Schmid-Hempel, 1989), flower choice (Schmid-Hempel & Schmid-Hempel, 1990;
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Schmid-Hempel & Stauffer, 1998) and foraging behaviour (Schmid-Hempel & Muller,
1991; Schmid-Hempel & Schmid-Hempel, 1991; Muller & Schmid-Hempel, 1993) have
been investigated in Switzerland. Within bumble-bee species, conopids typically
parasitize 10-30% of workers and 5-10% of males, although males may be free of
conopids in some areas (Maeta & MacFarlane, 1993; Schmid-Hempel, 1998; Otterstatter
et al., in revision).

3.4 Results
Overall, 10% (50/501) of worker and 7% (13/183) of male bumble bees contained
conopid larvae, and < 1% (1/501) of worker and 4% (8/183) of males contained phorid
larvae during 2000 (Table 3.1). Of the seven sites sampled during 2000 and two sampled
during 1998-1999,1 found bumble bees parasitized by either phorids or conopids at all 9
sites, but only at Sibbald Flats and Barrier Lake did I collect flies from both families of
parasitoids (Fig. 3.1). Bumble bees with conopid larvae were collected at 8 of the 9 sites,
and were distributed among prairie, montane, parkland and subalpine areas. In contrast,
bees containing phorid larvae were collected at 3 of the 9 sites, and were restricted to
montane and foothills areas. A l l phorid larvae were Apocephalus borealis (based on
Brown, 1993) and all conopid larvae were probably Physocephala spp. (adults not yet
reared for species identification).

Table 3.1. Parasitism of worker and male bumble bees b y phorid and conopid flies in southwestern Alberta during July-August, 2000.

No. of bees caught

No. o f bees with

No. of bees with

conopid larvae (%)

phorid larvae (%)

Workers

Males

Workers

Males

Workers

Males

159

34

17(10.7)

0

1 (0.6)

3 (8.8)

B. californicus

11

0

0

0

0

o

B. centralis

11

0

1 (9.1)

0

0

0

B. fervidus

7

0

1 (14.3)

0

0

0

B. flavifrons

39

22

6(15.4)

2(9.1)

0

2(9.1)

B. frigidus

23

18

1 (4.3)

0

0

1 (5.6)

B. huntii

57

7

11 (19.3)

0

0

0

B. melanopygus

29

27

0

4(14.8)

0

0

7

0

0

0

0

0

Host species
B. bifarius

B. mixtus

continued

to

No. of bees caught
Host species

No. o f bees with

No. of bees with

conopid larvae

phorid larvae

Workers

Males

Workers

Males

Workers

Males

B. moderatus

3

8

0

0

0

0

B. nevadensis

8

0

0

0

0

0

B. occidentalis

19

10

3 (15.8)

1 (10.0)

0

0

B. perplexus

0

1

0

0

0

0

B. rufocinctus

55

32

7 (12.7)

4(12.5)

0

0

B. sylvicola

0

1

0

0

0

0

B. ternarius

20

2

1 (5.0)

0

0

0

B. terricola

21

15

3 (14.3)

1 (6.7)

0

1 (6.7)

B. vagans

24

6

0

0

0

1 (16.7)

501

183

50(10.0)

13 (7.1)

1 (0.2)

8 (4.4)

Total

to

2<>

Figure 3.1 : Distribution of phorid and conopid parasitism of bumble bees among nine
sites in southwestern and central Alberta during 1998-2000. Inset displays collection
locations for A. borealis adults in northwestern North America (from Brown, 1993).
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3.4.1 Phorid parasitism of bumble bees in southwestern Alberta
Despite sampling at seven sites during 2000,1 collected only nine bees (5 species)
at two sites that were parasitized by phorids (Table 3.1). This limited sample precluded
testing for differences among sites or bumble-bee species. Nevertheless, in this sample
phorid parasitism was significantly more common among male bumble bees (8 bees) than
workers (1 bee) (Fisher's exact test: P < 0.05).

3.4.2 Conopid parasitism of bumble bees in southwestern Alberta
Conopid prevalence differed significantly among sites, but not among bumble-bee
species or sexes (contingency table: % = 5.64, df = 5, P= 0.34). This analysis included
interactions between bee species, sexes and sampling locations, thereby accounting for
variation in bee species and sexes among sites. Only at three sites (Coleman, Drumheller
and Sibbald Flats) did I collect enough bees parasitized by conopids to test for differences
in conopid prevalence among sites. Conopid prevalence at Coleman was significantly
higher than at Sibbald Flats (G = 6.56, df = 1, P< 0.05, significant after Dunn-Sidak
correction for 3 comparisons), but not at Drumheller (G = 0.26, df = l,P> 0.60).
Conopid prevalence differed weakly between Drumheller and Sibbald Flats (G = 3.63, df
= 1,P = 0.06).

3.5 Discussion
Conopid parasitism of bumble bees appears to be more widespread across
southwestern Alberta than phorid parasitism. Of the seven sites sampled during 2000 and
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two sampled during 1998-1999, bumble bees containing conopid larvae were collected at
eight whereas bees from only three sites contained phorid larvae (Fig. 3.1). The sites at
which bees were infected by conopid larvae ranged from open prairie (Drumheller,
Claresholm) to subalpine (Coleman, Fortress mountain). Indeed, conopids commonly
parasitize bumble bees in many temperate areas, including western Europe (SchmidHempel & Schmid-Hempel, 1988), Japan (Maeta & MacFarlane, 1993), eastern and
western North America (MacFarlane & Pengelly, 1974; Otterstatter et al., in revision),
and they also attack solitary bees and honey bees in Eurasia (Doroshina, 1991; Paxton et
al, 1996). In contrast, I found bees infected with A borealis larvae only in montane
(Barrier Lake, Sibbald Flats) and foothills (Trunk Road) regions. Because I sampled
most sites only once, I may not have detected phorid parasitism that occurred earlier or
later in the season. However, all sites were sampled during mid to late summer, when A.
borealis parasitism is probably most prevalent (B.V. Brown, pers. comm.). Parasitism of
bumble bees by A. borealis may be quite rare because bumble bees containing A. borealis
larvae have been reported from only three areas in Canada (De Prins & Disney,
unpublished data, cited in Disney, 1994; Otterstatter et ah, in revision; C. Cormier &
D.B. McCorquodale, pers. comm.).
The distribution of A. borealis in southwestern Alberta may be limited to
relatively cool and damp locations. Sites where I collected A. borealis (Barrier Lake,
Sibbald Flats and Trunk Road) are within montane and foothills regions of Alberta and
have lower summer temperatures and greater mean rainfall than the grassland
(Drumheller, Claresholm) or parkland (Calgary, Innisfail) regions where I did not find
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A. borealis (see Strong, 1992 for ecoregions of Alberta). In the laboratory, A. borealis
does not pupate above 25-27°C (personal observation), and such temperatures may be
exceeded in many southern and central Alberta locations during mid-summer (Strong,
1992). Further, among the Phoridae, adults are typically found in damp places (Peterson,
1987). I did not find bumble bees containing A. borealis larvae at subalpine sites
(Coleman, Fortress Mountain) even though they probably have climates similar to the
montane and foothills sites. Because altitude is the primary difference between these
sites (Strong, 1992), it is possible that, within the Rocky Mountains, A. borealis is
restricted to lower elevations.
In western North America, A. borealis may be largely restricted to areas west of
the Rocky Mountains. Adult A. borealis have been found in coastal and northern British
Columbia, western Oregon, along the coast of California and in Utah (B.V. Brown, pers.
comm.). Except for this study, A. borealis has not been found from the eastern slopes of
the Rocky Mountains to Ontario, although adults have bees collected at several sites east
of Ontario (Brown, 1993). If A. borealis is restricted to lower elevation regions, the
Rocky Mountains may prevent their distribution from extending further east into western
North America.
Across all sampling sites, 10% of worker and 7% of male bumble bees contained
conopid larvae, which is consistent with the incidences of conopid parasitism reported
previously for bumble bees in North America (MacFarlane & Pengelly, 1974; Otterstatter
et al., in revision). In contrast, bumble bees in Europe suffer a two-fold higher incidence
of conopid parasitism (Schmid-Hempel & Schmid-Hempel, 1988; Schmid-Hempel et al.,
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1991), and there appears to be a consistent difference between Nearctic and Palaearctic
regions in this regard (Doroshina, 1991). Because relatively high conopid prevalence is
probably necessary to affect bumble-bee populations adversely (e.g. Miiller & SchmidHempel, 1992a, b), conopid parasitism may influence bumble bees weakly in North
America. Although conopid prevalence did not differ significantly between worker and
male bumble bees, previous studies have found that males experience less conopid
parasitism than workers (MacFarlane & Pengelly, 1974; Schmid-Hempel & SchmidHempel, 1988; Schmid-Hempel et al, 1991; Maeta & MacFarlane, 1993; Otterstatter et
al., in revision).
Phorid larvae infected approximately 13% of male and less than 1% of worker
bumble bees at the two sites where I found phorid parasitism during 2000. More
sampling is needed to determine whether these values reflect average seasonal incidences
of phorid parasitism at these locations. Nonetheless, higher phorid prevalence among
male bumble bees than workers is consistent with previous findings in southwestern
Alberta (Otterstatter et ah, in revision). Because male bumble bees remain outside the
nest at night (Alford, 1975), they may experience higher incidences of parasitism if adult
female A. borealis are crepuscular or nocturnal (see Natural History).
Conopid parasitism is more common and therefore may have a greater impact on
bumble bees in southwestern Alberta than phorid parasitism. Because conopids are
distributed worldwide and appear to exist in a variety of habitats, they may commonly
affect bumble-bee populations and life-history traits (e.g., Schmid-Hempel & SchmidHempel, 1988; Miiller & Schmid-Hempel, 1992a, b). However, the effect of conopid
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parasitism on bumble-bee mortality is uncertain (Otterstatter et al, in revision). In
contrast, the phorid, A. borealis, appears to parasitize bumble bees less frequently than
conopids in southwestern Alberta and may occur only in particular habitats.
Nevertheless, A. borealis can be very common in some areas (Chapter 4) and severely
reduces the survival of bumble bees (Chapter 5). More intensive study is needed to
determine the selection of hosts and effects on host behaviour by phorid and conopid
parasitoids of bumble bees.
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4 Host selection by phorid and conopid parasitoids of bumble bees
4.1 Introduction
Female parasitoids make four general kinds of decisions concerning host use
(Charnov & Skinner, 1985; Charnov & Stephens, 1988) that determine patterns of
parasitism among and within host populations: (1) what habitats to search for hosts; (2)
what hosts to use, including inter- and intra-specific choices; (3) for gregarious
parasitoids, how many eggs to lay in each host; and, (4) for haplodiploid hymenopteran
parasitoids, what proportion of male and female eggs to lay in a host. The options
available to a parasitoid confronted with each of these decision may provide different
survival and reproductive consequences.
Host selection by parasitoids often equates with habitat selection (van Alphen &
Vet, 1986). Parasitoids may attack hosts not because they are preferred, but because they
are available in a particular habitat and acceptable (van Alphen & Vet, 1986; Vinson,
1984). For example, parasitoids may cue into preferred food plants of their host during
initial stages of host location (Vinson, 1984; Godfray, 1994). Consequently, the amount
of parasitism suffered by a polyphagous host species often depends on the food plants on
which it feeds (Vinson, 1981, 1985; Nordlund et al, 1988).
Host size is probably the prime influence on host choice when parasitoids can
choose among closely related host species. Host size determines the resources available
for developing parasitoid larvae, so that larger parasitoids tend to emerge from larger
hosts (Salt, 1941; Godfray, 1994). Larger adult size in parasitoids often corresponds with
higher fitness through longer lifespans, higher fecundity and increased mating success
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(King, 1987; Visser, 1994; Zaviezo & Mills, 2000). However, larger hosts are not
necessarily superior for developing parasitoid larvae in all circumstances. For example,
larger hosts may not produce larger adult parasitoids i f larvae grow to a physiologically
determined maximum size without consuming all host resources. Further, large hosts
may be able to encapsulate small clutches of gregarious parasitoid species (Godfray,
1994). Because egg parasitoids of the genus Trichogramma must completely consume
their host before pupating, larvae developing on large hosts may be forced to overeat and
emerge deformed (Strand & Vinson, 1985; Godfray, 1994). In contrast, parasitoid larvae
can often consume small hosts more quickly, and may prefer them over large hosts when
fast development is advantageous.
Decisions concerning the number of eggs laid on a host during a single
oviposition bout (clutch size) may vary closely with host selection, because fitness
depends on the combined effects of host size and the number of larvae developing in a
host (Charnov & Skinner, 1984; Waage and Godfray, 1985). The fitness of a clutch
depends on the balance between the relative benefits of offspring number and size
(Godfray, 1994). For example, increased clutch size intensifies competition between
developing parasitoid larvae resulting in smaller adult parasitoids (Hardy et al., 1992; Vet
et al, 1994; Zaviezo & Mills, 2000). In the extreme, clutch size remains constant across
hosts of differing size, and only offspring body size varies (solitary parasitoids), or
offspring size remains constant and only clutch size varies. Offspring size and number
may also vary simultaneously with host size (le Masurier, 1987; Hardy et al., 1992;
Mayhew, 1998; Mayhew & Glaizot, 2001).
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In this study I investigate host use by phorid and conopid parasitoids of bumble
bees and the associated fitness consequences for the parasitoids. I first examine phorid
parasitism, followed by conopid parasitism. For both phorids and conopids, I first
determine the incidence of parasitism among worker and male bumble bees, between
pollen and nectar collecting workers, and among plant species during two years. For
phorids, I then examine the number of larvae per bee among differing host sizes and the
consequences for the survival, mass and sex ratio of the flies. For conopids, I examine
larval survival and pupal mass achieved on hosts of differing sizes.

4.2 Methods
I described the methods used for collecting and processing bumble bees in
Chapter 2.

4.2.1 Capture of adult parasitoids
During July-August, 2000 I used 5om6ws-mimicking sticky traps to capture adult
phorids and conopids. These traps were constructed from newly caught bumble-bee
workers that had been freeze killed, pinned through the thorax and coated in heated
Tangle Trap® adhesive. I pinned coated workers directly on flowers of Melilotus
officinale, Trifolium pratense, Medicago sativa and Solidago spathulata at my study site
at Barrier Lake, Kananaskis on July 28 (n = 22), August 5 (n = 42) and August 16 (n =
28), 2000. Only one bee was placed per plant and bees were distributed evenly among
the chosen plant species. I chose individual plants arbitrarily, but attempted to disperse
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coated bees throughout most of my collecting site. I left coated bees for five days and
then collected them (bees were handled with forceps at all times after coating so as not to
disturb the adhesive coating). Coated bees were checked with a dissecting microscope
for the presence of adult parasitoids. Adult flies could be identified fairly easily without
being moved, although small specimens could not be retrieved from the adhesive without
severe damage.

4.2.2 Statistical analyses
I used logistic regression (McCullagh & Nelder, 1989) to determine the effects of
chosen bumble-bee characteristics (species, sex, mass, resource collection (pollen or
nectar), and plant species collected on) and year on the probability of phorid and conopid
parasitism. Similarly, among bees parasitized by phorids, I used logistic regression to
determine the effects of host characteristics (bumble-bee species, mass, clutch size) and
year on the survival of phorid broods and proportion of males within phorid broods. The
survival of phorid larvae and brood sex ratio did not differ significantly between worker
and male bumble bees, therefore I pooled host sexes for these analyses. I assumed a
binomial distribution for the proportion of parasitized bees, phorid brood survival and sex
ratio and used a logistic link function (Proc G E N M O D , SAS Institute, 1998). I chose the
simplest model by beginning with a saturated model and then sequentially removing all
non-significant (a = 0.05) main effects and interactions that were not explicit components
of the experimental design. The proportion of parasitized bees, the proportion of phorid
larvae surviving per brood and the proportion of phorid males per brood were treated as
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dependent variables, and chosen bumble-bee characteristics (as above) and year were
treated as explanatory variables. During 1999-2000, 8.3% of phorid clutches experienced
complete larval mortality (all larvae died). However, the distribution of failed clutches
did not differ among bumble-bee species or castes (contingency table: % = 6.12, df = 5, P
2

- 0.29), so I removed them from all analyses pertaining to the survival of phorid larvae. I
adjusted the experimentwise type I error rate for post-hoc comparisons using the DunnSidak method (Sokal & Rohlf, 1995).
I used logistic regression to determine whether the choice of plant species by
phorid-parasitized and unparasitized bumble bees varied with residual lifespan. I divided
the plant species on which bees were collected into species with high proportions of
parasitized bees {Medicago sativa and Solidago spathulata) and those with low
proportions of parasitized bees {Astragalus striatus, Melilotus officinale and Trifolium
pratense). I used the grouping variable (high prevalence plant species or low prevalence
plant species) as a binomially distributed dependent variable and parasitism, host residual
lifespan and bumble-bee species as explanatory variables.
I used linear regression to determine the relationship between the number of
phorid larvae per bee (clutch size) and chosen bee characteristics (species, sex, mass) and
year. Similarly, I used linear regression to determine the relationship between the total
and mean mass of phorid pupae per bee and the above bumble bee characteristics. To
more clearly illustrate difference in clutch size and pupal mass among hosts of differing
sizes, I present data for bees classified as small (60-104 mg), medium (105-149 mg) or
large (> 149 mg), based on 0-33%, 34-67%, 68-100% mass quantiles of phorid
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parasitized bees during 1999-2000. However, I do not use these size classifications for
any of the analyses investigating the relation between clutch size or pupal mass on host
characteristics. Phorid clutch size and pupal mass did not differ significantly between
worker and male bumble bees, so I pooled host sexes for these analyses.
Some phorid larvae died after emerging from their hosts, but before pupating. I
weighed only phorid pupae that had pupariated successfully (i.e. produced normal
puparia with respiratory horns) because those that did not disintegrated quickly or
became moldy and therefore would not provide reliable weights. Therefore, the number
of pupae per bee need not equal the number of larvae per bee (clutch size) in every host
and mean and total pupal mass includes only pupae that pupated successfully. Because it
was not possible to weigh phorid pupae individually, I used the total mass of phorid
pupae per bee divided by the number of surviving larvae per bee to estimate the mean
mass of phorid pupae per bee.
The relation between the mass of conopid pupae per bee and bee mass suggested a
non-linear function, so I compared both linear and non-linear models to determine the
best fit. To determine the relationship between conopid pupal mass and host mass, I only
used puparia collected during 2000. Conopid pupal mass varied less during 2000 than
1999, likely because I allowed puparia to adjust to the laboratory environment for several
weeks prior to weighing during 2000, but not 1999. Consequently, during 1999, puparia
had probably not reached a stable water content before they were weighed, adding
additional variability to this measure.
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I compared the log-transformed mass of conopid parasitized and unparasitized
workers using A N O V A . Parasitism, season (early or late summer), bumble-bee species
and year were treated as independent categorical variables.

4.3 Results
During 1999 and 2000, phorids and conopids parasitized bumble bees at Barrier
Lake during only mid to late summer, with phorid parasitism peaking later during both
years (Fig. 4.1a). Phorids parasitized more than twice as many bees (workers and males
pooled) than conopids during 2000 (mean ± SE percentage of parasitized bees: phorid:
23.4 ± 1.76 %, N = 544; conopid: 9.2 ± 1.26 %, N = 459), but not during 1999 (phorid:
11.3 + 1.29 %, N = 542; conopid: 11.0 ± 1.10 %, N = 738). This difference reflects
fluctuation in phorid abundance alone, as the incidence of conopid parasitism did not
differ between years. During both years, fewer bees contained both phorid and conopid
larvae than expected by chance (1999: 0.29% vs. 1.07%; G = 4.68, df = 1, P< 0.05; 2000
0.0% vs. 1.85%; G = 20.45, df = 1, P < 0.001). Neither phorid nor conopid prevalence
(the proportion of bees containing phorid or conopid larvae, respectively) correlated with
the abundance of bumble bees during 1999 or 2000 (Spearman's rank correlation;
P > 0.09 in all cases).
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Figure 4.1 : (a) Seasonal prevalence of phorid and conopid parasitoids in bumble bees
and (b) relative abundance of bumble-bee species (workers only) at Barrier Lake during
1999 and 2000.
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4.3.1 Phorid parasitism of bumble bees
4.3.1.1 Host use
The prevalence of phorids differed significantly among bumble-bee species
during 1999, but not 2000 (Fig. 4.2a; Table 4.1). Bombus flavifrons and B. californicus
experienced less phorid parasitism than either B. bifarius or B. occidentalis during 1999,
whereas all species experienced statistically equivalent incidences of parasitism during
2000. As a result, species and year had significantly interacting effects on phorid
prevalence (Table 4.1).
Phorid prevalence differed according to bumble-bee sex and size during 1999 and
2000. During both years, phorid prevalence was significantly higher among males than
workers (Fig. 4.2c; Table 4.1). Overall, bumble-bees containing phorid larvae were
larger than unparasitized bees, but the difference was only weakly significant (Table 4.2,
main effect of parasitism, P = 0.05). In particular, males parasitized by phorids were
larger than unparasitized males during 1999 and workers parasitized by phorids were
larger than unparasitized workers during 2000 (Fig. 4.3). Although these differences
were not significant after Dunn-Sidak correction, they resulted in a significant three-way
interaction (parasitism x bee sex x year interaction, Table 4.2).
In general, phorid prevalence among bumble-bee species did not differ for pollen
and nectar collecting workers (Fig. 4.4). The exception to this was B. bifarius during
1999 for which pollen collectors experienced significantly lower parasitism by phorids
than nectar collectors (G = 12.55, df = 1, P < 0.001). As a result, resource collected
(pollen or nectar), host species and year had significantly interacting effects on the
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Figure 4.2 : Mean (± SE) incidence of phorid and conopid parasitism among bumble-bee
species and sexes during 1999 and 2000. (a) Phorid parasitism (worker and male bees
pooled) during 1999 (circles) and 2000 (squares), (b) conopid parasitism (workers only)
during 1999 (circles) and 2000 (squares), and (c) phorid and conopid parasitism among
bumble-bee workers (filled symbols) and males (open symbols) during 1999 and 2000.
Different letters indicate significant differences between bee species at P < 0.05 within
years for 1999 (lower case) and 2000 (upper case). Asterisks indicate significant
differences at P < 0.05 between years within species (panels a and b) or between workers
and males (panel c).
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Table 4.1. Logistic regression statistics describing the effects of bumblebee species, sex
and year on the probabilities of phorid and conopid parasitism during 1999-2000.
Because conopid prevalence was too low among male bumble bees to test for differences
among species, the probability of conopid parasitism was analyzed with two different
models, 1) considering the effects of bumble-bee sex and year on the probability of
conopid parasitism including both workers and males, and 2) considering the effects of
bumble-bee species and year on the probability of conopid parasitism including only
workers. Statistics for the first model are given in parentheses.

Phorids

Conopids
df

Effect

df

Bee species

3

24.07***

3

55.88***

Bee sex

1

11 17***

1

(28.29)***

Year

1

22.93***

1

2.85 (0.44)

Species * sex

3

1

-

Species x year

3

3

8.77*

Sex x year

1

0.77

1

(1.54)

Species x sex x year

3

0.61

-

-

*P < 0.05, **P < 0.01, ***P < 0.001

G

2.05
19.32***

G

Table 4.2. A N O V A results for comparison of bumble-bee (worker and male)
between phorid parasitized and unparasitized bees during 1999 and 2000.

Effect

df

F

Parasitized

1

3.77

Bee sex

2

9.40**

Year

1

17.37***

Parasitized x sex

1

1.10

Parasitized * year

2

0.18

Sex x year

2

0.04

2

5.90*

Parasitized

x

sex x year

*P < 0.05, **P < 0.01, ***P < 0.001
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Figure 4.3 : Mean (+ SE) mass of worker and male bumble bees that were unparasitized
or parasitized by phorids during 1999 and 2000. No differences were significant after
Dunn-Sidak corrections.
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Figure 4.4 : Mean (± SE) incidence of phorid parasitism among bumble-bee workers
collecting pollen or nectar during 1999 and 2000. Asterisk indicates a significant
difference at P < 0.05 between pollen and nectar collectors within years.
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probability of phorid parasitism (resource collected x host species x year: G = 8.50, df=
1,F<0.05).

4.3.1.2 Effects of plant species
The prevalence of phorids differed significantly among bumble bees collected on
different plant species (G = 12.3, df = 4, P < 0.05; Fig. 4.5). In particular, a higher
proportion of bees collected on Medicago sativa carried phorid larvae than those
collected on Trifolium pratense, Melilotus officinale, or Astragalus striatus, whereas
those collected on Solidago spathulata were intermediate (Fig. 4.5). I could not test
whether the observed pattern in phorid prevalence among plant species differed among
bee species (i.e. plant species x bee species interaction) because some bumble-bee
species did not forage on all of the above plant species. However, the pattern seemed
generally consistent among bee species (e.g., Fig. 4.5b).
If phorid prevalence differed among plant species because parasitism caused
physiological stress that altered the plant choice of bumble bees, this effect should have
been more pronounced as parasitoid larvae developed and caused more damage to their
host (e.g. Schmid-Hempel & Schmid-Hempel, 1991; Chow & Mackauer, 1999).
Therefore, I expected changes in plant species choice induced by parasitism to be more
pronounced among bees containing larvae that are close to pupation. However, I did not
find that phorid parasitized bees with short residual lifespans were more likely to visit
Medicago sativa and Solidago spathulata than the other available plant species
(parasitized x residual lifespan: G = 0.09, df = 1, P > 0.75).
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Figure 4.5 : Mean (± SE) incidence of phorid parasitism among bumble bees (workers
and males) collected on different plant species during 2000 for (a) all bumblebee species
pooled, and (b) two representative bumblebee species. Different letters indicate
significant differences at P < 0.05.
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Bumble-bee mimicking sticky traps (see Methods) captured only five phorid
adults, and their distribution did not differ significantly among plant species (G = 3.23,
df = 3, P > 0.35; Table 4.3). Although the percentages of coated bees on different plant
species that caught phorids generally follow the observed incidences of parasitism among
live bees collected on those plant species (Figs. 4.5a, b), the sample is too small to make
inferences regarding these trends.

4.3.1.3 Clutch size, pupal mass and survival
During 1999, the number of phorid larvae per bee varied positively with bee
mass, but this pattern was not upheld during 2000 (1999: t = 4.67, P < 0.001; 2000:
/ = 1.09, P > 0.25; bee mass x year interaction, Table 4.4; Figs. 4.6a, b). Consequently,
clutch size closely followed host size during 1999 (mean clutch size (range): 1999: small
bees: 6.6 (1-14); medium: 9.8 (2-21); large: 11.2 (3-25); see Methods for size
classification of bees), but not during 2000 (small bees: 7.5 (2-20); medium: 7.9 (1-17);
large: 7.9 (1-18)). Nonetheless, the distributions of clutch sizes according to host mass
are not particularly dissimilar between 1999 and 2000, except that, during the latter year,
several bees above 110 mg contained small clutches (1-5 larvae) (Fig. 4.6b). Indeed, the
lack of a relation between clutch size and host mass during 2000 is, in part, because of
small clutches; removing all clutches with 1-5 larvae from both years results in the mass
x year interaction becoming non-significant and the main effect of mass remaining
significant.

Table 4.3. Capture of adult A. borealis by sticky traps on different plant species during
2000. Numbers in parentheses indicate the male:female ratio of captured A. borealis

Plant species

# sticky
traps

# of flies
caught

%

Medicago

20

2 (0:2)

10.0

Solidago

24

2 (2:0)

8.3

Trifolium

22

1(1:0)

4.5

Melilotus

22

0

0

Table 4.4. Analysis of phorid clutch size, pupal mass, larval survivorship and brood sex ratio during 1999 and 2000.

Effect

Clutch size

Total pupal mass

Mean pupal mass Phorid survivorship

Phorid sex ratio

Bee species

F = 4.93**

F=0.35

F=0.10

G = 18.63***

G = 3.61

Bee mass

F = 21.97***

F= 1.35

F= 1.88

G= 1.84

G = 0.06

F= 32.18***

F= 1.48

G= 16.98***

G = 0.02

-

Clutch size
Year

F= 11.59***

F=2.37

F= 50.64***

G = 0.01

-

Species x year

F=3.68*

F=0.72

F=0.96

G= 17.24***

-

Mass x year

F= 14.10***

F=4.25*

-

-

-

Clutch size x year

-

F=7.72**

-

G = 7.65**

-

Clutch size x mass

-

F=0.45

-

-

-

Clutch size x species

-

-

-

Clutch size x mass x year

-

F= 7.28**

-

-

-

-

*P<0.05, **P< 0.01, ***P< 0.001

L/1
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Figure 4.6 : Relation of phorid clutch size to host mass during (a) 1999 and (b) 2000.
Open circles in panel a show mean (± SE) mass and clutch size of three bumble-bee
species (workers and males pooled) during 1999.
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The number of phorid larvae per bee differed between years and among bumblebee species during 1999, but not 2000, after I controlled for the effect of host mass.
During 1999, B.flavifrons contained more phorid larvae, on average, than expected based
on the regression of clutch size and host mass for all species combined (Fig. 4.6a; see
also Table 4.5). In contrast, during the same year, both B. bifarius and B. occidentalis
fell close to, although slightly below, the same regression line. However, during 2000,
the number of phorid larvae per bee did not differ significantly between bumble-bee
species, resulting in a significant interaction between bee species and year (Table 4.4).
Overall, parasitized bees contained significantly more phorid larvae during 1999 than
during 2000 (mean ± SE number of larvae per bee: 1999: 9.2 ± 0.77; 2000: 7.61 ± 0.36;
year effect, Table 4.4).
Although the total mass of phorid pupae per bee increased with the number of
surviving larvae per bee, this effect was not consistent among bumble bees of different
mass. The total mass of phorid pupae per bee increased linearly with the number of
surviving larvae per bee among all bee sizes during 1999 (t = 5.17, P < 0.001; Fig. 4.7a).
However, during 2000, the total mass of phorid pupae per bee increased linearly with the
number of surviving larvae per bee among medium and large bees (bee size categories as
above), but increased as a decelerating function in small bees (Fig. 4.7b), producing a
significant three-way interaction (clutch size x bee mass * year interaction, Table 4.4).
Consequently, small bees produced phorid pupae with a significantly smaller mean mass
than medium or large bees during 2000 (mean pupal mass ± SE: small bees: 0.85 ± 0.04
mg; medium: 1.10 ± 0.05 mg; large: 1.09 ± 0.07 mg; A N O V A , F ,105=
2

8.51, P < 0.001),

Table 4.5. Characteristics of phorid clutches on different bumble-bee species (workers and males pooled) during 1999 and 2000.

1999

2000

Species
(mean ± SE mass)

Clutch size

Larval
Total pupal
survivorship mass (mg)

Mean pupal
mass (mg)

Q t h size

Larval
Total pupal
survivorship mass (mg)

Mean pupal
mass (mg)

B.bifarius
(92.0 ± 1.2 mg)

6.7 ± 0.76

0.96 ± 0.02

9.04 ± 1 . 1 7

1.44 ±0.05

7.4 + 0.66

0.93 ± 0.02

6.16 ±0.68

0.90 ± 0.05

B.flavifrons
(112.0 ± 1.4 mg)

9.9 + 1.73

0.80 + 0.06 13.20 ± 2 . 0 0

1.32 ± 0 . 1 0

8.3 ± 0.58

0.92 ± 0.02

7.84 ± 0.70

1.02 ±0.05

B. califomicus
(139.9 ±2.1 mg)

.

5.9 ±0.99

0.91 ± 0.04

5.99 ± 1.20

1.07 ±0.09

B. occidentalis
(163.9 ± 3 . 2 mg)

9.8 + 1.00

8.5 ± 1.00

0.92 ± 0.03

8.32 ± 1.24

1.07 ±0.06

.

.

0.98 ± 0.01 13.26 ± 1.27

.

1.39 ± 0 . 0 4

u

c

o
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Figure 4.7 : Relation of total mass of phorid pupae per bee to (a), (b) clutch size (1999
and 2000, respectively), and (c), (d) host mass (1999 and 2000, respectively).
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but not 1999 (small: 1.35 + 0.04; medium: 1.41 ± 0.08; large: 1.45 ± 0.06; F , 3 = 0.98, P
2

5

> 0.35). The total mass of phorid pupae per host did not increase significantly with host
mass during 1999 (t = 1.81, P > 0.05) or 2000 (t = -0.98, P > 0.30) or differ among host
species after accounting for variation in the number of surviving larvae per bee (Table
4.4).
The mean mass of phorid pupae per bee did not differ significantly between
bumble-bee species or with host mass (Fig. 4.8) and did not vary with the number of
surviving larvae per bee (Table 4.4). However, mean pupal mass was significantly
heavier during 1999 than 2000 (mean ± SE pupal mass: 1999: 1.40 ± 0.032 mg; 2000:
0.99 ± 0.031 mg; year effect, Table 4.4).
Phorid survival increased significantly as clutch size increased during 1999, but
not 2000(1999: G= 13.12, P < 0.001; 2000: G = 1.64 P > 0.15; clutch size x year
interaction, Table 4.4; Fig. 4.9). Clutches with 1-2 larvae survived better, on average,
than those slightly larger (3-8 larvae). Overall, survival in large clutches (> 12 larvae per
bee) was significantly lower during 2000 than 1999 (mean survival ± SE of large
clutches, 1999: 0.98 + 0.01; 2000: 0.94 + 0.02; G = 4.16, df = 1, P < 0.05). Phorid
survival was significantly higher in B. occidentalis and B. bifarius than in B. flavifrons
during 1999 (B. occidentalis vs. B. flavifrons, G = 20.86, df = 1, P < 0.001; B. bifarius vs.
B. flavifrons, G = 10.62, df = 1, P < 0.01), but did not differ among host species during
2000 (P > 0.30 in all cases). As a result, species and year had significantly interacting
effects on phorid survival (species x year interaction, Table 4.4).
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Figure 4.8 : Relation of mean mass of phorid pupae per bee to host mass during 1999 and
2000.
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Figure 4.9 : Mean (± SE) proportion of phorid larvae per bee that survived to pupation to
clutch size during 1999 and 2000. Numbers of bees indicated in parentheses.
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4.3.1.4 Sex ratio
In the laboratory, adult male A. borealis emerged significantly earlier than
females (mean time after hibernation until emergence of adults, range: males: 17.5 days,
17-20; females: 18.1 days, 17-23; Kruskal-Wallis,

= 28.0, df = 1, P < 0.001). The sex

ratio of phorid broods was significantly male biased (proportion of males = 0.62,
2

X = 12.21, df = 1, P < 0.001). However, the proportion of males in a brood did not differ
with either host species or mass, or with clutch size (Table 4.4).

4.3.2 Conopid Parasitism of Bumble Bees
4.3.2.1 Host use
The prevalence of conopids differed significantly among bumble-bee workers and
males, and between heterospecific bumble-bee workers (Fig. 4.2b, c; Table 4.1). Male
bumble-bees experienced significantly less conopid parasitism than workers during both
years (Fig. 4.2c). Indeed, the incidence of conopid parasitism was too low (1999: 1.5 %;
2000: 0.0%) among male bumble bees to test for differences between species. Among
workers, B. flavifrons typically experienced higher infection by conopids than the other
three bumble-bee species, although during 1999 B. flavifrons did not differ significantly
from B. occidentalis. During 2000, B. occidentalis workers experienced less conopid
parasitism than during 1999, resulting in a significant interaction between species and
year (Fig. 4.2b; Table 4.2). The incidence of conopid parasitism was very low among
B. californicus workers, with only one infected worker out of 167 collected during 19992000.
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Overall, conopid prevalence did not differ significantly between pollen and nectar
collecting workers (G = 0.43, df = 1, P> 0.50). However, the prevalence of conopids
among pollen and nectar collecting workers differed between years, with higher
prevalence among nectar collectors than pollen collectors during 1999, whereas the
reverse was true during 2000 (pollen x year: G = 4.95, df = 1, P < 0.05).

4.3.2.2 Effect of plant species
Conopid prevalence did not differ obviously among bumblebee workers
collected on different plant species. Too few B. bifarius and B. occidentalis workers
were parasitized to test for differences among plant species. However, the proportion of
B. flavifrons workers containing conopid larvae did not differ among plant species during
1999 or 2000 (P > 0.14 in both cases). Further, I found no consistent effect of plant
species when comparing the prevalence of conopids between bumblebee species and
years.
I rarely observed adult conopids in the field and I collected too few to determine
whether their abundance differed among plant species. I did not find adult conopids on
bees coated in adhesive, indicating that conopids were either not attracted to coated bees
or could escape the adhesive.

4.3.2.3 Effects of host size
Wing length differed inconsistently between bumble bees of different species that
were unparasitized or parasitized by conopids. In particular, during 1999, parasitized
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B. bifarius workers were significantly larger than unparasitized conspecifics (G = 6.78,
df = 1, P < 0.01), parasitized B. occidentalis workers were significantly smaller
(G = 4.99, df = 1, P < 0.05) and parasitized B. flavifrons did not differ (G = 0.52, df = 1,
P > 0.45). During 2000, parasitized and unparasitized workers did not differ significantly
with respect to wing length (P > 0.24 in all cases).
Worker bumble bees parasitized by conopids were heavier, on average, than
unparasitized workers (parasitism effect, Table 4.6, Fig. 4.10). Despite considerable
significant variation in the mean mass of workers within and between years and between
species (bee species * season x year interaction, Table 4.6; Fig. 4.10), the mean mass of
parasitized workers remained roughly constant (no significant interactions between
parasitism, bee species, season and year, Table 4.6). Such consistency in the size of
parasitized bees suggests that host mass may be an important factor in host selection by
conopids.
In the following analyses, I investigate whether conopids at Barrier Lake selected
worker bumble bees according to mass and the benefits, in terms of pupal mass, conopids
achieve from size-selectivity. To do this, I investigated the pupal mass that conopids
achieved in workers of differing mass. Further, I determined the relative abundance of
workers of differing mass at Barrier Lake during July-August, 2000, which governs the
opportunity for conopids to select hosts based on their mass. The pupal mass of conopids
2

increased as a decelerating function of host mass (F ,4o = 21.9, P< 0.001, R = 0.50; Fig.
2

4.1 la). If female conopids choose bees randomly with respect to size, each size class of
bees should experience parasitism in proportion to their abundance, which would in turn
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Table 4.6. A N O V A results for comparison of bumblebee (workers only) mass between
conopid parasitized and unparasitized bees, bumblebee species, seasons (early or late)
and years during 1999 and 2000.

Effect

df

F

Parasitized

1

6.51*

Bee species

2

136.00***

Season

1

0.76

Year

1

1.61

Species x season

2

0.79

Species x year

2

5.72**

Season x year

1

14.57***

2

5.21**

Species x season

x

year

*P<0.05, **P<0.01, ***P< 0.001
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Figure 4.10 : Mean (± SE) mass of worker and male bumble bees that were unparasitized
or parasitized by conopids during 1999 (early season: July 9-28; late season: July 30August 20) and 2000 (early season: July 4-20; late season: July 21-August 21).
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Figure 4.11 : The relation of conopid mass to host mass and the abundance of parasitized
and unparasitized bumble bees of differing sizes at Barrier Lake during 2000.
(a) Relation of conopid pupal mass to host mass during 2000. Size distributions of
(b) unparasitized and (c) conopid parasitized bumblebee workers during 2000. Legend
in panel (b) also corresponds to panel (c).
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produce two results. First, most conopids at Barrier Lake should parasitize small bees,
because the mass distribution of workers is skewed to smaller sizes (Fig. 4.1 lb). Second,
even though the pupal mass of conopids varies positively with host mass (Fig. 4.1 la), the
abundance of small hosts should result in a relatively large proportion of the total mass of
all conopid pupae developing on small bees (Fig. 4.12, solid line). However, at Barrier
Lake, conopids did not parasitize all bumble-bee size classes according to their
abundance. The size distribution of parasitized bees during 2000 (Fig. 4.1 lc) was
centered around significantly larger bees than that of unparasitized bees (Fig. 4.1 lb)
(Kolmogorov-Smirnov two-sample test; D = 0.23, P < 0.01). As a result, the highest
proportion of the total mass of all conopid pupae came from larvae developing on bees of
intermediate size (Fig. 4.12, dotted line).
The benefit that conopids realize through parasitizing larger bumble bees rather
than choosing hosts randomly with respect to size can be estimated by comparing the
mean pupal masses of the two curves in Figure 4.12. By preferentially parasitizing larger
bees, conopids achieved a 33.5% heavier mean pupal mass (21.02 mg vs. 15.74 mg) than
would have been achieved by parasitizing each size class of bumble bees according to its
abundance.

4.3.2.4 Larval survival and pupal mass
A higher proportion of conopid larvae survived to pupation during 1999 (mean +
SE: 0.74 ± 0.07) than during 2000 (0.65 ± 0.07); however this difference was not
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Figure 4.12 : Predicted (solid line) and observed (dotted line) contributions of bumblebee hosts of differing mass to the total mass of conopid pupae during 2000. Predicted
values are the expected proportions of the total mass of conopid pupae contributed by
hosts of differing size i f conopids selected bumble-bee hosts randomly with respect to
mass (i.e. according to Fig. 4.1 lb). Observed values are the proportions of the total mass
of conopid pupae contributed by hosts of differing size if conopids select bumble-bee
hosts according to the size distribution of parasitized workers observed at Barrier Lake
during 2000 (Fig. 4.1 lc). The numbers above each curve indicate the mean pupal
masses.
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significant (Table 4.7). The survival of conopid larvae did not differ between bumblebee species or by host mass (Table 4.7).
The mass of conopid pupae differed between years, but not bee species, after
accounting for the effect of host mass (Table 4.7). In particular, conopid pupae were
significantly heavier during 1999 than 2000 (mean ± SE pupal mass: 1999: 40.24 mg;
2000: 29.41 mg; Table 4.7).

4.4 Discussion
4.4.1 Phorid parasitism of bumble bees
Phorids parasitized twice as many bumble bees at Barrier Lake during 2000, as
during 1999, and this coincided with differences between years in the number, mass and
survival of phorid larvae. During 1999, but not during 2000, the number of phorid larvae
per bee increased with host mass and varied among host species. As a result, during
2000, small bees contained as many phorid larvae per bee as large bees, but tended to
produce smaller pupae, particularly at large clutch sizes. Phorid pupae were significantly
heavier, on average, during 1999 than 2000. Further, during 1999, but not 2000, the
survival of phorid larvae to pupation increased with clutch size.
During 1999, but not 2000, the number of phorid larvae per bee increased with
host mass (Fig. 4.6a). A positive correlation between host size and clutch size is
predicted by several models of insect clutch size (Charnov & Skinner, 1984; Iwasa et al,
1984; Parker & Courtney, 1984; Skinner, 1985; Mangel, 1987) and is known for a
number of gregarious parasitoids (Salt, 1961; Waage, 1986; Godfray, 1987). However,

80
Table 4.7. Analysis of the survival of conopid larvae to pupation and conopid pupal mass
during 1999 and 2000.

Pupal mass

Larval survival

Bee species

F = 1.62

G =0.05

Bee mass

F= 10.27**

G = 0.03

Year

F= 12.16***

G =3.19

Species x mass

F=2.66

-

Species x year

F=0.22

G= 1.29

-

G = 3.84

Effect

Mass x year
*P<0.05, **P<0.01, ***P< 0.001
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this pattern was not evident during 2000 (Fig. 4.6b). It is worth noting that the
distributions of clutch size as a function of host mass are not particularly dissimilar
between 1999 and 2000, except that during the latter year several medium- and largesized bees (> 104 mg) contained small clutches (1-5 larvae) which contributed strongly to
the lack of a significant positive slope.
Small clutches among medium and large bees during 2000 may result from
parasitism by multiple A. borealis females (superparasitism). If competition among
phorid larvae is high within clutches containing non-sibs, the number of larvae surviving
to pupation may be quite low. Because phorid parasitism was twice as frequent during
2000 as during 1999, the possibility of increased superparasitism during the latter year
seems likely. Although gregarious larvae, like A. borealis, normally do not possess
fighting mandibles, they may exclude one another from host resources through
exploitation competition (Godfray, 1994). Because the initial clutch size is unknown
when hosts are dissected, superparasitized bees may appear to have contained only a few
larvae per host.
The lack of a relation between clutch size and host mass during 2000 had
important consequences for the performance of clutches on small bumble bees. During
2000, phorid larvae from large clutches in small bees apparently experienced a density
dependent reduction in mass. The slope of total pupal mass per host as a function of
clutch size during 2000 decelerates in small bees resulting in smaller total masses of
pupae per bee than on medium or large bees, particularly at large clutch sizes.
Correspondingly, pupae from small bees were significantly smaller than those from
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medium or large bees. These results are consistent with findings from clutch size
manipulation studies that adult parasitoids emerging from artificially increased clutches
(on constant host sizes) were significantly smaller (Taylor, 1988; Hardy et al, 1992;
Zaviezo & Mills, 2000).
Data from B. flavifrons during 1999 and B. californicus during 2000 also indicate
that clutch size can affect pupal mass. During 1999, B. flavifrons contained, on average,
the most larvae per bee, despite being only of intermediate body size (Table 4.5).
Although many larvae per bee resulted in relatively heavy total masses of pupae per bee,
larvae in B. flavifrons had lower survival and pupal mass than those in the other two host
species during 1999 (Table 4.5). In contrast, during 2000, B. californicus had, on
average, the fewest number of phorid larvae per bee, but produced the heaviest pupae
(Table 4.5).
The total and mean mass of phorid pupae per bee did not increase significantly
with host mass during 1999 or 2000, after accounting for variation in pupal mass with
clutch size. It is unlikely that a change in total pupal mass occurred and was concealed
by differing brood sex ratios because the sex ratio of phorid clutches did not vary with
clutch size or host mass.
The lack of a relation between pupal mass and host mass may indicate that adult
female A. borealis adjust their clutch size so that the resources available to developing
larvae are constant across host sizes, or that larvae grow to a physiologically determined
maximum size without consuming all resources in large hosts. On one hand, total and
mean pupal mass may not relate to host size because adult female phorids adjust their
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clutch size so that the relative investment per offspring does not change with host size.
Indeed, during 1999, phorid clutch size increased linearly with host mass (Fig. 4.6a),
suggesting that larger clutches received proportionately more resources than smaller
clutches. In theory, after adult female parasitoids adjust their clutch size to the size of the
host, the fitness of offspring should be independent of host quality (Parker & Courtney,
1984; Waage & Godfray, 1985). However, it is not known how bumblebee mass
influences the amount of resources available for developing phorid larvae. Further,
clutch size did not relate to host mass during 2000 (although, i f superparasitism occurred,
clutch size estimates would be inaccurate, see above), suggesting that the resources
available to developing phorid larvae may not be equal across host sizes. Alternatively,
the lack of a relation between the mass of phorid pupae and host mass may indicate that
larvae grow to a fixed maximum size and do not consume all available resources in large
bumble bees. During 2000, although small clutches occurred in bees of all sizes, those in
large bees did not produce heavier pupae than those in small- and medium-sized bees
(Fig. 4.7b). Further, the residual lifespan of bumble bees containing phorid larvae is very
consistent among bee species and sexes (Chapter 5), suggesting that the period of
development of A. borealis larvae is also very consistent. Therefore, A. borealis larvae
may develop for a fixed period (or to a fixed size) on hosts regardless of whether
additional host resources are available. If rapid development is advantageous, parasitoids
may not utilize host resources fully in favor of a shortened larval period (Godfray, 1994).
Although adult female phorids do not generally appear to achieve larger offspring
on larger hosts, they may still benefit from selectively parasitizing larger bumble bees
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through more offspring. During 1999, a doubling in host mass corresponded to a 67%
increase in the average clutch size (Fig. 4.6a). Indeed, the largest host species, B.
occidentalis, experienced the highest incidence of phorid parasitism during both years
(Fig. 4.2a). Further, parasitized bumble bees were larger overall than unparasitized bees
during both years, although the difference was statistically weak (P = 0.05) (Fig 4.3;
Table 4.2). However, larger bees did not consistently experience a higher incidence of
parasitism. For example, during 1999, the smallest bumble-bee species (B. bifarius)
experienced significantly higher incidence of parasitism than the two intermediate sized
species (B. flavifrons and B. californicus). Further, during 2000, all bumble-bee species
experienced statistically equivalent prevalences (Fig 4.2a; Table 4.1) and clutch size did
not relate to host mass (Fig. 4.6a). If large bumble bees yield more phorid offspring than
small bumble bees, why do phorid females commonly parasitize small bumble bees?
Smaller bumble bees need not be poor hosts for developing phorid larvae. For
example, during 1999, B. bifarius produced phorids with the heaviest mean pupal mass
even though it is the smallest host species (Table 4.5). Bombus bifarius had few larvae
per bee on average (Table 4.5), perhaps allowing sufficient resources for those larvae to
become the largest pupae during 1999. Similarly, during 2000, the intermediate sized
host species, B. californicus, produced phorid pupae that were as heavy, on average, as
those from the largest host species, B. occidentalis, while having the fewest larvae per
bee (Table 4.5). Small bees can apparently produce large phorid offspring provided that
the number of larvae per bee is relatively small. The most probable cost to phorid
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females of using small bumble bees as hosts is the risk of density-dependent larval
mortality and reduced offspring size if clutches are too large (see above).
The rarity of large bumble bees at Barrier Lake likely means that phorid females
have limited opportunity to select them as hosts. Only 15.6% of all bumble bees
collected at Barrier Lake during 1999, and 14.3% during 2000, fell within the 'large'
class (> 149 mg). Consequently, phorid parasitism may be more common among small
than large bumble bees because adult female phorids seldom encounter large bees.
If adult female phorids visit plant species non-randomly when searching for hosts
(Fig. 4.5; Table 4.3), they may not encounter the largest available bumble bees. During
2000, it appears that a high proportion of all phorid parasitism occurred on Medicago
sativa and Solidago spathulata (Fig. 4.5). However, only 21% and 14%, respectively, of
bumble bees on these plant species were of a large size (> 149 mg). In contrast 41% and
60%, respectively, of bumble bees on these plant species were small (< 105 mg).
The increase in larval survival with clutch size observed during 1999 (Fig. 4.9)
contrasts with the expectation of a negative correlation between the number of offspring
developing in a host and their average survival or fitness that is common to most models
of parasitoid clutch size (reviewed in Skinner, 1985; Godfray, 1994). However,
empirical results have shown that the survival of parasitoid larvae need not decline with
increasing clutch size (e.g. Le Masurier, 1991). Increased survival with clutch size may
reflect saturation or exhaustion of the host's immune system (Salt, 1968). Alternatively,
substances may be injected during oviposition or secreted by immature parasitoids that
attack the host's immune system and act in a dosage-dependent fashion (Godfray, 1994).
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Although the immune response of bumble bees is apparently independent of the
magnitude of infection, secondary infections may be subject to reduced encapsulation
(Allander & Schmid-Hempel, 2000). Consequently, i f large clutches result from repeated
ovipositions on a single host (e.g. superparasitism), these broods may generally show
improved survival. Further, metabolically expensive activities, such as foraging, can
reduce immunocompetence in bumble bees (Konig & Schmid-Hempel, 1995).
Therefore, large clutches may survive better if they occupy bumble bees that have
foraged extensively (e.g. parasitism risk increases with time spent away from the nest),
because of poor host immune response. If the survival of phorid larvae does not decline
with increasing clutch size, phorid females that lay relatively large clutches (> 12 larvae
per bee) may realize high reproductive success.
The 1999 results indicate that relatively large clutches (> 12 larvae) have better
survival than smaller clutches, suggesting that phorid females would benefit from laying
larger clutches. However, only 17% of phorid clutches exceeded 12 larvae during 1999
and only 12% during 2000. The rarity of large clutches may reflect their relatively poor
performance on small bees, as discussed above. Although the expected survival of large
clutches may be higher than that of smaller clutches, their placement on relatively small
bees appears to result in smaller offspring (Fig. 4.7b). In addition, whereas large clutches
may perform well on large bees, the commonness of small bees (< 105 mg) at Barrier
Lake (44% of all bees during 1999, 56% during 2000), may mean that female phorids
have difficulty realizing the benefits associated with large clutches.
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During 1999 and 2000, clutches containing 1-2 larvae had a higher survival than
clutches slightly larger (3-8 larvae) and may have resulted from superparasitism. As
discussed above, if multiple phorid females oviposit on a single bee, brood reduction may
occur by larvae competing for limited host resources. Consequently, at dissection,
superparasitized bees may appear to have contained only a few larvae. If parasitoid
larvae that compete more strongly obtain more food (e.g. Godfray & Parker, 1992), the
few phorid larvae that remain within superparasitized bees may have consumed a
relatively high proportion of the host resources and be expected to have high survival. If
clutches with 1-2 larvae resulted from superparasitism, they should have been more
common during 2000 than 1999 because phorid prevalence was twice as high among
bees during 2000 than 1999. Indeed, there were twice as many clutches with 1-2 larvae
during 2000 as during 1999 (Fig. 4.9).

4.4.2 Conopid parasitism of bumble bees
Overall, conopid prevalence among bumble bees at Barrier Lake did not differ
between 1999 and 2000, but differed between bumble-bee species, sexes and according to
bee mass. In particular, B.flavifrons was parasitized more often than other bee species,
workers were parasitized more often than males and parasitized workers were larger than
unparasitized workers. Further, conopid pupal mass increased as a decelerating function
of host mass and conopids achieved heavier pupae by parasitizing larger bees than would
have been achieved by selecting hosts randomly with respect to size.
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Previous investigations have found that certain conopid species prefer larger
bumble-bee species, and within bee species conopids generally prefer larger individuals
( M i i l l e r ^ al, 1996; Schmid-Hempel & Schmid-Hempel, 1996b). These preferences
seem to reflect offspring performance, as heavier pupae emerge from larger hosts and
correspondingly have a higher probability of pupating successfully (Schmid-Hempel &
Schmid-Hempel, 1996b). Such results suggest that host mass, and not host species, may
be the predominate factor underlying host choice by conopid parasitoids of bumble bees.
Pupal weight of conopids increased as a decelerating function of host mass, so
that intermediate-sized bees produce considerably heavier pupae than relatively small
bees, but relatively large bees produce pupae only marginally heavier than those
produced by intermediate-sized bees (Fig. 4.1 la). This result suggests that if all host size
classes were equally abundant, adult female conopids would benefit from preferentially
selecting the largest bees as hosts, thereby producing the heaviest pupae. However, the
size distribution of bumble bees at Barrier Lake (within the range used by conopids) is
dominated by smaller bees, with very large bees being relatively scarce (Fig. 4.1 lb).
Consequently, conopid females may often not have the option to select large bumble bees
as hosts. Conversely, i f conopids parasitized each size class of bees according to their
abundance at Barrier Lake, the mean weight of pupae would be relatively small because
most larvae would develop on the abundant small bees.
At Barrier Lake, conopids most commonly parasitized worker bumble bees of
intermediate to relatively large size (Fig. 4.10, 4.1 lc). Workers parasitized by conopids
were significantly heavier overall than unparasitized bees. Further, the mean mass of
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parasitized workers remained relatively constant within and between years despite
changes in the mean mass of unparasitized workers (Fig 4.10). Although conopid larvae,
by virtue of their relatively large size at maturity, may affect the weight of parasitized
bumble bees, this is unlikely to account for parasitized bees being heavier than
st

nd

unparasitized bees. Parasitized bees collected in the field typically contain 1 - and 2 instar conopid larvae, which weigh, on average, less than 5% of the mass of an uninfected
rd

worker, whereas bees containing mature (3 instar) conopid larvae are rarely (< 5% of
parasitized bees) collected (Schmid-Hempel & Schmid-Hempel, 1991). Further, using
wing length as an estimate of bee size also indicates differences in the size of conopid
parasitized and unparasitized bees (see also Miiller et al, 1996), although less strongly
than when masses are compared.
As a consequence of conopids commonly parasitizing intermediate-sized bumble
bees, the intermediate sized species, B. flavifrons, experienced the highest incidence of
parasitism during both years (Fig. 4.2b). Additionally, during 1999, when conopids
parasitized the smallest bumble-bee species, B. bifarius, they tended to use larger-thanaverage individuals, whereas they used smaller-than-average individuals when
parasitizing the large bee species, B. occidentalis. However, these results do not prove
that conopids actively choose larger bumble bees as hosts. Larger bees may be more
visible to adult female conopids or less able to fend off conopid attacks (Miiller et al,
1996). Nevertheless, conopids achieved an estimated 33.5% heavier mean pupal mass by
parasitizing intermediate- and large-sized bumble bees than would have been achieved by
parasitizing hosts randomly with respect to size (Fig. 4.12). Heavier pupae likely result
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in improved offspring performance as the probability of successful pupation increases
with pupal mass in conopids (Schmid-Hempel & Schmid-Hempel, 1996b).

4.4.3 Host use by phorid and conopid parasitoids of bumble bees
Phorid and conopid parasitoids appear to be affected by similar factors when
parasitizing bumble bees. Both parasitoids may achieve increased reproductive success
when parasitizing relatively large bees through increased number and survival (phorids)
or size (conopids) of offspring. However, at least at Barrier Lake, the opportunity to
select large bumble bees as hosts may be rare. Nevertheless, conopids parasitized
intermediate- and large-sized bumble bees more often, and small bees less often, than
expected based on their relative abundance. In so doing, conopids achieved heavier
offspring, on average, than would have been achieved by parasitizing bees randomly with
respect to size. In contrast, phorids may be able to achieve large offspring on small bees
by placing relatively few larvae per bee.
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5 Effects of phorid and conopid parasitism on bumble-bee survival and behaviour
5.1 Introduction
With few exceptions, insects harboring parasitoid larvae do not reproduce
(Godfray, 1994) and therefore, after parasitism, no opportunities for future reproduction
exist. For example, Andrena bees (Hymenoptera: Apidae) infected with strepsipteran
larvae have reduced scopae and rarely collect sufficient pollen to provision larvae
(Baudoin, 1975). In contrast, parasitized workers in colonies of social insects can still
contribute to their mother's fitness by collecting resources for colony growth and
reproduction, thereby increasing their own inclusive fitness (Schmid-Hempel & Miiller,
1991).
The contribution that a parasitized worker can make to colony reproduction
depends, in part, on its further longevity. Worker bumble bees containing conopid larvae
may maximize their remaining contribution to their colony by actively seeking cold
temperatures, thereby slowing parasitoid development and prolonging their remaining
lifespan (Midler & Schmid-Hempel, 1993). Alternatively, parasitism may not shorten
host lifespan under natural conditions. For example, certain arctiid (Lepidoptera)
caterpillars infected with tachinid (Diptera) larvae often survive the emergence of their
parasitoids and become reproductive adults (Karban & English-Loeb, 1997; Karban,
1999). Further, parasitoids that allow their host to develop and grow after parasitism
(koinobionts; Godfray, 1994) may have protracted development and employ mechanisms
to prevent the death of the host (Smith Trail, 1980).
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Even if parasitism does not cause high host mortality, it may adversely affect
hosts by reducing foraging efficiency. Parasitized animals often forage less efficiently
because of physiological stress, which in turn can alter microhabitat preference (Poulin,
1998) . For example, relative to unparasitized workers, bumble bees parasitized by
conopid larvae may visit different plant species (Schmid-Hempel & Schmid-Hempel,
1990; Schmid-Hempel & Stauffer, 1998) or become torpid while foraging (e.g. Heinrich
& Heinrich, 1983). Further, host responses to the pathological effects of parasitism
should become more pronounced towards the end of the host's life when parasitoid larvae
are more developed and cause more damage to their host (e.g., Chow & Mackauer,
1999) . For example, bumble bees parasitized by conopid larvae may show a decreased
propensity to collect pollen over nectar, particularly when the parasitoid is in its last
instar and most developed (Schmid-Hempel & Schmid-Hempel, 1991). Ultimately,
reduced foraging efficiency in social insects may have important consequences for the
success of colonies and the structure of communities (e.g. Orr et al., 1995).
In this chapter, I investigate the effects of phorid and conopid parasitism on the
survival of worker and male bumble bees and on pollen collection by worker bumble
bees. First, I compare the survival of phorid and conopid parasitized and unparasitized
bees after capture. Second, I compare the relation between residual lifespan and pollen
collection among phorid and conopid parasitized and unparasitized workers. Finally, I
investigate the effects of phorid and conopid parasitism on the diversity of pollen
collected by workers, and on the proportion of pollen that workers gathered from the
plant species on which they were collected.
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5.2 Methods
5.2.1 Collecting methods
I collected worker and male bumble bees at Barrier Lake, Kananaskis during JulyAugust of 1999 and 2000. The methods used for collecting and processing bumble bees
are described in Chapter 2.

5.2.2 Pollen load analysis
To determine the effects of phorid and conopid parasitism on the fidelity of
pollen-collecting bumble bees to particular plant species, I gathered pollen loads from
workers foraging at Barrier Lake, Alberta. I removed pollen loads from bees' corbiculae
using an uncontaminated probe and stored them in individual microcentrifuge tubes at
-20°C. I prepared pollen slides by suspending pollen loads in 95% ethanol, placing a
drop of the suspension on a clean glass slide and allowing the ethanol to evaporate. I
then mixed glycerin and basic fuschin jelly (Kearns & Inouye, 1993) into the pollen
smear while heating gently to melt the stain jelly. Once the smear was mixed thoroughly,
I added a coverslip and inverted the slide for several hours to allow pollen grains to settle
next to the coverslip. Using a Wild Heerbrugg microscope, I examined 300 grains per
slide and identified them to species using a library of slides I that I prepared from plants
at Barrier Lake during 1999 and 2000 (see Kearns and Inouye, 1993 for methods on
preparing field slides).
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5.2.3 Statistical analyses
To assess the effects of phorid and conopid parasitism on bumble-bee mortality, I
used residual lifespan data gathered from bees that had been collected at Barrier Lake and
held in the laboratory until their death. I compared survival after capture for parasitized
(conopid or phorid) and unparasitized bumble bees using host species, host mass and year
as explanatory variables (Proc LIFETEST, SAS Institute, 1998). I distinguished two
classes of parasitized bumble bees for survival analyses, 1) bees containing either a single
live conopid larva or at least one live phorid larva at dissection, and 2) bees containing
only dead larvae at dissection. I tested the homogeneity of survival functions between
parasitized and unparasitized bees using the Wilcoxon and log-rank tests (Lee, 1980)
because the probability of death was not constant. The survival of phorid parasitized and
unparasitized bees did not differ between workers and males, and so I pooled these bees
for all survival analyses pertaining to phorid parasitism. Conopids rarely parasitized
male bumble bees (percentage parasitized: 0.63%) and B. californicus workers (0.60%),
and I excluded these bees from all survival analyses pertaining to conopid parasitism.
Unparasitized bumble bees experienced high mortality within 2.5 days of capture (42%
died during this period), presumably due to stress associated with collection. In contrast,
bees parasitized by conopids did not show similarly high mortality during this period, and
mortality arising from phorid parasitism could not be separated from that arising from the
collecting procedure. Therefore, I did not exclude bees dying with 2.5 days of capture
from survival analyses. Instead, I report both the log-rank and Wilcoxon chi-squared
statistics when comparing the survival of parasitized and unparasitized bees. The log-
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rank statistic weights long survival times, thereby minimizing the mortality effects
associated with the collecting procedure. In contrast, the Wilcoxon statistic places more
weight on short survival times, thereby emphasizing differences in the survival of
parasitized and unparasitized bees soon after capture. I used the log-rank test to compare
the survival of unparasitized bees between years, and bee species as an explanatory
variable to account for differences in the composition and survival of species in my
samples between years.
I used logistic regression (McCullagh & Nelder, 1989) to determine the effects of
parasitism (phorid or conopid), residual lifespan, bumble-bee species and year on the
proportion of worker bumble bees collecting pollen. A binomial distribution was
assumed for the proportion of workers collecting pollen and I used a logistic link function
(Proc G E N M O D , SAS Institute, 1998). I identified the simplest model that significantly
explained the observations by beginning with a saturated model and then sequentially
removing all non-significant (a = 0.05) main effects and interactions that were not
explicit components of the experimental design. To characterize the relation of pollen
collection to residual lifespan for unparasitized workers, I used all lifespan classes, but
pooled workers surviving beyond 31 days because few bees (3%) lived this long. When
comparing parasitized and unparasitized workers with respect to pollen collection, I used
only bumble bees that died within 6 days of capture for analyses of phorid parasitism and
20 days for analyses of conopid parasitism. Six and 20 days represent the maximum
observed residual lifespans for phorid and conopid parasitized bees, respectively.
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I examined the pollen loads collected from worker bees from two perspectives.
To estimate the diversity of pollen species within pollen loads, I used Simpson's index
(Krebs, 1989). To estimate the plant species fidelity of bees, I calculated the proportion
of pollen from the same species as the plant on which the bee was captured (proportion of
conspecific pollen, PCP). Simpson's indices did not differ significantly between years,
or within years between months (July and August), so I pooled data within and between
years for each bee species for analyses pertaining to pollen diversity. Similarly, PCP
values did not differ between months (July and August) within years, so I pooled data
within years for each bee species for analyses pertaining to plant species fidelity.

5.3 Results
5.3.1 Effects of parasitism on bumble-bee survival
5.3.1.1 Phorids
During 1999 and 2000, worker and male bumble-bees containing live or dead
A. borealis larvae died sooner after capture than unparasitized bees (Figs. 5.1a, b; Table
5.1). During 2000, bees with live phorid larvae had shorter residual lifespans than those
containing only dead larvae (Fig. 5.1b; significant Wilcoxon statistic, Table 5.1; however,
the log-rank statistic for this comparison was not significant after Dunn-Sidak correction,
Table 5.1). Unparasitized worker and male bumble bees died significantly sooner after
2

capture during 1999 than 2000 (Log-rank % = 39.08, df = 1, P< 0.001). Survival of
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Figure 5.1 : Survival of parasitized and unparasitized bumble bees (species pooled) after
capture during 1999 and 2000. Panels a and b compare bees (workers and males pooled)
parasitized by phorids to unparasitized bees. Panels c and d compare workers parasitized
by conopids to unparasitized workers. The inset in panel b displays residual lifespans up
to 6 days, to illustrate more clearly the differences in the survival of bees soon after
capture. Mean (± SE) residual lifespans are indicated numerically for parasitized and
unparasitized bees.
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Table 5.1. Test statistics comparing the survival of parasitized and unparasitized bumble
bees, during 1999 and 2000. Parasitized bees are divided into those containing live
larvae at dissection and those containing only dead larvae at dissection.

Unparasitized vs. live larvae
Parasitoid

Year

Phorid

1999

8.88**

24.13***

481 vs. 59

2000

36.67***

95.03***

564 vs. 119

1999

16.40***

Conopid

2000

2

Wilcoxon %

0.64

N

2

Log rank %

3.25

515 vs. 54

8.15**

383 vs. 38

Unparasitized vs. dead larvae
2

Parasitoid

Year

Wilcoxon x

Phorid

1999

-

-

2000

8.72**

18.15***

1999

0.04

2000

7.54**

Conopid

Log rank %

N
-

564 vs. 13
515 vs. 25

0.03
16 79***

383 vs. 20

...continued

Live larvae vs. dead larvae
Parasitoid

Year

Wilcoxon %

Log rank %

N

Phorid

1999

-

-

-

Conopid

2

2

2000

8.14**

4.74

119 vs. 13

1999

5.22

2.07

54 vs. 25

2000

16 97***

19.27***

38 vs. 20

** P < 0.01, *** P < 0.001, based on Dunn-Sidak multiple comparisons
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phorid parasitized and unparasitized bumble bees did not vary significantly with mass
2

(Log-rank x, - 3.41, df = 2, P = 0.07), nor did the survival of phorid parasitized bees
correlate with the number of larvae per bee (1999: Spearman's r = 0.02, P = 0.091; 2000:
Spearman's r = -0.07, P = 0.49).

5.3.1.2 Conopids
Worker bumble bees containing conopid larvae tended to survive better than
unparasitized workers soon after capture, but the effect of parasitism on the maximum
residual lifespan of bees was not consistent between years. During 1999 and 2000,
worker bumble bees containing live conopid larvae experienced lower mortality than
unparasitized workers shortly after capture (Figs. 5.1c, d). However, during 2000, but
not 1999, bees parasitized by conopids experienced considerably higher mortality at
longer residual lifespans than unparasitized bees (Figs. 5.1c, d). Consequently, Wilcoxon
(weighting short lifespans more) and log-rank tests (weighting long lifespans more)
comparing the survival of workers containing live conopid larvae and unparasitized
workers show opposite results within and between years (Table 5.1). In particular,
weighting short residual lifespans more heavily suggests that parasitized bees survived
significantly better than unparasitized bees during 1999, but not 2000. Conversely,
weighting long residual lifespans more heavily suggests that parasitized bees died
significantly sooner than unparasitized bees during 2000, but not 1999. Unparasitized
workers survived significantly longer after capture during 2000 than 1999 (Log-rank
2

% = 11.21, df = 1, P< 0.001). Survival of bumble-bee workers did not vary with mass
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(Log-rank x = 0.09, df = 2, P = 0.77), and survival of conopid parasitized workers did
not correlate with the final mass of conopid pupae (1999: Spearman's

r = -0.13, P

> 0.40; 2000: Spearman's r = 0.17, P > 0.30).
Survival of workers containing dead conopid larvae differed from workers
containing live conopid larvae during 2000, but not 1999. During 1999 and 2000, worker
bumble bees that contained dead conopid larvae when they died survived similarly to
unparasitized bees during the first 2-3 days after capture (Figs. 5.1c, d). However, during
2000, workers containing dead conopid larvae died more quickly after three days past
capture than unparasitized bees or bees containing live conopid larvae (Fig. 5.Id).
Overall, workers containing dead conopid larvae survived less well than unparasitized
workers or workers containing live conopid larvae during 2000, but not 1999 (Table 5.1).

5.3.2 Effects of parasitism on pollen collection by worker bumble bees
Residual lifespan may estimate the actual age of unparasitized bumble bees at
capture and the time since parasitism for parasitized bees. Residual lifespan should be
inversely related to the actual age of unparasitized bees at capture, so that bees surviving
for a long period in the laboratory were likely relatively young when captured. In
contrast, among parasitized bees, residual lifespan should vary inversely with the time
since parasitism, so that parasitized bees surviving for a long period in the laboratory
likely contained eggs or early instar parasitoid larvae when captured. Among
unparasitized workers, bees that had been collecting pollen lived longer after capture than
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bees that were collecting nectar only (Fig. 5.3b; Table 5.2), suggesting a tendency for
pollen collection to decline with age.

5.3.2.1 Phorids
Phorid parasitism affected the incidence of pollen collection, but not the species
preferences of pollen-collecting bumble bees. Relatively fewer workers with phorid
larvae collected pollen than unparasitized bees during 1999, but not 2000 (Fig. 5.2a). As
a result, parasitism and year interacted significantly in their effects on the proportion of
workers collecting pollen (Table 5.3). Among bees surviving up to six days after capture,
the proportion of workers collecting pollen did not vary with residual lifespan for either
phorid parasitized or unparasitized workers (Fig 5.3a; Table 5.3). Simpson's diversity
and PCP indices for pollen loads did not differ significantly between phorid parasitized
and unparasitized workers for any bumble-bee species (Tables 5.4, 5.5).

5.3.2.2 Conopids
Worker bees with conopid larvae were less likely to collect pollen than
unparasitized workers during 1999, but not 2000 (Fig. 5.2b). As a result, parasitism and
year had weakly interacting effects on the proportion of workers collecting pollen
(parasitism * year interaction, P = 0.05; Table 5.3). Pollen collection varied positively
with residual lifespan among workers parasitized by conopids (G = 4.25, df = 1, P< 0.05;
Fig. 5.3b). Further, parasitized workers displayed a stronger positive association between
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Figure 5.2 : Mean (+ SE) proportion of parasitized and unparasitized worker bumble bees
collecting pollen during 1999 and 2000. Panel a compares unparasitized workers to those
parasitized by phorids, whereas panel b compares unparasitized workers to those
parasitized by conopids.
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Figure 5.3 : Relation between the proportion of bumble bees collecting pollen and
residual lifespan. Panel a compares unparasitized workers to those parasitized by phorids
and panel b compares unparasitized workers to those parasitized by conopids.
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Table 5.2. Logistic regression statistics describing the effects of residual lifespan,
bumble-bee species, month (July or August) and year on the proportion of unparasitized
workers collecting pollen.

df

G

Lifespan

1

4.02*

Species

2

51.64***

Month

1

74 93***

Year

2

75.78***

Species x year

2

Effect

*P<0.05, ***/>< 0.001

1.91
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Table 5.3. Logistic regression statistics describing the effects of parasitism (phorid or
conopid), residual lifespan, bumble-bee species and year on the proportion of workers
collecting pollen.

Conopid

Phorid
Effect

df

G

df

G

Parasitized

1

0.08

1

2.21

Lifespan

1

3.07

1

4.24*

Year

1

26.50***

1

16 97***

Species

2

37.27***

2

61.31***

Parasitized x lifespan

1

2.96

1

3.83

Parasitized x year

1

8.06**

1

3.57

Species x year

2

4.52

2

1.32

* P < 0.05, **P < 0.01, *** P < 0.001

Table 5.4. Mean (± SE) Simpson's Diversity Index for pollen loads from parasitized and unparasitized worker bumble bees, based on
pooled data for 1999 and 2000. Statistics indicate comparisons for entire rows. Numbers in parentheses report the numbers of bees
sampled.

Parasitized
Species

Unparasitized

Phorid

KruskalConopid

Wallis

P

B. bifarius

0.86 ± 0.03 (48)

0.87 ± 0.04 (14)

0.79 ±0.11 (6)

0.80

> 0.60

B. flavifrons

0.72 ±0.03 (51)

0.71 ± 0.07 (4)

0.66 ± 0 . 7 (12)

0.61

>0.70

B. occidentalis

0.84 ± 0.03 (35)

0.84 ± 0.08 (8)

0.96 ± 0.02 (4)

1.91

>0.35

Table 5.5. Mean (± SE) proportion of pollen of the same species as the plant species workers were collected on for pollen loads from
parasitized and unparasitized workers, based on pooled data for 1999 and 2000. Statistics indicate comparisons for entire rows.
Numbers in parentheses indicate the numbers of bees sampled.

Parasitized
Year

Species

Unparasitized

1999

B. bifarius

0.85 ± 0.05 (31)

0.94+ 0.04(5)

0.80 ±0.11 (6)

0.21

> 0.85

B.flavifrons

0.75 ± 0.05 (36)

0.91 ± 0.00 (1)

0.72 ± 0.10 (7)

0.13

> 0.90

B. occidentalis

0.77 ± 0.07 (28)

0.97 ± 0.01 (7)

0.98 ± 0.01 (4)

2.31

> 0.30

B. bifarius

0.87 ± 0.05 (17)

0.77 ± 0 . 1 2 (9)

1.38

> 0.20

B.flavifrons

0.40 ± 0.11 (15)

0.61 ± 0.20 (3)

1.17

> 0.55

B. occidentalis

0.68 ±0.17 (7)

0.24 ± 0 ( 1 )

0.43

> 0.50

2000

Phorid

KruskalConopid

n/a
0.56 ± 0 . 1 7 (5)
n/a

Wallis

P
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pollen collection and residual lifespan than unparasitized workers, although this
difference was statistically weak (parasitism x residual lifespan interaction, P = 0.05;
Table 5.3). In particular, parasitized workers with long residual lifespans (15-20 days)
were more likely to have been collecting pollen than unparasitized bees. Neither
Simpson's diversity nor PCP indices differed significantly among conopid parasitized
and unparasitized workers (Tables 5.4, 5.5). Further, these indices were neither
consistently lower or higher among parasitized than unparasitized bees (Tables 5.4, 5.5).

5.4 Discussion
5.4.1 Effects of parasitism on bumble-bee survival
5.4.1.1 Phorids
Parasitism by A. borealis increased bumble-bee mortality considerably, even
when all larvae within a bee died before completing development (Fig. 5.1a, b).
Consequently, bumble bees parasitized by A. borealis likely have little chance of
recovery, regardless of the fate of the infecting larvae. Nonetheless, bees containing dead
A. borealis larvae lived significantly longer than those with live larvae, suggesting that
active consumption of the host by developing larvae hastens host death. Similarly,
parasitism of leaf-cutting ants, Atta laevigata (Hymenoptera: Formicidae), by
Apocephalus attophilus (Diptera: Phoridae) significantly reduces the mean number of
days ants survive after capture (Erthal & Tonhasca, 2000).
Although parasitism by A. borealis clearly shortens the lives of bees in the
laboratory (Figs. 5.1a, b), their impact on the lifespan of foraging bees in the field is not
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known. The mean lifespan of worker bumble bees foraging in a temperate region (see
Rodd et al., 1980) is twice the maximum residual lifespan that I observed for bees
containing live A. borealis larvae (13 days vs. 6-7 days). Further, bees containing
A. borealis larvae had very similar residual lifespans between years, host species and
sexes, as well as between sites in southern and central Alberta (data not shown),
suggesting a consistent development period for A. borealis larvae. Consequently,
A. borealis parasitism likely reduces the lifespan of bumble bees in the field (see also
Otterstatter et al., in revision).

5.4.1.2 Conopids
Interestingly, worker bumble bees containing live conopid larvae tended to
survive better than unparasitized workers, or workers containing dead conopid larvae, for
several days after capture (Figs. 5.1c, d). Indeed, during 1999, bees containing live
conopid larvae had lower mortality than unparasitized bees for 14 days after capture (Fig.
5.1c; Table 5.1).
Lower mortality among parasitized than unparasitized bees shortly after capture
may result from the activity of live conopid larvae, because bees containing dead larvae
survived similarly to unparasitized bees (Figs. 5.1c, d). Bees containing live conopid
larvae may be less active than unparasitized bees and less likely to succumb to the stress
of collection. Indeed, parasitism often reduces host activity and may prevent accidental
death of the host before parasitoid larvae complete development (Smith Trail, 1980;
Poulin, 1998). Captured bees are often agitated and may spend several hours in a highly

114
active state, attempting to escape (personal observation). If conopid parasitism reduces
activity (e.g. because of metabolic drain associated with parasitism, see Holmes & Zohar,
1990; Thompson, 1993), parasitized bees may be less likely to "burn out" shortly after
capture. Although the relation between lifespan and activity is not known for bumble
bees, honeybees (Apis mellifera) that spend more time inactive live longer than active
bees (Schmid-Hempel & Wolf, 1988). Although workers parasitized by conopids have
been found inactive on flowers more commonly than unparasitized bees (Heinrich &
Heinrich, 1983), the effect of conopid parasitism on the activity levels of bumble bees in
the laboratory is not known.
Lower mortality of bees with live conopid larvae than unparasitized bees may
also indicate that female conopids tend to parasitize relatively young bees (Otterstatter et
al., in revision). The estimated development period of conopid larvae (11 days; SchmidHempel & Schmid-Hempel, 1996b) is very similar to the average residual lifespans that I
observed for unparasitized bees (7-11 days; Figs. 5.1c, d) and the estimated mean lifespan
of workers in the field (13 days; Rodd et al, 1980). Consequently, only young bees are
likely to live long enough for successful development of conopid larvae, favoring active
selection of young bees by female conopids. Indeed, Schmid-Hempel and SchmidHempel (1991) estimated (via fat body condition, a correlate of bee age) that
B. pascuorum workers parasitized by conopids were significantly younger than
unparasitized conspecifics. Consequently, young bees parasitized by conopids may
survive better shortly after capture than unparasitized bees, which are older on average.
Indeed, host age strongly influences host quality for many parasitoids (Godfray, 1994).
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This explanation is not discounted by the fact that bees containing dead conopid larvae
experienced greater mortality than bees containing live larvae. Parasitized bumble bees
may die prematurely because of infection if they cannot encapsulate conopid larvae that
died before completing development. Similarly, i f a bumble bee dies before the infecting
conopid larva pupates, the larva likely dies also, because of bacterial and fungal infection
(R. Schmid-Hempel, pers. comm.).
Although workers with live conopid larvae survived better shortly after capture,
they tended to have shorter maximum residual lives than unparasitized bees. Conopid
parasitism similarly reduced the maximum residual lifespan of bumble bees at several
sites across southwestern and central Alberta (data not shown). Bees with live conopid
larvae typically survived up to 14 days after capture, but some lived as long as 20 days,
whereas unparasitized bees survived several times as long. During 2000, more than 30%
of unparasitized workers lived beyond 14 days, with some surviving 40-50 days (Fig.
5.Id). Nonetheless, during 1999, conopid parasitized and unparasitized workers had
similar maximum residual lifespans (Fig. 5.1c). The mean and maximum residual
lifespans reported here for parasitized bees are very similar to those found previously
(Otterstatter et al, in revision; Schmid-Hempel & Schmid-Hempel, 1988, 1989, 1990).
However, comparison of the residual lifespans of parasitized and unparasitized bees is of
limited use because the survival of unparasitized bees likely differs between the
laboratory and the field and the actual ages of bees in my study is not known. However,
because the duration of conopid development and the average lifespan of worker bumble
bees in the field are very similar (see above), conopid parasitism may not increase the
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mortality of bumble bees in the field. Without a strong effect on host mortality, conopid
parasitism is unlikely to be a general influence on bumble-bee life-history traits, such as
colony investment in sexuals and population sex ratio, as suggested previously (e.g.
Schmid-Hempel & Schmid-Hempel, 1988; Muller & Schmid-Hempel, 1992a, b).
Differences in the survival of workers containing live conopid larvae and
unparasitized workers between years probably resulted from dissimilar survival of
unparasitized workers between years. For example, during 1999, the survival of
unparasitized workers shortly after capture was poorer and less similar to parasitized
workers than during 2000 (Wilcoxon statistic: Table 5.1). Similarly, the maximum
residual lifespan of unparasitized workers was shorter and more similar to that of
parasitized workers during 1999 than 2000 (log-rank statistic: Table 5.1). Shorter
residual lifespans among unparasitized bees during 1999 than 2000 may reflect an older
average age at capture during 1999, as bees were collected and maintained in the same
way each year. A n older average age of workers during 1999 could have been caused by
slower worker production, if colony growth rates were reduced because workers foraged
less. Bad weather, particularly heavy rain, causes bumble bees to stop foraging (Brian,
1954). Indeed, during early- to mid-summer of 1999, the mean ambient temperature was
significantly lower and there was significantly more precipitation than for the same
period during 2000 (data not shown). This explanation may also account for the longer
residual lifespans of workers containing conopid larvae during 1999 than 2000 (Figs.
5.1c, d). Because conopid larvae develop in the abdomen of bumble bees, which
typically remains close to ambient temperature (Heinrich, 1975), cooler weather during
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1999 may have slowed conopid development. Indeed, cooler ambient temperatures
significantly slow the development of conopid larvae infecting bumble bees (Muller &
Schmid-Hempel, 1993). As a result, parasitized bees collected during 1999 may have
contained conopid larvae at an earlier average stage of development than during 2000.

5.4.2 Effects of parasitism on pollen collection by worker bumble bees
5.4.2.1 Phorids
The development of phorid larvae did not affect the propensity of parasitized
workers to collect pollen. The proportion of parasitized workers collecting pollen did not
differ between bees with short or long residual lifespans, i.e., bees that likely contained
early or late instar larvae, respectively (Fig. 5.3a). Although fewer parasitized bees
collected pollen during 1999 than unparasitized bees, this pattern was not consistent
between years (Fig. 5.2a). Further, phorid parasitism did not affect the composition of
pollen loads collected by workers (Tables 5.4, 5.5). Because A. borealis larvae are small
and develop relatively rapidly (as indicated by the short residual lifespans of parasitized
bees), parasitism may not affect host behaviour until larvae are mature and host death is
imminent, making altered behaviour difficult to detect.

5.4.2.2 Conopids
The proportion of workers collecting pollen varied more strongly with residual
lifespan among conopid parasitized than among unparasitized bees (Fig. 5.3b).
Consequently, among bees that lived long periods after capture, a greater proportion of
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parasitized bees collected pollen than unparasitized bees. However, parasitized and
unparasitized bees that lived for the same period after capture cannot be compared
directly. Residual lifespan estimates the actual age of unparasitized bees at capture,
whereas it estimates the time since parasitism in parasitized bees, which may not relate to
worker age. Thus, parasitized bees with long residual lifespans probably contained eggs
or early instar larvae when captured, whereas those with short residual lifespans probably
contained late instar larvae close to pupation.
A declining proportion of parasitized pollen collectors with decreasing residual
lifespan (Fig. 5.3b) may arise for two non-exclusive reasons. First, conopid parasitism
may alter the propensity of infected worker bumble bees to collect pollen, as has been
observed for B. pascuorum (Schmid-Hempel & Schmid-Hempel, 1991). Further,
conopid parasitism may affect the flower choice of worker bumble bees (Schmid-Hempel
& Schmid-Hempel, 1990; Schmid-Hempel & Stauffer, 1998), which may in turn affect
whether pollen or nectar is collected. However, this explanation does not account for the
high proportion of pollen collectors among parasitized workers with long residual
lifespans (Fig. 5.3b). Alternatively, the proportion of parasitized pollen collectors may
have declined with residual lifespan because younger workers were both more likely to
collect pollen and to be parasitized than older workers. That younger workers collect
pollen more frequently than older workers is supported by the significant positive relation
between residual lifespan and the proportion of unparasitized workers collecting pollen
(Fig. 5.3b). Further, previous work has found that workers parasitized by conopids are
significantly younger than unparasitized bees, as estimated from fat body condition
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(Schmid-Hempel & Schmid-Hempel, 1991). Thus, the proportion of parasitized workers
collecting pollen may decline with decreasing residual lifespan because older bees reduce
their pollen collection (Fig. 5.3b; see also Schmid-Hempel & Schmid-Hempel, 1991).
However, the slope of this relation is steeper among parasitized than unparasitized
workers (Fig. 5.3b; Table 5.3), suggesting that forager age is not the only factor affecting
pollen collection in workers infected with conopid larvae. Perhaps both of the above
explanations are correct; adult female conopids preferentially select younger workers as
hosts and infected bees alter their foraging behaviour such that pollen collection is
reduced.
Although conopid parasitism may affect the propensity of worker bumble bees to
collect pollen, parasitism did not influence the composition of collected pollen (Tables
5.4, 5.5). This result contrasts with Schmid-Hempel & Stauffer's (1998) finding that
conopid parasitism reduced the flower constancy of worker bumble bees. If parasitized
pollen collectors are less loyal to plant species when foraging, the diversity of species in
their pollen loads should be higher than among unparasitized pollen collectors. However,
Schmid-Hempel & Stauffer (1998) did not discriminate between pollen- and nectarcollecting workers when they measured the tendency of parasitized and unparasitized
workers to switch plant species between successive visits. Although conopid parasitism
may affect the plant choice of nectar-collecting bumble bees (see also Schmid-Hempel &
Schmid-Hempel, 1990), my results suggest the same is not true for pollen-collecting
workers.

120
Parasitoids may affect both the survival and foraging behaviour of their hosts.
The ability of parasitoids to suppress host populations through increased host mortality
has generated considerable interest in parasitoids as agents of biological control
(Greathead, 1986; Mills & Getz, 1996). Indeed, the mortality effect of parasitoids on
their hosts is central to models of host-parasitoid population dynamics (Hassell, 2000).
However, parasitoids do not always reduce the survival of their hosts significantly in
natural settings (e.g., Karban & English-Loeb, 1997; Karban, 1999). In this chapter, I
have shown that the lifespan of bumble bees in the laboratory is considerably reduced by
A. borealis parasitism, but less so by conopid parasitism, and that similar results are
expected among bees in the field. Nevertheless, even without reducing the survival of
their hosts, parasitoids may adversely affect the foraging of hosts. For example, phorid
parasitoids have the potential to suppress fire ants because of their ability to reduce the
foraging efficiency of host ants drastically (Feener, 1981; Feener & Brown, 1992; Orr et
al., 1995). I found that worker bumble bees parasitized by conopids differed from
unparasitized workers in their propensity to collect pollen and that this effect varied with
the residual lifespan of infected bees. However, it is not clear whether differences in the
collection of pollen between conopid parasitized and unparasitized workers were a direct
effect of parasitism or possibly a result of conopids parasitizing relatively young bees and
pollen collection declining with bumble-bee age. Phorid parasitism did not affect the
propensity of worker bumble bees to collect pollen. Further, the composition of pollen
species collected by bumble bees was not affected by phorid or conopid parasitism.
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6 Conclusions
Conopid flies, which lay single eggs per host, and the phorid fly, Apocephalus
borealis, which lays multiple eggs per host, parasitize bumble bees in southwestern
Alberta. Although conopid parasitism of bumble bees is found among a wider range of
habitats, phorid parasitism can be particularly common in some areas (e.g., Barrier Lake).
Conopid and phorid flies may experience similar trade-offs when selecting bumble bees
as hosts. Although both achieve greater reproductive success when using large bumble
bees as hosts, through increased offspring size (conopids) or numbers (phorids), the
opportunity to select large hosts may be limited. In contrast, phorid larvae develop more
rapidly than conopid larvae on bumble-bee hosts and, as a result, reduce bee survival
more severely. However, conopids may affect the activity or pollen collection of bumble
bees more so than phorids. Therefore, comparison of the host use and effects on host
behaviour by conopid and phorid parasitoids of bumble bees may illustrate similarities
and differences among solitary and gregarious parasitoids.
Parasitoids may be solitary, where one larva develops per host, or gregarious,
where many larvae develop per host (Godfray, 1994). Solitary species can be found on a
range of host sizes and when more than one larva is present per host, supernumerary
larvae are eliminated though physical combat, or "contest" competition (Godfray, 1994;
Ode & Rosenheim, 1998). In contrast, gregarious species may be relatively uncommon
in small hosts (e.g., le Masurier, 1987) and brood reduction, i f it occurs, results from
larvae competing for limited host resources, or "scramble" competition (Godfray, 1994).
Although solitary and gregarious parasitoids clearly differ in several life-history traits,
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they may experience similar trade-offs when selecting hosts. However, gregarious
parasitoids have the option of varying both the number and size of offspring per host,
whereas solitary parasitoids typically can only vary offspring size.
Host size is an important aspect of host quality for solitary and gregarious
parasitoids. When hosts are small, solitary parasitoids may have insufficient resources
for development and may emerge as small or deformed adults. Similarly, larvae of
gregarious parasitoids may experience density-dependent mortality and reduced adult
size when developing on small hosts. Consequently, solitary parasitoids should prefer
larger hosts because of the benefits associated with increased adult size, whereas
gregarious parasitoids should reduce their clutch sizes on small hosts to minimize
density-dependent reductions in offspring size or survival.
Solitary and gregarious parasitoids may produce dissimilar effects on host
survival and behaviour because of differences in larval development. Because gregarious
parasitoids engage in scramble competition and some larvae within a brood may be
excluded from host resources, there may be selection for rapid larval development at the
expense of efficient use of host resources (Godfray, 1994). As a result, rapidly
developing larvae may significantly hasten host death. However, host behaviour is often
altered by parasitoids only when the infecting larvae are mature and host death is
imminent (e.g. Chow & Mackauer, 1999). Therefore, gregarious larvae that develop
rapidly may alter their host's behaviour only for a brief period, immediately prior to host
death. In contrast, larvae of solitary parasitoids may be able to destroy competitors
within a host and develop on their host for an extended period. As a result, larvae of
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solitary parasitoids often employ mechanisms that reduce the chance of their host dying
before they have completed development and may take measures to prevent accidental
host death, such as reducing host activity or otherwise altering host behaviour. As a
result, solitary parasitoids that develop slowly may not significantly shorten their host's
natural lifespan.

124

7 Literature Cited
Alford, D.V. (1968) The biology and immature stages of Syntretus splendidus Marshall
(Hymenoptera: Braconidae, Euphorinae), a parasite of adult bumble bees.
Transactions of the Royal Entomological Society of London, 120, 375-393.
Alford, D.V. (1975) Bumblebees. Davis-Poynter, London.
Allander, K. & Schmid-Hempel, P. (2000) Immune defence reaction in bumble-bee
workers after a previous challenge and parasitic coinfection. Functional Ecology,
14,711-717.
Allen, A . A . (1969) Abundance of Conops ceriaeformis Mg. in SE London,
Entomologist's Monthly Magazine, 105, 181-183.
van Alphen, J.J.M and Vet, L . E . M . (1986) A n evolutionary approach to host finding
th

and selection. Insect Parasitoids: 13 Symposium fo the Royal Entomological
Society of London (eds J.K Waage & D.J. Greathead), pp. 23-61. Academic Press,
London.
Baudoin, M . (1975) Host castration as a parasitic strategy. Evolution, 29, 335-252.
Beddington, J.R., Free, C.A. & Lawton, J.H. (1978) Characteristics of successful natural
enemies in models of biological control of insect pests. Nature, 273, 513-519.
Brian, A . D . (1952) Division of labour and foraging in Bombus agrorum Fabricius.
Journal of Animal Ecology, 21, 223-240.
Brian, A . D . (1954) The foraging of bumble bees. Part I. Foraging behaviour. Bee World,
35, 61-67.

Brothers, D.J., Tschuch, G. & Burger, F. (2000) Associations of mutillid wasps
(Hymenoptera, Mutillidae) with eusocial insects. Insectes Sociaux, 47, 201-211.
Brown, B.V. (1993) Taxonomy and preliminary phylogeny of the parasitic
genus Apocephalus, subgenus Mesophora (Diptera: Phoridae). Systematic
Entomology, 18, 191-230.
Brown, B.V. (1997) Parasitic phorid flies: A previously unrecognized cost to
aggregation behavior in male stingless bees. Biotropica, 29, 370-372.
Brown, B.V. and Feener, D.H. Jr. (1991) Behavior and host location cues of Apocephalus
paraponerae (Diptera: Phoridae), a parasitoid of the giant tropical ant,
Paraponera clavata (Hymenoptera: Formicidae). Biotropica, 23, 182-187.
Camras, S. (1957) A review of the New World Physocephala (Diptera: Conopidae).
Annals of the Entomological Society of America, 50, 213-218.
Camras, S. (1996) New information of the New World Physocephala (Diptera:
Conopidae). Entomological News, 107, 104-112.
Charnov, E.L. & Skinner, S.W. (1985) Complementary approaches to the understanding
of parasitoids oviposition decisions. Environmental Entomology, 14, 383-391.
Charnov, E.L. & Stephens, D.W. (1988) On the evolution of host selection in solitary
parasitoids. American Naturalist, 132, 707-722.
Chesson, P. & Murdoch, L. (1986) Aggregation of risk: relationships among hostparasitoid models. American Naturalist, 127, 696-715.
Chow, A. & Mackauer, M . (1999) Altered dispersal behaviour in parasitized aphids:
parasitoid-mediated or pathology? Ecological Entomology, 24, 276-283.

126
Cumber, R.A. (1949) Humble-bee parasites and commensals found within a
thirty mile radius of London. Proceedings of the Royal Entomological Society of
London, 24, 119-127.
Disney, R.H.L. (1994) Scuttle flies: the Phoridae. Chapman & Hall, London.
Doroshina, L.P. (1991) The conopids (Diptera: Conopidae) - bee parasites in the
southern bee breeding regions. Zoologicheskii Zhurnal, 70, 54-57.
Ennik, F. (1973) Apocephalus borealis Brues parasitic upon Vespula spp. (Diptera:
Phoridae; Hymenoptera: Vespidae). Pan-Pacific Entomologist, 49, 403-404.
Erthal, M . Jr. & Tonhasca, A . Jr. (2000) Biology and oviposition behavior of
the phorid Apocephalus attophilus and the response of its host, the leaf-cutting ant
Atta laevigata. Entomologia Experimentalis et Applicata, 95, 71-75.
Feener, D.H. Jr. (1981) Competition between ant species: Outcome controlled by
parasitic flies. Science, 214, 815-817.
Feener, D.H. Jr. & Brown, B.V. (1992) Reduced foraging of Solenopsis geminata
(Hymenoptera: Formicidae) in the presence of parasitic Pseudacteon spp.
(Diptera: Phoridae). Annals of the Entomological Society of America, 85, 80-84.
Feener, D.H. Jr. & Jacobs, L.F. & Schmidt, J.O. (1996) Specialized parasitoid attracted to
a pheromone of ants. Animal Behaviour, 51, 61-66.
Fienberg, S.E. (1977) The Analysis of Cross-Classified Categorical Data. 2
Press, Cambridge, Massachusetts.

nd

ed. MIT

Gilbert, L.E. and Morrison, L.W. (1997) Patterns of host specificity in
Pseudacteon parasitoid flies (Diptera: Phoridae) that attack Solenopsis fire ants
(Hymenoptera: Formicidae). Environmental Entomology, 26, 1149-1154.
Godfray, H.C.J. (1987) The evolution of clutch size in invertebrates. Oxford Surveys in
Evolutionary Biology (eds P.H. Harvey & L. Partridge), pp. 117-154. Oxford
University Press, Oxford.
Godfray, H.C.J. (1994) Parasitoids. Behavioral and evolutionary ecology. Princeton
University Press, Princeton.
Godfray, H.C.J. & Parker, G.A. (1992) Sibling competition, parent-offspring conflict and
clutch size. Animal Behaviour, 43, 473-490.
Goulson, D. (1994) A model to predict the influence of insect flower constancy on
interspecific competition between insect pollinated plants. Journal of Theoretical
Biology, 168, 309-314.
Greathead, D.J. (1986) Parasitoids in classical biological control. Insect Parasitoids: 13

th

Symposium of the Royal Entomological Society of London (eds J.K. Waage and
D.J. Greathead), pp. 290-318. Academic Press, London.
Hardey, I.C.W, Griffiths, N.T. & Godfray, H.C.J. (1992) Clutch size in a parasitoid wasp:
a manipulation experiment. Journal ofAnimal Ecology, 61, 121-129.
Hassell, M.P. (1986) Parasitoids and population regulation. In J.K. Waage and D.
Greathead, eds., Insect Parasitoids, pp. 201-224. Academic Press, London.
Hassell, M.P. (2000) The Spatial and Temporal Dynamics of Host-Parasitoid
Interactions. Oxford University Press, Oxford.

128
Heinrich, B. (1975) Thermoregulation in bumblebees. II. Energetics of warmup and free flight. Journal of Comparative Physiology, 96, 155-166.
Heinrich, B. (1979) Bumblebee Economics, Harvard University Press, Cambridge,
Massachusetts.
Heinrich, B. & Heinrich, M.J.E. (1983) Heterothermia in foraging workers and drones of
the bumblebee Bombus terricola. Physiological Zoology, 56, 563-567.
Hobbs, G.A. (1964) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. I. Subgenus Alpinobombus Skor. Canadian Entomologist, 96,
1465-1470.
Hobbs, G.A. (1965a) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. II. Subgenus Bombias Robt. Canadian Entomologist, 97, 120128.
Hobbs, G.A. (1965b) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. III. Subgenus Cullumanobombus Vogt. Canadian
Entomologist, 97, 1293-1302.
Hobbs, G.A. (1966a) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. IV. Subgenus Fervidobombus Skorikov. Canadian
Entomologist, 98, 33-39..
Hobbs, G.A. (1966b) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. V . Subgenus Subterraneobombus Vogt. Canadian
Entomologist, 98, 288-294.

129
Hobbs, G.A. (1967) Ecology of species of Bombus Latr. (Hymenoptera:
Apidae) in southern Alberta. VI. Subgenus Pyrobombus. Canadian Entomologist,
99, 1271-1292.
Hobbs, G.A. (1968) Ecology of species of Bombus Latr. (Hymenoptera: Apidae) in
southern Alberta. VI. Subgenus Bombus. Canadian Entomologist, 100, 156-164.
Holmes, J.C. & Zohar, S. (1990) Pathology and host behaviour. Parasitism and Host
Behaviour (eds C.J. Barnard and J.M. Behnke), pp. 34-64. Taylor & Francis,
London.
Iwasa, Y . , Suzuki, Y . & Matsuda, H. (1984) Theory of oviposition strategy of parasitoids.
Effect of mortality and limited egg number. Theoretical Population Biology, 26,
205-227.
Johnson, D.W. (1988) Eucharitidae (Hymenoptera: Chalcidoidea): Biology and potential
for biological control. Florida Entomologist, 71, 528-537.
Jouvenaz, D. P. (1983) Natural enemies of fire ants. Florida Entomologist, 66, 111-121.
Kearns, C.A. & Inouye, D.W. (1993) Techniques for Pollination Biologists. University
Press of Colorado, Colorado.
King, B.H. (1987) Offspring sex ratios in parasitoid wasps. Quarterly Review of Biology,
62, 367-396.
Konig, C. & Schmid-Hempel, P. (1995) Foraging activity and immunocompetence in
workers of the bumble bee, Bombus terrestris L. Proceedings of the Royal Society
of London, Series B, 260, 225-227.
Krebs, C. (1989) Ecological Methodology. Harper & Row, New York.

Lawton, J.H. (1986) The effect of parasitoids on phytophagous insect
th

communities. Insect Parasitoids: 13 Symposium of the Royal Entomological
Society of London (eds J.K Waage & D.J. Greathead), pp. 265-288. Academic
Press, London Press, London.
Lee, E.T. (1980) Statistical Methods for Survival Data Analysis. California,
Lifetime Learning Publications.
McCullagh, P. & Nelder, J. A. (1989) Generalized Linear Models. 2

nd

ed. Chapman &

Hall, London.
MacFarlane, R.P. & Pengelly, D.H. (1974) Conopidae and Sarcophagidae (Diptera) as
parasites of adult Bombinae (Hymenoptera) in Ontario. Proceedings of the
Entomological Society of Ontario, 165, 55-59.
MacFarlane, R.P., Lipa, J.J. & Liu, H.J. (1995) Bumble bee pathogens and internal
enemies. Bee World, 76, 130-148.
Maeta, Y . & MacFarlane, R.P. (1993) Japanese Conopidae (Diptera): Their biology,
overall distribution, and role as parasites of bumble bees (Hymenoptera, Apidae).
Japanese Journal of Entomology, 61, 493-509.
Mangel, M . (1987) Oviposition site selection and clutch size in insects.
Journal of Mathematical Biology, 25, 1-22.
le Masurier, A.D. (1987) A comparative study of the relationship between host size and
brood size in Apanteles spp. (Hymenoptera: Braconidae). Ecological Entomology,
12,383-393.

le Masurier, A.D. (1991) Effect of host size on clutch size inn Cotesia
glomerata. Journal of Animal Ecology, 60, 107-118.
Mayhew, P.J. (1998) Offspring size-number strategy in the bethylid parasitoid Laelius
pedatus. Behavioral Ecology, 9, 54-59.
Mayhew, P.J. & Glaizot, O. (2001) Integrating theory of clutch size and body size
evolution for parasitoids. Oikos, 92, 312-211.
Michener, C D . (1964) Reproductive efficiency in relation to colony size in
hymenopterous societies. Insectes Sociaux, 11, 317-342.
Mills, N.J. & Getz, W . M . (1996) Modelling the biological control of insect pests: a
review of host-parasitoid models. Ecological Modelling, 92, 121-143.
Morrison, L.W. (1999) Indirect effects of phorid fly parasitoids on the mechanisms of
interspecific competition among ants. Oecologia, 121, 113-122.
Morrison, L.W., Porter, S.D. and Gilbert, L.E. (1999) Sex ratio variation as a function of
host size in Pseudacteon flies (Diptera, Phoridae), parasitoids of Solenopsis fire
ants (Hymenoptera: Formicidae). Biological Journal of the Linnean Society, 66,
257-267.
Miiller, C.B. & Schmid-Hempel, P. (1992a) Correlates of reproductive success among
field colonies of Bombus lucorum: the importance of growth and parasites.
Ecological Entomology, 17, 343-353.
Miiller, C.B. & Schmid-Hempel, P. (1992b). Variation in life-history pattern in relation to
worker mortality in the bumble-bee, Bombus pascuorum. Functional Ecology, 6,
48-56.

132
Miiller, C.B. & Schmid-Hempel, P. (1993) Exploitation of cold temperature as
defence against parasitoids in bumblebees. Nature, 363, 65-67.
Miiller, C.B., Blackburn, T . M . & Schmid-Hempel, P. (1996) Field evidence that
host selection by conopid parasitoids is related to host body size. Insectes
Sociaux, 43, 227-233.
Miinster-Swendsen, M . & Nachman, G. (1978) Asynchrony in insect host-parasite
interaction and its effect on stability, studied by a simulation model. Journal of
Animal Ecology, 41', 159-171.
Nordlund, D.A., Lewis, W.J & Altieri, M . A . (1988) Influences of plant produced
allelochemicals on the host and prey selection of entomophagous insects. Novel
Aspects of Insect-Plant Interactions (eds P. Barbosa & D.K. Letourneau), pp. 6590. John Wiley, New York.
Ode, P.J. & Rosenheim, J.A. (1998) Sex allocation and the evolutionary transition
between solitary and gregarious parasitoid development. American Naturalist,
152, 757-761.
Orr, M.R., Seike, S.H., Benson, W.W. and Gilbert, L.E. (1995) Flies suppress
fire ants. Nature, 373, 292-293.
Owen, R.E., Rodd, F.H. and Plowright, R.C. (1980) Sex ratios in bumble bee colonies:
complications due to orphaning? Behavioural Ecology and Sociobiology, 1, 287291.
Parker, G.A. & Courtney, S.P. (1984) Models of clutch size in insect oviposition.
Theoretical Population Biology, 26, 27-48.

133
Paxton, R.J., Tengo, J. & Hedstrom, L. (1996) Dipteran parasites and other
associates of a communal bee, Andrena scotica (Hymenoptera: Apidae), on
Oland, SE Sweden. Ent. Tidskr., 117, 165-177.
Peterson, B.V. (1987) Phoridae. Manual ofNearctic Diptera, vol. 2 (ed. J.F.
McAlpine), pp. 749-756. Biosystematic Research Centre, Research Branch
Agriculture Canada, Ottawa, Ontario.
Porter, S.D., Fowler, H.G., Campiolo, S. and Pesquero, M . A . (1995a) Host specificity of
several Pseudacteon (Diptera: Phoridae) parasites of fire ants (Hymenoptera:
Formicidae). Florida Entomologist, 78, 70-75.
Porter, S.D., Vander Meer, R.K., Pesquero, M.A., Campiolo, S., Fowler, H.G. (1995b)
Solenopsis (Hymenoptera: Formicidae) fire ant reactions to attacks of
Pseudacteon flies (Diptera: Phoridae) in southeastern Brazil. Annals of the
Entomological Society of America, 88, 570-575.
Poulin, R. (1998) Evolution and phylogeny of behavioural manipulation of insect hosts
by parasites. Parasitology, 116, S3-S11.
Prys-Jones, O.E. & Corbet, S.A. (1987) Bumblebees. Cambridge University
Press.
Rodd, F.H., Plowright, R.C. & Owen, R.E. (1980) Mortality rates of adult bumble bee
workers (Hymenoptera: Apidae). Canadian Journal of Zoology, 58, 1718-1721.
Ryckman, R.E. (1953) Notes on the ecology of Bombus sonorus in Orange County,
California and new parasite records. Pan-Pacific Entomologist, 29, 144-146.

Salt, G.C. (1941) The effects of hosts upon their insect parasites. Biological
Reviews, 16, 239-264.
Salt, G. C. (1961) Competition between insect parasites. Mechanisms in biological
competition, Symposium of the Society of Experimental Biology, 15, 96-119.
Salt, G.C. (1968) The resistance of insect parasitoids to the defence reactions
of their hosts. Biological Review, 43, 200-232.
Schmid-Hempel, P. (1998) Parasites in Social Insects. Princeton University Press,
Princeton.
Schmid-Hempel, P. (2001) On the evolutionary ecology of host-parasite interactions:
addressing the question with regard to bumblebees and their parasites.
Naturwissenschaften, 88, 147-158/
Schmid-Hempel, P. & Durrer, S. (1991) Parasites, floral resources and reproduction in
natural populations of bumblebees. Oikos, 62, 342-350.
Schmid-Hempel, P. & Schmid-Hempel, R. (1988) Parasitic flies (Conopidae,
Diptera) may be an important stress factor for the ergonomics of their bumblebee
hosts. Ecological Entomology, 13, 469-472.
Schmid-Hempel, P. & Schmid-Hempel, R. (1990) Endoparasitic larvae of conopid flies
alter pollination behavior of bumblebees. Naturwissenschaften, 11, 450-452.
Schmid-Hempel, P. & Stauffer, H.P. (1998) Parasites and flower choice of
bumblebees. Animal Behaviour, 55, 819-825.
Schmid-Hempel, P. & Wolf, T. (1988) Foraging effort and life span of workers in
a social insect. Journal of Animal Ecology, 57, 509-521.

Schmid-Hempel, P., Muller, C.B, Schmid-Hempel, R. & Shykoff, J.A. (1990)
Frequency and ecological correlates of parasitism by conopid flies (Conopidae,
Diptera) in populations of bumblebees. Insectes Sociaux, 37, 14-30.
Schmid-Hempel, R. & Muller, C.B. (1991) Do parasitized bumblebees forage for their
colony? Animal Behaviour, 41, 910-912.
Schmid-Hempel, R. & Schmid-Hempel, P. (1989) Superparasitism and larval
competition in conopid flies (Diptera, Conopidae), parasitizing bumblebees
(Hymenoptera, Apidae). Mitteilungen der Schweizerischen Entomologischen
Gesellschaft, 62, 279-289.
Schmid-Hempel, R. & Schmid-Hempel, P. (1991) Endoparasitic flies, pollen collection
by bumblebees and a potential host-parasite conflict. Oecologia, 87, 227-232.
Schmid-Hempel, R. & Schmid-Hempel, P. (1996a) Larval development of two parasitic
flies (Conopidae) in the common host Bombus pascuorum. Ecological
Entomology, 21, 63-70.
Schmid-Hempel, R. & Schmid-Hempel, P. (1996b) Host choice and fitness
correlates for conopid flies parasitizing bumblebees. Oecologia, 107, 71-78.
Shykoff, J. A. & Schmid-Hempel, P. (1991) Incidence and effects of four parasites in
natural populations of bumble bees in Switzerland. Apidologie, 22, 117-125.
Skinner, S.W. (1985) Clutch size as an optimal foraging problem for insects. Behavioural
Ecology and Sociobiology, 17, 231-238.

136
Smith, K . G . V . (1966) The larva of Thecophora occidensis, with comments
upon the biology of Conopidae (Diptera). Journal of Zoology (Lond.), 149, 263276.
Smith, K . G . V . & Peterson, B.V. (1987) Conopidae. Manual ofNearctic Diptera, vol. 2
(ed. J.F. McAlpine), pp. 749-756. Biosystematic Research Centre, Research
Branch Agriculture Canada, Ottawa, Ontario.
Smith Trail, D.R. (1980) Behavioral interactions between parasites and hosts: host
suicide and the evolution of complex life cycles. American Naturalist, 116, 77-91.
rd

Sokal, R.R & Rohlf, J.F. (1995) Biometry. 3 ed. W.H. Freeman and
Company, New York.
Strand, M.R. & Vinson, S.B. (1985) In vitro culture of Trichogramma pretiosum on an
artificial medium. Entomologia Experimentalis et Applicata, 39, 203-209.
Sutcliffe, G.H. and Plowright, R.C. (1988) The effects of food supply on adult size in the
bumblebee Bombus terricola Kirby (Hymenoptera, Apidae). Canadian
Entomologist, 120, 1051-1058.
Sweetman, H.L. (1963) Principles of Biological Control. Brown, Dubuque, IA.
Strickland, E.H. (1938) A n annotated list of the Diptera (flies) of Alberta.
Can. J. Research, D, 16,175-219.
Strickland, E.H. (1946) A n annotated list of the Diptera (flies) of Alberta, additions and
corrections. Can. J. Research, D, 24,157-179.
Strong, W. (1992) Ecoregions of Alberta. Alberta Forestry, Lands and Wildlife,
Edmonton.

Taylor, A.D. (1988) Host effects on larval competition in the gregarious
parasitoid Bracon hebetor. Journal of Animal Ecology, 57, 163-172.
Thompson, S.N. (1993) Redirection of host metabolism and effects on
parasite nutrition. Parasites and Pathogens of Insects (eds N.E. Beckage, S.N.
Thompson & B.A. Frederici). Academic Press, San Diego.
Vet, L . E . M . , Datema, A., Janssen, A. & Snellen, H. (1994) Clutch size in a larval-pupal
endoparasitoid: consequences for fitness. Journal of Animal Ecology, 63, 870815.
Vinson, S.B. (1981) Habitat location. Semiochemical, Their Role in Pest
Control (eds D.A. Norlund, R.L. Jones & W.J. Lewis), pp. 51-78. John Wiley,
New York.
Vinson, S.B. (1984) How parasitoids locate their hosts: A case of insect
espionage. In T. Lewis, Insect Communication, pp. 325-348. Academic Press,
London.
Vinson, S.B. (1985) The behaviour of parasitoids. Comprehensive Insect Physiology,
Biochemistry and Pharmacology (eds G.A. Kerkut & L.I. Gilbert), pp. 417-469.
Pergamon Press, New York.
Vinson, S.B., Bin, F. & Vet, L . E . M . (1998) Critical issues in host selection by insect
parasitoids. Biological Control, 11, 77-78.
Visser, M.E. (1994) The importance of being large: the relationship between size and
fitness in females of the parasitoid Aphaereta minuta (Hymenoptera: Braconidae).
Journal of Animal Ecology, 63, 963-978.

138
Waage, J.K. (1986) Family planning in parasitoids: adaptive patterns of
th

progeny and sex allocation. Insect Parasitoids: 13 Symposium of the Royal
Entomological Society of London (eds J.K Waage & D.J. Greathead), pp. 63-96.
Academic Press, London.
Waage, J.K. & Godfray, H.C.J. (1985) Reproductive strategies and population
th

ecology of insect parasitoids. Behavioural Ecology: 25 Symposium of the British
Ecological Society (eds R . M . Sibly & R.H. Smith), pp. 449-470. Blackwell
Scientific, Oxford.
Waage, J.K. & Greathead, D., eds. (1986) Insect Parasitoids. Academic Press, London.
Walde, S.J. & Murdoch, W . M . (1988) Spatial density dependence in
parasitoids. Annual Review of Entomology, 33, 441-466.
Zaviezo, T. & Mills, N . (2000) Factors influencing the evolution of clutch size
in a gregarious insect parasitoid. Journal of Animal Ecology, 69, 1047-1057.

