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Organismal life histories evolve as syndromes, resulting in correlated evolutionary dif-
ferentiation of key traits that ultimately aid in discerning species. Reproductive success 
depends both on the absolute body size of an individual and its size relative to the oppo-
site sex: sexual size dimorphism. In an attempt to further elucidate their coexistence 
and ecological diversification, we compared standard life history (first reproduction, 
clutch size, egg size) and associated reproductive trait differentiation of 15 widespread 
European sepsid fly species (Diptera: Sepsidae) under laboratory common garden con-
ditions. Despite relatively uniform body sizes, sexual dimorphism ranged from female- 
to male-biased, and development time varied twofold across species. We expected, and 
found, the abundant and relatively large species (Sepsis cynipsea, punctum, thoracica) 
with often male-biased SSD to lay larger but fewer eggs and show fast-developing, fast-
reproducing life histories with aggressive (coercive) mating behavior characterized by 
short mating latencies and male conflict. In contrast, the smaller and more dispersed 
species with female-biased SSD (S. flavimana, orthocnemis, violacea) laid smaller but 
more eggs, showing a generally slower life history with long and delayed copulation 
and oviposition, high mating reluctance fostering extensive inter-sexual conflict, and 
more elaborate male (pre-)copulatory courtship. Two Saltella species were exceptional, 
being large, developing slowly, nevertheless copulating soon after adult emergence, 
profusely and briefly. The documented life history differentiation seems partly driven 
by sexual selection leading to male-biased dimorphism, rather than undetermined 
ecological selection, but regardless appears insufficient to explain the coexistence and 
diversification of these sepsid species in European pastoral landscapes.

Keywords: coexistence, Diptera, dung flies, egg size–number tradeoff, life history, 
mating behavior, reproductive traits, sexual size dimorphism

Introduction

According to the competitive exclusion principle of community ecology, species 
are expected to inhabit different ecological niches. Niche differentiation typically 
involves spatial and/or temporal partitioning of resources, leading to the evolutionary 
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differentiation of key traits that ultimately characterize a  
species’ natural history (Abrams 1987, Holt 2009, Levine 
and HilleRisLambers 2009). This first and foremost con-
cerns life history traits, i.e. the traits most closely linked to 
fitness, such as growth rate, age and size at first reproduction, 
offspring number, longevity, propagule size, etc. These traits 
rarely evolve singly but rather in a concerted manner, lead-
ing to correlated evolution (Lande 1980, 1982, Roff 1992, 
Stearns 1992). Traits covary because energy and time invest-
ment into one trait often comes at the expense of another 
(Schluter  et  al. 1991, Roff 1992, Stearns 1992, Rowe and 
Houle 1996). For instance, larger size often requires longer 
or faster development and/or growth (Roff 1980, 1992); 
or increased investment into specific offspring typically 
results in a reduced number of other offspring (Smith and 
Fretwell 1974, Blanckenhorn and Heyland 2004). Due to 
such tradeoffs, life histories often evolve as syndromes with 
several traits changing in a correlated fashion, similarly 
across species (e.g. r/K or fast/slow strategists: Begon  et  al. 
1986, Tauber  et  al. 1986, Roff 1992, Stearns 1992, Nylin 
and Gotthard 1998). Life history traits further co-vary with  
various other characteristics of a species, as organismal life 
histories have been found to be associated with the expression 
of secondary sexual traits (e.g. male forehead coloration in 
flycatchers: Gustafsson et al. 1995), behavior (Blanckenhorn 
2005, Shuker and Simmons 2014; e.g. mobility and aggres-
sion in water striders: Blanckenhorn et al. 1995), physiology 
(e.g. lipid accumulation towards the winter: Tauber  et  al. 
1986), or even genome size (body size and growth in crusta-
ceans: Persson and Hessen 2009).

Body size is a trait closely associated with many life history 
traits and individual fitness. This is because the evolutionary 
benefits of being large are manifold (and the benefits of small 
size few and enigmatic: Blanckenhorn 2000), such that natu-
ral selection for large size is common in males but also females 
(Honek 1993, Andersson 1994, Kingsolver and Pfennig 
2004, Fairbairn  et  al. 2007). In gonochoristic species with 
separate sexes, reproductive success often strongly depends 
on the number and quality of mating partners, i.e. sexual 
selection (Bateman 1948, Andersson 1994). Because sexual, 
fecundity and viability selection pressures are sex-specific and 
contingent upon the mating system (Emlen and Oring 1977, 
Fairbairn et al. 2007, Shuker and Simmons 2014), reproduc-
tive life history traits are expected to differ between the sexes 
and across different mating systems. Moreover, reproductive 
success not only depends on the absolute size of an individual 
but also on its size relative to the opposite sex (i.e. sexual 
size dimorphism, SSD), because the larger sex may in general 
be better able to control mating (Andersson 1994, Eberhard 
1996, Ding and Blanckenhorn 2002, Blanckenhorn 2005). 
Thus, when females are larger, they tend to be better at reject-
ing males by various behavioral mechanisms and therefore 
at choosing whether to accept a mate or not. Consequently, 
species with female-biased SSD are expected to show strong 
female choice and/or scramble competition (Eberhard 1996). 
In contrast, males may coerce females if they are larger and/or  

stronger, such that species with male-biased SSD tend to 
show strong male–male competition, as in the classic cases 
of resource defense polygyny of large, group-living mammals 
(Wilson 1975, Emlen and Oring 1977, Andersson 1994, 
Blanckenhorn 2005). All this implies that the mating system, 
the direction of dimorphism, and whether males show copu-
latory courtship and/or coercive behavior are, at least con-
ceptually, closely intertwined. For example, the frequently 
observed interspecific increase of male-bias in SSD with aver-
age species size, termed Rensch’s rule (after Rensch 1950), 
is often associated with sexual selection on male size, even 
when males are smaller than females (Fairbairn 1990, 2005, 
Abouheif and Fairbairn 1997, Blanckenhorn et al. 2007a, b).

Comparative studies often investigate distantly related 
groups of species that strongly differ in their ecology 
(Cheverud  et  al. 1985, Abouheif and Fairbairn 1997, 
Blanckenhorn et al. 2007a, b). However, it is also necessary 
to compare closely related species with similar ecologies, 
thereby reducing confounding environmental effects and 
selective pressures (Fairbairn 1990, Andersen 1997). We here 
provide such a comparative study of European black scaven-
ger flies (Diptera: Sepsidae; Pont and Meier 2002, Ang et al. 
2013; < http://sepsidnet-rmbr.nus.edu.sg/ >). These flies are 
a common part of many coprophagous (i.e. dung-eating) 
invertebrate communities in natural and (human-)managed 
grasslands worldwide (Hammer 1941, Rohner  et  al. 2015, 
Jochmann and Blanckenhorn 2016) and generally depend 
on decaying organic matter for reproduction and juvenile 
development. Multiple widespread species with apparently 
very similar ecological niches coexist in Europe, and all 12 
Sepsis species occurring in Switzerland may be found on the 
same pasture (Rohner et al. 2014, 2015, 2019). Sepsids have 
received considerable attention in behavioral ecology and 
evolutionary research because of their diverse mating sys-
tems (Eberhard 2001a, 2003, Kraushaar and Blanckenhorn 
2002, Mühlhäuser and Blanckenhorn 2002, Martin and 
Hosken 2004, Tan et al. 2011, Puniamoorthy 2014, Rohner 
and Blanckenhorn 2018) and extraordinary secondary sexual 
morphology of forelegs and convergently evolved abdominal 
appendages (Eberhard 2001b, Bowsher and Nijhout 2009, 
Bowsher et al. 2013, Herath et al. 2015, Baur et al. 2020a, b). 
Mating systems range from species with classic female choice 
and scramble competition to systems with pronounced male 
competition (cf. Shuker and Simmons 2014), with associ-
ated changes in morphology (e.g. male forelegs), life history 
(e.g. growth and development rates) and mating behavior 
involving various traits such as mating duration, mate choice, 
intra-specific aggression, pre-copulatory and copulatory 
courtship, which together co-define the mating system of any 
particular species (Eberhard 2001a, b, 2003, Pont and Meier 
2002, Puniamoorthy et al. 2009, Rohner et al. 2016, 2018). 
We have described at least two independent intraspecific 
shifts from the ancestral female-biased SSD to male-biased 
SSD (Rohner et  al. 2016) with a mating system character-
ized by male–male competition associated with increased 
investment in male ornaments or armaments (Dmitriew and 
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Blanckenhorn 2012, 2014, Puniamoorthy  et  al. 2012a, b, 
Rohner et al. 2016, 2018), in addition to some similar inter-
specific shifts (Rohner et al. 2016, Rohner and Blanckenhorn 
2018). We thus suspect that mating systems evolve fast in 
this insect group, without much phylogenetic inertia (cf. 
Puniamoorthy et al. 2009, Puniamoorthy 2014).

Despite considerable research on the behavior and life his-
tory of sepsids it has not been systematically assessed whether 
and how mating system variation relates to general life history 
syndromes, reproduction and dimorphism at the comparative 
level in this fly guild. We here combine two long-term labora-
tory data sets on the most common European sepsid species, 
which were collected over several years using standardized 
methods, to investigate interspecific associations between vari-
ation in SSD, mating behavior and life history. To ultimately 
better understand the coexistence and ecological diversifica-
tion of multiple similar sympatric sepsid species (Pont and 
Meier 2002, Holt 2009, Levine and HilleRisLambers 2009), 
we test for interrelations among several life history and behav-
ioral characters, thereby also providing essential natural his-
tory information for this insect group that is currently lacking. 
As behavioral variation associated with a given mating system 
may evolve to be genetically fixed (Ding and Blanckenhorn 
2002), we expected species with male-biased SSD to show 
rapid and aggressive (coercive) mating behavior characterized 
by short mating latencies and male conflict. Species with large 
males should also lay smaller clutches of large eggs, if large egg 
size indeed mediates fast offspring development and growth 
(Fox and Czesak 2000). In contrast, species with female-
biased SSD should show high levels of mating reluctance 
fostering extensive inter-sexual conflict and more elaborate 
male (pre-)copulatory courtship, in combination with high  
female egg output (Eberhard 1996, Blanckenhorn  et  al. 
2000). These groupings largely reflect the classic slow–fast 
reproductive life history axis, but also e.g. the common egg 
size – egg number tradeoff (Roff 1992, Stearns 1992).

Methods

General laboratory methods and fly husbandry

Standard life history traits are often listed in taxonomic com-
pendia for many animal groups, as they aid in characterizing 
and differentiating closely related species (Pont and Meier 
2002 for sepsids). Such compendia typically derive taxo-
nomic, natural history and other biological information from 
field observations or extraneous reports in the literature, at 
whatever environmental conditions or locations. At least for 
small species such as insects, life history and behavioural traits 
can alternatively be systematically assessed comparatively in 
the laboratory using so-called ‘common garden’ approaches. 
Such controlled experiments have the advantage of making 
traits more directly comparable by minimizing confounding 
extraneous environmental effects (Roff 1992), although labo-
ratory data may not well reflect the situation in the wild for 
any particular parameter or species.

Over several years, we have assembled two separate though 
overlapping (in terms of species) data sets for 15 (female 
reproductive traits) and 9 (behavioral traits) sepsid taxa com-
mon in Europe, which we here summarize and use for the 
purposes outlined above. Species composition was haphazard 
because we had different sets of species/populations in culture 
at the different times when the data were collected. Because 
the widespread Sepsis punctum (Dmitriew and Blanckenhorn 
2012, Puniamoorthy  et  al. 2012a, b) and S. neocynip-
sea (Rohner  et  al. 2016, Giesen  et  al. 2017, 2019, Rohner 
and Blanckenhorn 2018) also occur in North America, and 
because continental populations display strong intraspecific 
variation in mating system and size dimorphism (Baur et al.  
2020a, b; op. cit.), we included a North American popula-
tion of both species in one of our data sets for direct compari-
son (from Ottawa, Ontario (45°40′N, 75°65′W; ca 100 m 
altitude) and Lamar Valley, Montana (45°01′N, 110°02′W, 
ca 2300 m), respectively), treating these as independent evo-
lutionary lineages (i.e. subspecies; Fig. 1). European test indi-
viduals of all species came from around Zurich, Switzerland 
(47°34′N, 8°54′E; ca 450 m), except S. neocynipsea, which 
stemmed from nearby Sörenberg, Switzerland (46°87′N, 
8°27′E; ca 1100 m), as it is rare in the lowlands.

All flies used were derived from cultures held in the lab-
oratory in standard ways for variable amounts of time that 
were originally derived from multiple (at least 10, often many 
more) field-caught females (see Blanckenhorn  et  al. 2000, 
2002, Puniamoorthy  et  al. 2012a, b, Rohner  et  al. 2016 
for more details on our general rearing methods). At least 
two replicate 3-liter (2.2 × 1.2 × 1.2 dm3) plastic containers 
equipped with ad libitum sugar, water and cow dung were 
available per species/population, which typically held ca 200 
adult flies and were kept at 20–21°C (i.e. room temperature), 
60% RH and 14 h light.

To obtain test individuals, laboratory cultures were pro-
vided with 2–5 oviposition plates filled with homogenized, 
previously frozen cow dung. After 24 h, these oviposition 
plates were moved into another container kept at 20–21°C. 
Emergence of adult flies was checked daily (after ca 2–3 
weeks). Newly emerged test flies were collected within 24 h 
upon eclosion, separated by sex (to avoid untimely mating), 
and subsequently kept singly in glass vials equipped with 
sugar and a small plastic dish (22 × 22 × 11 mm) filled with 
cow dung. In case of the female reproductive data set, the 
oviposition plates were large petri dishes to generate females 
of maximal body size at low larval densities; in the case of the 
mating behavior data set, flies of a wide body size range were 
generated by varying dung quantity and/or larval density (as 
in Rohner et al. 2018).

Female reproductive trait differentiation

To quantify key reproductive traits of 15 (sub)species early 
in adult life, we allowed focal females to mate with at least 
one male starting 24 h after eclosion. Because adult sepsid 
individuals live for variable amounts of time in the labora-
tory (typically for 1–2 months) and may mate repeatedly, we 
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focused on early reproduction, which is more directly compa-
rable across species and more relevant under field conditions. 
About 20–30 virgin test females per species were kept singly 
in glass vials and provided with mature males haphazardly 
chosen from individuals emerging from the petri dishes on 
a daily basis. To assure fertility and mating experience, males 
were 5–10 days older than the focal females (cf. Teuschl and 
Blanckenhorn 2007); beyond copulation males were irrele-
vant for this (female) data set. We observed all pairs for a total 
of 1 h per day, 3–5 at a time. Copulations were only scored as 
such if genital contact was established. Whenever copulation 
took place, we scored mating latency (the time since the start 

of the mating trial on that day) as well as copulation dura-
tion (to the minute). Thereafter, males were removed and 
females were provided with fresh dung. In case females did 
not copulate, the mating trial was repeated on the next day 
with another random male. Females that did not copulate by 
the age of 14 days were discarded.

After copulation, we scored the female’s age (i.e. day) at 
first reproduction, egg number (clutch size) and egg size to 
quantify early fecundity and female reproductive invest-
ment. To do so, we checked for oviposition every 24 h. Once 
females laid their first clutch, we counted all eggs and photo-
graphed 3–5 eggs (depending on the total number available) 

Figure 1. Sexual body size dimorphism (SSD; i.e. female and male head width ± SD) of all species covered in this study, all estimated under 
ideal nutritional (i.e. competition-free) laboratory common garden conditions, mapped onto the underlying phylogenetic relationships 
(data from Rohner et al., 2016). The original female-biased SSD (females larger) has evolutionarily reversed multiple times towards male-
based SSD (males larger), especially in large species.
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per clutch using a camera mounted on a microscope to later 
estimate egg volume using the formula for an elipsoid (egg 
volume = 1/6 × π × egg length × egg width2). Even though 
sepsids tend to lay more or less discrete clutches, females 
sometimes take more than 24 h to lay all eggs. Hence, we also 
counted the number of eggs a female laid on the following 
day (only ~17% of all (i.e. 71 of 417) females laid additional 
eggs on the second day). Thereafter, females were stored in 
70% ethanol to later measure their hind tibia length as an 
estimate of body size. Females that did not lay eggs after 14 
days upon copulation were discarded.

Mating behavior differentiation

To quantify the (male and female) mating behavior of 9 
sepsid species early in adult life, we conducted mating tri-
als similar to those described above. Virgin females eclosed 
2–4 days before were kept singly in glass vials and provided 
haphazardly with a virgin male. Males mature earlier than 
females and already come with sperm from the juvenile phase 
but were typically of similar age (Teuschl and Blanckenhorn 
2007). We observed all pairs for a total of 30 minutes or until 
copulation occurred. We scored 1) the time of the first male 
mating attempt (= male mating latency), 2) the total number 
of male mating attempts that occurred (in 30 min, or until 
copulation occurred), 3) the cumulative duration of female 
shaking to dislodge the male (before copulation occurred), 
and 4) whether copulation occurred or not, to estimate the 
overall mating probability of virgin flies. The first two traits 
largely reflect male aggressiveness in obtaining matings (Ding 
and Blanckenhorn 2002), the third trait reflects female reluc-
tance to mate and/or female choice (Blanckenhorn  et  al. 
2000, 2002), while copulation ultimately results from the 
actions of both mating partners. As above, we measured both 
individuals’ body size (head width) after the mating trial. We 
did not correct our data for the shorter observation period in 
case copulation occurred, on which some of the behavioral 
data are contingent, as we primarily wanted to characterize 
the behavior and mating system of the species.

Statistical analysis

For both data sets separately, we subjected the correlation 
matrix of species means for all traits measured to a phylo-
genetically corrected principal component analysis (PCA) 
to find the major axes of species differentiation, using the 
R-package phytools (Revell 2012). To account for phylo-
genetic non-independence, we constructed a composite 
cladogram based on published phylogenies (Su et al. 2008, 
Rohner et al. 2014, Lei et al. 2013; Fig. 1). As mating latency 
data were not available for all species, this trait was eventually 
excluded from the overall analysis but is nevertheless docu-
mented for the sake of completeness. Because PCA finds the 
axis that best differentiates between species but not necessar-
ily the axis most strongly associated with sexual size dimor-
phism, we also used partial least squares regression (which 
in this case is similar to multivariate regression: Geladi and Ta
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Kowalski 1986), as implemented in the R-package plsdepot 
(Sanchez 2012) to find the linear combination of all life his-
tory or mating behavior variables that best explains variation 
in SSD.

Though quantitatively (but only rarely qualitatively) vari-
able within species, the species’ dimorphism was deliberately 
estimated by the sexual dimorphism index (SDI) of Lovich 
and Gibbons (1992) using extraneous data from Rohner et al. 
(2016) and Rohner and Blanckenhorn (2018) of flies reared 
at overabundant food (i.e. dung), to obtain a representative, 
reliable value (as recommended by Fairbairn et al. 2007). To 
calculate SDI, we divided the mean size of the larger sex by 
that of the smaller sex and subtracted 1 from this ratio, and 
arbitrarily assigned positive signs when females are the larger 
sex and negative signs when males are larger. Thus, for both 
data sets separately, the actual body size of the flies was used 
for the analyses (because this value affects reproductive traits), 
while SSD (SDI) was estimated from the data in Fig. 1.

Results

Female reproductive trait differentiation

The phylogenetically corrected PCA including all female 
reproductive traits revealed that life histories of closely related 
European sepsid fly species are diversified predominantly 
along the body size − development time and the female 
reproductive trait (particularly egg size and egg number) axes 
(Table 1, Fig. 2). The presumably maximal mean body size 
of females in situations of low to no larval competition (here 
estimated by hind tibia length, a common proxy for body 
size in these flies) varied from 1.07 mm in the by far smallest 
Sepsis duplicata to 1.67 mm in European S. punctum, the larg-
est species in our dataset (Table 1). Mean development time 
varied more across species, from roughly 11 days (at 21°C) 
in S. thoracica, a relatively large species, to 22 days in S. flavi-
mana, a rather small species (Table 1). First clutch sizes varied 
between 45 and 60 for most species, with S. flavimana, S. 
orthocnemis and S. violacea being exceptional in laying 75–90 
eggs. The latter species at the same time laid particularly small 
eggs (around 8 mm3), whereas the eggs of similarly-sized S. 
cynipsea, S. punctum and S. thoracica are almost double that 
size (Table 1). Sepsis flavimana, S. orthocnemis and S. violacea 
further feature the slowest initiation of reproduction (adult 
age at first reproduction > 9 days) and the longest copula-
tion durations (> 30 min), while for the other Sepsis these 
two traits average around 20–25 min and 7 days, respectively. 
In these three species, the late and long copulations were 
accompanied by prolonged pre-copulatory stimulation of the 
female abdomen by the male with his paired genital clasp-
ers (‘surstyli’; cf. Eberhard 1996, 2001a, Puniamoorthy et al. 
2009; data not shown). Saltella are exceptional in that they 
copulate already 1–2 days after adult emergence, profusely 
and briefly (ca 5 min; cf. Martin and Hosken 2004, Tan et al. 
2011). Differences between the continental S. neocynip-
sea and S. punctum populations/subspecies were minor in 

comparison, especially when accounting for their size differ-
ence (Fig. 2, Table 1).

Mating behavior differentiation

Analogous PCA of the behavioral data set showed diversifi-
cation of sepsid species with regard to mating latencies and 
whether female shaking occurs or not in response to recur-
ring male mating attempts (Fig. 2). Sepsis orthocnemis and 
S. violacea, but also S. fulgens and S. duplicata feature long 
male mating latencies (= time to first mating attempt), while 
Saltella sphondylii and also European S. punctum initiated 
mating quickly and aggressively (Table 2). The frequency of 
male mating attempts did not vary greatly among species, but 
only S. cynipsea, S. punctum EU and Themira minor displayed 
significant female reluctance in terms of shaking off mounted 
males (cf. Blanckenhorn et al. 2000, 2002, Mühlhäuser and 
Blanckenhorn 2002; Table 2). Mating probabilities were 
high (> 50%) in those (large) species that mate aggressively 
and whose mating system is characterized by sexual conflict 
(S. cynipsea, thoracica, punctum EU and Saltella sphondylii; 
Blanckenhorn  et  al. 2002, Martin and Hosken 2004), but 
low in all other species.

Interrelations between SSD, life history and 
behavior

Variation in sexual size dimorphism, which is substantial and 
likely not strongly constrained by phylogeny (Fig. 1), and 
which in our analyses provided the common link between 
the two data sets, aligns well with behavioral and reproduc-
tive trait variation among species. Based on the loadings on 
the first principal component (PC1) (as well as the loadings 
on PLS1; Supplementary material Appendix 1 Table A1), the 
evolution of more female-biased SSD (i.e. increasing SDI) 
is associated with a longer male mating latency, less female 
shaking (i.e. less sexual conflict), small average body size, and 
a low mating probability (Fig. 2, right panel for the behav-
ioral data set; Table 3). A more strongly female-biased SSD 
across species further associates with longer and later copu-
lation and reproduction, increased clutch size with smaller 
eggs, and prolonged development (Fig. 2, left panel for the 
female reproductive trait data set; Table 3).

Discussion

Our comparative life history study of 15 coexisting European 
sepsid taxa revealed that these flies are diversified predomi-
nantly along the body size–development time (which was 
found before: Blanckenhorn et al. 2007a, 2013, Rohner and 
Blanckenhorn 2018) and the female reproductive trait axes 
(which is our new contribution: first reproduction, clutch 
size and especially egg size; Fig. 2, Table 1). Traits characteriz-
ing male and female mating behavior furthermore align well 
along the slow–fast reproductive continuum (Table 2). The 
most abundant and relatively large species Sepsis cynipsea, S. 
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punctum and S. thoracica (Rohner et al. 2015, 2019, Busso 
and Blanckenhorn 2018a; Fig. 1) feature clutch sizes of 
around 45–60 large eggs (ca 16 mm3), whereas the rarer and 
more dispersed S. flavimana, S. orthocnemis and S. violacea 
lay much smaller (ca 8 mm3) but more eggs (75–90), suggest-
ing an egg size – egg number tradeoff across species (Smith 
and Fretwell 1974, Roff 1992). The latter species are further 
characterized by late reproduction and long copulations (> 
30 min), indicating a generally slow life history, in contrast to 
the former species and especially Saltella. The relatively large 
(Fig. 1) Saltella are exceptional in that they copulate very soon 
(1–2 days) after emergence, featuring brief and repeated geni-
tal insertions (ca 5 min; see also Martin and Hosken 2004, 
Tan et al. 2011). The faster life history of the first group of 
species is further indicated by frequent copulations, fast and 
recurrent male mating attempts, and female reluctance to 
mate (expressed by shaking) in the behavioral assays (Table 2). 
Most of the slow-reproducing species show less aggressive 

mating behaviour, except perhaps the very small (Fig. 1) 
Sepsis duplicata, the only species here that displays elaborate 
male precopulatory courtship (cf. Puniamoorthy et al. 2009). 
Importantly, low SDI indices (indicating male-biased sexual 
dimorphism) are associated with high mating probabilities 
in those large species that mate aggressively or whose mating 
system is characterized by sexual conflict (Blanckenhorn et al. 
2002, Martin and Hosken 2004; S. cynipsea, S. thoracica, S. 
punctum and Saltella sphondylii), but low in all other species. 
We could thus roughly identify three life history groupings, 
which are detectable in Fig. 2, based on their reproductive 
strategies, in this closely related guild of European sepsid 
dung flies, and documented classic life history differentia-
tion outlined by standard theory (Stearns 1992, Roff 1992, 
Fox and Czesak 2000) that aligns well with mating system 
variation.

By focusing on sexual size dimorphism (SSD), which 
provided the main common link between our two disjunct, 

Figure 2. Female reproductive trait (left) and mating behavior trait diversification (right) for 15 and 9 (respectively) European sepsid (sub)
species based on their phylogenetic principal components (Supplementary material Appendix 1 Table A1).

Table 2. Summary of assessed male and female mating traits for 9 species of sepsid flies (behavioral data set).

Species
 Head width (mm ± SE)

n 
Male latency 

(min)
Male attempts 

(no.)
Female 

shaking (min) Proportion mated
Total 
pairsMales Females

Saltella sphondylii 1.00 (± 0.02) 1.01 (± 0.02) 42 3.31 (± 0.78) 1.86 (± 0.19) 0.32 (± 0.10) 0.65 (± 0.07) 55
Sepsis cynipsea 0.83 (± 0.01) 0.92 (± 0.01) 189 7.60 (± 0.42) 2.19 (± 0.13) 5.93 (± 0.64) 0.49 (± 0.03) 267
S. duplicata 0.67 (± 0.01) 0.73 (± 0.01) 33 13.55 (± 0.72) 2.29 (± 0.16) 0.40 (± 0.19) 0.20 (± 0.04) 128
S. fulgens 0.77 (± 0.01) 0.85 (± 0.01) 62 11.94 (± 0.73) 2.13 (± 0.17) 0.12 (± 0.03) 0.06 (± 0.02) 176
S. orthocnemis 0.78 (± 0.01) 0.83 (± 0.01) 27 11.98 (± 1.67) 2.00 (± 0.32) 0.11 (± 0.02) 0.01 (± 0.01) 120
S. punctum EU 0.92 (± 0.01) 0.97 (± 0.01) 61 4.14 (± 0.64) 2.84 (± 0.41) 3.57 (± 0.83) 0.56 (± 0.05) 111
S. thoracica 0.86 (± 0.01) 0.85 (± 0.01) 83 8.02 (± 0.56) 2.20 (± 0.18) 0.55 (± 0.12) 0.63 (± 0.04) 173
S. violacea 0.85 (± 0.01) 0.95 (± 0.01) 11 13.17 (± 2.11) 2.27 (± 0.45) 0.18 (± 0.02) 0.01 (± 0.01) 79
Themira minor 0.81 (± 0.01) 0.88 (± 0.01) 35 9.02 (± 1.17) 2.89 (± 0.41) 2.65 (± 1.26) 0.16 (± 0.05) 52
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descriptive laboratory data sets analyzed, we specifically 
addressed sexual selection as a potential factor responsible 
for the diversification present. As expected by theory (Emlen 
and Oring 1977, Fairbairn et al. 2007, Shuker and Simmons 
2014), we found the mating system variation of sepsids to 
be associated with life history, morphological and behavioral 
differentiation. Species with low SDI (i.e. more male-biased 
SSD) showed increased male reproductive aggression leading 
to high mating rates, suggesting strong precopulatory male–
male competition. Because the evolution of more male-biased 
SSD is associated with larger body sizes (Fairbairn 1990, 
Kraushaar and Blanckenhorn 2002, Fairbairn  et  al. 2007), 
this confirms the link between the intensity (or opportu-
nity) of sexual selection and Rensch’s rule (cf. Abouheif and 
Fairbairn 1997, Blanckenhorn  et  al. 2007b). That is, (pre-
copulatory) sexual selection on males could drive the evolu-
tion of male size and also elicits a (genetically) correlated, 
weaker response in female size, leading to more male-biased 
SSD but also larger mean size of both sexes. At the other end 
of the SSD continuum, some species show very little male 
aggression and particularly long copulations (up to more 
than an hour in Sepsis violacea, and more than 30 min in S. 
orthocnemis and S. flavimana). As these long copulations were 
preceded by copulatory courtship (a repeated, apparently 
ritualized stimulation of the female abdomen with the male 
genital claspers), this suggests a dominant role of pre- (and 
possibly post-) copulatory female choice (Eberhard 1996).

Even though the ecological niche differentiation in 
terms of life history and reproductive traits found here may 
appear minor, we could identify some common life his-
tory syndromes despite the close relatedness of all species 
(Tauber et al. 1986, Roff 1992, Stearns 1992, Fox and Czesak 
2000). There first and foremost appears to be an egg size – 
egg number (i.e. clutch size – egg volume) tradeoff across 
sepsid species, however no body size – development time 
tradeoff. Both tradeoffs are expected by theory though not 
necessarily present within or between some species groups 
(Smith and Fretwell 1974, Roff 1992, 2000, Blanckenhorn 
and Heyland 2004, Fox and Czesak 2000). The two Saltella 
species stand out in exhibiting a live-fast–die-young repro-
ductive strategy with quick and frequent copulations lead-
ing to early death due to high costs of reproduction and 
potentially strong sexual conflict (Arnqvist and Nilsson 
2000, Martin and Hosken 2004). This interpretation aligns 
with strong reluctance to mate expressed by female shak-
ing in several Sepsis species (S. cynipsea: Blanckenhorn et al. 
2000, 2002, Mühlhäuser and Blanckenhorn 2002, Teuschl 
and Blanckenhorn 2007, Giesen  et  al. 2017; European S. 
punctum: Puniamoorthy  et  al. 2009, 2012b; S. thoracica: 
Busso and Blanckenhorn 2018b). The latter three abundant 
European Sepsis species, plus Saltella (Martin and Hosken 
2004), are all characterized by relatively large body size and, 
in the extreme, male-biased sexual size dimorphism or at least 
low SDI (Table 1; Rohner and Blanckenhorn 2018); these 
flies mate selectively and aggressively (i.e. exhibit potentially 
intense sexual selection), and subsequently invest strongly in 
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reproduction by laying (for their size) many large eggs fast. 
The tiny and slow-growing S. duplicata is rather exceptional, 
as it shows elaborate precopulatory male courtship dances 
and oviposits in beetle tunnels to reach the moist interior of 
old and crusty dung pats (Hammer 1941).

Fox and Czesak (2000) identified body size, latitude and 
predation as the main selective forces driving inter-specific 
variation in propagule or offspring size and number. With 
the exception of S. duplicata, the body size of the sepsid flies 
covered here does not vary tremendously. We know little 
about predation or parasite pressure on sepsids in the field 
(but see Busso and Blanckenhorn 2018c), but doubt that it 
differs strongly for the species treated here given they largely 
share the same (micro)habitat on pastures (Rohner  et  al. 
2015, 2019). As we primarily studied species from north-
central Switzerland, latitudinal variation was not an issue 
here. However, we have previously examined intraspecific 
latitudinal (and altitudinal) variation across Europe (and 
North America) of some of these species, and generally 
found merely minor differentiation (Blanckenhorn 1997, 
Puniamoorthy et al. 2012a, b, Berger et al. 2013, Rohner et al. 
2016, Giesen  et  al. 2017, 2019, Busso and Blanckenhorn 
2018a, Roy et al. 2018). Clinal variation at least in egg size 
was somewhat more pronounced and in accordance with 
expectations (larger at higher latitude) in the much larger 
yellow dung fly (Bauerfeind et  al. 2018; but see Roy et  al. 
2018 for contrary results for S. fulgens), however also not 
marked. We therefore conclude that sexual size dimorphism, 
but probably not so much seasonality (for which altitude and 
latitude are common proxies; cf. Blanckenhorn and Demont 
2004) or predation (and parasitoids), contribute to the life 
history differentiation documented here to some extent.

The differences in female reproductive traits found here 
between the continental S. neocynipsea and S. punctum popu-
lations were minor in comparison, as could be expected given 
that they are (still) considered the same species (Pont and 
Meier 2002) and hybridization is possible in the laboratory 
(Schulz 1999, Giesen et al. 2017, 2019). The extent of conti-
nental differentiation remained within the lower left quadrant 
in Fig. 2, and can probably largely be explained by the known 
differences in body size, dimorphism and reproductive behav-
ior between the populations/subspecies (Puniamoorthy et al. 
2012a, b, Rohner  et  al. 2016, Giesen  et  al. 2017, 2019, 
Baur et al. 2020a).

Although all species investigated here (except T. minor) 
commonly co-occur on livestock excrements (at least in cen-
tral Europe), the mechanisms that allow more than 10 closely 
related species of the genus Sepsis to co-exist in the same habi-
tat remain contentious even after this study. Previous stud-
ies suggested little larval substrate specialization (Laux et al. 
2019) and only minor geographic, altitudinal or seasonal 
(including diurnal) variation in occurrence (Rohner  et  al. 
2014, 2015, 2019). Therefore these species have largely over-
lapping ecological niches. We here hypothesized that sepsid 
diversity could be associated with life history and behavioral 
differentiation that may be largely mediated by sexual rather 

than ecological selection. Although our study revealed such 
differentiation, we conclude that it appears to be too sub-
tle to explain the coexistence of so many similar sympatric 
species by ecological diversification (Pont and Meier 2002, 
Holt 2009, Levine and HilleRisLambers 2009). A relation-
ship with sexual size dimorphism could be established in that 
large Sepsis species with (evolutionarily derived) male-biased 
dimorphism tend to show fast-reproducing life histories and 
aggressive mating behavior (Table 1, 2, Fig. 1; Rohner et al. 
2016, Rohner and Blanckenhorn 2018). Moreover, flies 
could further be clustered into two (three) crude reproduc-
tive groupings recognized by standard life history theory 
(Roff 1992, Stearns 1992, Fox and Czesak 2000; Fig. 2). 
Nevertheless, further studies will be necessary to elucidate the 
phylogenetic and ecological differentiation of this fly guild.
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