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ABSTRACT 

Black scavenger flies are characterized by sexual behaviours that are 

very unusual in insects. I have studied two of the most remarkable 

elements of their mating systems: the timing of copulations immediately 

after an oviposition bout (post-oviposition matings) and the males' 

escorting of ovipositing females. 

In a study of the patterns of sperm precedence in one sepsid species, I 

found that the sepsids' peculiar timing of matings is not associated with 

unusual patterns of sperm precedence: sepsid males displace rival sperm 

and achieve a large last male advantage, which is the most common 

outcome of sperm competition in insects. I discuss the potential 

significance of sperm transfer mechanisms for the sepsids' timing of 

matings, and I consider factors that may favour the maintenance of post-

oviposition matings in sepsid populations. In a survey of sepsid mating 

patterns, I found that post-oviposition matings are typical of many black 

scavenger flies and that mating systems characterized by the absence of 

copulations with gravid females may have arisen early in the family's 

evolutionary history. 

In several black scavenger flies, ovipositing females are commonly 

accompanied by an escorting male, and in all but one of the species I have 

studied, escorting is pre-copulatory. In several species, I found pronounced 
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geographic variation in the expression of this trait. I argue that sepsids 

share certain characteristics which may have facilitated multiple 

independent origins of escorting behaviour. In order to investigate the 

adaptive significance of escorting, I have conducted a comparative study of 

patterns of sexual size dimorphism and sex ratios at oviposition sites in 

conspecific populations that show great divergence in the expression of this 

trait. The results of this research support the pre-copulatory mate guarding 

hypothesis for the adaptive significance of escorting behaviour, and they 

suggest that conspecific populations vary significantly in the degree or 

nature of sexual selection acting both on morphology and behaviour of 

males. Furthermore, in a study of the genetic architecture of escorting 

behaviour, I found that the observed behavioural variation has a genetic 

basis: the expression of escorting behaviour is a quantitative trait with a 

significant sex-related component of irxheritance. 



11 

INTRODUCTION 

Black scavenger flies in the dipteran family Sepsidae are abundant in 

all zoogeographic regions, and many species have a broad distribution 

sparming more than one continent. The family contains approximately 250 

species in more than 20 different genera (Pont, 1979). Sepsid flies are 

associated with many different kinds of decaying organic materials, which 

they use as larval substrates and for adult nutrition. In addition, adults of 

many species visit flowers to feed on nectar. Due to their affinity for 

substrates like animal feces, sewage, silage, and carrion, many black 

scavenger flies are synanthropic, but they are rarely considered serious 

pests. 

Although sepsids are common in forests, grasslands, and 

agricultural areas all over the world, we still know little about their sexual 

behaviour; detailed accounts of mating patterns are available for only two 

species (Parker, 1972a,b; Zerbe, 1993). The research that has been done so far 

indicates, however, that some black scavenger flies are characterized by 

behaviours that are very rare among insects. The most remarkable 

elements of sepsid mating systems are the pre-copulatory escorting 

behaviour of males and the occurrence of matings at an unusual time, at 

the very beginning of a female's reproductive cycle. 
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Parker (1972a,b) gave the first comprehensive analysis of a sepsid 

mating pattern, and his description of the reproductive behaviour of Sepsis 

cynipsea (Linnaeus) can still serve as the paradigm for sepsid mating 

patterns in general. Hammer (1941), who studied the biology of 

coprophilous flies in Denmark, had already reported the occurrence of 

male escorting behaviour in S. cynipsea, but only Parker's work identified 

the peculiar temporal sequence of oviposition and mating, thus revealing 

the pre-copulatory nature of the escorting phase. 

In S. cynipsea, the sexes meet at the oviposition site, the fresh dung 

of large mammalian herbivores. Males mount gravid females soon after 

their arrival near the substrate. However, the pair does not copulate 

immediately; instead, the female proceeds to oviposit, carrying the 

mounted male with her as she moves across the dung surface. 

Immediately following oviposition, the female may copulate with the 

male in the vicinity of the breeding substrate (post-oviposition mating); 

however, many S. cynipsea females reject the male's copulation attempts 

and depart from the oviposition site without mating (Parker, 1972a). Parker 

(1972a,b, 1974) has coined the terms pre-copulatory passive phase and pre-

copulatory guarding to describe the males' riding behaviour during 

oviposition. Throughout my dissertation, I will refer to this behaviour as 

pre-copulatory escorting. I prefer this term because it does not imply any 
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presumptions concerning the potential function of this trait (see Chapters 

in and IV). 

Following Parker's work, several studies have focused on other 

aspects of the mating pattern of S. cynipsea. Ward (1983) and McLachlan & 

Allen (1987) reached contradictory conclusions about the effects of body size 

on male mating success; Ward et al. (1992) studied the factors determining 

whether an escorted oviposition is followed by a copulation; and Allen & 

Simmons (1996) found an advantage in mating success for males with 

more symmetrical foretibiae. Blanckerihom et al. (1998) examined selective 

forces that may be responsible for the sexual advantage of larger males with 

more symmetrical foretibiae, and Blanckenhom et al. (unpublished 

manuscript) investigated spatio-temporal variation in the intensity of 

sexual, fecundity, and viability selection on body size in S. cynipsea. 

Parker (1972a) suggested that the mating pattern of Sepsis punctum 

(Fabricius) might be very similar to that of S. cynipsea. Although there are 

some differences in the details of how the behaviours are conducted, 

subsequent studies by Schulz (1989) and Zerbe (1993) confirmed Parker's 

observations. The males of S. punctiim perform pre-copulatory escorting 

behaviour, and copulations generally occur immediately after oviposition, 

as in S. cynipsea. 

Little is known about the mating behaviour of sepsid species other 

than S. cynipsea and S. punctum. Eberhard & Pereira (1996) and Eberhard & 
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Huber (1998) described iriteractions between males and females before and 

during copulations in species of Palaeosepsis (Archisepsis), and additional 

papers by W. G. Eberhard on the reproductive morphology and behaviour 

of these flies are forthcoming (see References). Mating displays have been 

described in Sepsis duplicata Haliday and Saltella sphondylii (Schrank) 

(Hammer, 1941), as well as in Sepsis lateralis Wiedemann (Hafez, 1948), 

Themira spp. (Mangan, 1976), and Paratoxopoda amonane 

Vanschuytbroeck (Meier, 1996). 

There have also been a few short reports on the occurrence of 

escorting behaviour in sepsids other than S. cynipsea and S. punctum. 

Meier (1996) observed escorting in Sepsis thoracica (Robineau-Desvoidy) in 

Zimbabwe, and Hinton (1960) described escorted oviposition in Sepsis 

violacea Meigen. However, this species is difficult to distinguish from S. 

punctum, and many older records of S. violacea are likely to be 

misidentifications (Meier, 1996). Pont (1979) collected "ovipositing couples" 

of sepsids in Great Britain. Most of his specimens were S. cynipsea, but he 

also claims to have found Sepsis flavimana Meigen ovipositing in pairs. 

Females of Parapalaeosepsis plebeia (Meijere) have been reported to carry 

mounted males while ovipositing (Snowball, 1944; R. Meier, personal 

communication). Foster (1967) described escorting in Saltella sphondylii 

males in California and believed this behaviour to be similar to the post-

copulatory escorting he had observed in Scatophaga stercoraria Linnaeus. 
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Schumann (1962) had made similar observations in German S. sphondylii, 

but Hammer (1941) did not report any escorting behaviour for this species 

in Denmark. 

In this dissertation, I present the results of a series of studies 

addressing questions about sepsid reproductive behaviour. Since the 

adaptive significance of post-oviposition copulations has not yet been 

elucidated, I have conducted paternity studies investigating the 

reproductive success of males pursuing this mating tactic (Chapter I). In 

addition, I have done a survey of sepsid mating patterns, documenting the 

phylogenetic distribution of the timing of matings (Chapter II) and the 

occurrence of escorting behaviour (Chapter III) in this family. The 

discovery of intraspecific variation in the expression of escorting behaviour 

then enabled me to examine the selective forces that maintain this 

behaviour in sepsid populations (Chapter IV), and it gave me the 

opportunity to explore the genetic architecture of this sexually selected trait 

(Chapter V). 
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CHAPTER I 

POST-OVIPOSITION MATINGS AND PATTERNS OF SPERM PRECEDENCE 

IN SEPSIS PUNCTUM (FABRICIUS). 

SUMMARY 

In the dung fly Sepsis punctum, the sexes meet at the oviposition site, 

and matings regularly occur immediately after females have laid all of their 

mature eggs {post-oviposition mating). Females then take several days to 

develop a new clutch, and matings with other males may occur during this 

time. In order to elucidate the patterns of sperm competition associated with 

this unusual mating behaviour, I have conducted paternity analyses of 

offspring of laboratory-reared females with known mating histories. In 

experimental families with two potential fathers, I found a very large last 

male advantage in sperm competition: the second male displaced almost all 

of the first male's sperm, thus fertilizing the vast majority of eggs in the 

female's subsequent clutch. The results of this study also indicate that S. 

punctum males may remove rival sperm from the female's sperm storage 

organs, but further studies on the mechanism of sperm competition are 
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needed to substantiate this hypothesis. While the patterns of sperm 

precedence revealed in the paternity analyses do not provide an explanation 

for S. punctum's peculiar timing of matings, recent findings about sepsid 

mechanisms of sperm transfer elucidate the reason for the absence of pre-

oviposition matings in this species. It appears that the only options for a male 

in search of a mate are either to find a receptive female away from 

oviposition substrates or to mate with females at a resource patch 

immediately after oviposition. The frequent occurrence of post-oviposition 

matings may then be the result of a trade-off between the convenience of easy 

mate location at oviposition sites and the lower risk of sperm displacement 

associated with matings later in a female's reproductive cycle. While the 

current study has clearly shown that S. punctiim males can displace rival 

sperm, the mating design used is not representative of all mating patterns 

occurring in this species. Therefore, it remains to be determined whether the 

last male advantage is also associated with alternative mating and 

oviposition sequences. 

INTRODUCTION 

Patterns of female dispersion and sperm competition have long been 

recogriized as important factors in the evolution of animal mating systems 
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(Parker, 1970a; Emler\ & Oring, 1977; Thomhill & Alcock 1983; Davies, 1991). 

Males often focus their mate search on areas where receptive females 

aggregate, and they generally time their inseminations so as to maximize the 

likelihood that their sperm will subsequently be used for the fertilization of 

eggs. In insects, oviposition substrates commonly constitute the principal 

encounter sites for the sexes (Parker, 1978; Thonihill & Alcock, 1983), and in 

most species investigated so far, matings occur immediately upon encoimter 

between a searching male and an ovipositing female; in fact, males often 

intercept females upon arrival at the resource patch and mate with them 

before they begin their oviposition bout (e.g., Parker, 1970b; Corbet, 1980; 

Hayashi, 1985; Otronen, 1989; Adler &: Adler, 1991; Alcock, 1991; Carroll, 1991; 

Brown & Stanford, 1992; Papaj, 1994; Dodson, 1997). 

The recurrence of this pattern across several different orders of insects 

is most likely due to the preponderance of last male sperm precedence in this 

group (Parker, 1970a; Boorman & Parker 1976; Gwynne 1984; Parker, 1984; 

Birkhead & Hunter, 1990; Danielsson, 1998; Simmons & Siva-Jothy, 1998). In 

many insect species, males regularly displace rival sperm which they 

encounter during copulation in the female's reproductive tract. Displacement 

is usually achieved either by sperm removal (rival sperm are scooped, 

pumped, or flushed out of sperm storage organs) or by sperm stratification 

(rival sperm are pushed away from places that are most conducive to sperm 

retrieval for fertilization). If males are able to displace sperm, the last male to 
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mate with a female before the commencement of sperm utilization usually 

fertilizes the majority of her eggs; males can, therefore, maximize their 

reproductive success by mating immediately before oviposition. 

While a last male advantage is the prevalent outcome of sperm 

competition in insects, it is by no means universal. In some species, mating 

plugs or other ejaculate protection devices result in a first male advantage. 

This pattern is common in some nematoceran Diptera and in the Lepidoptera 

(Simmons & Siva-Jothy, 1998). If both sperm displacement and sperm 

protection are absent or incomplete, ejaculates may blend inside the female 

sperm storage organs, giving more than one male the opportunity to father a 

significant proportion of offspring. Mixed paternity of offspring clutches has 

been documented in a number of species representing many different insect 

orders (Simmons & Siva-Jothy, 1998). 

The sepsid dtmg fly Sepsis punctum (Fabricius) is characterized by a 

peculiar timing of matings (Figure 1. 1). Males focus their mate search on 

oviposition substrates, but females never copulate before or during 

oviposition; instead matings regularly occur immediately after oviposition 

{post-oviposition matings), at a time when females are completely devoid of 

mature eggs (Chapter 11). The life of a S. punctum female consists of a series of 

reproductive cycles. After each oviposition bout, a new cycle begins with the 

matxuring of a new clutch, and this cycle ends when these eggs are deposited 

into an oviposition substrate a couple of days later (see below). In order for 
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post-oviposition matings to be advantageous for males, sperm transferred at 

the very beginning of a female's nev^ reproductive cycle must have a good 

chance to be used for the fertilization of eggs in the female's next oviposition 

bout. Thus, either S. punctum females usually mate but once in a 

reproductive cycle, or sperm competition does not result in an overwhelming 

last male advantage in this species. 

Preliminary evidence indicated that S. punctum females do mate 

multiply between oviposition bouts (see Discussion); therefore, it appeared 

likely that S. punctum is characterized by an unusual pattern of sperm 

competition. Several aspects of this species' reproductive biology prompted 

me to investigate the hypothesis that sperm from multiple inseminations 

may mix within the female's sperm storage organs, giving each of her mates a 

fair chance of fertilizing eggs, independent of the actual timing of each mating 

(cf. the "fair raffle" model of Parker et al., 1990): 

1. Sepsis punctum males transfer large amounts of sperm, a single 

ejaculate providing enough sperm to fertilize many clutches of eggs 

(see below). Large ejaculates are particularly important in situations 

of random sperm mixing where each male's reproductive success is 

directly proportional to the relative number of sperm entered into 

the competitive pool (Parker, 1990; Daruelsson, 1998; Simmons & 

Siva-Jothy, 1998). 
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2. Since S. punctiim females never mate immediately before an 

oviposition bout (Chapter II), there is always a considerable delay 

between the last mating and the next oviposition. In several species 

of insects, the degree of sperm mixing has been found to be 

correlated with the length of time between a female's last mating 

and the beginning of oviposition (McVey & Smittle, 1984; Siva-

Jothy & Tsubaki, 1989; Michiels, 1992; Lewis & Jutkiewicz, 1998; 

Sawada, 1998). The presumed reason for this phenomenon is the 

gradual deterioration of sperm stratification patterns after the last 

insemination. 

3. Sepsis punctiim females have spherical spermathecae; this 

morphology may favour sperm mixing because it is not usually 

conducive to the stratification of ejaculates (Walker, 1980). 

In order to elucidate the effect of mating order on the reproductive 

success of S. piinctum males, I have used molecular genetac markers to 

analyze the paternity of offspring of doubly mated females. According to the 

sperm mixing hypothesis, the first male to mate with a female should sire a 

considerable proportion of her offspring even after the second male's mating. 

In order to gain a deeper understanding of S. piinctum's reproductive biology, 

I have also determined the duration of the females' reproductive cycle by 

studying their oviposition patterns, and I have obtained an estimate of the 
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number of offspring a female can produce with the sperm stored from a 

single ejaculate. 

MATERIALS AND METHODS 

Oviposition And Sperm Storage 

I recorded patterns of oviposition in ten S. piinctiim females derived 

from an outbred laboratory culture which had been supplemented at each 

generation with individuals caught in the field in Berlin, Germany. Within 

eight hours of eclosion, females were transferred to individual 250 ml cages 

supplied with 20% sugar solution and water. A male-one to two days older 

than the female-was present at all times during the experiment, and a 55 x 15 

mm petri dish filled with fresh dung was provided daily. Each day, the 

previous day's substrate was inspected for the presence of eggs, and the 

number of eggs in each clutch was assessed by counting the number of 

flagella, the sepsid eggs' conspicuous breathing appendages which remain 

draped over the dung surface after the body of the egg has been inserted 

(Hinton, 1960; Meier, 1995). Oviposition patterns were recorded over the 

entire lifetime of each female. 

In order to estimate the number of sperm S. piinctiim females store 

from a single ejaculate, I counted the offspring produced by females that had 

mated only once. The flies used in this experiment were derived from the 



same outbred laboratory culture as those used for the determination of 

oviposition patterns. Within eight hours of eclosion, 20 virgin females were 

set up in two groups of 10 in 250 ml cages supplied with 20% sugar solution 

and a provision of dung (for oviposition and female nutrition) that was 

replaced every other day. On the tenth day after eclosion, each female was 

transferred to an individual cage, and a single 5 day old male was added to 

each cage. The pairs were then observed for the following three hours. If a 

mating occurred, its duration (at 22 to 24°C) was determined with a stop 

watch, and the male was removed immediately after the pair uncoupled. 

After mating, females were kept in their individual cages, and a 55 x 15 

mm petri dish filled with an approximately 10 mm layer of fresh dung was 

provided for oviposition. This substrate was replaced every day, and the 

previous day's dung was inspected for the presence of eggs. If a female had 

oviposited, the eggs were counted, and the substrate was then incubated in a 

100% humidity chamber at 20°C for about 48 hours in order to allow the eggs 

to hatch. After incubation, the petri dish was filled with water and left for one 

hour. During this time, most of the larvae would evacuate the substrate, 

accumulating on the dung surface where they could then be counted. Since 

some of the larvae may have failed to escape from the submerged substrate, 

the data provided here are likely to underestimate the actual number of live 

offspring produced by each female. Thorough inspection of some of the dimg 
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samples showed, however, that the number of overlooked larvae rarely 

exceeded two or three per dish. 

In order to estimate the proportion of unfertilized eggs in each clutch, I 

compared the number of larvae with the number of eggs that had been laid 

into each petri dish. A clutch was considered "fully fertilized" if at least 90% 

of the eggs had hatched, and clutches containing between 10% and 90% 

hatched eggs were considered "partially fertilized". Females were kept until 

they had produced two consecutive clutches containing less than 10% hatched 

eggs. 

Of the 20 females originally set up for this experiment, five did not 

mate when presented with a male on the tenth day after eclosion. Of the 

females that did mate, two produced only unfertilized eggs, leaving 13 

females for the estimation of the number of stored sperm. While there were 

no apparent differences in mating duration or copulatory posture between 

successful and unsuccessful matings, the two females that did not produce 

any fertilized eggs had shown vehement rejection behaviours (ruiming away, 

shaking) previous to genital coupling. The females continued shaking for a 

few seconds after the male had inserted his genitalia but then did not display 

any more resistance for the remainder of the copulation. I did not observe 

such rejection behaviours in any of the females that produced fertilized eggs. 
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Experimental Families For Paternity Studies 

I determined patterns of sperm precedence in experimental families 

that were produced by mating a laboratory-reared virgin female to two 

different males in succession (Figure 1.2). The flies used in this experiment 

were derived from 12 different isofemale lines that had been kept in the 

laboratory for four generations prior to the experiment. Lines were 

established from single inseminated females collected in the field at four 

different locations in Berlin, Germany, and consecutive generations were 

propagated through sibling pairs. In each experimental family, the female and 

her mates were each derived from a different collecting site. 

Within eight hours of eclosion, experimental females were transferred 

individually to 500 ml cages supplied with a 20% sugar solution and a 

provision of cow dung (collected immediately after defecation and then 

stored at 4°C for up to four weeks), which served both as food and as 

oviposition substrate. The first male was then added to the cage on the 

following day, and this pair was kept together for ten days. During this period, 

fresh oviposition substrate was provided every other day, and females had 

the opportunity to lay several clutches of eggs and to mate multiply with the 

first male. 

I included this initial extended exposure to the first male in the mating 

regime because most S. piinctiim females encoxmtered by a searching male in 

the field are likely to have had a history of several matings and ovipositions 
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(see below). The reproductive success of S. piinctum males will, therefore, 

ger\erally deperid upon the dynamics of sperm competition within the 

reproductive tract of such multiply inseminated females. I do not have any 

data on how many ejaculates S. piinctum females are able to store, and I do 

not know whether the number of previous inseminations actually does have 

an effect on patterns of sperm precedence. However, in the context of this 

experiment, I considered it prudent to control for this potentially 

confounding factor. Therefore, I allowed experimental females to initially 

mate ad libitum with the first male, in order to give them the opportunity to 

fill their sperm storage organs to a similar level as those of most females 

under natural conditions. Since pairs were not observed continuously over 

the ten days of first male exposure, I was unable to determine the actual 

number of matings occurring during this time. 

On the 11th day after the female's eclosion, the first male was killed 

and preserved in chilled 100% ethanol. The female was then presented with 

40 ml fresh cow dung, and for the next hour, observations were made at five-

minute intervals in order to determine whether she was laying any eggs. If a 

female did not commence oviposition during this period, the substrate was 

removed, and fresh dung was provided again on the following day. The eggs 

laid by the female on the 11th or 12th day after eclosion were reared, and the 

offspring were killed and preserved in chilled 100% ethanol within 24 hours 

of eclosion. From tlrus clutch, I arbitrarily selected 12 individuals for offspring 



sample 1. Since the female had mated only with the first male prior to 

producing this clutch, the sire of these offspring was known with certainty. 

Offspring sample 1, therefore, provided a sample of the genetic profiles of the 

first male's offspring and could be used as a control in assigning paternity for 

offspring sample 2. 

As soon as a female started ovipositing on the 11th or 12th day after 

eclosion, the second male was added to her cage. (Both the first and the 

second male were five to ten days old when they were first introduced to 

experimental females.) Altogether, 67 females were presented with a second 

male in this marmer, and 28 of these females mated with the second male 

after finishing their oviposition bout. Soon after the mating pair separated, 

the second male was killed and fixed in chilled 100% ethanol. The female was 

left in her cage and supplied with fresh oviposition substrate every other day 

until she laid three more clutches of eggs. The female was then killed and 

fixed in chilled 100% ethanol, and her offspring were reared and preserved in 

chilled 100% ethanol within 24 hours of eclosion. Offspring sample 2 

consisted of 24 individuals selected arbitrarily from the first clutch the female 

produced after mating with the second male. Since the female had mated 

with both the first and the second male when laying this clutch, offspring 

sample 2 was used to determine patterns of sperm precedence in S. punctiim. 

I arranged the mating with the second male to occur immediately after 

one of the female's oviposition bouts because this design grants the longest 
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possible time interval between the second male's mating and the female's 

next oviposition bout. If sperm mixing occurs gradually after the last 

insemination, this mating regime will provide for the maximum effect of 

this factor. It may be argued that the first male is put at a disadvantage because 

some of his sperm are already used for fertilization in the oviposition bout 

immediately preceding the second male's mating. However, one S. punctum 

ejaculate contains enough sperm to fertilize about nine clutches of eggs (see 

below); so one intervening oviposition bout should not lead to a large 

numerical disadvantage for first male sperm. Furthermore, the first male had 

the opportimity to repeatedly inseminate the female, while the second male 

was allowed to mate only once. If females are able to store more than one 

ejaculate, the storage organs of experimental females should have contained 

more first male sperm; thus, this design may even result in a first male 

advantage if sperm mix randomly inside the female storage organs. 

Paternity Analyses 

In order to compare the reproductive success of a female's consecutive 

mates, offspring samples 1 and 2 were subjected to paternity analyses using 

Random Amplified Polymorphic DNA markers (RAPD, Williams et al., 

1990). Since all potential parents were available for analysis, RAPD fragments 

unique to one putative father (i.e., absent in both the mother and the other 

putative father) could be used to assign paternity by parental inclusion 
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(Levitan & Grosberg, 1993; Scott & Williams, 1994). According to this 

rationale, the presence of a diagnostic marker in an offspring is indicative of 

parentage, while the absence of such a marker is generally uninformative 

because putative fathers may be heterozygous at any given locus. 

DNA for paternity analyses was extracted from the heads (and in some 

cases also the thoraces) of parents and individual offspring. Prior to 

extraction, body parts were dissected from ethanol specimens and air-dried in 

individual petri dishes for 15-20 minutes. Each sample was first ground and 

then incubated for 45-60 minutes at 65°C in 100 |il lysis buffer (25 mM TRIS 

pH 7.5, 8.5 mM EDTA pH 8, 80 mM NaCl, 160 mM sucrose, 0.5% SDS). The 

solution was neutralized with 1 M potassium acetate, and after centrifugation, 

DNA was precipitated from the supernatant using ethanol. Rinsed and air-

dried DNA pellets were resuspended in 200 ^il water and stored at -20°C. 

The DNA of parents and offspring was used as a template in PCR 

reactions with lOmer oligonucleotide primers (Kits A, B, D, Operon 

Technologies, Inc.; 60 primers were screened for the presence of paternal 

diagnostic bands; sequences of the 12 primers yielding diagnostic markers are 

listed in Appendix A). Each 20 |il reaction mix contained 1 ̂ il template DNA 

solution (0.1-l|ig DNA), 0.3 |J.M primer, 125 ^iM of each dNTP, 3.75 mM 

MgCl,, 10 mM Tris-HCl pH 8.3, 50 mM KCl, and 0.5 unit Taq DNA polymerase 

(Perkin Elmer Corporation or Life Technologies, Inc.) In addition to 

experimental samples, a negative control containing all reagents but no DNA 
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template was included in each PCR run. DNA was amplified in a Perkin 

Elmer thermal cycler programmed for 45 cycles of 30 s at 94°C, 1 min at 37°C, 

ramping up to 72°C in 2 min, and 1 min at 72°C. Before the addition of 

polymerase to the reaction mix, the DNA was denatured at 94°C for 5 

minutes, and the thermocyder block was then kept at 80°C until polymerase 

had been delivered to all samples; after the 45 amplification cycles, each PCR 

run was completed by a 3 min soak at 72°C. 

RAPD fragments were separated by electrophoresis in agarose gels (1.5-

2% Amresco in 0.5x TBE). Banding patterns were visualized by UV 

illumination after staining with ethidium bromide, and the approximate size 

of diagnostic bands was estimated by comparison to the 100 bp DNA ladder 

molecular size standard (Life Technologies, Inc.), which consists of 15 

fragments between 100 and 1500 base pairs in multiples of 100 bp and one 

band at 2072 bp for the vector. 

RESULTS 

Oviposition And Sperm Storage 

The average life span of the S. punctum females in this experiment 

was about five weeks, but two of the females lived for more than eight weeks 

(Table 1.1). Females started laying eggs 3-5 days after eclosion and then 

proceeded to oviposit approximately every other day, producing on average 
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17 clutches during their lifetime. Based on comparisons of the number of eggs 

and the time interval between oviposition bouts in the first five and the last 

five clutches of each female, the reproductive rates of young and old females 

did not differ significantly (paired f-tests, df = 9, P = 0.292 for clutch size, P = 

0.213 for number of days between oviposition bouts). Most females did, 

however, suspend oviposition a few days before their death, and one female 

even lived for 22 more days after laying her last clutch. 

With the sperm received in a single mating, the S. piinctum females 

were able to fertilize about 500-800 eggs each (Table 1.2). Along with about 

nine full clutches, all females produced at least one partially fertilized clutch 

before their fertilization rates dropped below 10% (Table 1.2). The observed 

loss in egg fertility was usually not gradual or progressive; all but two of the 

females laid partially fertilized clutches interspersed with fully fertilized 

clutches; however, once the fertilization rate had dropped below 10%, it did 

not recover. On average, females laid six fully fertilized clutches before the 

first drop in fertility was observed (Table 1.2). Thus, if females mated only 

when in need of replenishing their sperm reserves, they would have to mate 

after every sixth oviposition bout or once every two weeks. 

Patterns Of Sperm Precedence 

Contrary to my hypothesis of random sperm mixing, the paternity 

analyses revealed a high degree of last male sperm precedence. Among the six 
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experimental families, there were 144 individuals whose paternity was 

unknown prior to DNA analysis (offspring sample 2); only a single one of 

these individuals could be identified as the first male's offspring (offspring 18 

in family 6, Table 1.3); all remaining 143 were most likely sired by the second 

male (see below). Thus, across all six experimental females, 99.3 % of eggs 

were fertilized by last male sperm. In order to calculate the 95% confidence 

interval for this estimate of the last male advantage, I modeled the number of 

offspring sired by the second male as a binomially distributed random 

variable with parameters p, an offspring's probability of having been sired by 

the second male, and n, the total number of offspring assayed (Conover 1980). 

According to this analysis, the lower and upper confidence limits are 0.98 and 

1, respectively. I conclude, therefore, that the last male to mate with a S. 

piinctiim female before oviposition is likely to fertilize at least 98% of her 

subsequent clutch. 

In five of the six experimental families, I foimd at least one diagnostic 

marker that identified the second male as the father of each of the 24 

individuals in offspring sample 2. Some of these offspring showed up to four 

markers that were diagnostic for the second male (families 1-5, Table 1.3). 

These results are confirmed by the complete absence of the first male's 

diagnostic markers in the offspring sample 2 of these families. 

In contrast, offspring sample 2 of family 6 contained one individual 

that was unequivocally identified by four diagnostic markers as the offspring 
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of the first male (Table 1.3). Of the other 23 offspring, 16 individuals showed 

at least one of the second male's diagnostic markers, but the second male 

could not be positively identified as the father of the seven remaining 

individuals. Since I also found four markers that were diagnostic for the first 

male of family 6, and none of these markers was present in any of the seven 

unclassified offspring, I conclude that these individuals were probably also 

sired by the second male. The most compelling support for this hypothesis 

comes from two markers that were diagnostic for the first male and that were 

present in each of the individuals in offspring sample 1 as well as in the 

single sample 2 individual that was positively identified as the first male's 

offspring (016:1500-2000, 020:800-900; Table 1.3). The cor\sistent 

representation of these markers in the control offspring sample indicates that 

the first male was probably homozygous at this locus, and all of his offspring 

should, therefore, have been characterized by these diagnostic bands. 

In three of the experimental families, several of the diagnostic markers 

that were inferred to be heterozygous in the second male showed complete 

concordance in their occurrence in individuals of offspring sample 2 (family 

4: D02/800-900 and 007/1300-1400; family 5: AOl/1400-1500 and AlO/900-1000; 

family 6: B12/1500-2000, AlO/1300-1400, and B18/1000-1100; Table 1.3). This 

pattern of inheritance indicates linkage disequilibrium between RAPO loci. In 

families 5 and 6, the relevant markers occurred both in males and in females, 

but in family 4 they were sex-linked, occurring only in the female offspring. 
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Interestingly, the one heterozygous marker I found for the first male of this 

family (B12/1000-1100) was also expressed only in the female individuals of 

offspring sample 1. Thus, in family 4, sex-linked inheritance of markers was 

characteristic of three out of the four loci that were found to be heterozygous 

in males. The most likely explanation for this phenomenon is that these loci 

were located on the male's X chromosome, which is passed on to female 

offspring only. 

Since none of the bands that showed sex-linked inheritance in family 4 

was diagnostic for males in any of the other families, I was unable to compare 

the patterns of inheritance of these markers across families. However, when 

looking at the distribution of all heterozygous markers with respect to the sex 

of offspring, I found one additional case of apparent sex-linkage; in family 6, 

one of the diagnostic markers for the first male (B12/1100-12G0) occurred only 

in the female individuals of offspring sample 1. Incidentally, a 1100-1200 bp 

band produced by the primer B12 was also diagnostic for the second male in 

family 4. While the pattern of inheritance of this marker closely resembled 

that of the other, sex-linked markers in this family (Table 1.3), the B12/1100-

1200 band was also present in three of the males in offspring sample 2 

(offspring 12,13, and 14). 
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DISCUSSION 

Do Males Remove Rival Sperm? 

The results of the paternity study reveal an overwhelming last male 

advantage in sperm competition in the experimental families. This means 

that there was essentially no mixing of first and second male sperm inside the 

female storage organs. Since the time interval between the last male's mating 

and the female's next oviposition bout lasted for up to two days in this 

experiment, it appears that the advantage of the male mating after 

oviposition does not deteriorate with time. This, as well as the unusually 

high degree of last male precedence, indicates that the mechanism of sperm 

displacement in S. piinctum is sperm removal, or some other form of 

permanent sperm incapacitation, rather than sperm stratification (Simmons 

& Siva-Jothy, 1998). 

Further evidence for this hypothesis is provided by Kiontke (1989) who 

reported that the spermathecae of females killed while copulating were 

usually empty. Also, Eberhard & Huber (1998) found that ejaculation in 

Palaeosepsis {Archisepsis) occurred orily after about 15-20 minutes of 

copulation; much of the time spent in copula may, thus, be devoted to the 

removal of the previous male's sperm. How exactly males might remove 

sperm is still a mystery. According to Eberhard & Ruber's (1998) and 

Eberhard's (personal commtmication) observations in Palaeosepsis 
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{Archisepsis) spp., the male's aedeagus does not ever enter the spermathecal 

duct during copulation. It is, therefore, unlikely that males scoop out sperm 

from the spermathecae. Studies on the functional morphology of the 

genitalia of S. piinctiim are needed to determine whether the events during 

copulation are similar to those observed in Palaeosepsis. In addition, we need 

to investigate whether males are able to pump out rival sperm or whether 

they can induce spermathecal purging in females. 

My experiment on female sperm storage has shown that one ejaculate 

contains enough sperm to fertilize about nine full clutches of eggs. If S. 

piinctum males regularly remove most or all rival sperm from female 

storage organs, it is surprising that they transfer so many sperm in each 

copulation. The individuals used in the sperm storage experiment were 

derived from a population where ovipositing females were almost always 

accompanied by an escorting male, and females appeared to mate after each 

oviposition bout (Chapter K; Zerbe, 1993). Furthermore, females may have 

conducted additional matings at other times in their reproductive cycle 

(Chapter 11; see below). In this situation, the most economic strategy for a 

male should be to transfer enough sperm for the fertilization of only one or 

maybe two clutches; any additional sperm are likely to be removed by rivals 

before they have an opportunity to be used for the fertilization of eggs. 

Since most of my behavioural observations were conducted at mid-

season in a very high density population, I may have overestimated actual 
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female mating frequencies, especially when averaged over the entire season. 

A male's ejaculate may sometimes escape displacement through several 

female reproductive cycles. However, even with this stipulation, it appears 

that the ejaculates of S. punctum males contain a vast excess of sperm. 

Another possible explanation would be that the amount of sperm transferred 

by a male may have an effect on the tendency of a female to remate. This 

phenomenon has been documented in Drosophila melanogaster (Fukui & 

Gromko, 1989), Ceratitis capitata (Nakagawa et al., 1971), and a plutellid moth 

(Thibout, 1975). If females with full spermathecae are less likely to give in to 

the courting of rivals, males may be obliged to provide a surplus of sperm in 

order to prevent females from allowing an untimely displacement of their 

ejaculate. 

Why Do Males Pursue Post-oviposition Matings? 

The results of the paternity study do not provide a satisfactory 

explanation for the enigma posed by S. piinctiim's unusual mating system. In 

fact, the current data exacerbate our lack of understanding of this species's 

timing of matings. Under conditions of almost complete last male sperm 

precedence, post-oviposition matings would seem to be the worst possible 

male strategy. If an inseminated female mates again before laying her next 

clutch of eggs, the fertilization success of a male mating immediately after 

oviposition would most likely be negligible. 
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Sepsis punctiim females have been documented to mate more than 

once between oviposition bouts. The most striking evidence for multiple 

matings comes from a series of laboratory observations of pairs that were kept 

in individual cages for several days (unpublished data). Under these 

conditions, some pairs were seen to mate up to three times in one day, with 

copulations usually separated by several hours. These observations show that 

S. piinctiim females may be receptive to courting males not only immediately 

after oviposition, but also at other times in their reproductive cycle. Data 

from ovarian dissections of females collected while mating in the field 

corroborate these results: while most females were found to mate 

immediately after oviposition, some copulating females had last oviposited 

many hours ago (based on the developmental state of their ovaries; Chapter 

II). Thus, not all matings take place in the context of the female's oviposition 

bout, and it is likely that multiple matings in a reproductive cycle do occur in 

this species. 

So why do S. piinctiim males focus their mate search on females at the 

very beginning of their reproductive cycle? Why do they not simply avoid 

the risk of sperm displacement by mating with females immediately before 

oviposition? Preliminary observations at oviposition sites in the field 

indicate that some Sepsis and Palaeosepsis males do attempt to mate with 

ovipositing females, but the females appear to be reluctant to allow genital 

coupling. There is interspecific variation in the frequency and vehemence of 
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the males' pre-oviposition mating attempts; in Sepsis cynipsea, escorting 

males only rarely attempt to establish genital contact during oviposition 

(Parker 1972a), but such behaviour occurs more frequently in S. piinctiim 

(Zerbe, 1993; Schulz, personal observation) and in several Palaeosepsis species 

(Eberhard & Pereira, 1996; Eberhard, personal communication). Generally, 

pre-oviposition struggles are brief in sepsids, and males appear to be unable to 

force matings upon reluctant females (Parker, 1972b; Eberhard & Pereira, 

1996); indeed, Eberhard (submitted, personal communication) found that in 

order for Palaeosepsis (Archisepsis) males to achieve intromission, the female 

has to actively flex her proctiger to expose the vulva. 

Recent research by Eberhard & coworkers in species of Palaeosepsis 

(Archisepsis) indicates that the absence of matings before and during 

oviposition may be a consequence of the males' mechanism of sperm 

transfer. The males of these species transfer their sperm with the aid of a large 

spermatophore, which is delivered into the female's vagina during 

copulation (Eberhard & Huber, 1998). The spermatophore duct is inserted into 

the mouth of the female's spermathecal duct, and the sperm are moved to the 

spermathecae after the copulating male has dismounted. The spermatophore 

then slowly degrades over the course of several hours (Eberhard & Rodriguez, 

personal communication). 

If females are unable to manipulate the spermatophore inside their 

reproductive tract, this structure is likely to interfere with oviposition by 
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obstructing the passage of eggs through the vagina (Eberhard, personal 

communication) as well as impeding the retrieval of sperm for the 

fertilization of eggs. Thus, females may be reluctant to copulate upon arrival 

at an oviposition site, because such a mating would significantly delay the 

deposition of their offspring into a very transitory resource. On the other 

hand, if females have control over the retention and positioning of the 

spermatophore, males would have little to gain by forcing a mating upon a 

female who is about to oviposit. As soon as the female started ovipositing, 

she would probably render the newly transferred spermatophore ineffective, 

either by pushing it aside or by ejecting it altogether, and the sperm contained 

in the spermatophore would thus be prevented from ever reaching the 

female's spermathecae. 

Kiontke's (1989) description of the events during copulation in S. 

punctum indicates that the males of this species also use a spermatophore to 

transfer their sperm. Assuming that the structure and function of this 

spermatophore is similar to the one found in Palaeosepsis, it is likely that 

matings immediately before oviposition are precluded in S. punctum for 

similar reasons. Thus, the optimal timing of matings-with respect to the 

avoidance of sperm displacement-may not be an available option for S. 

punctum males. However, this constraint is not sufficient to explain why 

males focus their mate search on females who have just finished oviposition. 

Would it not be better for them to look for females that are further along in 
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their reproductive cycle and that are, therefore, likely to use sperm sooner? 

We know that some males in several sepsid species, including S. punctiim, 

pursue this tactic (Chapter II, Eberhard unpublished manuscript a,b); 

however, S. piinctiim males still descend in large numbers upon oviposition 

substrates and fiercely compete for access to females at the very beginning of 

their reproductive cycle. 

It is likely that females in mid-cycle are harder to find than ovipositing 

females which congregate at discrete, highly conspicuous resource patches. 

Since males cannot inseminate females immediately before sperm 

utilization, there may be a trade-off between the danger of sperm 

displacement and the convenience of easy mate-location. In order to quantify 

the parameters characterizing this trade-off, we would have to know how 

often males encounter mid-cycle females in the field and what proportion of 

these females is generally receptive to courting males. 

Reliable information on the frequency of matings away from 

oviposition substrates is difficult to obtain (Chapter n, Eberhard unpublished 

manuscript a,b); while it is indisputable that S. punctum females sometimes 

mate with males they encounter in the inter-oviposition period, it is possible 

that post-oviposition matings are followed by mid-cycle matings only rarely 

and only under certain circumstances. Indeed, when I tried to replicate my 

laboratory observations of multiple matings by adding a third male to the 

mating regime used in the paternity study, only two out of fifty females 
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mated again on the day after the second male's mating, and both of these 

females then perished without ovipositing again. Thus, it is possible that S. 

punctiim males focus their mate search on early-cycle females because mid-

cycle matings are so rare that they do not generally pose a significant threat to 

the fertilization success of sperm transferred in post-oviposition matings. 

Is The Last Male Advantage Associated With All Matings? 

The mating regime used in the paternity study (Figure 1.2) did not 

mimic all potential mating patterns found in S. punctiim. In order to 

determine the patterns of sperm precedence resulting from multiple matings 

by females in the same reproductive cycle, it would have been necessary to 

allow a third male to mate with the female before the deposition of offspring 

sample 2. However, this mating design is more difficult to implement (see 

above), and finding genetic markers to distinguish three potential sires would 

have been much more costly and labour-intensive than the current 

experiment. Thus, the scope of this study is restricted to providing an 

estimate of the reproductive success associated with a post-oviposition 

mating that is then not followed by additional matings before the female's 

next oviposition bout (Figure 1.2). 

Is it possible that matings conducted at different times in a female's 

reproductive cycle would be associated with different patterns of sperm 

precedence? What are the chances that mid-c>'cle matings do not (or not 
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always) result in a last male advantage? Research in another insect species 

with a mating pattern similar to that of S. punctum has shown that the effect 

of mating order may depend upon the relative sequence of matings and 

oviposition bouts. Parker & Smith (1975) reported differences in patterns of 

sperm precedence with varying mating regimes in the grasshopper Locusta 

migratoria migratorioides. If the first and second males' matings occurred in 

different female reproductive cycles, there was a distinct last male advantage; 

however, if the last male's mating followed in the same reproductive cycle as 

the first male's mating, there was-on average-a first male advantage, with 

large variation in patterns of sperm precedence, including both sperm mixing 

and last male precedence. 

Parker & Smith (1975) concluded that the observed differences in 

patterns of sperm competition were most likely related to the mechanism of 

sperm transfer in this species. Locusta migratoria males deliver their sperm 

with the aid of a spermatophore*, and the proximal tube of this structure 

remains inside the spermathecal duct after copulation, thus blocking the 

access of rival ejaculates to the spermatheca. While the tube apparently 

softens with time, becoming less effective as an insemination plug, it does 

inhibit the transfer of rival ejaculates for several days. It will then be ejected, 

at the latest, when the female next oviposits, because the spermathecal duct 

has to be unobstructed in order to allow sperm to pass down into the vagina 

for the fertilization of eggs (Parker & Smith, 1975). 
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Currently, we do not know how the spermatophore of S. punctum 

affects processes relevant in the context of sperm competition. However, the 

comparative data provided by the case of Lociista are intriguing. Clearly, in 

order to fully understand the dynamics of sperm competition in S. punctum, 

we now have to conduct additional studies testing whether males mating in 

mid-cycle are also able to displace rival sperm. 

Co-segregation Of RAPD Markers In Paternity Analyses 

In the paternity study, I found co-segregation of many of the RAPD 

markers inferred to be heterozygous in sires. This observation raises 

questions about the mechanism of meiosis in S. punctum males. Achiasmate 

meiosis, resulting in low levels of genetic recombination, is almost universal 

in the males of brachyceran Diptera (White, 1973; Gethmann, 1988; Burt et al. 

1991). This phenomenon can explain a high incidence of co-segregating loci, 

because all markers that are located on the same chromosome are expected to 

show complete linkage. However, if RAPD primers amplify a random sample 

of loci across the entire genome, the patterns found in this study imply a very 

small number of linkage groups: since I never found more than two distinct 

segregation patterns for heterozygous markers in the offspring of any of the 

experimental families, it appears that in each case I amplified loci on only two 

independently segregating chromosomes. However, in preliminary 
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observations of meiotic nuclei in S. punctum males, I was able to distinguish 

at least four different chromosomes. 

Both a non-random assortment of chromosomes during meiosis and 

an amplification bias towards loci on certain chromosomes could lead to a 

lower number of RAPD linkage groups than chromosomes. RAPD primers 

amplify nucleotide sequences that are flanked by closely spaced exact or 

similar inverted repeats; such sequences are particularly common in the 

repetitive regions of genomes, which are often located in the 

heterochromatin of telomeres and centromeres (Hoy, 1994). If any of S. 

punctum's chromosomes were characterized by a particularly high 

heterochromatin content, this might result in a disproportionate 

representation of loci located on these chromosomes in RAPD analyses. Since 

I found both sex-linked and non-sex-linked markers co-segregating, there 

should be at least two heterochromatin-rich chromosomes in S. punctum: 

one X chromosome and one autosome. 

Further studies investigatiiig cytogenetic mechanisms and genome 

structure in S. punctum are needed in order to explain the peculiar patterns 

of inheritance revealed in these paternity analyses. What are the 

consequences of the co-segregation phenomenon for the interpretation of my 

results? Clearly, information from multiple independently segregating loci 

would have lent stronger support to my conclusior\s regarding the patterns of 

sperm precedence in S. punctum. However, the information provided by the 
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current data is unequivocal, and the strong representation of the second 

males' diagnostic markers in offspring sample 2 leaves no doubt about the 

presence of an overwhelming last male advantage in sperm competition in 

the experimental families. 



47 

FIGURE 1.1. The mating pattern of S. punctum. (a) Males approach females 

upon their arrival at the oviposition site, (b) The male then mounts the 

female but does not copulate, (c) The mounted male rides on the female's 

scutum while she lays a clutch of eggs (Chapter III), (d) The female copulates 

with the mounted male after she has laid all of her mature eggs, (e) The 

female leaves the oviposition site and matures a new clutch of eggs. 
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FIGURE 1.2. Outline of the mating regime used to produce families for the 

analysis of patterns of sperm precedence in S. punctiim. 
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TABLE 1.1. Oviposition patterns of ten S. punctum females kept 

laboratory cages from eclosion to death. 



First Female Number Clutch Interval between 
oviposition lifespan of clutches size oviposition bouts 

(days aflereclosion] (days) (days] 

Mean 4.1 37.4 16.9 81.7 1.8 

Std. dev. 0.74 16.85 6.57 18.65 0.78 

Range 3-5 19-61 9-30 14-131 1-4 



TABLE 1.2. Offspring produced by 13 S. punctiim females that had mated 

only once prior to the collection of experimental clutches. Clutches were 

considered fully fertilized if they contained less than 10% unhatched eggs. 



Mating 
duration 

[minutes] 

Number 
of larvae 

Number of clutches First drop in fertility Mating 
duration 

[minutes] 

Number 
of larvae 

fully 
fertilized 

partially 
fertilized 

clutch 
number 

days after 
mating 

Mean 29.8 676.8 8.9 2.8 6.9 11.9 

Std. dev. 4.02 115.59 1.50 1.74 2.36 4.75 
Range 23-36 486-851 7-12 1-6 5-13 8-24 
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TABLE 1.3. Distribution of RAPD markers that were diagnostic for either 

putative father in offspring samples 1 and 2 of six experimental families. The 

shaded areas designate individual offspring that shared a given sire's 

diagnostic marker (hatched: first male. Ml; black: second male, M2); white 

areas indicate the absence of the diagnostic band. The 12 individuals of 

offspring sample 1 were collected after the female had mated with the first 

male only; this sample, therefore, served as a control for the genetic profile of 

the first male's offspring. Offspring sample 2 was collected after the female 

had mated with both the first and the second male; the paternity of 

individuals in offspring sample 2 was inferred through the occurrence of first 

and second male diagnostic markers. 



FAMILY Diagnostic Markers Offspring Sample 1 Offspring Sample 2 

Pulalive Primer Size of diagnostic 
father band (bp) 

Ml AlO 1500-2(K» 

DD2 700-800 

M2 B12 1500-2000 

on 600-700 

D07 1400-1500 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 6 9 10 11 12 13 U 15 16 17 18 19 20 21 22 23 24 

2 Ml DOl 1200-1300 

M2 B07 >2000 

BIB 1000-1100 

3 Ml BOS 1500-2000 

M2 D16 1500-2000 

AOl 500-600 

Y///////A y/A y/m 

Ml B12 1000-1100 

D07 1400-1500 

M2 B12 1100-1200 

D02 BOO  ̂

D07 1300-1400 

D20 1300-1400 

Ml B12 1500-2000 

D07 1400-1500 

Boe 900-1000 
D16 900-1000 

M2 AOl 140(̂ 1500 

AlO 900-1000 

B07 700-800 

t 
Wi 

I  Ikd 

Ml B07 700-800 
B12 1100-1200 
D16 150(̂ 2000 
D20 800-900 

M2 D16 600-700 
B12 1500-2000 
AlO 1300-1400 
B18 1000-1100 

oi OS 
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CHAPTER II 

THE TIMING OF MATINGS IN BLACK SCAVENGER FLIES 

SUMMARY 

In some species in the dipteran family Sepsidae, matings regularly 

occur immediately after a female has laid a clutch of eggs. Such post-

oviposition matings, which entail a long delay between sperm transfer by the 

male and sperm use by the female, are very unusual in insects. In order to 

elucidate the evolution of this reproductive pattern, I have gathered 

comparative data on the timing of matings of 25 species belonging to eight 

different sepsid genera. The results of this survey show that post-oviposition 

matings are common in many species in a group of genera containing 

Xenosepsis, Palaeosepsis, Dicranosepsis, and Sepsis. In general, matings with 

gravid females appear to be absent in most sepsid species; only one species in 

my sample was characterized by matings immediately before and during 

oviposition. Recent research indicates that the mechanism of sperm trar\sfer 

via a spermatophore may be responsible for the lack of sexual receptivity in 

the gravid females of some sepsid species. Since the phylogenetic distribution 
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of the sepsids' timing of matings indicates that mating systems that are 

characterized by the absence of matings with gravid females have arisen early 

in this family's evolutionary history, sperm transfer via a spermatophore 

may also be an ancient characteristic of this group. 

INTRODUCTION 

The dipteran family Sepsidae contains approximately 250 described 

species in more than 20 genera (Pont, 1979). Sepsids are associated with many 

different kinds of decaying organic materials, including animal feces, sewage, 

silage, and carrion. These resources are used as larval substrates and for adult 

nutrition. In addition, adults of many species visit flowers to feed on nectar. 

Oviposition sites commonly serve as encounter sites for the sexes, and 

mating pairs can often be found in the immediate vicinity of breeding 

habitats. Despite the omnipresence of sepsids in the forests, grasslands and 

agricultural areas of the world, little is known about their mating behaviour. 

The few reports that have been published indicate, however, that some 

species in this family are characterized by a very unusual timing of matings. 

Males of several sepsid species have been observed to regularly mate 

with females immediately after an oviposition bout (post-oviposition 

matings, Chapter I; Parker, 1972a, b; Ward, 1983; Ward et al., 1992; Zerbe, 1993). 
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Sepsid females produce offspring in discrete batches of synchronously 

maturing eggs, and each clutch is deposited into a single substrate patch. A 

male eliciting a mating immediately after oviposition thus copulates with a 

female at the very beginning of a new reproductive cycle. This timing of 

matings is very rare in insects with multiply mating females (Thomhill & 

Alcock, 1983). Due to selective forces imposed by last male sperm precedence, 

it is generally to a male's advantage if his sperm are used immediately after 

they have been transferred (Parker, 1970a, Boorman & Parker 1976, Gwyrme 

1984, Simmons & Siva-Jothy, 1998). The males of most species that use 

oviposition substrates as encounter sites for the sexes, therefore, mate with 

females immediately before, not after, oviposition (e.g., Parker, 1970b; Milne 

& Milne, 1976; Corbet, 1980; Hayashi, 1985; Otronen, 1989; Adler & Adler, 1991; 

Alcock, 1991; Carroll, 1991; Brown & Stanford, 1992; Sato & Hiramatsu, 1993; 

Papaj, 1994; Dodson, 1997). 

In order to determine whether post-oviposition copulations are a 

common characteristic of mating systems in the family Sepsidae, I have 

conducted a survey of sepsid reproductive patterns, collecting data on the 

timing of matings in 25 species belonging to eight different genera. The 

results of this study show that this peculiar mating pattern is prevalent in the 

lineage containing the genera Xenosepsis, Palaeosepsis, Dicranosepsis, and 

Sepsis. Fturthennore, matings with gravid females are generally absent in 

most sepsid species; only one species in my sample was characterized by 
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matings immediately before and during oviposition. I discuss the potential 

significance of sperm transfer mechanisms for the evolution of the sepsids' 

timing of matings, and based on the phylogenetic distribution of reproductive 

traits, I consider their probable origin in the family's evolutionary history. 

MATERIALS AND METHODS 

In two species of Palaeosepsis, seven species of Sepsis, and in Saltella 

sphondylii, I determined the timing of matings with respect to the female's 

oviposition bout through focal observations of the sequence of events around 

oviposition sites in the field (see Appendix B for information on substrates 

and habitats sampled). Females were observed from their arrival at the 

substrate throughout the oviposition bout, which lasted from 12 to 53 

minutes. For species identification (Chapter HI), focal females were then 

collected after oviposition, when departing from the substrate or when 

copulating with a male in the vicinity of the oviposition site. In Palaeosepsis 

spp., I could identify male specimens only. Therefore, focal females of this 

genus were included in the analysis only if they were associated with a male 

either in an escorting (Chapter HI) or in a copulating pair. 

Determining the begiiming and the end of a sepsid oviposition bout 

can sometimes be difficult. Ovipositing females occasionally leave the 

substrate for short periods of time and then return to continue oviposition. 
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During these temporary excursions, fennales will walk or hop off into the 

surrounding vegetation but will usually remain within 10 cm of the 

substrate. Some of the focal individuals may have been females resuming 

their oviposition bout after such a trip, rather than females arriving at the 

substrate to commence oviposition. This difficulty in determining the true 

starting point of an oviposition bout had an impact on the results of this 

study only in the case of Saltella sphondylii. In this species, some females 

copulated immediately at the begiiuiing of the focal observation period, i.e., 

upon their apparent arrival at the substrate (Table 2.2). However, it is possible 

that some of these matings occurred during rather than before the 

oviposition bout. 

The females' habit of temporarily leaving the substrate also made it 

difficult to recognize with certainty when a female had finished her 

oviposition bout. In order to ensure that all focal observations encompassed 

the female's entire oviposition episode, I dissected the ovaries of focal 

females. If a female still had mature oocytes in her ovarioles, she had not had 

the opportunity to finish her oviposition bout, and such females were 

excluded from the analysis. Ovarian dissections revealed that 27 of 612 focal 

females in the genus Sepsis had been collected prematurely. All of these 

females had been solitary at the time of collection. All Palaeosepsis and 

Saltella females, as well as all Sepsis females caught while in copula, had 

finished oviposition before being captured. 
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Themira females generally do not lay all their eggs in a single resource 

patch. The oviposition substrates of most Themira species-sewage and mud-

are not as discrete and distinct from other parts of the habitat as are the fecal 

droppings used by the females of Sepsis, Palaeosepsis, or Saltella. Themira 

females cover a larger area when ovipositing, and it is very difficult to follow 

an individual female, especially when population densities are high. Data 

collection is further impeded by the fact that most Themira are much more 

easily flushed by the approach of an observer than other sepsids. Due to these 

difficulties, I was not able to conduct complete focal observations on 

ovipositing Themira females. 

Whenever focal observations of ovipositing females were not possible, 

I collected copulating females in the field and inferred the approximate 

timing of their matings through ovarian dissections. For Themira piitris 

(Lirmaeus) and T. anniilipes (Meigen), I furthermore collected solitary 

females that frequented the area where copulating pairs were found. By 

dissecting the ovaries of these females, I assessed the reproductive profile of 

the general population of females present in a given habitat. While 

oviposition resources appear to be the principal encounter sites for the sexes 

in most species, not all sepsid matings occur near larval substrates 

(unpublished observation). Furthermore, in species that are relatively rare, 

reasonable sample sizes could not be attained through time-consuming direct 

behavioural observations. Therefore, I generally complemented the data set 



through ovarian dissections of females encoimtered in copula in the field, 

even in those species where focal observations were possible. 

Sepsid flies have polytrophic meroistic ovarioles and mature their eggs 

in discrete, synchronous clutches (unpublished data). The reproductive status 

of a female can, therefore, be assessed by evaluating the developmental stage 

of the oldest follicles in a female's ovarioles. A sepsid female that is about to 

oviposit is easily recognized. Mature eggs that are ready to be deposited into 

the larval substrate are equipped with a conspicuous chorionic respiratory 

appendage that is two to three times as long as the main body of the egg 

(Figure 2.1d; Hinton, 1960; Meier, 1995). After a female has laid all of her 

mature eggs, she carries only immature, spherical follicles. Usually, nurse 

cells and oocyte are of approximately equal size in these follicles; occasionally 

the oocyte may already be slightly enlarged, but it never takes up more than 

one fourth the volume of the follicle (Figure 2.1a). 

The temporal progression of oogenesis may vary between species and 

depends on several factors including temperature and the nutritional 

condition of the female (unpublished data). Generally, a female containing 

elongated follicles with enlarged oocytes but clearly distinguishable nurse 

cells (Figtire 2.1b) has last oviposited at least 12 hours ago. As early as 16 

hours after the last oviposition bout, the oocyte may then take up more than 

half the volume of the follicle (Figure 2.1c). Most females iiutiate the 

maturation of the next batch of follicles very soon after oviposition. 
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However, some females delay egg maturation and may carry only 

undeveloped follicles for several days after an oviposition bout. Once 

maturation has commenced, the oocyte grows rapidly, completing 

development in about 24 hours (unpublished data, based on observations in 

laboratory cultures of Sepsis piinctum). Thus, if a female carries stage 1 

oocytes (Figure 2.1a), she may have oviposited recently, or she may have 

oviposited some time ago but has not yet initiated the development of her 

next batch of eggs. 

The specimens used for ovarian dissections were killed and fixed in the 

field while still in copula by dropping them into vials containing either FAA 

(water;ethanol:fonnalin:glacial acetic acid; 55:30:10:5 v/v), or occasionally 70% 

or 95% ethanol. I dissected females at IQx magnification; the reproductive 

tract was removed, and the ovaries were transferred to microscope slides for 

inspection at lOOx to 400x magnification. For each dissected female, I assessed 

the developmental stage of the terminal follicles in the ovarioles according to 

the categories described in Figure 2.1. 

For two species, Dicranosepsis n. sp. and Xenosepsis fiikiiharai Iwasa, I 

was unable to collect any data in the field. Ir\stead, I observed the mating 

behaviour of these species in laboratory cultures. Flies were kept in 2 1 or 3.5 1 

transparent plastic containers equipped with an ample supply of water and 

20% sugar solution. Periodically, I added fresh cow dung for oviposition and 

adult nutrition. After providing fresh substrate, I conducted focal 



65 

observations of ovipositing females and copulating pairs. Furthermore, I kept 

a log of matings that were observed at irregular intervals in the absence of 

oviposition substrate. Copulating pairs were removed from containers using 

an aspirator, and the females' reproductive status was assessed in ovarian 

dissections as described above. 

RESULTS 

In most of the species in my sample, females generally mated early in 

their reproductive cycle. Copulations immediately following an oviposition 

bout (post-oviposition matings) were common in several species of 

Palaeosepsis and Sepsis as well as in Dicranosepsis n. sp. and in Xenosepsis 

fukiiharai (Table 2.1). Mid-cycle matings occurred occasionally in a number of 

sepsid species, late cycle matings were very rare, and only the females of 

Saltella sphondylii mated when gravid. It is important to note, however, that 

mid- and late cycle matings may be more common than I have observed in 

this study. Since sepsid females are most easily located at or near oviposition 

sites, it is likely that my collections were biased in favour of gravid females 

and females that had just oviposited. In almost all species for which I was able 

to attain a large sample size, I recorded at least a few copulations of females 

carrying stage 2 oocytes (Figure 2.2). These observations reveal that not all 
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sepsid matings take place in the context of the female's oviposition bout and 

that mid-cycle matings may regularly occur in many sepsid species. 

Focal females in several species of Sepsis and Palaeosepsis often mated 

immediately after an oviposition bout (Table 2.2), i.e., at the beginning of a 

new reproductive cycle. Ovarian dissections of copulating females confirmed 

that matings in species belonging to these two genera generally occurred early 

in the female's reproductive cycle (stage 1 follicles. Figure 2.2). However, in 

most Sepsis species sampled, I also found a small number of females 

copulating in mid-cycle (stage 2 follicles. Figure 2.2a). Focal observations as 

well as most collections of females for ovarian dissections were conducted at 

oviposition sites, i.e., in the presence of large numbers of gravid females. 

Based on my adequate sample sizes for most species of Sepsis as well as for 

Palaeosepsis mitis and P. piisio (Table 2.2, Figure 2.2), I am, therefore, 

confident in concluding that the females of these species do not usually mate 

either before or during an oviposition bout. 

In my laboratory cultures of Xenosepsis fukiiharai and Dicranosepsis n. 

sp., matings regularly occurred immediately after a female's oviposition bout. 

I observed six such matings in X. fiikuharai and 14 in Dicranosepsis. All of the 

copulating females carried or\ly stage 1 oocytes. I also recorded a few matings 

in the absence of oviposition substrate (two in X. fiikiiharai, three in 

Dicranosepsis, all copulating females carried stage 2 oocytes), but I never saw 

any females mating immediately before or during oviposition. 



For Meropliiis minutus (Wiedemann) and Nemopoda nitidida 

(Fallen), I could collect data only through ovarian dissections. Due to the very 

small sample sizes available for these species, I cannot draw any definite 

conclusions about their timing of matings. However, it is noteworthy that 

none of the females I captured had copulated while gravid (Figure 2.2b). 

In Themira annulipes, all copulating females in my sample (N=8) 

carried stage 1 follicles. However, a sample of solitary females collected at the 

same time (N=18) revealed that all females that were present in the habitat 

(Appendix B) carried only stage 1 follicles. Furthermore, of the 26 T. 

annulipes females I dissected, only 3-all of them solitary at the time of 

capture-carried sperm in their spermathecae. The collection site for these flies 

was at the edge of a newly planted vegetable field that had just been fertilized 

with agricultural sewage and manure. Therefore, it is likely that the T. 

annulipes females I collected had recently eclosed from the manure, and the 

matings I observed were first copulations by virgin females in an area where 

suitable oviposition substrates were not available. This sample is then 

probably not a good indicator of the typical mating behaviour in T. annulipes 

populations. 

The females of the remaining species of Themira, T. flavicoxa 

Melander & Spuler, T. minor (Haliday), and T. putris, were usually found 

mating in early- or mid-cycle (Figvire 2.2b). For T. putris, I was able to obtain a 

large sample of copulating females at the open evaporation basins of a sewage 
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plant in Germany. This sample contained a few copulating females carrying 

Stage 3 follicles, but I did not find any copulating females with fully mature 

oocytes (stage 4 follicles). Ovarian dissections of solitary females, collected at 

the same time as the copulating pairs, revealed that gravid females were 

present in the habitat: 16% of all solitary females carried stage 4 follicles 

(Figure 2.3). Based on these data, I would have expected to find gravid females 

in my sample of copulating pairs if matings occurred independent of a 

female's reproductive status. Therefore, I conclude that T. piitris females do 

not mate when carrying a clutch of mature eggs. 

In contrast, most of the focal females of Saltella sphondylii mated 

when gravid. Copulations regularly occurred either before oviposition, 

during oviposition, or both (Table 2.2). Most S. sphondylii females were 

mounted by a male soon after their arrival at the oviposition site, some even 

before they had started laying their eggs. The pair then left the dung and 

mated in a secluded place at the substrate's edge or in the adjacent grass. 

During these mating episodes, copulations were generally intermittent. The 

moimted male engaged and disengaged his genitalia repeatedly with the 

female's ovipositor, such that phases of relatively short genital coupling (a 

few seconds to less than five minutes, exact mating durations were not 

measured) were interrupted by longer phases without genital contact. Upon 

the female's return to the oviposition site, the male remained mounted and 

accompanied his mate while she laid her eggs into the substrate (Chapter IE). 
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Struggles with rival males over access to an ovipositing female often resulted 

in additional interruptions of the female's oviposition bout. Challenging 

males would usually mate immediately after taking over a female, and males 

that had been able to defend their mate would also sometimes solicit 

additional copulations. 

Ovarian dissections showed that S. sphondylii females may copulate at 

any time during their reproductive cycle, but most copulations did occur 

when females carried fully mature oocytes (Figure 2.2b). Most females 

representing stages 1 through 3 of ovarian development were collected in a 

single sample of 23 copulating females which I encountered on a cattle 

pasture in Kalkstein, Germany. At the time of capture, all of these females 

were feeding in copula on flowers in the same patch of Apiaceae and 

Asteraceae, and there was no suitable oviposition substrate in the immediate 

vicinity of the collection site. Since I have observed such a mating aggregation 

only once, it is unclear whether this behaviour is common in this species. 

DISCUSSION 

Oviposition substrates constitute the principal encounter site for the 

sexes in many insects, and in almost all the species investigated so far, 

matings generally occur immediately upon encounter between a searching 

male and an ovipositing female (Parker, 1978; Thomhill & Alcock, 1983). In 
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my survey of sepsid mating patterns, I found that most Sepsidae do not 

conform to this paradigm. Among the 25 sepsids investigated here, the males 

of only one species, Saltella sphondylii, regularly mated with females that 

were about to oviposit. In all other species, males always mated with females 

that carried no mature eggs, and the typical timing of matings in this family 

appears to be early in a female's reproductive cycle, often immediately after 

an oviposition bout. The phylogenetic distribution of the sepsids' timing of 

matings indicates that mating systems that are characterized by the absence of 

copulations with gravid females may have arisen early in the family's 

evolutionary history (Figure 2.4). The basally derived genus Themira shares 

this trait with several more recently diverged sepsid genera, and Saltella's 

timing of matings, therefore, most likely evolved from this pattern 

secondarily, after the divergence of the Saltella-Susanomira lineage from the 

rest of the Sepsidae. 

In the case of Sepsis piinctiim, I have speculated that the absence of 

matings with gravid females is due to this species' mechanism of sperm 

transfer (Chapter I). The spermatozoa of S. piinctum males are enclosed in a 

large spermatophore which remains in the female's vagina after copulation, 

while the sperm are moved into the spermathecae (Kiontke, 1989). It is likely 

that gravid females are unreceptive to courting males because the presence of 

a bulky spermatophore in the vagina precludes oviposition for an extended 

period of time after each mating. Alternatively, females may be able to clear 



the obstructing spermatophore from their reproductive tract, which would 

most likely result in a disruption of sperm transfer. In order to give their 

sperm an opportunity to move to the spermathecae, from which they may 

then be retrieved for the fertilization of eggs, S. punctum males should, 

therefore, time their matings well before a female's oviposition bout. 

Similar spermatophores have so far been found in two species of 

Palaeosepsis {Archisepsis) (Eberhard & Huber, 1998) and in Paratoxopoda 

dqjilis (Kotrba, 1996). I predict that these structures are also present in 

Themira and in all of the other sepsid genera in which I did not find females 

mating when they were gravid. Since Paratoxopoda belongs to one of the 

earliest derivative lineages of sepsids (Figure 2.4), it appears that the 

spermatophore is an ancient characteristic of sepsid reproductive biology. In 

order to determine whether this trait was present in the common ancestor of 

all Sepsidae, we should also look for spermatophores in Orygma and 

Ortalischema, the most basally derived genera of sepsids (Figure 2.4), and in 

the Ropalomeridae, the sepsids' presumed sister group (McAlpine, 1989). The 

observation of frequent matings with gravid females in Saltella sphondylii 

suggests that the spermatophore has been reduced or modified in this species. 

In order to allow sperm to be available for fertilization immediately after 

copulation, S. sphondylii males may trar\sfer free spermatozoa directly into 

the female's spermathecal duct. This "closed system" mode of sperm transfer 



72 

is commonly found in many other Diptera, and it is generally considered to 

be derived from ancestral spermatophore systems (Pollock, 1972). 

Kotrba (1996) has suggested that direct delivery of sperm into a narrow 

spermathecal duct should be a time-consuming process, and sperm transfer by 

spermatophore would usually result in much shorter copulation times. 

Comparative data on mating durations in sepsids show, however, that species 

in the spermatophore-producing genera Sepsis and Palaeosepsis are generally 

characterized by longer copulations (in excess of 20 minutes; Chapter I; 

Schulz, 1989; Parker, 1972a; Eberhard & Huber, 1998) than S. sphondylii (less 

than five minutes, see above). The relatively long copulation times in Sepsis 

and Palaeosepsis may be a direct reflection of the time necessary for 

spermatophore formation. Kiontke (1989) concluded from her observations 

in S. punctum that the secretions of the male accessory glands, which provide 

the material for the spermatophore, are transferred to the male's seminal 

vesicles only after the onset of copulation, and Eberhard & Huber (1998) 

reported that ejaculation occurred only after about 15-20 minutes of 

copulation in Palaeosepsis {Archisepsis) spp. On the other hand, the relatively 

short copulation times of S. sphondylii may be due to the fact that the males 

of this species transfer only a small amount of sperm in any given copulation 

bout. This hj^othesis would also explain why males sometimes solicit 

additional copulations from an ovipositing female they had previously 

inseminated. In order to understand the adaptive significance of S. 
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sphondylii's adoption of a novel mode of sperm transfer, further studies on 

the reproductive biology and morphology of this species are needed. 

In Xenosepsls, Palaeosepsis, Dicranosepsis, and Sepsis, matings 

commonly occurred immediately after oviposition, but in Themira, the large 

proportion of mid-cycle matings shows that oviposition substrates are less 

important as encounter sites for the sexes. Most likely, these differences in the 

timing of matings are due to interspecific differences in the distribution of 

females across the habitat. Post-oviposition matings appear to be the rule in 

species where females aggregate in large numbers at transitory and highly 

conspicuous resource patches, such as fresh mammal dung, the preferred 

oviposition substrate for many Sepsis and Palaeosepsis species (Chapter I). In 

those species that are associated with less discrete oviposition media, like the 

fecal sludge preferred by many Themira species, ovipositing females will 

generally be more dispersed, and it will be more difficult for males to find 

centers of female abundance. In this situation, the males' mate search may 

then be more wide-ranging, and matings would be more evenly distributed 

across the females' reproductive cycle. However, even if matings occiirred 

independent of the females' reproductive state, we would still expect to see a 

preponderance of early-cycle matings. Since many females do not initiate the 

maturation of a new batch of eggs until some time after an oviposition bout, 

the early reproductive cycle characterizes the largest part of a sepsid female's 

life (unpublished data). 
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FIGURE 2.1. Representative stages of ovarian development in S. punctum. a. 

Stage 1: Oocyte smaller than one fourth of the follicle (early reproductive 

cycle); b. Stage 2: Oocyte more than one fourth, but not more than one half the 

size of the entire follicle (mid-cycle); c. Stage 3: Oocyte more than one half the 

size of the entire follicle, but respiratory appendages not yet developed (late 

cycle); d. Stage 4: Egg mature, nurse cells degenerated, chorion with 

respiratory appendage fully developed (gravid). 
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FIGURE 2.2. Results of ovarian dissections of sepsid females collected in 

copula in the field, a. Developmental stage of terminal follicles in the 

ovarioles of Sepsis females, b. Developmental stage of terminal follicles in the 

ovarioles of females in sepsid genera other than Sepsis. Numbers above 

columns indicate the sample size for each species. The developmental stage 

of follicles was assessed according to the categories explained in Figure 2.1. 
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FIGURE 2.3. Results of ovarian dissections of Themira piitris females caught 

solitary or in copula in the field. The number of gravid females (Stage 4) in 

the sample of copulating pairs was significantly smaller than expected if 

matings occurred independent of a female's reproductive status (Yates 

corrected chi-square = 8.26, df = 1, P < 0.005). 

Numbers above bars indicate absolute frequencies. The categories of ovarian 

development are the same as those described in Figure 2.1. 
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FIGURE 2.4. Phylogenetic relationships of sepsid genera according to Meier's 

(1995, 1996) analyses using morphological characteristics of eggs, larvae, and 

adults. Branch shadings indicate most parsimonious reconstruction of the 

evolution of the mating behaviour of gravid females based on the data 

collected in this study (Maddison & Maddison 1992). * Genus contains species 

that are characterized by post-oviposition matings. 
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TABLE 2.1. The timing of matings in sepsid females. Summary of results 

from focal observations at oviposition sites in the field (Table 2.2), laboratory 

observations (see text), and ovarian dissections (Figure 2.2). Species are 

grouped according to patterns of evidence emerging from the data. 

*Conclusions about the behaviour of this species are based on laboratory 

observations only. 

**Due to small sample size, conclusions about the behaviour of this species 

are preliminary. 
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TABLE 2.2. Results of focal observations of sepsid females at oviposition sites 

in the field. See Appendix B for a list of populations, habitats, and oviposition 

substrates sampled. 

*The beginning of an oviposition bout could not always be determined with 

certainty. Therefore, these data may overestimate the actual number of 

matings that occurred immediately before an oviposition bout. See Materials 

and Methods. 
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Spedes Population Focal observations 

Total number of Number of Timing of matings 
focal females females madng 

Palatosepsis mttis Las Alturas 18 16 immediately after oviposibon 
Palaeosepsis pusio Alturas 12 12 immediately after oviposition 

Saltella sphondylii Greifensee 20 13 both before and during oviposition: 4 females* 

only before oviposition: 1 female* 

only during oviposition: 8 females 

Modenbachtal 20 8 both before and during oviposition: 2 females* 

only before oviposition: 1 female* 

only during oviposition: 5 females 

Nordman 20 20 both before and during oviposition: 17 females* 

only during oviposition: 3 females 

St. Joe 10 10 both before and during oviposition: 8 females* 

only during oviposition: 2 females 

Tucson 40 35 both before and during oviposition: 13 females* 
only before oviposition: 1 female* 
only during oviposition: 21 females 

Sepsis biflexuosa Dahlem 5 -

Greifensee 13 1 immediately after oviposition 

Modenbachtal 9 2 immediately after oviposition 

Nordoian 18 11 immediately after oviposition 

St. Joe 8 6 immediately after oviposition 
Sepsis cynipsea Dahlem 23 19 immediately after oviposibon 

Modenbachtal 18 15 immediately after oviposition 
Sepsis duplicata Dahlem 7 1 immediately after oviposition 

Modenbachtal U 3 immediately after oviposition 
Sepsis flavimana Dahlem 5 - 7 

Greifensee 6 1 immediately after oviposition 

Modenbachtal 21 4 immediately after oviposition 
Sepsis neocynipsea Bear Wallow 57 8 immediately after oviposition 

Nordman 32 immediately after oviposition 
Santa Rita 36 4 immediately after oviposition 
St. Joe 18 4 inunediately after oviposition 
Tucson « 15 immediately after oviposition 

Sepsis punctum Aabach 23 21 immediately after oviposition 
Bear Wallow 18 - 7 

Grunewaldsee 14 14 immediately after oviposition 

•Modenbachtal 27 27 immediately after oviposition 
Nordman 82 - 7 

Santa Rita 13 - •7 

St. Joe 25 -
•> 

Sepsis secunda Las Alturas 14 - 7 

Santa Rita 17 T immediately after oviposition 
Tucson 22 / immediately after oviposition 
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CHAPTER III 

MALE-FEMALE ASSOCLATIONS DURING OVIPOSITION 

IN BLACK SCAVENGER FLIES 

SUMMARY 

I present data showing that escorting of ovipositing females is a 

common reproductive tactic of males in the dvmg fly family Sepsidae. In my 

observations of ovipositing pairs in nine species belonging to five different 

sepsid genera, I have found this behaviour expressed in two different 

contexts. In all but one of the species I have studied, escorting was pre-

copulatory, and its presumable function is the acquisition of a copulation. In 

the one exception, Saltella sphondylii, escorting was post-copulatory, and the 

behaviour is, therefore, likely to serve as a way of promoting the fertilization 

success of the escorting male's sperm. Based on the data gathered so far, I 

discuss alternative hypotheses for the adaptive sigruficance of male 

reproductive tactics, and I consider the potential for multiple independent 

origirw of escorting behaviour in the Sepsidae. 
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INTRODUCTION 

In the sepsid dung flies Sepsis cynipsea (L.) and S. punctum (Fabricius), 

ovipositing females are often accompanied by a moimted male (Figure 3.1). 

Previous studies have shown that in both species, matings between the 

female and her escort occur only after oviposition (Parker, 1972a,b; Zerbe, 

1993; Chapter II); however, at this time, the female is devoid of mature eggs, 

and it will take her several days to develop a new clutch (Chapter EI). Thus, 

escorting Sepsis males accompany females who are fertilizing their eggs with 

stored sperm from previous matings with other males, and when the 

mounted male then inseminates the female after oviposition, his sperm will 

have to undergo an extended storage phase before having an opportvinity to 

be used for the fertilization of eggs in the female's next oviposition bout. 

Since escorting males are sometimes challenged and replaced by other males, 

Parker (1972b) has suggested that their riding behaviour (Parker calls it a 

"passive phase") is a competitive tactic that serves the monopolization of a 

female who is unreceptive upon encounter but may be available for 

insemination after oviposition. 

Pre-copulatory escorting of ovipositing females is very rare in insects. 

To my knowledge, sunilar behaviours have been studied in orily two other 
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species, the grasshopper Locusta migratoria migratorioides (Parker & Smith, 

1975) and the hippoboscid fly Lynchia hirsuta (Tarshis, 1958; Thomhill & 

Alcock, 1983). Little is known about the reproductive biology of other species 

in the family Sepsidae; however, a few reports in the literature indicate that 

several other sepsids may be characterized by behaviour patterns that are 

similar to those observed in S. cynipsea and S. punctiim (Snowball, 1944; 

Hinton, 1960; Schumann, 1962; Foster, 1967; Pont, 1979; Meier, 1996). 

Most of the published accounts of sepsid reproductive behaviour are 

based on brief observations of ovipositing pairs, and statements about the 

timing of matings relative to the female's oviposition bout are largely 

conjectural. More data are needed in order to determine whether male-

female associations during oviposition are a common phenomenon in the 

Sepsidae and whether escorting behaviour is always pre-copulatory. In this 

paper, I present the results of a survey of sepsid reproductive patterns, 

focusing on the occurrence of male-female associations at oviposition sites in 

the field. My data on the behaviour of 12 species in five different sepsid 

genera show that many sepsids are characterized by accompanied oviposition, 

that there is intraspecific variation in the expression of this male behaviour, 

and that at least one sepsid species shows post-copulatory escorting 

behavioxor. I discuss the potential adaptive significance of alternative 

behaviour patterns, and based on the phylogenetic distribution of male 
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behaviours, I consider their probable origin in the evolutionary history of the 

Sepsidae. 

MATERIALS AND METHODS 

The data included in this analysis were collected at several field sites in 

Germany, Switzerland, Costa Rica, and North America (see Appendix B for 

information on substrates and habitats sampled). Sepsids are able to breed in a 

variety of decaying organic materials, but most species prefer fresh bovine 

dimg as oviposition substrate (Pont, 1979). Accordingly, I collected most of my 

data in cattle pastures or at cow dung bait (dung that had been collected 

immediately after defecation and was then refrigerated in tightly sealed plastic 

buckets) that I had deposited in forests and along lakes and streams. The 

selection of species studied is a reflection of relative abundances in each of the 

habitats sampled. Several other sepsid species that also occurred in the study 

areas were not included in my analysis because of their low representation in 

my samples. 

For most species, I collected data on the occurrence of escorting 

behaviour by conducting focal observations of ovipositing pairs and females 

ovipositing solitarily at substrate patches in the field. At any given resource 

patch, I observed one to five focal females from the moment they alighted on 

the breeding substrate throughout their oviposition bouts, which lasted from 
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12 to 53 minutes. During the observation period, I noted whether a female 

was accompanied by an escorting male, and I recorded any interactions 

between mounted males and solitary males patrolling the substrate surface. 

Escorting males assume a characteristic posture on the female's scutum 

(Figure 3.1) that closely resembles the sepsid mating position; however, while 

the female is ovipositing, the mounted male usually keeps his abdomen 

elevated almost perpendicular to the ground, and occasional attempts at 

establishing genital contact are limited to brief probing movements followed 

by resumption of the typical perpendicular escorting posture. For the purpose 

of this study, I categorized an observation as an "escorted oviposition" if it 

satisfied all of the following conditions: 

1. A female carries a mounted male while moving about the 

oviposition substrate. 

2. The female lays several eggs while carrying the mounted male. (The 

act of laying an egg is easily recognized in most Sepsidae. The 

female bends down her abdomen to carefully insert the ovipositor 

almost vertically. After the egg has been pushed into the substrate, 

the female swiftly withdraws her ovipositor, lifting her abdomen 

up into the air. This movement pulls the egg's long respiratory 

appendage out from the female's reproductive tract and lets it drape 

along the substrate surface.) 
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3. While the mounted male may occasionally attempt to grasp the tip 

of the female's abdomen with his genital claspers, this behaviour is 

not incessant. (Escorting males do not usually greatly impede the 

female's progression on the oviposition substrate, unless they are 

engaged in a struggle with a competing male.) 

In order to determine whether escorting was pre- or post-copulatory, I 

followed focal females from their arrival at the oviposition site up until their 

departure. After oviposition, when leaving the substrate or when copulating 

with a male in the vicinity of the substrate, focal females were collected for 

species identification and ovarian dissection. The specimens were killed and 

fixed in the field by dropping them into vials containing either FAA 

(water:ethanol:formalin:glacial acetic acid; 55:30:10:5 v/v), or occasionally 70% 

or 95% ethanol. The ovaries of all focal females were dissected in order to 

determine their reproductive status at the time of collection (Chapter II). 

During the course of this study, many of the focal females escaped before they 

could be collected for species identification. Since I was more likely to lose 

track of single females than of females that were encumbered with a mounted 

male, my data are biased toward observations of ovipositing pairs. In 

addition, females that mated immediately after oviposition were much more 

easily captured than those that prepared to leave the resource patch without 
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mating; my results are, therefore, likely to overestimate the proportion of 

females that mated after oviposition. 

Species identificatioris are based on external morphological features of 

males and females (Melander & Spuler, 1917; Hermig, 1949; Pont, 1979; 

Steyskal, 1987; Ozerov, personal communication for Palaeosevsis spp.; ^^ier, 

personal communication; unpublished data on species-specific characters of 

Sepsis females). North American flies were compared to specimens at the 

entomological collections of the University of Arizona, the University of 

Idaho, and Washington State University. In Palaecsepsis spp., I could identify 

male specimens only. Therefore, focal females of this genus were included in 

the analysis only if they were associated with a male either in an escorting or 

in a copulating pair. In the case of allopatric populations inhabiting different 

continents, conclusions about conspecificit}' were based on morphological 

comparisons of specimens. In all of the Sepsis species included in my sample, 

the genital surstj'li and the front leg armatures of males are very 

characteristic, and the distinction of morpho-species is unproblematic. 

However, cross-breeding experiments between individuals from North 

American and European populations of S. punctum showed slightly reduced 

offspring viabilities in hybrid clutches (unpublished data) 

For two species, Dicranosepsis n. sp. and Xencsepsis fiikiiharai Iwasa, I 

was unable to collect any data in the field. Instead, all focal observations for 

these species were conducted in laboratory cultures. I kept flies in 2 1 or 3.5 1 
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transparent plastic cages containing an ample supply of water and 20% sugar 

solution. Periodically, a petri dish containing fresh cow dung was added for 

oviposition and adult nutrition. The data presented here were collected 

immediately after providing fresh substrate. 

RESULTS 

I observed male-female associations during oviposition in nine species 

belonging to five different sepsid genera. During focal observations in the 

field, I recorded ovipositing pairs in two species of Palaeosepsis, in Saltella 

sphondylii, and in four species of Sepsis (Table 3.1). Furthermore, I frequently 

saw escorted oviposition in laboratory cultures of Dicranosepsis n. sp. and 

Xenosepsis fiikiiharai. 

In Saltella sphondylii, matings regularly occurred either before 

oviposition, intermittently during oviposition, or both (Chapter II). I 

observed Saltella males mounting ovipositing females or females that had 

just arrived at the oviposition substrate. Females then soon left the dung and 

mated with the mounted male in a secluded place at the substrate's edge or in 

the adjacent grass. After the mating, the males remained mounted and 

accompanied the females while they returned to the dung to commence or 

resume their oviposition bout. Although females sometimes laid a few eggs 

before leaving the dung for a mating with the mounted male, escorting was 
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generally post-copulatory in this species. When population densities were 

high, escorting males were often challenged by other males. Whenever a 

mounted male was displaced by a competing male (Table 3.1), the female 

would mate with her new escort before resuming her oviposition bout. 

Sometimes mounted males that were able to repel all competitors also 

solicited additional matings. This occurred usually after a particularly intense 

and prolonged struggle. 

In contrast, escorting was always pre-copulatory in Sepsis, Palaeosepsis, 

Dicranosepsis n. sp., and Xenosepsis fiikiiharai. Whenever escorting 

behaviour occurred in the species of these genera, females were mounted by a 

male soon after their arrival at the oviposition substrate. Males then 

accompanied females for the remainder of their oviposition bouts, and 

ovarian dissections showed that matings occurred only after all mature eggs 

had been laid (Chapter II). During many of my focal observations, ovipositing 

pairs were approached by other males patrolling the substrate surface. In most 

cases, a solitary male would pounce on a pair and then move on without 

further interaction; extended struggles and displacement of mounted males 

were common only in Sepsis punctiim and in S, neocynipsea (Table 3.1). In 

several species, all focal females that were escorted eventually copulated with 

the mounted male, but in P. mitis, S. biflexuosa, S. cynipsea, and S. 

neocynipsea, I saw several females rejecting their escort and leaving the 

oviposition site without mating (Table 3.1). 
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In three Sepsis species, S. biflexiiosa, S. neocynipsea, and S. punctum, I 

found geographic variation in the expression of male escorting behaviour 

(Table 3.1). I frequently observed S. biflexiiosa males riding ovipositing 

females in Idaho, but I never encountered any escorting males of this species 

at my field sites in Germany or Switzerland. Similarly, escorting S. 

neocynipsea males were a common sight on pastures in Idaho, but after 

several years of research in Arizona, I have only recently seen the first few 

ovipositing pairs of this very abundant species in Tucson. Finally, S. punctum 

males often accompanied ovipositing females in Germany and Switzerland, 

but I have not observed this behaviour in either Arizona or Idaho 

populations of this species. 

DISCUSSION 

Adaptive Significance Of Escorting Behaviour 

In most insects that show male-female associations at oviposition sites, 

escortirvg is post-copulatory, i.e., males remain in contact with their mate after 

insemination (e.g., Parker, 1970b; Corbet, 1980; Adler & Adler, 1991; Alcock, 

1991; Carroll, 1991). This behaviour is then most commonly interpreted as 

post-copvilatory mate guarding, and its putative function is paternity 

assurance: the guarding male monitors the inseminated female in order to 

keep her from remating and thus allowing another male to displace the 
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guarder's sperm (Parker, 1970a, 1974; Thomhill & Alcock, 1983; Alcock, 1994; 

Simmons & Siva-Jothy, 1998). Among my sample of sepsids, escorted 

oviposition bouts were preceded by a mating between the ovipositing female 

and the mounted male in only one species, Saltella sphondylii. Since 

escorting males were frequently challenged and occasionally replaced by other 

males patrolling the substrate surface, the prevention of sperm competition is 

currently the most plausible interpretation of the behaviour of S. sphondylii 

males. However, additional data on male-male interactions at oviposition 

sites and on the patterns of sperm precedence in this species are needed in 

order to confirm the mate guarding hypothesis. In addition, alternative 

explanations for the adaptive significance of the behaviour, in particular the 

post-insemination courtship hypothesis (Alcock, 1994; Eberhard, 1985, 1996, 

1998), should be considered. 

In most sepsids included in this study, matings occurred only after the 

female had laid her full complement of mature eggs, and escorting was 

therefore always pre-copulatory. In order to interpret this behaviour as pre-

copulatory mate guarding (Parker, 1972b), we must show that males actively 

compete for access to ovipositing females and that mounted males are able to 

thwart rivals attempting to take over an escorted female. The observations 

conducted in the context of this study were not sufficient to demonstrate 

interference competition among males in all of the species characterized by 

pre-copulatory escorting behaviour. I did witness take-overs of escorted 
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females in Sepsis punctum and in S. neocynipsea, and additional studies of 

inter-population differences in male behaviour and patterns of sexual size 

dimorphism further corroborate the importance of male-male competition in 

the evolution of escorting behaviour in these two species (Chapter IV). 

However, extended interactions between mounted and solitary males were 

generally rare in all other sepsid species in my samples. It is possible that this 

scarcity of male-male conflicts in my observations was due to the fact that my 

samples of focal observations were much smaller in these species; however, 

Parker (1972a) and Ward (1983) also reported a low incidence of take-overs in 

Sepsis cynipsea in England, and Eberhard (Eberhard & Pereira, 1996; personal 

communication) has observed frequent fighting between males in only one 

(P. (Archisepsis) pleuralis Coquillett) of the many species of Palaeosepsis he 

has studied in Costa Rica. 

Since there may be much interspecific variation in the frequency and 

severity of competitive interactions between males, the pre-copulatory mate 

guarding hypothesis should be examined in each individual case. Particularly 

in those species where I saw females rejecting their escort and leaving the 

oviposition site without mating, we also have to consider the possibility that 

pre-copulatory male-female associations may have a courtship function; i.e., 

females may require males to perform escorting behaviour in order to be able 

to screen potential mates before allowing intromission (Eberhard, 1998, 

submitted). The courtship hypothesis for the adaptive significance of 
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escortmg behaviour is supported by Eberhard's (personal communication) 

observations of elaborate stroking and whipping movements in escorting 

Palaeosepsis males. 

The mate guarding and female screening hypotheses are, of course, not 

mutually exclusive. Escorting behaviour may have evolved as a male 

competitive tactic, and females may then have taken advantage of the 

guarding phase by using their escort's performance as a basis for their 

subsequent mating decision; alternatively, escorting may have evolved 

through female choice, but since the mounted position provides exclusive 

access to a female once she becomes receptive, it would also give males an 

advantage whenever intra-sexual competition became a selective factor at 

oviposition sites. Since many of the predictions of the female screening 

hypothesis are shared by the mate guarding hypothesis, substantiating the 

role of female choice in the evolution of the sepsids' escorting behaviour will 

be a difficult task. 

Evolutionary History Of Escorting Behaviour 

Pre- and post-copulatory escorting are very similar behaviour patterns, 

and both traits are expressed in a similar context: a male in pursuit of a 

mating opportunity moimts an ovipositing female, securely clasps the bases 

of her wings between his fore-femora and -tibiae (Figure 3.1), and then rides 

on her scutum while she deposits her eggs. The sequence of behavioural 
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components and the fvinction of the behaviour are, however, different in 

each case: in pre-copulatory escorting, the riding behaviour precedes mating, 

and it is likely to be a means of procuring a copulation; in post-copulatory 

escorting, riding follows mating, and it is probably a way of promoting the 

fertilization success of the escorting male's sperm. Despite these differences, 

could pre- and post-copulatory riding be homologous; i.e., how likely is it that 

Saltella spondylii and the species that show pre-copulatory escorting 

have inherited the riding behaviour from a common ancestor? 

If we assumed that escorting behaviour was absent in all of the genera 

for which it has not yet been reported, the phylogenetic distribution of the 

species in which I have verified the presence of this behaviour would 

indicate that pre- and post-copulatory riding have evolved independently: 

while Saltella represents a lineage that diverged relatively early in sepsid 

phylogeny, the species that show pre-copulatorj' escorting behaviour all 

belong to a group of genera that more recently diverged from one another 

(Figure 3.2). However, we still lack data on the reproductive behaviour of the 

vast majority of the more than 200 species in over 20 different sepsid genera, 

and we generally know very little about the habits of species representing 

those lineages that diverged near the base of the sepsid family tree. 

Neither differences in behavioural succession nor in adaptive function 

are generally reliable indicators of homoplasy (Cracraft, 1981; Lauder, 1990; 

Wenzel, 1992); in order to uncover the evolutionary origins of riding 
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behaviour, we therefore have to assemble a more complete data set on the 

occurrence of escorting in these basal Sepsidae. In this context, it would be 

particularly important to gather information about the behaviour of 

Lasionemopoda hirsiita and Nemopoda species as well as representatives of 

the relatively species-rich genus Themira and the scarcely known species of 

the large palaeo-tropical Toxopoda group (represented in Meier's tree by 

Paratoxopoda, Figure 3.2). 

Since I have found pre-copulatory escorting in most of the species in 

my sample, and this behaviour has been shown to occur in almost all of the 

genera representing the clade including Xenosepsis, Palaeosepsis, 

Dicranosepsis, and Sepsis (Figure 3.2), it may seem reasonable to conclude that 

riding behaviour is likely to be homologous at least across the species in this 

group. However, my data cover only a small fraction of the species 

representing these lineages, and they do not allow me to infer that pre-

copulatory riding is pervasive in this clade. Both Palaeosepsis and Sepsis are 

rather large genera, with more than 30 and more than 50 species respectively, 

but escorting behaviour has so far been recorded for only a few species, which 

are also unlikely to be each other's closest relatives (Meier 1995, 1996). My data 

about the phylogenetic distribution of pre-copulatory escorting behaviour are, 

therefore, also insufficient to draw conclusions about the probability of a 

single origin of this behaviour pattern. 
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In conclusion, in order to reconstruct the evolutionary history of 

escorting behaviour in the Sepsidae, we have to assemble a more extensive 

data set on the occurrence of this trait in many more species. Any attempt to 

inventory the incidence of escorting in sepsids will, however, be undermined 

by the intraspecific variability I have found in some of the species in my 

sample. As a consequence of this discovery, we now know that we have to 

sample populations across the entirety of a species' geographic range, if we 

want to be certain that escorting is not part of a given sepsid's behavioural 

repertoire. In addition, I found that escorting may be very rare in some 

populations (e.g.. Sepsis neocynipsea in Arizona), so at times a large sample 

size over several field seasons might be necessary to detect the behaviour. 

Thus, while it is likely that we will continually add new species to our list of 

escorting sepsids as more studies on the reproductive behaviour of these flies 

are conducted, it will be difficult to compile a similar list of non-escorting 

species. 

In Sepsis punctum, inter-population differences in the expression of 

escorting behaviour have been shown to have a genetic basis (Chapter V). 

This raises the question whether the lack of escorting in some populations is 

due to an evolutionary loss of this trait, or whether the behaviour has 

evolved de novo, maybe even several times, within one species (Foster et al., 

1996). A hypothesis of repeated independent intraspecific origins of a complex 

trait like sepsid escorting behaviour may seem implausible; however, the 
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males of many sepsid species-escorting and non-escorting-are cliaracterized 

by mating behaviours which may facilitate multiple origins of escorting. 

Many sepsid males regularly conduct their mate search by leaping on 

the backs of females at oviposition sites (personal observation; Eberhard 

unpublished manuscript c). The male then grasps the female's wing bases 

using his forefemora and -tibiae, which are strongly modified to form an 

elaborate clasping apparatus (Figure 3.1, 3.3; Sulc, 1928; Hermig, 1949; Eberhard 

unpublished manuscript c). Escorting males maintain this mounted position 

as the female continues her oviposition bout; while non-escorting males 

soon dismount unless the female is sexually receptive upon encounter. In 

many species, males also grasp the female's wing bases throughout copulation 

(personal observation), but in several species of Palaeosepsis, they release 

their grasp upon intromission (Eberhard, personal communication). 

The male foreleg clasping organ is present in most of the lineages that 

diverged at the base of the sepsid phylogeny; only Orygma's forelegs are 

devoid of any armature (Hennig, 1949; Meier, 1996). Since we have little 

information about the reproductive behaviour of these basal sepsids, we 

carmot currently infer whether the clasping apparatus evolved in the context 

of escorting or whether its original function was in courtship (Eberhard, 

unpublished manuscript c) or in the strengthening of the copulatory position. 

However, once this foreleg morphology was established in the sepsid lineage, 

the adoption of first a "pounce-and-grasp" mate search strategy and then 
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escorting behaviour-either pre- or post-copulatory-may have been only a 

small evolutionary step for the males of descendant species. It is easy to 

imagine how an effective clasping apparatus could predispose pouncing 

males to linger in the mounted position whenever this behaviour is likely to 

improve their reproductive success. According to this scenario, sepsid 

escorting behaviour would not be homologous across species; rather, at least 

some of the occurrences of the trait would be a series of homoplasies which 

are, however, based on potential synapomorphies (Brooks, 1996): the sepsid 

males' modified foreleg morphology and their propensity for pouncing on 

females' backs at oviposition sites. 
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FIGURE 3.1. Ovipositing S. punctum female accompanied by an escorting 

male. 



105 



106 

FIGURE 3.2. Phylogenetic relationships of a sample of the more than 20 sepsid 

genera according to Meier's (1995, 1996) analyses using morphological 

characteristics of eggs, larvae, and adults. * At least one species in the genus 

Parapalaeosepsis, P. plebeia, appears to also show escorting behaviour, but it is 

not clear whether this behaviour is expressed before or after copulation 

(Snowball, 1944; Meier, personal observation). 
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FIGURE 3.3. Foreleg of a male Xenosepsis fiikiiharai showing the clasping 

apparatus consisting of spines, notches, and protuberances on the femur and 

tibia. 
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TABLE 3.1. Results of focal observations of sepsid females. Data for 

Dicranosepsis and Xenosepsis were collected in laboratory cages; data for all 

other species were collected at oviposition sites in the field. AZ: Arizona, CH: 

Switzerland, CR: Costa Rica, GE: Germany, ID: Idaho. See Appendix B for a list 

of populations, habitats, and oviposition substrates sampled. 



Species Population Focal observations 

Total Number of Number of Number of females mating Time of 
number of focal females escorts replaced escorting 

focal females escorted by other males Escorted females Non-escorted females behaviour 

Dicranosepsis n, sp. Thailand 20 16 0 16 0 pre-copulatory 

Palaeosepsis mitis Las Alluras (CR) 18 18 0 16 0 pre-copulatory 

Palaeosrpsis pusio Las Alluras (CR) 12 12 0 12 0 preriipulalory 

Saltella sphondylii Grcifensee (CH) 20 13 0 13 0 post-copulatory 
Modenbachtal (CE) 20 8 1 8 0 post-copulatory 

Nnrdman (ID) 20 20 3 20 U pust-copulatory 

SI. Joe (lU) 10 10 0 10 0 post-copulatory 

Tucson (AZ) 40 35 2 35 U post-copulatory 

Sepsis bifltxuosa Greifensce (CH) 13 0 n/a n/a 1 n/a 

Dahlem (GE) 5 0 n/a n/a 0 n/a 
Modenbachtal (GE) 9 0 n/a n/a 2 n/a 

Nordman (ID) 18 11 0 11 0 pre-copulatory 

SI Joe (ID) 8 6 0 6 0 pre-copulatory 

Sepsis ci/nipsea Dahlem (GE) 23 23 0 19 0 pre<opulatory 
Modenbachtiil (GE) 18 15 0 5 0 pre-copulatory 

Sepsis duplicata Dahlem (GE) 7 0 n/a n/a 1 n/a 
Modenbachtal (GE) 11 0 n/a n/a 3 n/a 

Sepsis /lavimami Greifensee (CH) b 0 n/a n/a 1 n/a 
Dahlem (GE) 5 0 n/a n/a 0 n/a 

Modenbachtal (GE) 21 0 n/a n/a 4 n/a 

Sepsis neocynipsea Nordman (ID) 32 21 4 7 0 pre-copulator)' 

St Joe (ID) 18 15 1 4 0 pre-copulatory 
Bear Wallow (AZ) 57 0 n/a n/a 8 n/a 

Santa Kita (AZ) 36 0 n/a n/a 4 n/a 

Tucson (AZ) 43 5 0 5 10 pre-copulatory 

Sepsis punctum Aabach(CH) 23 21 0 21 0 pre-copulatory 

Grunewaldset' (GE) 14 12 2 12 2 pre-copulatory 

Modenb.u'htii! (GE) 27 27 6 27 0 pre-copulatory 

Nordman (ID) 82 0 n/a n/a 0 n/a 
St Joe (ID) 25 U n/a n/a 0 n/a 

Bear Wallow (AZ) 18 0 n/a n/a 0 n/a 
Santa Rita (AZ) 13 0 n/a n/a 0 n/a 

Sepsis secunda Alturas (CR) 14 0 n/a n/a 0 n/a 

Santa Rita (AZ) 17 0 n/a n/a 2 n/a 
Tucson (AZ) 22 0 n/a n/a 7 n/a 

Xenosepsis fukuhorai Dahlem (GE) 6 6 0 6 0 pre-copulatory 
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CHAPTER IV 

GEOGRAPHIC VARIATION IN THE BEHAVIOUR AND MORPHOLOGY OF 

BLACK SCAVENGER FLIES 

SUMMARY 

Pre-copulatory escorting of ovipositing females is a common male 

reproductive tactic in the dung fly family Sepsidae, and some species in the 

genus Sepsis show geographic variation in the expression of this trait. In 

order to elucidate the adaptive significance of this behaviour, I have 

conducted a comparative study investigating two parameters that are likely to 

be associated with inter-population differences in patterns of sexual selection. 

In two species. Sepsis punctum and S. neocynipsea, I found a general 

concordance across populations between the occurrence of escorting 

behaviour and more male-biased sex ratios at oviposition sites in the field. 

This result suggests that escorting males may have an advantage in 

competition for access to receptive females. The importance of intra-sexual 

competition in the mating system of S. punctiim is further supported by the 

observation that escorting and non-escorting populations of this species show 
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distinct patterns of sexual size dimorphism. In the laboratory-reared offspring 

of an escorting population, males were significantly larger (based on tibia 

length measurements) and required a longer development, but there were no 

such differences between the sexes in individuals derived from a non-

escorting population. The results of this study suggest that different 

populations of the same species vary significantly in the degree or nature of 

sexual selection acting both on male behaviour and on male body size. 

INTRODUCTION 

Oviposition substrates are important encounter sites for the sexes in 

many dung flies in the family Sepsidae. In most sepsid species, females do not 

mate before or during an oviposition bout, but instead matings regularly 

occur immediately after a female has laid all of her mature eggs (Chapter II). 

The sperm transferred in these post-oviposition matings may then be used 

for the fertilization of eggs in one of the female's future oviposition bouts 

(Parker, 1972b; Chapter I). In several sepsid species, ovipositing females are 

frequently accompanied by a mounted male. In all but one of the species 

studied, these associations are pre-copulatory, so the eggs laid by the escorted 

female are not fertilized by the mounted male but by stored sperm from 

previous matings with other males (Chapter ED). 
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The adaptive significance of the sepsid males' escorting behaviour has 

not yet been studied in detail, but since many escorting males will mate with 

the mounted female immediately after oviposition, the most likely function 

of the behaviour is the acquisition of a future mating opportunity. In some 

sepsid species, struggles between mounted and single males as well as 

replacements of escorting males by rivals have been reported (Parker, 1972a; 

Zerbe, 1993; Chapter HI). This suggests that escorting may be a male 

competitive tactic, i.e., the mounted male may guard the ovipositing female 

against advances by other males in order to monopolize access to her once she 

becomes receptive (Parker, 1972b, 1974; Ridley, 1983). However, interactions 

between ovipositing pairs and rival males have not yet been documented for 

all of the species that show escorting behaviour, and even in those species 

where male-male encounters are common, take-overs of escorted females are 

generally rare (Chapter HI). 

As an alternative explanation for the adaptive significance of escorting 

behaviour, Eberhard (submitted, personal communication) has suggested that 

the pre-copulatory association may serve as a female mate-screening device; 

i.e., females may prefer to mate with escorting males because the riding 

behaviour allows them to assess some measure of the male's suitability as a 

potential mate. Two observations are consistent with this hypothesis: during 

the escorting phase, sepsid males often perform elaborate stroking and 

whipping movements with their legs (Eberhard personal cormnunication). 
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and in some species, females sometimes reject their escort and leave the 

oviposition site without mating (Eberhard personal communication. Chapter 

m). 

In three sepsid species. Sepsis piinctiim (Fabricius), S. neocynipsea 

Melander & Spuler, and S. biflexuosa Strobl, I have documented intra-specific 

variation in the expression of escorting behaviour: in some populations, 

ovipositing females of these species were frequently accompanied by a 

mounted male, while escorting behaviour was very rare or apparently 

completely absent in other geographical regions (Chapter III). Furthermore, 

studies in S. punctum have shown that the observed behavioural variation 

has a genetic basis in this species (Chapter V). 

These intraspecific differences in the expression of escorting behaviour 

allow us to examine the adaptive significance of this trait by comparing the 

biology of populations that are characterized by different mating behaviours. 

Accordingly, I have conducted comparative research focusing on traits that 

are likely to be associated with inter-population differences in sexual selection 

regimes. By measuring developmental time and body size in males and 

females derived from an escorting and a non-escorting population of S. 

punctum, I have investigated patterns of sexual size dimorphism in this 

species. In addition, I have assessed levels of male-male competition for 

access to ovipositing females in different populations of S. punctum and S. 
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neocynipsea by examining the relative abundance of males and females at 

oviposition sites in the field. 

MATERIALS AND METHODS 

Patterns Of Sexual Size Dimorphism 

The flies used in the study of patterns of sexual size dimorphism in S. 

punctiim were derived from isofemale lines that had been kept in the 

laboratory for 12 to 14 generations. Lines were established from single 

inseminated females that had been collected in the field, and consecutive 

generations were propagated through sibling pairs. I used three different lines 

from an escorting population (El, E2, E3) and one line from a non-escorting 

population (Nl). Foundresses for escorting lines were collected from dog feces 

and cow dung bait at Greifensee in Uster (Kanton Zurich, Switzerland); the 

foundress for the non-escorting line was collected from cow dung at 

Nordman Meadows near Priest Lake (Bonner County, Idaho, USA). Since 

orUy one non-escorting line was available at the time this experiment was 

conducted, I could analyze only the offspring of inbred non-escorting crosses. 

By determining the developmental time of offspring of both inbred and 

outbred crosses of escorting lines (Table 4.1), I also examined whether 

inbreeding had an effect on developmental time in these lines. 
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Experimental offspring were produced by placing a parental pair in a 

500 ml plastic cage supplied with 20% sugar solution. The bottom of each cage 

was covered with 50 ml vermiculite saturated with water, and 40 ml cow 

dung was placed on the vermiculite to serve as larval substrate. Cultures were 

kept in a room at approximately 24°C throughout the experiment. Parental 

pairs were transferred to a new cage every day, and the substrate was checked 

for the presence of a clutch of eggs. All the dung used in this experiment had 

been collected on the same day at a cattle feedlot in Tucson, Arizona. 

Droppings were scooped into covered 20 liter buckets immediately after 

defecation. At the end of the day, the entire yield was thoroughly mixed in a 

150 liter pail and then transferred back into the buckets for storage in a cold 

room at 4°C. The purpose of this procedure was to homogenize the substrate 

quality across dung batches as much as possible. However, with a live 

substrate like dung, complete homogeneity can never be achieved, and there 

was undoubtedly some variation in the bacterial and fungal communities of 

different replicates. 

I measured developmental time by recording the number of days 

between oviposition and eclosion for all surviving offspring of 32 

experimental clutches (Table 4.1), and I obtained an estimate of body size by 

measuring, to the nearest 0.01 mm, the left hind-tibiae (Ward, 1983; 

Blanckenhom et al., 1998; Blanckenhom et al., unpublished manuscript) of 

ten male and ten female offspring for 17 experimental clutches (Table 4.1). 
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Since body size is known to show a high degree of phenotypic plasticity in 

flies, and there is generally a correlation between size and per capita resource 

availability (Sigurjonsdottir, 1984; Blanckenhom et al., 1998), the flies used for 

size measurements were all derived from clutches of similar size, i.e., 

producing between 72 and 88 surviving offspring. Furthermore, in order to 

avoid stragglers which are often much smaller than their faster developing 

siblings, I only measured flies that emerged from pupae during the first two 

days of eclosion for a given clutch. 

The results of the developmental time and tibia length analyses were 

subjected to factorial analysis of variance. The developmental time data for 

individual flies showed strong deviation from normality which could not be 

remedied by any transformation; therefore, I calculated the means of the 

values for males and females in each clutch and used these data in the 

analysis. The model for the developmental time data included five factors 

along with three interactions. "Sex" was a factor with two levels, male and 

female, and "Maternal line" and "Paternal line" each had four levels. El, E2, 

E3, and Nl. Since the clutches included in the analysis of developmental time 

data varied widely in size, I also included "Clutch size" as a factor in order to 

test whether this variable had an effect on developmental time. The levels for 

this factor were: small (52 to 69 offspring), medium (70 to 89 offspring), and 

large (90 to 103 offspring). "Pair" was entered as a nested factor in order to 

account for the variation within offspring groups sharing a pair of parents. 
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Differences between different offspring genotypes in the relative 

developmental times of the sexes were accounted for by the "Genotype x Sex" 

interaction, where "Genotype" was a factor with three levels: escorting inbred, 

escorting outbred, and non-escorting inbred (Table 4.1). 

Since tibia length measurements were normally distributed, they 

required no transformation. The model for the tibia length data was similar 

to that for developmental time; it differed only in the absence of the "Clutch 

size" factor (all clutches were of medium size), and the "Genotype" factor had 

only two levels instead of five: escorting outbred and non-escorting inbred. F-

tests for both the developmental time and the tibia length analyses were based 

on Type III mean squares and were conducted at the 0.05 level of significance. 

Sex Ratios At Oviposition Sites In The Field 

For both S. piinctum and S. neocynipsea, I assessed the relative 

abundance of males and females at oviposition substrates in pastures and 

forests in Idaho and Arizona. In addition, I collected data on the distribution 

of the sexes in European populations of S. punctiim by sampling oviposition 

sites in Northeast Germany (Grimewaldsee, Berlin), Southwest Germany 

(Modenbachtal, Palatina), and Switzerland (see Appendix B for a complete list 

of sites, habitats, and substrates). When taking samples in cattle pastures, I 

selected moist droppings that had not yet formed a crust (the preferred 

oviposition substrate for both S. punctiim and S. neocyipsea), and when 
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working in the absence of cattle, I either used freshly deposited dog feces, or I 

set out cow dung bait (cow dung that had been collected immediately after 

defecation and was then refrigerated in tightly sealed plastic buckets) and 

collected samples between one and two hours after substrate deposition. 

I collected flies by carefully lowering a white insect net (46 cm diameter) 

over the substrate patch while holding the tip of the net vertically up into the 

air. Once the mouth of the net had been lowered, I briefly slammed it on the 

ground and shook the tip in order to startle the flies under the net's cover. 

Most sepsids would then fly or walk up toward the net's tip, and after 

allowing them to move upward for a few seconds, I swiftly swung up the net 

and folded it to contain the flies within. The captured flies were then collected 

from the net using an aspirator, or they were killed in the net with ethyl 

acetate vapors and were then gathered using forceps. Samples were 

immediately transferred to vials containing 95% ethanol, and flies were later 

identified to species in the laboratory. 

RESULTS 

Patterns Of Sexual Size Dimorphism 

The analysis of both the developmental time and the tibia length data 

resulted in a significant Genotype-by-Sex interaction (Table 4.2, Table 4.3). 

This result is due to distinct patten\s of sexual size dimorphism in escorting 
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and non-escorting lines (Figure 4.1): in the offspring of escorting crosses, 

males had longer hind tibiae and a longer developmental time than females, 

but the offspring of the non-escorting line did not show such inter-sexual 

differences (Figure 4.1). 

Both males and females of the non-escorting line had considerably 

smaller hind tibiae than the flies of the escorting crosses (Figure 4.1b), but the 

developmental time of offspring from the non-escorting line was longer than 

that of females of the escorting lines (Figure 4.1a). Thus it appears that 

individuals from the non-escorting line had a slower growth rate than 

individuals from escorting lines. However, this conclusion should be treated 

with caution. The developmental time and tibia length data were not 

collected from the same individuals or clutches, and comparisons between 

the two data sets may be confounded by environmental variation. That such 

variation influenced the results of this experiment is indicated by the 

significant effect of pair in both the developmental time and the tibia length 

analysis (Table 4.2, Table 4.3). Clutch size did not have a significant effect on 

developmental time (Table 4.2), and replicates for tibia size measurements 

were all derived from clutches of similar size; therefore, it is unlikely that the 

variation between different offspring groups of the same genotype was due to 

resource limitation, which is generally closely correlated with the number of 

larvae sharing a given amount of substrate (Blanckenhom et al., 1998); other 
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factors, such as differences in resource quality or temperature must have 

caused the observed variation between replicates. 

Sex Ratios At Oviposition Sites In The Field 

Across populations of both S. piinctiim and S. neocynipsea, the 

expression of escorting behaviour showed a general concordance with the 

incidence of male-biased sex ratios at oviposition sites in the field (Figure 4.2). 

In the non-escorting Idaho and Arizona populations of S. piinctum, most 

substrate patches were characterized by a strongly female-biased sex ratio; 

while there were almost always more males present at oviposition sites in 

Europe, where escorting activity is generally high (Figure 4.2a; data on the 

occurrence of escorting behaviour in different populations are given in 

Chapter EII). A comparison of the actual numbers of males and females 

visiting oviposition substrates in the different geographical areas showed that 

the observed variation in sex ratios was mainly due to inter-population 

differences in the number of males frequenting oviposition sites; while the 

median number of females did not differ greatly across populations, S. 

piinctiim males were encountered in much larger numbers at European 

oviposition sites (Table 4.4). 

In S. neocynipsea, I found similar patterns of male-female abundance, 

but inter-population differences were less pronounced in this species. In both 

the Idaho population, where escorting behaviour is common (Chapter IE), 
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and the Arizona population, where escorting is very rare, there were usually 

more females present at oviposition substrates (Figure 4.2b); however, the 

proportion of substrates that did have a male-biased sex ratio was higher in 

Idaho, and accordingly, the median sex ratio was also higher in this 

population (Table 4.4). The median number of females was lower at Idaho 

oviposition sites, and the median number of males was higher; however, 

these inter-population differences were not significant (Table 4.4). 

DISCUSSION 

The results of this study have shown that individuals derived from the 

escorting population of S. punctiim tend to be larger than those derived from 

the non-escorting population, and a male-biased sexual size dimorphism is 

present only in the escorting population. This observation is consistent with 

current theories about the evolution of allometry for sexual size dimorphism 

(Lande, 1980; Fairbaim & Preziosi, 1994). In animals in which males are the 

larger sex, species comparisons usually show a hyperallometric trend in the 

expression of sexual size dimorphism, i.e., the dimorphism tends to increase 

with overall body size. 

Lande (1980) suggested that genetic correlations between the sexes are 

responsible for this effect. He argued that sexual selection acting on male size 

may initially elicit a correlated response in the female; however, due to 
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opposing natural selection, the genetic correlation between the sexes will 

diminish with time, and this will cause the expression of the trait to become 

more and more sex-limited, thus allowing a greater response to selection in 

males (Lande, 1980,1987). Estimates for genetic correlations between traits 

expressed in males and females are available for another sepsid, which is, 

interestingly, characterized by a female-biased sexual size dimorphism 

(Reusch & Blanckenhom, 1998): in Sepsis cynipsea (Linnaeus), genetic 

correlations between the sexes in the size of nine morphological characters 

were high, yet always significantly less than unity. 

Since both male escorting behaviour and large male size are likely to be 

sexually selected traits (Parker, 1974; Ward, 1983; Fairbaim & Preziosi, 1994; 

Nylin & Wedell, 1994; Allen & Simmons, 1996; Blanckenhom et al., 1998; 

Blanckenhom et al., unpublished manuscript; Chapter III), the observed 

geographic variation in these parameters in S. punctum indicates that the 

males of escorting populatior\s are subject to forces of sexual selection that 

differ from those in non-escorting populations. Large male size could have 

evolved through either inter- or intra-sexual selection (Moore, 1990). 

If inter-sexual selection were responsible for the maintenance of this 

trait, we would expect to see corresponding inter-population differences in 

females, pertaining to either female choice or sexual conflict. Thus, females in 

escorting populations should show a greater preference for mating with 

males that are larger, or large males should be more successful at overcoming 
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female resistance to matings. Female preferences for larger males have been 

documented in other Diptera (e.g., Borgia, 1981; Burk & Webb, 1983; Gilbum 

et al., 1992), and large body size has been shown to give male insects an 

advantage in inter-sexual struggles (e.g., McLain et al., 1993). Ward (1983) 

speculated that larger males of S. cynipsea may be better able to resist female 

rejection responses upon the establishment of the escorting pair; however, 

Allen & Simmons (1996) found that larger S. cynipsea males were not more 

likely to maintain the mounted position through pre-copulatory female 

struggles. Thus, while both of the explanations implicating inter-sexual 

selection are plausible, there are currently no data available to support either 

one. Comparative studies of the effects of male size on female mating 

behaviour in escorting and non-escorting populations of S. punctum are 

needed in order to test these hypotheses. 

Alternatively, intra-sexual selection may be the selective force 

favouring large male body size in escorting populations of S. punctum. If this 

were the case, large males should have greater aptitude for either mate 

finding or intra-sexual combat, and the advantage attained through this 

superiority should manifest itself in a relatively greater fitness gain in the 

escorting population. Comparative evidence suggests that large male size may 

generally be an impediment whenever a male's reproductive success depends 

largely on his ability to locate and pursue potential mates (McLachlan & 

Allen, 1987; Blanckei\hom et al., 1995). On the other hand, in many insects. 
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large body size has been shown to increase a male's chances of wiruiing in 

intra-sexual combat (e.g., Burk, 1984; Lawrence, 1986; Hoffmarm, 1989; Day et 

al., 1990; Danforth & Neff, 1992; Zeh et al., 1992; Goldsmith & Alcock, 1993; 

Alcock, 1995; Hanks et al. 1996; Emlen, 1997; Hack, 1997). 

Male-male competition for access to ovipositing females is well 

documented in escorting populations of S. punctum and S. neoq/nipsea 

(Parker, 1972b; Zerbe, 1993; Chapter HI). In both species, escorting males are 

often challenged by rivals (Chapter III), and large males tend to prevail in 

disputes over the possession of escorted females (Zerbe, 1993). Although 

fights between males are less common in S. cynipsea (Parker, 1972a), Ward 

(1983) found that if prolonged struggles did occur in this species, attacking 

males were generally larger than the escorting defenders. Furthermore, the 

size difference between attacker and defender was significantly larger in those 

interactions that resulted in a take-over of the escorted female. 

The importance of male-male competition in escorting populations of 

S. punctum is further corroborated by the results of the inter-population 

comparison of sex ratios at oviposition sites in the field. The general 

correlation across populations between the occurrence of escorting and more 

male-biased sex ratios at breeding sites indicates that escorting behaviour is 

expressed only in those popvilations that are characterized by high levels of 

competition for access to ovipositing females. If the escorting phase were 

merely a female-imposed screerung device, the number of male competitors 
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present at an oviposition site should not have an effect on the occurrence of 

the behaviour. It could be argued that females might be less discriminating 

when confronted with low male densities, and the absence of escorting 

behaviour might simply reflect this abatement in female mate selection 

criteria. However, Sepsis females receive enough sperm in one mating to 

fertilize more than half of their lifetime reproductive output (Chapter I); they 

therefore need to mate only rarely in order to replenish their sperm reserves, 

and there is no apparent need to forego mate screening if fewer potential 

mates are available. 

The observed concordance between the occurrence of escorting 

behaviour and higher levels of male-male competition at oviposition sites is 

consistent with the predictions of Parker's (1972b) pre-copulatory mate 

guarding hypothesis. The early monopolization of ovipositing females is 

advantageous to males only if their access to potential mates is challenged by 

rivals at the oviposition site, but if levels of male-male competition are 

generally low, there is little selection for the evolution of specialized male 

competitive behaviours like pre-copulatory mate guarding. In the case of S. 

piinctum, large inter-population differences in sex ratios at oviposition sites 

lend strong support to this explanation: in Europe, sex ratios were almost 

always male-biased, and escorting behaviour was common, but in North 

America, sex ratios were usually female-biased, and escorting behaviour was 

absent. In S. neocynipsea, both behavioural and sex-ratio differences were 
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more subtle, but escorting was clearly more common in the population that 

showed a higher incidence of male-biased sex ratios at oviposition substrates. 

In both S. punctiim and in S. neocynipsea, the sex ratio at eclosion is 

generally even, and at least in the laboratory, male and female life 

expectancies do not differ greatly (Schulz, 1989; unpublished data). The 

observed inter-population variation in sex ratios at oviposition sites is, 

therefore, most likely due to differences in the patterns of distribution of 

males and females across the habitat. Sepsis females visit oviposition 

substrates only every few days when they carry a batch of mature eggs, 

whereas males probably spend most of their time searching for mates. Thus, 

in any given population, there are always more searching males than 

ovipositing females, and if males concentrate their quest for a mating 

opportimity on oviposition sites, we would expect to see male-biased sex 

ratios at most of the substrate patches sampled. While this is the situation we 

see in European populations of S. piinctiim, the preponderance of female-

biased sex ratios in the other populations studied indicates that not all Sepsis 

males focus their mate search on oviposition substrates. 

Unfortvmately, we know very little in general about sepsid males' mate 

search patterns, and since oviposition substrates are our only predictable 

encounter sites for sepsid flies, it will not be easy to investigate this problem. 

Possibly, the males of non-escorting populations conduct a more wide-

ranging mate search, using the oviposition site as only one of many potential 
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encounter sites for receptive females. This hypothesis is consistent with the 

observed pattern of sexual size dimorphism in the non-escorting population 

of S. piinctiim; if searching males are widely dispersed throughout the 

habitat, encounter rates between searching males are lower; therefore, direct 

male-male conflicts over access to potential mates are less common, and there 

is less selection for large male body size. Instead, male agility and the ability to 

cover large areas in flight in pursuit of a mating opportunity might be 

favoured over attributes that increase a male's prowess in combat. The 

ultimate question that remains is, of course, why different populations of the 

same species would be characterized by such a remarkable divergence in male 

mate search strategies. In order to approach this problem, more thorough 

studies of the reproductive biology of S. punctum and other sepsid species are 

needed. 

Data presented here and elsewhere (Chapter EH) lend support to 

Parker's (1972b) mate guarding hj^othesis for the adaptive significance of 

escorting behaviour in S. punctum and S. neocynipsea. However, since the 

intra-sexual competition and female mate screening hypotheses are not 

mutually exclusive, the results of this study should not be taken as evidence 

against the action of inter-sexual selection in these species. While S. punctum 

females appear to mate invariably with their escorts, S. neocynipsea females 

often do reject mounted males and leave the oviposition site without mating 

(Chapter HI). Thus, at least in this species, female mating decisions do have a 
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significant influence on the reproductive success of escorting males. In order 

to show that the rejection of escorting males is a form of female choice, we 

would have to identify the traits that provide the basis for putative female 

preferences, and we would have to show that females benefit from mating 

with males exhibiting the preferred phenotype. 

Published accounts of observations at sepsid oviposition sites indicate 

that there may be much interspecific variation in reproductive behaviour 

(e.g.. Hammer, 1941; Snowball, 1944; Hafez, 1948; Parker, 1972a; Mangan, 1976; 

Ward, 1983; Ward et al., 1992; Zerbe, 1993; Allen & Simmons, 1996; Eberhard 

& Pereira, 1996; Meier, 1996; Chapter 11; Chapter III). Therefore, the 

conclusions I have drawn here about the adaptive significance of escorting 

behaviour in S. punctum and S. neocynipsea carmot be extended to apply to 

any of the other sepsid species expressing pre-copulatory escorting behaviour. 

Subtle interspecific differences in reproductive biology and behaviour may 

lead to fundamentally different patterns of sexual selection, and the selective 

forces shaping a particular mating system should be investigated in each 

individual species. 



FIGURE 4.1. Mean developmental times (a) and tibia length measurements 

(b) for S. piinctum males and females from escorting and non-escorting lines. 

Error bars delimit 95% confidence intervals. 

Orthogonal a priori comparisons (Sokal & Rohlf, 1995) showed significant 

differences between the developmental time of males and females derived 

from both inbred (F, 27 = 293.003, P < 0.0001) and outbred (F127 = 521.244, P < 

0.0001) crosses of escorting lines; while there was no difference between the 

sexes in the offspring of the non-escorting line (Fj ,7 = 1.398, P = 0.2473). 

Similarly, males and females of the outbred escorting crosses differed 

significantly in tibia length (F, 32i = 478.318, P < 0.0001); while there was no 

such difference between the sexes in the offspring of the non-escorting line 

(FU2I = 0-532, P = 0.4661). 
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FIGURE 4.2. Frequency distributions of sex ratios ([Number of males + 

[Number of females + 1]) at oviposition sites in the field for different 

populations of S. punctum and S. neocynipsea. 
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TABLE 4.1. Number of replicate offspring clutches assayed for developmental 

time and tibia length in crosses of different combinations of parental lines. 

Each replicate clutch was derived from a different pair of parents. 



Offspring Genotype 

Parental Lines Escorting |nbred Escortjng Outbred Non-Escorting jnbred 

(Mother*Father) E1*E1 E2*E2 E3*E3 E1*E2 E1*E3 E2*E3 NVNI 

Developmental Time 4 4 4 4 4 4 8 

Tibia Length - - - 3 3 3 8 
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TABLE 4.2. Analysis of variance table for the developmental time of S. 

piinctiim males and females derived from crosses within and between 

escorting and non-escorting lines. 



Source of Variation df Error MS F P 

Sex 
Clutchsize 
Maternal line 
Paternal line 
Pair (maternal line, paternal line) 

Interactions: 

Genotype x Sex 
Genotype x Clutchsize 
Sex X Clutchsize 

1 Residual MS 
2 Residual MS 
2 MS Pair 
2 MS Pair 

1 9 Residual MS 

2 Residual MS 
4 Residual MS 
2 Residual MS 

466.177 0.0001 
0.696 0.5075 
0.157 0.8559 
0.462 0.6593 
4.513 0.0002 

90.532 0.0001 
1.036 0.4067 
0.176 0.8398 
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TABLE 4.3. Analysis of variance table for tibia length of S. punctum males 

and females derived from crosses within and between escorting and non-

escorting lines. 



Source of Variation df Error IMS F P 

Sex 1 Residual MS 209.443 0.0001 
Maternal line 1 MS Pair 0.330 0.8580 
Paternal line 1 MS Pair 0.934 0.3492 
Pair (maternal line, paternal line) 13 Residual MS 19.864 0.0001 

Interactions: 
Genotype x Sex 1 Residual MS 241.302 0.0001 
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TABLE 4.4. Sex ratios ([Number of males + 1] / [Number of females + 1]) and 

relative abundances of males and females at oviposition sites in the field in 

different populations of S. piinctiim and S. neocynipsea (NA: North America, 

EU: Europe). Medians with first and third quartiles given in parentheses. 

S. piinctiim medians not sharing superscripts were significantly different 

from one another (pairwise comparisons using rank sums, P = 0.05; Dunn, 

1964; Hochberg & Tamhane, 1987). 

' Marm-Whitney U Test, P < 0.02;not significant, P > 0.05 



Species Popuiation Male Behaviour at Sex Ratio at Females per Males per 
Oviposition Sites Oviposition Sites Oviposition Site Oviposition Site 

S. punctum Idaho (NA) no escorting 0.17 ® 8 ^ 1 ® 
(0.10, 0.31) (3.50, 18) (0, 1.50) 

Arizona (NA) no escorting 0.4" 5" 1 ® 
(0.22, 0.67) (3, 6) (0. 2) 

Grunewaldsee (EU) frequent escorting 2.98 8*= 27 " 
(2.28, 3.71) (5.75, 12) (23.30, 29) 

Modenbachtal (EU) frequent escorting 2.61 •= 14 32 " 
(2.18, 3.53) (7.50, 17) (25.5, 42) 

Switzerland (EU) frequent escorting 2.4 s a c  19 " 
(2, 2.86) (5. 11) (16, 27) 

S. neocynlpsea Idaho frequent escorting 0.88 * 11.5 12 
(0.58, 1.66) (4.25, 20) (3.25, 18) 

Arizona very little escorting 0.7 13 8 
(0.47, 0.96) (7. 18) (5, 14) 
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CHAPTER V 

THE GENETIC BASIS OF PRE-COPULATORY ESCORTING BEHAVIOUR IN 

SEPSIS PUNCTUM (FABRICIUS) 

SUMMARY 

Several species in the dung fly genus Sepsis show geographic variation 

in the expression of a male reproductive tactic: pre-copulatory escorting 

behaviour of ovipositing females. I have investigated the genetic basis of this 

trait in one species, Sepsis piinctiim, by conducting a comparative study of the 

behaviour of individuals from escorting and non-escorting populations as 

well as their first and second generation hybrids. The tendency to perform 

escorting behaviour (assessed by measuring the frequency of ovipositing pairs 

in a series of standardized trials) is a quantitative trait, controlled by more 

than two independently segregating loci. Hybrids showed intermediate 

expression of the behaviour, but gene action appeared not to be entirely 

additive, and there was evidence for a sex-related component of inheritance, 

with hybrids escorting more frequently if the behaviour was inherited from 
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the female parent. Since sex-linked genes are expected to evolve more rapidly, 

under certain conditions, the sex-linked genetic architecture may have 

facilitated the evolution of escorting behaviour in S. punctum. While 

patterns of inheritance were consistent across replicate offspring groups, 

experiments exposing males to females derived from different genetic lines 

showed that male behaviour is influenced significantly by the genotype of the 

females being escorted. The role of the female in the establishment of the 

escorting association should, therefore, be considered in future studies of this 

behaviour. 

INTRODUCTION 

Pre-copulatory escorting of ovipositing females is a common 

reproductive tactic of males in several species in the dung fly family Sepsidae 

(Parker, 1972b; Chapter HI). An escorting male mounts a female, grasps her 

wing bases with his forelegs, and then rides on her back while she deposits a 

clutch of eggs. Accompanied females often mate with their escort 

immediately after oviposition, and the sperm traitsferred in these copulations 

will presxmiably be used for the fertilization of eggs in one of the female's 

future oviposition bouts (Parker, 1972b; Chapter I; Chapter II). While the 

adaptive significance of pre-copulatory escorting has not yet been studied in 
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detail, there can be little doubt that this behaviour is a sexually selected trait. 

Current hypotheses for the function of escorting include pre-copulatory mate 

guarding, i.e., the mounted male prevents rivals from gaining access to the 

ovipositing female until she becomes sexually receptive, and pre-copulatory 

courtship, i.e., females use the escorting phase in order to assess the mounted 

male's suitability as a potential mate (Parker, 1972b; Chapter HI; Chapter IV; 

Eberhard, personal communication). 

Pre-copulatory escorting behaviour has so far been reported in ten 

species belonging to four different sepsid genera: Sepsis, Palaeosepsis, 

Dicranosepsis, and Xenosepsis (Meier, 1996; Chapter III). In three Sepsis 

species, I found distinct geographic variation in the expression of the 

behaviour: in some parts of these species' range, ovipositing females were 

frequently accompanied by a mounted male, while escorting was rarely or 

never observed in other regions (Chapter IE). Preliminary studies in two 

species, S. punctum (Fabricius) and S. neocynipsea Melander & Spuler 

(unpublished data), have shown that inter-population differences in escorting 

behaviour persist when flies are bred in laboratory cultures, and crosses 

between individuals from different populations produce fertile hybrid 

offspring. Thus, the observed intraspecific variation provides the unique 

opportimity to investigate the genetic architecture of this complex 

behavioural trait. 
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Here I present the results of a series of cross-breeding experiments with 

S. punctum. I have assessed the genetic basis of escorting behaviour by 

measuring the expression of this trait in individuals from escorting and non-

escorting populations as well as their first and second generation hybrids. The 

results of this study indicate that the evolution of escorting behaviour may 

have been facilitated by a sex-linked genetic architecture. In addition, I have 

examined the effect of the escorted female on male escorting behaviour by 

comparing the escorting frequencies of males faced with females of different 

genetic make-up. Since male behaviour varied significantly in response to 

this variable, the role of the female in the establishment of the escorting 

association should be considered in future studies of this behaviour. 

MATERIALS AND METHODS 

Parental Stocks And Substrate 

The flies used in this study were derived from isofemale lines that had 

been kept in the laboratory for several generations (see below). The lines were 

established from single inseminated females collected in the field, and 

consecutive generations were propagated through sibling pairs. The 

fotmdress for the Arizona line was collected from cow dung at the Santa Rita 

Experimental Range of the University of Arizona (Santa Cruz Coimty, AZ, 

USA); the foimdress for the Idaho line was collected from cow dung at 
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Nordman Meadows near Priest Lake (Bonner County, ID, USA); foundresses 

for Swiss lines were collected from dog feces and cow dung bait at Greifensee 

near Uster (Kanton Zurich, Switzerland). 

The cow dung used as food and oviposition substrate in the 

experiments had been collected at a cattle feedlot in Tucson, Arizona. 

Droppings were scooped into covered 20 liter buckets immediately after 

defecation, and the dung was then stored at 4°C for up to four weeks. 

Individual Male Assays For The Expression Of Escorting Behaviour 

In order to compare the behaviour of hybrids with that of their 

escorting and non-escorting parents, I produced pure-bred, hybrid, and F2 

offspring by crossing females and males from a Swiss (escorting, E) and an 

Arizona (non-escorting, N) population. The individuals used as parents for 

the crosses were derived from isofemale lines that had been kept in the 

laboratory for seven generations in the case of the Swiss line and four 

generations in the case of the Arizona line. Most F1 and F2 hybrid crosses 

produced viable offspring, but the number of offspring was generally lower 

than in within-population crosses, and some clutches failed altogether. 

I assessed the expression of escorting behaviour in the male offspring 

of different crosses by measuring the incidence of ovipositing pairs in a series 

of trials administered on consecutive days, starting at the 10th day after 

eclosion. Males were tested individually by gently placing them in the cage of 
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a female who had just commenced oviposition. For a period of 60 minutes, 

cages were then checked for the presence of escorting pairs at five-minute 

intervals. In S. piinctum, an oviposition bout takes 20 to 60 minutes. 

Escorting males usually mounted ovipositing females within a few minutes 

and rarely dismounted before the female had laid all of her eggs. I am, 

therefore, confident that I was able to record all escorting behaviour that 

occurred during these trials. The outcome of each individual trial was either 

one or zero, i.e., either a male did or did not escort the ovipositing female 

during any given trial. 

Initially, I tested males in ten trials, however, since the incidence of 

escorting behaviour was quite low in some of the crosses, I administered 20 

trials in subsequent experiments (Table 5.1). In both the 10-trial and the 20-

trial experiments, I simultaneously tested ten brothers from each of the 

crosses. In order to better estimate the variance and distribution of offspring 

phenotypes, I then ran another experiment, increasing the sample size to 50 

brothers for some of the F1 and F2 crosses (Table 5.1). In order to compare the 

results from assays employing different numbers of trials, I calculated the 

average proportion of escorted oviposition bouts across all trials for the males 

in a given offspring group. 

Before the beginning of the experiment and during inter-trial periods, 

males were kept in isolation in 500 ml plastic cages supplied with 20% sugar 

solution, water, and cow dung for nutrition. The females used in these trials 
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were full siblings of the males tested, but they were not always derived from 

the same clutch. Females were kept individually in 500 ml cages supplied 

with 20% sugar solution, water, and a provision of older cow dung, a 

substance which provides sufficient nourishment to support the maturation 

of eggs but has only limited appeal as an oviposition substrate (unpublished 

data). For the implementation of assays of escorting behaviour, one 

ovipositing female had to be available to be presented to each of the males to 

be tested. In order to ensure that enough ovipositing females would be 

available to run behavioural tests, a large number of females (at least four 

times the number of males to be tested) was set up with fresh cow dung, the 

preferred oviposition substrate, each day upon the commencement of trials. 

Pooled Assays For The Expression Of Escorting Behaviour 

Individual male trials were labour-intensive, and only a few crosses 

could be tested simultaneously. In order to investigate the genetic basis of 

escorting behaviour in more detail and in a larger number of lines, I 

conducted a series of pooled assays in which the expression of the behaviour 

was assessed by observing groups of male offspring in a smaller number of 

trials. 

The parents for this experiment were derived from five different 

isofemale lines that had been kept in the laboratory for 12 to 14 generations. I 

used four different lines from the Swiss escorting population (El, E2, E3, and 
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E4) and one line from the non-escorting population in Northern Idaho (Nl). 

All possible crosses, including reciprocals and inbreds, between the El, E2, E3, 

and Nl lines were produced, generating 16 different genotypes for 

behavioural assessment (Figure 5.1a). For each of the 16 crosses, I used eight 

pairs as parents, and for each of these pairs, I collected the offspring of three 

consecutive clutches (Figure 5.1b). This resulted in a total of 384 different 

offspring groups for behavioural tests. 

In order to explore the effect of the genotype of the females to be 

escorted on the males' escorting frequency, I divided the male offspring of 

each cross into two groups (Figure 5.1b). The offspring of four pairs were 

tested with their full-sisters, while the offspring of the other four pairs were 

tested with female offspring from the E4 tester line, which was not also used 

in the production of crosses. The E4 females were of the same age as the males 

tested and had been reared in the same manner as the offspring of the crosses. 

Behavioural tests consisted of four trials administered on consecutive 

days. At the begiiming of a trial, I placed a 15 x 100 nun petri dish filled with 

cow dimg into each cage containing an experimental group of ten males and 

20 females. Females soon approached the dung and started ovipositing. For 

the following three hours, I counted the number of escorting pairs in each 

cage at intervals of 30 minutes. This resulted in an escorting score consisting 

of 24 coimts of escorting pairs over 12 hours of observations on four 

consecutive days. After each trial was completed, I left the cow dung in the 
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cages for an additional two hours in order to allow females to feed on enough 

dung to mature a new clutch of eggs. Few experimental flies died during the 

testing period. Whenever a female died over the course of the testing period, 

she was replaced with a sister that had been kept in a group of ten males and 

ten females in a 500 ml cage supplied with dvmg and sugar solution. If any 

males died, their entire offspring group was discarded, and another series of 

trials was run with a new set of males and females. 

The flies used in the behavioural tests were produced by placing each 

parental pair in a 500 ml plastic cage supplied with 20% sugar solution. The 

bottom of each cage was covered with 50 ml vermicuiite saturated with water, 

and 40 ml cow dung was placed on the vermicuiite to serve as larval 

substrate. Cultures were kept in a room at approximately 24°C throughout the 

experiment. The parents were transferred to a new cage every day, and the 

substrate was checked for the presence of a clutch of eggs. The breeding pairs 

were maintained until the desired number of clutches was produced. Larval 

survivorship was lower in hybrid crosses than in within-population crosses, 

and within populations, outbred crosses were generally more successful than 

inbred crosses. The number of parental pairs set up for each cross was 

adjusted in order to produce the desired number of experimental groups. 

Upon eclosion of the offspring, the sexes were separated, and flies were 

trai\sferred in groups of ten full-siblings to 500 ml cages supplied with cow 

dung and sugar solution for nutrition. Sepsis piinctiim females cannot be 
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inseminated until they are at least four days old, and males reach sexual 

maturity only one to two days after eclosion (unpublished data). During their 

lifetime, laboratory-reared females go through 17 reproductive cycles, on 

average, ovipositing approximately every other day for several weeks 

(Chapter I). Due to logistical constraints, I was unable to test all flies at the 

same age; individuals used in behavioural assays, therefore, ranged in age 

from eight to 21 days post eclosion. Since the average laboratory life span of 

individuals of S. piinctum is well over one month (Schulz, 1989), it is 

unlikely that these differences in age would greatly influence the expression 

of escorting behaviour. 

Sepsis piinctum females will oviposit without ever having mated, and 

virgin females mature and deposit clutches of unfertilized eggs with the same 

regularity as mated females (unpublished data). However, large differences in 

the amount of stored sperm may result in unaccountable variation in female 

behaviour; therefore, males and females were allowed to mate prior to testing 

by placing them together in 3.5 1 transparent plastic cages two days before the 

commencement of behavioural tests. Each cage contained an experimental 

group consisting of ten males and 20 females (either sisters or testers) and was 

supplied with water and sugar solution for nutrition but no oviposition 

substrate. A pilot study using lines El, E2, E3, E4, and N1 had shown that, 

under these conditions, almost all females would carry sperm in their 

spermathecae after two days (mean = 19.36, SD = 0.952, n = 25, i.e., 5 groups per 
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line; all groups were full-siblings), and there was no significant difference 

between lines in the average number of inseminated females (Kruskal-Wallis 

test statistic = 1.20, df = 4, P > 0.87). 

Statistical Analysis. The results of the pooled escorting assays were 

subjected to factorial analysis of variance. After visual inspection of normal 

probability plots and variance ranges, the untransformed data were used in 

the analysis. However, since the offspring of the non-escorting line produced 

only zero scores throughout all behavioural tests, these data were excluded 

from the ANOVA calculations. The model included six factors along with a 

number of interactions (Table 5.3). "Cross" was entered as a factor with four 

levels, including the cross categories shown in Figure 5.1a with the exception 

of the inbred non-escorting cross. There were two levels of "escorted 

females", sisters and testers, and both "maternal line" and "paternal line" had 

four levels. El, E2, E3, and Nl. The "age" of the flies at the time tested was 

included in the model with two levels: young flies, which ranged in age from 

eight to 17 days post-eclosion, and old flies, which ranged in age from 18 to 21 

days post eclosion. "Pair" was entered as a nested factor in order to account for 

the variation within groups sharing a pair of parents. All F-tests were based 

on T3q5e m mean squares and were conducted at the 0.05 level of significance. 

Post-hoc comparisons of means were performed using the Tukey-Kramer test, 

also at the 0.05 level of significance. 
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RESULTS 

Individual Male Assays For The Expression Of Escorting Behaviour 

The expression of escorting behaviour showed consistent variation 

with the genetic make-up of the males tested (Table 5.1). I conclude, therefore, 

that the differences in behaviour between individuals of escorting and non-

escorting populations have a genetic basis. The frequency of escorting 

behaviour in hybrids was intermediate to that of their escorting and non-

escorting parents, and a significant difference between reciprocal crosses 

indicates a sex-related component of inheritance (Table 5.1). Hybrids escorted 

much more frequently if the behaviour was inherited from the mother. 

Escorting was so rare in the offspring of NxE crosses that several males did 

not escort at all when tested in ten trials; however, all of the males tested in 

20 trials escorted at least once. In contrast, the mean escorting frequencies of 

the offspring of ExN crosses were only somewhat lower than the arithmetic 

mean of the two parental lines, and the variances of the ExN offspring 

samples were similar to those of samples from the escorting parental line 

(Table 5.1). 

The distribution of escorting frequencies of males of the F2 generation 

of ExN crosses was tmimodal (Figure 5.2), and the F2 males showed greater 

variance in the expression of escorting behaviour than the parental and the 
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F1 generations (Table 5.1). These results suggest that the escorting behaviour 

of S. punctum males may be a quantitative trait under polygenic control 

(Mather & Jinks, 1982). The F2 males from ExN crosses generally escorted less 

frequently than males of the corresponding F1 generation. This outcome is 

consistent with the observation of a sex-linked component of inheritance in 

the F1 generation: since half of the escorting alleles in the males of the F2 

generation will be inherited from the father, we would expect the F2 mean to 

be lower than that of the ExN F1 generation where all escorting alleles were 

inherited from the mother. 

The hypothesis of polygenic control of escorting behaviour is further 

supported by the low recovery of parental genotypes in the F2 generation. 

Since F1 progeny are heterozygous at all loci controlling escorting behaviour, 

the expected occurrence of the genotype of each homozygous parent in the F2 

progeny can be calculated for any postulated number of independently 

segregating loci (Table 5.2). The phenotype of males that have iriherited one 

of the parental genotypes is precisely predictable: males that carry only non-

escorting alleles will not escort at all. By comparing Mendelian expectations 

about the recovery of parental genotypes to the actual occurrence of non-

escorting males in behavioural assays, I could test hypotheses about the 

mirumum number of loci controlling the expression of escorting behaviour 

in S. punctum. The results of this analysis show that the behaviour is likely 

to be controlled by at least three independently segregating loci (Table 5.2). It is 
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important to note that some of the F2 progeny carrying escorting alleles 

would also have been expected to show zero escorting frequencies if they had 

irOierited either very few escorting alleles or escorting alleles that were 

recessive. Since the expected recovery of the parental genotype is an 

underestimate of the actual expected number of non-escorting males among 

F2 progeny, this method provides a very conservative prediction for the 

minimum number of loci involved in the expression of escorting behaviour. 

Pooled Assays For The Expression Of Escorting Behaviour 

The results of the pooled assays confirm the findings of the individual 

male trials. There was a significant effect of cross on the escorting scores of 

males (Table 5.3), and the mean scores of all four cross types (Figure 5.3) were 

significantly different from one another in multiple comparisons; however, 

the different parental lines did not account for much of the variation (Table 

5.3). The differences between the scores of offspring from inbred and outbred 

crosses of escorting lines (Figure 5.3) indicate that escorting behaviour is 

influenced by overall levels of homozygosity; the trait values derived from 

isofemale lines may therefore not accurately reflect the level of expression in 

natural populations. 

The observed differences between reciprocal crosses (Figure 5.3) are in 

accordance with the results of the individual male assays: while both males 

and females passed on the escorting behaviour to their male offspring, the 



157 

expression of the trait was greater if escorting alleles were inherited from the 

mother. However, the magnitude of these differences between reciprocal 

crosses was much larger in the individual male assays, where ExN males 

escorted about four times as often as NxE males (Table 5.1), as compared to 

pooled assays with only a two-fold difference (Figure 5.3). Since each 

individual NxE male escorted only very rarely, the sample sizes and the 

number of trials employed in the individual male assays were probably 

inadequate to get a good estimate of the expression of the behaviour in these 

hybrids; the estimate derived from the pooled assays is therefore more likely 

to be accurate. 

In pooled assays that tested males with their sisters, the escorting scores 

of ExN hybrids were similar to the arithmetic mean of the scores for the 

escorting and non-escorting parental lines (Table 5.4); however, in both the 

single male assays and in the pooled assays using females from the tester line, 

the ExN hybrid scores were considerably lower than the mid-parent value. 

This indicates that the action of the genes controlling the expression of 

escorting behaviour may not be entirely additive, but instead at least some of 

the alleles from the non-escorting parent are dominant over those from the 

escorting parent. Since this dominance interaction was not apparent in all of 

my assays, the validity of this result should be addressed in future studies. 

The age of the flies at the time of testing did not have a significant 

effect on escorting scores. In contrast, the genotype of the escorted females did 
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account for a large part of the variation in male behaviour, and there was a 

significant cross-by-escorted females interaction (Table 5.3). Generally, males 

escorted more frequently when they were tested with females from the tester 

line as opposed to their own sisters, but the differences between groups tested 

with either type of females were more pronounced in the escorting parental 

crosses than in the hybrid crosses (Figure 5.3). It is unlikely that any of these 

results are due to differential availabilities of ovipositing females during the 

tests. A pilot study using lines El, E2, E3, E4, and N1 had shown that, under 

the conditions provided in this experiment, about eight of the 20 females will 

oviposit during each trial (mean = 8.18, SD = 3.03, n = 100 trials, i.e., four trials 

for five groups in each of five lines), and there was no significant difference 

between lines in the average number of females ovipositing per trial (Nested 

ANOVA, F(42(„ = 0.566, P > 0.69, five groups nested in each of five lines). The 

observed differences in escorting frequencies in relation to female genotype 

are therefore likely to be due to behavioural interactions between males and 

ovipositing females. 

DISCUSSION 

This study has shown that S. piinctum's geographic variation in pre-

copulatory escorting behaviour has a genetic basis. The preliminary analysis 

of the genetic architecture underlying this trait indicates that at least three 



159 

independently segregating loci are involved, and that the expression of 

escorting behaviour depends to a large part on information transmitted only 

by the female parent. The design of this study does not allow discrimination 

between sex-linked inheritance and the action of maternal effects. Since 

sepsid females do not engage in any post-oviposition maternal care, potential 

non-Mendelian effects could be due either to genetic factors that are 

transmitted through the cytoplasm or to transient maternal factors, such as 

nutrients contributed directly to the egg or specific conditions provided 

through the choice of particular microhabitats as oviposition sites. Maternal 

effects on behavioural traits have been demonstrated in insects (Bauer & 

Sokolowski, 1988; Mousseau & Dingle, 1990), and further studies are needed 

to investigate whether such factors do have an influence on the expression of 

escorting behaviour in S. piinctiim males. Keeping this caveat in mind, the 

following discussion will assume that most of the observed sex-related 

variation is due to sex-linkage of the genes controlling escorting behaviour. 

Sepsid chromosome systems have not yet been elucidated. Most 

cyclorrhaphan Diptera that have been studied so far have an XX/XY sex 

determination mechai\ism with males usually being the heterogametic sex 

(Blackman, 1995). Among the sepsids' closest relatives in the superfamily 

Sciomyzoidea, information about sex chromosome systems is available only 

for the Sciomyzidae. In this family, males are always the heterogametic sex; 

most species have an XX/XY system, but a few species with XX/XO and 
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XjXjXjX^/XiXjY systems have also been reported (Boyes et al, 1969, 1972). If we 

assume that sepsid chromosome systems follow a similar pattern, a large 

share of the genes controlling escorting behaviour in S. piinctum is likely to 

be located on the X chromosome. This is a somewhat surprising mode of 

inheritance for a male sexually selected trait. Since fathers do not pass on 

their X chromosome to their sons, males will only inherit their father's 

autosomal complement of escorting genes. In contrast, a male's daughters, 

who do not themselves express escorting behaviour, will inherit both the 

autosomal and the X-linked escorting genes from their father, and 50% of 

these daughters' male offspring will then carry the escorting genes from their 

grandfather's X chromosome. 

In several other insects, X-linked inheritance has been described for 

traits that show expression only in the heterogametic sex (e.g., Ewing, 1969; 

Bentley & Hoy, 1972; Grula & Taylor, 1980; Kawanishi & Watanabe, 1981; 

Coyne, 1983; Thompson, 1988; Han & Gatehouse, 1991; Sperling, 1994; Shaw, 

1996), and Reinhold (1998) found that X-chromosomal genes have a 

disproportionately large effect on sexually selected traits; however, we still 

know little about the evolutionary implications of sex-linked genetic 

architectures (Hartl, 1972; Avery, 1984; Rice, 1984; Charlesworth et al., 1987; 

Hastings, 1994; Ford & Aquadro, 1996). Ewing (1969) has suggested that X-

linkage may facilitate ^e rapid proliferation of recessive mutations if they are 

favourable: in the heterogametic sex, the effects of X-linked genes are not 
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shielded by alleles on a homologous chromosome, and recessive genes on the 

X chromosome are, therefore, exposed to selection. Charlesworth et al. (1987) 

have presented models comparing the rates of evolution at sex-linked and 

autosomal loci. Their models predicted that sex-linked genes will evolve 

more rapidly under selection if beneficial mutations are at least partially 

recessive. 

My data on the genetic basis of escorting behaviour in S. punctiim 

indicate that the genes controlling the expression of this trait may be partially 

recessive. However, the evidence for this effect is equivocal, and its 

magrutude appears to be rather small. Charlesworth et al. (1987) stress that for 

quantitative characters, directional dominance needs to be strong in order for 

selection to proceed more rapidly at sex-linked loci. Thus, X-linkage of 

escorting genes may have facilitated the rapid evolution of this behaviour in 

S. punctiim, but further studies are needed to substantiate this hypothesis. 

Additional research using individuals from other escorting 

populations of S. punctiim would be particularly valuable not only to assess 

patterns of dominance but also to determine whether genetic architectures are 

consistent across populations. The scattered occurrence of pre-copulatory 

escorting across species in several different sepsid genera and across 

populatioris in several different species indicates that the behaviour may 

have evolved several times independently (Chapter EQ). A comparative 

investigation of genetic architectures in S. punctum populations could serve 
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as a case study for the evaluation of this hypothesis; while a recurrence of 

similar genetic architectures would argue for the homology of the behaviour 

across populations, significant variation in the genetic basis of the trait would 

indicate separate origins. 

Male escorting behaviour can find expression only if females allow 

their escorts to remain mounted during an oviposition bout. Probably, it is 

difficult and costly for a sepsid female to rid herself of a securely mounted 

male (Parker, 1972b; Eberhard, unpublished manuscript c), and even females 

of non-escorting populations often tolerate escorting males (unpublished 

observation); however, my experiments exposing males to females derived 

from different genetic lines have shown that female properties do have a 

significant influence on the frequency of male escorting behaviour. 

For purely logistical reasons, I chose to compare full sisters to unrelated 

females in my study of the effect of the female genotype on male behaviour. 

Although the data presented here appear to indicate that males escort more 

frequently if faced with females of a genotype different from their own, it 

would be premature to conclude that the flies can actually assess each other 

on the basis of relatedness. The tester females were derived from a line that 

showed very high male escorting scores in a pilot study; so if there is a genetic 

correlation between the tendency to escort in males and the females' 

propensity for accepting mounted males or their attractiveness as consorts, 

the results of this experiment may be due to the specific properties of females 
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of the tester line rather than considerations of relatedness between escorting 

males and escorted females. 

Whatever the cause for the observed differences may be, the fact that 

females do have a significant effect on male escorting behaviour greatly 

complicates the study of this trait. Future research should, therefore, address 

this interaction of male and female genotypes, and future assessments of the 

expression of escorting behaviour need to account for this factor. 
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FIGURE 5.1. Breeding designs for comparisons of the expression of escorting 

behaviour in escorting and non-escorting lines of S. piinctiim and crosses 

between them. a. Outline of the 16 crosses used in pooled assays of the 

expression of escorting behaviour, b. Within each of the 16 crosses, offspring 

groups were nested in eight families, and half of the groups were tested with 

their sisters, while the other half was tested with females from the tester line, 

E4. 
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FIGURE 5.2. Distribution of the proportion of escorted oviposition bouts in 20 

trials for male offspring of five F2 generation crosses (Table 5.1) between 

females from an escorting population and males from a non-escorting 

population of S, punctum. 
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FIGURE 5.3. Mean escorting scores of S. piinctum males from different crosses 

within and between escorting and non-escorting lines in relation to the 

genotype of the escorted females. Error bars delimit 95% confidence intervals. 
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TABLE 5.1. Average proportions of escorted oviposition bouts for S. 

punctum males from an escorting (E) and a non-escorting (N) line as well as 

F1 and F2 crosses. Each entry in the table represents the mean value for a 

group of full brothers; values in parentheses are sample standard deviations. 

Pairwise comparisons of the means of different lines ar\d crosses showed 

significant differences between all pairs except N and NxE (multiple 

comparisons using rank sums, P<0.05; Durui, 1964; Hochberg & Tamhane, 

1987). 



Number Number of Cross (Maternal Strain * Paternal Strain) 
of Trials Males Tested N * N E * E N * E E * N F2: (E»N) * (E*N) 

10 10 0(0) 0.57 (0.048) 0.04 (0.052) 0.22 (0.042) 0.20 (0.115) 
20 10 0(0) 0.67 (0.063) 0.07 (0.026) 0.28 (0.049) 0.17(0.127) 
20 50 - - - 0.26 (0.059) 0.22 (0.101) 
20 50 - - - - 0.19 (0.097) 
20 50 - - - - 0.19 (0.085) 
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TABLE 5.2. Tests of hypotheses about the minimum number of loci 

controlling the expression of escorting behaviour in males of S. piinctum. 

According to Mendelian expectations, x independently segregating loci should 

result in (1/4)* of the F2 progeny displaying the phenotype of each 

homozygous parent. 

*The current data set is too small to allow powerful tests of hypotheses of 

three or more independently segregating loci. 



Number N ull-hypothesis Expected number of Observed number 
of for one-sided non-escorting males of non-escorting Probability 
loci binomial test in a sample of 150 F2 males 

1 p > 0.25 37.5 1 9.26 X10 " 
2 p > 0.0625 9.4 1 0.0007 
3 p> 0.015625 2.3 1 0.319* 
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TABLE 5.3. Analysis of variance table for escorting scores of S. piinctum males 

derived from crosses within escorting lines and between escorting and non-

escorting lines. 



Source of Variation df Error MS F P 

Cross 1 Residual MS 5.085 0.0251 
Escorted females 1 MS Pair 4.147 0.0442 
Age 1 Residual MS 0.904 0.3427 
Maternal line 2 MS Pair 2.022 0.1374 
Paternal line 2 MS Pair 0.715 0.4915 
Pair (escorted females, maternal line, paternal line 108 Residual MS 1.320 0.0417 

Interactions: 
Cross X Escorted Females 3 Residual MS 8.417 0.0001 
Cross X Age 3 Residual MS 0.159 0.9236 
Escorted Females x Age 1 Residual MS 1.630 0.2030 
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TABLE 5.4. Comparison of the escorting scores of ExN hybrids to the mid-

parent values ([escorting parent + non-escorting parent]/2) in different assays 

of the expression of escorting behaviour in S. punctum. 



Experiment Escorting 
Parent 

Escorted 
Females 

Average Score of Escorting Parent 
(± 95% confidence interval) 

Mid-parent 
Value* 

Average Score of ExN Hybrids 
(± 95% confidence interval) 

Single male assays Inbred Sisters 0.62 (±0.033) 0.31 0.26 (±0.013) 
(All males combined) 

Pooled assays Inbred Sisters 27.83 (±2.118) 13.92 12.08 (± 1.904) 
Outbred 24.11 (±1.584) 12.06 

Inbred Tester Line 33.72 (± 1.914) 16.86 13.25 (±1.603) 
Outbred 32.06 (±1.616) 16.03 
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CONCLUSIONS 

Our current knowledge about the diversity and evolution of sepsid 

mating systems is still rudimentary. However, since the pioneering work of 

Hammer (1941) and Parker (1972a,b), we have gained many new insights, and 

the recent revival of interest in sepsid sexual behaviour has launched several 

novel lines of research (Allen & Simmons, 1996; Eberhard & Pereira, 1996; 

Blanckerihom et al., 1998, unpublished manuscript; Eberhard & Huber, 1998; 

Reusch & Blanckenhom, 1998; Eberhard, submitted, unpublished manuscript 

a,b,c). The work presented in this dissertation enhances our understanding of 

a number of different aspects of sepsid reproductive biology, and I hope that it 

will also incite many new questioris for future research. 

My work is the first to investigate sepsid patterns of sperm precedence. 

I have shown that Sepsis punctum males are able to displace rival sperm in 

order to achieve an overwhelming last male advantage in sperm competition 

(Chapter I). Thus, the peculiar timing of sepsid matings, at the very beginning 

of a female's reproductive cycle, is apparently not associated with an unusual 

pattern of sperm precedence. This is certainly one of the most surprising 

findings of my research. With the very incomplete picture provided by the 

cvirrent data, much work remains to be done before we can understand the 

selective forces that lead to the maintenance of post-oviposition copulations 
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in sepsid populations. Most urgently, we need to confirm that the last male 

advantage I found in my paternity study is a universal characteristic of sepsid 

matings. If this is shown to be the case, one of the most daunting tasks will be 

to gain reliable estimates of the frequency of mid-cycle matings in the field. In 

this context, it will be important to study the factors that determine 

receptivity to courting males at different times in the female's reproductive 

cycle. 

One line of research that will inevitably lead to new and exciting 

insights is the study of sepsid mechanisms of sperm displacement. The results 

of my paternity analyses indicate that S. punctiim males may remove rival 

sperm from the female's storage organs (Chapter I). If the males are able to do 

this, they probably use a method that has not yet been documented in other 

insects. Also, my study of patterns of female sperm storage has demonstrated 

that one S. punctiim ejaculate contains enough sperm to fertilize more than 

half of a female's lifetime reproductive output (Chapter I). If previous males' 

ejaculates are regularly removed from the female's storage organs, it is not 

clear why males would transfer such large numbers of sperm. More studies 

are needed to explain these patterns of male gametic investment. 

In my survey of sepsid mating behaviours, I found that post-

oviposition matings are pervasive in several closely related sepsid genera and 

that the absence of copulations by gravid females is a trait that may have 

arisen early in the sepsids' evolutionary history (Chapter H). The analysis of 
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the phylogenetic distribution of sepsid reproductive traits provides an 

important framework for studies of the adaptive significance of these 

characters in individual species. Clearly, in order to understand the evolution 

of the sepsids' timing of matings, we need many more data on the behaviour 

and biology of species in the lineages that diverged early from the branch 

eventually giving rise to the species-rich genera Palaeosepsis and Sepsis. We 

need to investigate whether most of these basal sepsids are characterized by 

the absence of matings by gravid females. Furthermore, we should determine 

whether this trait is always correlated with the occurrence of a 

spermatophore, and how the morphology and function of the spermatophore 

varies across sepsid lineages. 

Some of the most interesting questions emerging from my work 

concern the reproductive biology of Saltella sphondylii. Ecologically, this 

species appears to be very similar to many Sepsis species that breed in the 

same cattle droppings, during the same stages of decomposition. But unlike 

all other sepsids I have studied, S. sphondylii mate immediately before 

oviposition, and males perform post-copulatory escorting of ovipositing 

females (Chapter H, Chapter HI). Why is the sexual behaviour of this species 

so different from that of other sepsids? Are the behavioural differences we 

see, in the timing and duration of copulations as well as in the males' 

escorting behaviour, due to differences in sperm transfer mechanisms? If so, 

what forces have led to the evolution of an alternative mode of sperm 
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transfer in this species? Are there any other species in the Saltella-

Susanomira lineage that share S. sphondylii's divergent behaviour patterns? 

One of the most difficult endeavors in documenting the diversity of 

sepsid mating patterns will be the elucidation of the phylogenetic distribution 

of escorting behaviour. With the data gathered so far, I was unable to 

determine whether this trait is likely to be homologous across different sepsid 

lineages, or whether it may have evolved many times independently. Several 

species from different sepsid lineages show escorting behaviour, but the 

phylogenetic distribution of this trait is quite scattered, and the discovery of 

geographic variation in the expression of escorting behaviour indicates that it 

will be very difficult to conduct an exhaustive inventory of its occurrence 

(Chapter HI). As we continue to look for escorting in more sepsids, it will be 

interesting to see whether there are any escorting species in the basal sepsid 

lineages, and how commonly sepsid species are characterized by geographic 

variation in the expression of this trait. 

In behavioural observations at oviposition sites in the field and in my 

study of conspecific escorting and non-escorting populations, I found 

preliminary evidence supporting the mate guarding hypothesis for the 

adaptive significance of pre-copulatory escorting behaviour (Chapter EH, 

Chapter IV). Since male-male competition for access to females does not 

preclude the concurrent action of female choice, and sepsid females appear to 

have full control over the mating decision (Eberhard, submitted), it is likely 
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that female preferences are importai\t in determining the fertilization success 

of sepsid males. In order to study this phenomenon in sepsids, it is important 

to identify the females' choice criteria and to demonstrate how females 

benefit from choosing males that are characterized by the preferred suite of 

traits. 

My comparative research of behaviourally divergent conspecific 

populations revealed a general concordance between the occurrence of 

escorting, a male-biased sexual size dimorphism, and more male-biased sex 

ratios at oviposition sites in the field (Chapter FV). Our understanding of the 

selective forces favouring escorting behaviour would be greatly enhanced if 

we were able to document the relationships between these variables across 

different branches of the sepsid phylogeny. The information that is available 

so far indicates that the patterns that would emerge are likely to be quite 

complex. While escorting appears to be generally correlated with male-biased 

sex ratios at oviposition sites (Parker 1972a, Chapter FV), some escorting 

species are characterized by a male-biased size dimorphism (e.g., S. punctiim; 

Chapter IV), while others show a female-biased dimorphism (e.g.. Sepsis 

q/nipsea; Parker, 1972a; Blanckenhom et al., 1998; Reusch & Blanckerihom, 

1998). 

I have concluded that differences in the relative frequencies of males 

and females at oviposition sites in the field in conspecific escorting and non-

escorting populations are most likely due to differences in male mate search 
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strategies (Chapter IV). Since we already know that males in escorting 

populations focus their mate search on oviposition sites, future studies 

should investigate male search behaviour in non-escorting populations. The 

major questions to be addressed in this research are: where do males 

encounter receptive females, and why are oviposition sites less important as 

encounter sites for the sexes in these populations? Furthermore, it would be 

important to know whether there are any ecological correlates of the observed 

behavioural differences. Relevant to this question is the observation that S. 

piinctiim and Sepsis biflexuosa show complimentary patterns of behavioural 

variation: S. punctiim males escort in Europe, where S. biflexuosa males do 

not escort; while S. biflexuosa males escort in Idaho, where S. punctum males 

do not escort. How can the same habitat elicit such different behavioural 

responses from two species that appear to be very similar in their 

reproductive ecology? 

In my investigation of the genetic architecture of escorting in S. 

punctum, I foimd that the expression of this behaviour is a quantitative trait 

with a significant sex-related component of iriheritance (Chapter V). Since the 

design of this study did not allow me to discriminate between X-

chromosomal inheritance and the action of maternal effects, additional 

research is needed to identify the genetic agents that are responsible for the 

strong maternal component in the inheritance of escorting. In order to 

determine the significance of the sex-related pattern of inheritance for the 
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evolution of escorting behaviour, we should now collect comparative data on 

the genetic architecture of this trait in other sepsid species. Currently, we 

know of only two other species that show geographic variation in the 

expression of escorting behaviour (Chapter III) and that would therefore 

allow an analysis of hybrid offspring; however, it is likely that future research 

on sepsid mating behaviour will uncover additional species with 

behaviourally divergent populations. 

The results of my behavioural genetics study have shown that male 

escorting behaviour is controlled by at least three independently segregating 

loci (Chapter V). This estimate stands in contrast to the patterns of 

inheritance shown by the Random Amplified Polymorphic DNA markers 

used in my paternity analyses investigating sepsid patterns of sperm 

precedence (Chapter I). The results of this study seem to indicate that, in 

general, there is very little segregation between loci in the sepsid males' 

genome. In order to uncover the basis of these discrepancies, we now need to 

look at the cytogenetics of sepsid males. Through in-situ hybridization with 

probes developed from RAPD loci, we may be able to investigate the reasons 

for the peculiar co-segregation of the males' diagnostic markers. 

Finally, the behavioural assays used in the genetic analyses revealed 

that the genotype of the ovipositing female had an effect on the expression of 

male escorting behaviour (Chapter V). While I was unable to examine the 

nature of the female influence, this information could be obtained through 
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detailed observations of male-female interactions in laboratory experiments 

using genetically distinct strains. This research may also be relevant to studies 

of the significance of female choice in the determination of male mating 

success. 

The list of potential research to be conducted in sepsid reproductive 

biology is boundless. Budding black scavenger fly connoisseurs have a vast 

number of topics to choose from. With novel discoveries in sepsid sexual 

behaviour hitting the newsstands almost on a monthly basis, this is an 

exciting time to ponder the how and why of dung fly intimacy. All it takes to 

join the ranks of coprophilous explorers is a love of elusive research projects 

and a certain tolerance for aromatic substrates. 
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APPENDIX A 

Nucleotide Sequences Of Diagnostic RAPD Primers 

Primer Nucleotide Sequer\ce 

OPA-01 CAGGCCCTTC 
OPA-10 GTGATCGCAG 
OPB-07 GGTGACGCAG 
OPB-08 GTCCACACGG 
OPB-12 CCTTGACGCA 
OPB-18 CCACAGCAGT 
opi>oi ACCGCGAAGG 
OPD-02 GGACCCAACC 
OPD-07 TTGGCACGGG 
OPD-11 AGCGCCATTG 
OPD-16 AGGGCGTAAG 
OPD-20 ACCCGGTCAC 
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APPENDIX B 

Populations, Habitats, And Substrates Used For Behavioural Observations 

And For The Collection Of Founders For Laboratory Populations 

Sptdn Popttl«tien Colltction titt Habitat type Ovipoaitien subtirait 

DUrmunnniM «. t». TKiiUnd Th«iUnd Unknown Uniuuiwn 
MtropUuB mtmmf IthMA lllUQi. New York. USA Unkmnvn UnkntTwn 

Semeped* mtUtuU A4b«ch UMrr. Kantnn 2unch, SwttzerUnd UrtMn park Di^k feces 
IttUCI llfwiu. N«w York. L5A UnkiHiwn Unknown 
Modcnbachul Modcnb*chtal ncir LaocUu. pAUlirw. Cemuny Dcaduous forest AssiKtated with fungt 

(Cbr/irws ^ no tnripoMtttjn 
t>tMrrv-ed at time cW cdlerdiin 

PttM4oup$t$ diPtnifermtt Li» AJturu Lm Alturu Aiid ttation. Cuio Bnis. CoiM RJca Caltkc pasture Cow dung 
P*tatettp»u mitt* CurcuvMJo CurcuvAdo NadutMl Park. Om PensuisuU. Cu*U Rica Hone pasture Horse dung 

Ljt Alturas Las Altuns fWd staOon. Coto Brus. Cmta Rica CAttle pasture Cow dunK 
pltuniii La9 Alturu Lu Alturas ficki sUtton. Goto Brus, C«ta Ria CAttie pasture Cow dung 

PtUu9t€p%t» fmsio Us Alturu Las AJturas fkkl sCAlKm. Cino Bms. Cmta Ria CAttle pasture CiTw dung 
P4I0 Vcrdc Palo Vcrtie flckl stadun. Cuanacaste. Custa Rica CAttle pasture CtTwdung 

Pa/Mowpiu pahtchattm Lu AlturM Las Alturas Add ttation. Cotn Brus. OnU Rica CAttle pasture Cow dung 
tphond̂ lii D^hicTn 

Cmfenier 
InsOtut fur TierzuchtunK, BerlUvOahiem. Cvrntany 
U»trr. Kantm Zurich. Switzerland 

CAttle pasture 
CAttle pasture 

Cow dun 
Cow dung  ̂

K^Ikatetn Kalksfrtn. MccUent»irx*Vnrp»mmem. CermAny CAttle pasture Feeding «>n flowers, not 
AMxnated with tTvipositum 
lubstrate at lime of aHlecnon 

MoicnbAcftul .Modenbachtal. SuilUdte WeuutTatfc. PaUcuu. Gernwinv CAttle pasture Ci>w dung 
Nurd nun Nimlnun Meadows. Pnest Lake. Bonner Co.. lUaN*. USA CAttle pasture C(7w dung 

St for Scott Ranch. St loe River. Shoshone Ca. IdAho. USA CAttle pasture Cow dung 
Tuoivi CAmpus AKHcuiturAi Center. Pima Co.. AnmnA. USA CAttle pasture Cow dung 

WehrUnd Wehrtand. Mecklenburg-Vorpommem. CermAnv CAttle pasture Cow dung 

SepMu bifUxuota D«hlcm [nsQtut fur TierzuchtunK, Bertin-DAhiem. Cermanv CAttle pasture Cow dung 

NtodcntMchUl MtxienbachtaL Sudllche Wetnatralie. PAldtuu. Cermanv CAttle pasture Cow dung 
Nordnwrn Nordman Meadows. Pnest Like. Bonner Co. IdAho. USA CAttle pasture Cow dung 
Stloe Scott Ranch. St |oe River. Shtnhune Co.. IdAho, USA CAttle pasture Cow dung 
Tuom CAmpus Afcnculturai Cendcr. PlmA Co-. Aruoru. USA CAttle pasture Cow dung 

Sqnts ĉ tpuM 0«hicm tnsntut fur TierzuchtunK. Berlln>DAhiem. Cermanv CAttle pasture Cow dung 
NfodcntMchul Modenbachtal near LarxlAu. PAlAttna. CermAnv Cattle pasture Cow dung 

Sfptit liUptiCMU D«hletn trtsatut fur TierzuchtunK, Derlin-DAhiem. Cermanv CAttle pasture Cow dung 
NIodcniMchUl Stoden bach Lai near LandAu. PAlAttru. CermAnv CAttle pasture Cow dung 

Sfjnu /Unmtma Ddhkm InsQtut fur TierzuchtunK, BertirvDahlem. Cermanv CAttle pasture Cow dung 
Cmfhiaee Ustrr. Kantm Zunch. Switzerland Cattle pasture Cinv Jung 
ModcnbAchul Modenbachtal near Landau. PAlAtinA. Cernvinv Cattle pasture Cow dung 

S*ptu ftitgmM McklcntMchtAl Modenbachtal near LandAu. PAlatina. Cermanv Cattle pasture Cow dung 
Srpsu wocynipMa Bear WaUow Bear Walkiw. Sta. CaeaiinA Mts.. Ptma Co.. Anaona. USA Conifer forest Cow dung bait 

Nordmin Sordman Meadows. Pnest Lake. Bonner Co., IdAho. USA Cattle pasture Cow dung 
Stnu RiU Santa Rita Ranch. Ptma Co.. Aruona, USA Desert ranKcland Cow dung 
St {« Scots Ranch. St tot River. Shoahunc Co.. Idaho. USA Cattle pasture Cow dux>g 
Tuofxt Cimpus AKncultural Cendrr. Pima Ca. Arizona. USA Cattle pasture Cow dung 

Sqnta oitfcociwmu Dahlcm Institut fur TierzuchtunXr Berliri'Dahlem. Cermanv Cattle pasture Cow dung 
MudcntMchUl ModenkMchtal near Landau. Palatina. Cermanv Cattle pasture Cinv dung 

Stptu ptmctum A4bKh Usder. Kantm Ziinch. Switzerland UrtMn park Drg frees 
BcarWdknv Bear Walknv. Sia. CataiinA Mts., Pima Co.. Aruuna. USA Conifer Forest Cow dung bait 
EbPoblets Els Poblets. Alicante. Spam Orange orchard Dogfnes 
CninewAldxe Crunewaldsee. BerllivGrunewaid. Cermanv Deaduous Finest Dog feces 
NtodenbichUl Modenbachtal near Landau. Palatiru. Cermanv Cattle pasture Cow dung 

Nordnun .\ordm«n Meadows. Pnei Lake, DunnerCa. Idaho, USA Cattle pasture Cow dung 
S«nti Rita Santa Rita Ranch. Pima Ca. Aruona. USA Desert ranxelaitd Cow dung 
St Joe Scott Ranch. St loe River, Shoshone Ca. Idaho. USA Cattle pasture Cow dung 

StpMuttamdm Las Altuns Las Alturas flekl station. Coto Brus. Costa Rica CAttle pasture CoH- dung 
S«nu Rlu Santa Rita Ranch. Pima Ca. Aruona, USA Desert rangeUnd Cow dung 
Tucxn Ompus AKncultural Center, Ptma Ca. AnzoM, USA CAttle pasture Cow dung 

SeptU thoractcM OUv« Oliva, Alicante, Spam Sheep pasture Sheep dung 
5qni»vtearim Smith Cfcek Smith Cnrek. Kaniksu NatL For.. BoundAfv Ca. Idaho, USA Forest rangeiand Cow dung 

StkK Scott Ranch. St foe River. Shoshone Ca. Idaho. USA Cattle pastxire Cow dung 
Themin tiumttpo WeaiRArten WetnKArtm near Neustadt/Wetnstra^ Palattna. Cermanv Vegetable field Organic fertilizer (manure)? 
Tktmtn fltvitttsm iitMca Ithaca. New York. USA UrtMn envirocunent Compost 
Thman miner NordRun Nofdman Meadows. Pnest LAke. Borvter Ca. IdAho, USA CAttle pasture Mud cuntaming cow dung 

Stfuc Scott Ranch. St toe River. Shoshone Ca, Idaho. USA CAttle pasture Mud conuiruni; cow dung 
and goiBc droppinip 

Tlwaitm putris Ekhe SewAKB pUnt Ekhe. Brandenburg CcrmARV EvAporabun bA»u\s Sewage 
Stfue Scott Ranch. St |oe River. Shoshone Ca. Idaho. USA Ottle pasture Mud containing cow dung 

and goose dropptngs 
Xtnoaepits fkkuhMni Dahlem Insdtut fiir TiemchtxmK, BerliivOahlem. Cermanv Manure pUe Chicken manure 
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