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Short Summary: Using Bradbury’s expanded criteria for lekking species, the basis of the lek mating
system is assessed in both free-living and captive black soldier fly populations.

Abstract: The black soldier fly, Hermetia illucens (Diptera: Stratiomyidae), is an economically
important fly that is now mass-reared globally to produce livestock protein and frass that can serve
as sustainable alternatives to conventional fishmeal and synthetic fertilizer. The species’ mating
system has repeatedly been described as lekking, though there have been doubts raised as to the
appropriateness of this terminology, especially for captive populations. Hence, the purpose of this
review is to formally evaluate the mating system of the black soldier fly using Bradbury’s expanded
criteria for lekking species to better understand what indeed the natural mating system and behavior
of the black soldier fly is. From an applied perspective, accurately describing the mating system is
important for understanding whether the industrial breeding system is inducing (unintentional)
phenotypic changes. However, it is also important to point out that because the black soldier fly are
not being mass-reared for release into the wild, as would be the case for those reared for Sterile Insect
Technique (SIT), unless a particular mating system can be linked to an increase in fertile egg
production, then there is a very limited reason why that mating system should be preserved in favor
of the more productive one, other than perhaps the discovery of correlated genetic erosion or through
the desire to promote insect-welfare, which places an emphasis on emulating a natural environment,
maintaining natural behaviors, and reducing stress of confined animals.

Keywords: reproduction; behavior; plasticity

Lekking

The lek is a mating system and as first described in1867 in grouses, a group of nesting ground
birds Lloyd 1867); after which it attracted the attention of Darwin (1871), who used observations of
lekking in birds to develop his ideas of sexual selection (Hoglund 1988). Despite this, criteria for
lekking were not formally defined until the 1970’s (Wiley 1974, Bradbury 1977). Lekking is generally
typified by a highly skewed operational sex ratio and the inability of males to economically defend a
resource site (food, water, shelter, nest) where females aggregate (Emlen & Oring 1977). Additionally,
because males are emancipated from parental care, they are then free to establish themselves at a
lekking site where they advertise and jostle for position within a dominance hierarchy. Females visit
the lek! strictly to mate and select dominant males on the basis of their courtship displays (Hoglund
and Alatalo 1995). Decreased male involvement also preadapts males to respond to slight
environmental changes in potential for polygamy (as in, when there are deviations in instantaneous

! Lek —used to describe both the physical site where lekking occurs, and the aggregation of males at that location
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operational sex ratio), allowing them to be opportunistically or facultatively polygamous (Emlen &
Oring 1977).

Tomberlin & Sheppard (2001) reported on a naturalized population in which females aggregated
in the substrate beneath a CAFO at 91.3% operational sex ratio, OSR, (n =123) and males aggregated
in kudzu nearby at 91.9% OSR (n = 109), which agrees with the aforestated definition, but since then,
there have been no additional published reports investigating lekking (per say) in the species (but
see: Lemke et al. 2023, in which a conceptual model was proposed). Still, research has continued to
ascribe this term (and mating system) to a largely captive-living fly, which has experienced a drastic
shift in not only its living conditions via domestication and industrialization (Price 2002, Sheppard et
al. 2002), but also a shift in the selective pressures that give rise and perpetuate the lek mating system
in free-living species, raising the question of whether or not the black soldier fly continues to lek in
captivity. Certainly, in other species such as the Queensland fruit fly (Diptera: Tephritidae) it is the
case that lekking quickly disappears in captive populations (Personal communication, O. Edwards).
Complicating the matter, the term ‘lek’ has not always been used appropriately (Hoffmann & Blows
1992, Shelly & Whittier 1997)%, and the lek mating system can also be plastic (Emlen & Oring 1977),
and exists on a continuum with other mating systems.

This is because the ability of males to monopolize matings (in this case with the females that
periodically enter and leave the lek site) is primarily affected by how spatiotemporal patterns of
resource dispersion trade off with predation pressure, meaning if resources are dispersed, animals
must spend more energy traveling between them. But if those resources are too dispersed, then the
environment itself may preclude resource/mate monopolization, and thus any form of mate
monopolization from evolving as a viable reproductive strategy (Brown 1964). Yet another layer to
consider is that even if resource patches are clumped, there may be physiological limitations that
prevent the organism from utilizing them effectively (Emlen & Oring 1977). In the case of black
soldier flies, an important consideration is how polyphagy enables flies to exploit multiple types of
resources, which might make them more patchy throughout the environment, and indeed polyphagy
is typically associated with lekking, although some species of monophagic Tephtridis still lek in the
wild (Dodson 1986).

Once evolved, the lek system tends to perpetuate itself through the demonstrated preferential
success of the dominant males within a lek, as they have the optimal balance of genetic factors to
influence norms of the population (Brown 1964). This then gives rise to the paradoxes in which (a)
non-dominant males help maintain aggregations despite not necessarily gaining any fitness benefits
from doing so, and (b) genetic diversity across the population is somehow maintained even though
mating is restricted to a few individuals (Borgia 1979, Rowe and Houle 1996). Despite continued
studies throughout the years (e,g,, Taylor and Williams 1982, Rowe and Houle 1996, Dugand et al.
2019) this paradox has yet to be fully resolved.

The occurrence of lekking is now recognized across the Animalia (though it is not ubiquitous in
its occurrence), and has been described in crustaceans (Croll & McClintock 2000), insects (Alcock
1987), tish (Windle & Rose 2007), anurans (Kindermann & Hero 2016), reptiles (Wikelski et al. 1996),
birds (Hoglund and Lundberg 1987), bats (Bradbury 1977), ungulates (Isvaran 2021), pinnipeds
(Boness et al. 2006), and humans (Lycett & Dunbar 2000).

2 Protopiophila litigata Bonduriansky 1995 (Diptera: Piophilidae) are listed as a lekking species by Shelley at
Whittier (1997). While (Bonduriansky & Brooks 1999) describe these flies as aggregating and establishing
territories on ungulate antlers; their behavior does not strictly fit the definition for lekking, because the females
also oviposit either in the meat of the corpse or the cracks in the antlers, making the mating system more closely
resemble resource-defense polygyny.

3 Hoffmann & Blows (1992) conducted a study whose results suggest that Drosophila mycetophaga are not true
lekking species because females were found to oviposit in the exudate of bracket fungi, where males also

aggregate.
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The criteria for lekking species established by (Bradbury 1977) have since widely been used and
are paraphrased as follows:

(1) the complete absence of male parental care; males contribute nothing but gametes to the female

(2) the existence of a mating arena where males establish territories, within which they display to
prospective mates*

(3) male territories that contain no resources vital to females and are used only for mating

(4) the opportunity for females to freely select mates

Evolutionarily, this also implies that in addition to no male parental care prerequisites for
lekking also include the following (Hoglund & Alatalo 1995):

(i) internal fertilization by females, due to the need to visit lek sites without ovipositing there

(ii) high mobility which reduces the cost of searching by females for mates and predation risk
against both sexes

(iii) the lack of ability of males to monopolize available resources

(iv) some degree of discriminatory behavior of females to prevent random mating/panmixia

In considering insect mating systems, Bradbury’s original criteria would later be revised such
that each (except parental care) exists along an axis, akin to G. E. Hutchinson’s (1957) concept of niche
which he postulated is formed by an n-dimensional hypervolume. Like that hypervolume, any
particular insect’s mating system can lie within a multidimensional space formed from the interaction
of separate axis, which may individually adhere more strictly or loosely to the criteria for lekking.
This conceptualization thus gives rise to the term “lek-like” to describe those species which do not
completely adhere to Bradbury’s classical criteria but do so more closely than any other given mating
system. Envisioning a lek as a topology led to some mating systems being described as, for example,
exploded leks or resource-based leks in which the size of the territories substantially expands or there
is a loose association with some resource, which would otherwise violate a strict definition. This of
course arises from the need to fit discrepancies found in real world data to an idealized definition, a
process that often becomes imprecise and idiosyncratic (Shelly & Whittier 1997). Unfortunately, in
many cases taking on a more fluid definition has led many to ascribe the term lek to mating systems
that deviate drastically from what it should describe, simply on the basis of mating swarms being
present. Still, rather than treat this as merely an issue of semantics or categorization, what is most
pertinent is using the definition to enhance understanding the (applied) behavioral ecology of the
species (Alcock 1987). And so, it is not just as important to ask whether black soldier flies exhibit
lekking, but what ecological basis leads to the evolution of their mating system, as well as similar
flies, and whether an artificial environment significantly disrupts these forces. Therefore, for our
purposes, it is best to first explore whether black soldier flies have the preadpations for lekking
species, before applying Bradbury’s criteria.

Preadaptations

Lack of parental care. Although it has been suggested that black soldier flies may give nuptial gifts
to extend female longevity (Harjoko et al. 2023), there is no direct evidence for this, and actually the
hypothesis that nuptial gifts serve as a paternal investment has been questioned due to a lack of
correlation between male investment and improved fertility across empirical studies (Vahed 1998).
Other insects can exhibit biparental division of labor or offspring provisioning (Gilbert & Manica
2010); but in black soldier flies, currently it appears male do not provide females anything other than
gametes. Even in the case that future research should validate the presence of nuptial gifts given by
male black soldier flies to females, this should not necessarily conflict with lekking since providing a
nuptial gift that originates from resources collected as a larvae would not preclude adult males from
spending the entirety of their time engaged at lekking sites, whereas the direct care of offspring
would.

4 Alcock (1987) separates this criterion into two separate criteria.
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Internal fertilization. Like most insects, black soldier flies have internal fertilization. After
copulation, male sperm is temporarily stored in spermethecae (Munsch-Masset et al. 2023) prior to
fertilizing eggs (Malawey et al. 2020), which would allow females to visit a lek site, mate, return to
the oviposition site, and then lay fertilized eggs (Lemke et al. 2023).

Mobility. While captive black soldier flies are somewhat lethargic, they can still have a reported
2.55 km/h minimum flight speed (derived from Giunti et al. 2018), which is ~35-times their body
length per second. Naturalized and native populations are even more mobile, and can travel great
distances (Lemke et al. 2023, Lemke 2024b); though a conflicting review states their range as being
restricted to <100 m (Meneguz et al. 2023). To date, all accounts of black soldier fly mating give no
mention of sex pheromones (Mayer 2019), and cuticular hydrocarbons appear to be sexually
monomorphic (Lemke et al. 2023), similar to the Screwworm fly Cochliomyia hominivorox (Diptera:
Calliphoridae) (Pomonis 1989). In other species sex pheromones can be responsible for lek formation,
such that artificial attractants (viz. Trimedlure for Tephritidae) can be used to induce lek formation
(Shelly et al. 1993). For black soldier flies the recognition of olfactory cues by females must be
important for their dispersal away from leks, and is potentially explained by sexual dimorphism and
allometry in various structures of the antenna, for which females generally have more the more
developed organs (Birrell 2018). This is contrasted with the more developed neural ganglia for males
(Barrett et al. 2022), which are postulated to be important for mate recognition during nuptial flights
(Lemke et al. 2023), and potentially the recognition of wing interference patterns (Butterworth et al.
2021, Meneguz et al. 2023).

Inability to defend resource. Because of the costs/demands of flight (Lemke 2024a), and so much of
the energy they utilize as adults is acquired during their larval life stage rendering adults effectively
energy-limited (Harjoko et al. 2023), there are likely additional limitations that prevent black soldier
flies from attaining the energy that would be necessary to monopolize all the females in a given area.
The hypothetical constant draw on a male’s energy reserves to maintain a territory would require
intense foraging to replenish any spent reserves and draw males away from where females are
emerging. Females also have larger, more powerful wings and flight muscles (Birrell 2018), making
prolonged attempts to monopolize even small numbers of females fairly costly. Such limitations
could be compounded if either the resources females utilize, or the resources adult males use to attain
energy were patchy (thus increasing the total space that needed to be patrolled, which could have
the knock-on effect of increased predation pressure). To put it another way, while some biological
traits are plastic, such as the size of larvae (West-Eberhard 1989), organisms cannot be infinitely
plastic, because of life-history trade-offs and selective pressures (DeWitt et al. 1998). While it is
difficult to prove that black soldier flies cannot adequately defend resources (females, oviposition site,
water, food), game theory provides that a short-lived and energy-limited species cannot play infinite
games.

Female choice. Sexual choice by females of lekking species exists at two levels, the first being a
selection between multiple leks, and the second being choice among males within the lek (See § on
hotspots and hotshots). While it was previously through that female insects could not exert choice
(and thus were rendered a special case sometimes referred to as occupying swarms (Shelly & Whittier
1997))%; however, since the 1980s, these axiomatic views have increasingly been shown to be false

5 In their review of lekking behavior in insects, Shelly & Whittier (1997) make an additional division between
aerial maters and substrate-based maters and propose that aerial maters, generally lack territoriality and
courtship, which are necessary for lekking. They state that roughly 80% of substrate-based swarms could be
considered lekking, whereas only 44% of aerial swarms could be, however this dichotomy is unnecessarily
reductionist in its approach and obscures patterns that become evident at a phylogenetic scale, particularly for
species that do not fit easily into the two categories. For example, Yuval (2006) showed that across the Diptera,
lekking is a transition between the aerial and substrate-based systems; and further states that reproductive

success is universally correlated with foraging (Yuval ef al. 1998).
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(Shuker & Simmons 2014), and motivated by politics of the era, which a historical treatment shows is
rooted in scientific sexism dating back to Darwin (Richardson 2014) and the cultural motivations to
restrict sexual liberties in women by ignoring the same in other animals. Since then, this increased
understanding that females, and specifically female insects can express a wide range of choice can be
viewed by reviewing successive editions of (Thornhill & Alcock 1983, 2013) and the revisions
embraced by the lattermost. Research in lekking and hilltopping insects has shown that choice by
females can range along ‘grades’ from: (I) being captured by males while passing through an area
and having little-to-no ability to resist copulations, (II) actively selecting an area to mate with the
dominant male there, but still being able to be intercepted by subordinate males; (III) selecting a male
based on position within the territory, but not being able to be intercepted by another male; and (IV)
direct inspection of all or many males within the lek prior to choosing which to copulate with (Alcock
1987). Because of this, often there is a spatial component to female mate choice and that the males
which receive the most matings may for example be those that are centrally located within the lek or
occupy the highest or lowest strata (See also § on hotspots and hotshots).

Returning to the discussion of lekking in the black solider fly, while empirical evidence
demonstrating explicit female sexual choice in black soldier flies is still sparse, the research that does
exist has suggested several precopulatory mechanisms by which females can exert choice. For
instance, females may discern the quality of males through wing-interference patterns (Eichorn et al.
2017, Butterworth et al. 2021), duration of wing-buzzing (Giunti et al. 2018) which is correlated with
size, and tapping or gentilic stridulation “songs” (Eberhard & Gelhaus 2009, Lemke et al. 2023). In
addition to precopulatory choice, recent work has begun to elucidate the role that sexual conflict (i.e.,
sperm competition and cryptic female choice) can play (Manas et al. 2023) that arise from real or
perceived competition (Jones & Tomberlin 2019, 2021). Furthermore, (Hoffmann 2021) showed that
clutches can have multiple paternity, owing to fact that sperm from multiple donors can be stored
within the spermathecae (Malawey et al. 2020, Munsch-Masset et al. 2023) and thus compete within
the genital tract of the fly.

Wild

To date, the fieldwork conducted by Tomberlin and Sheppard (2001) provides the only account
of either “a mating arena” or “male territories, free of female resources” in wild population. The most
important information they provide is that the distance between the male aggregation site (Kudzu
and morning glory lining the edge of a hardwood forest) and the oviposition site is ~100 meters (the
edge of chicken houses) which are spatially disjunct by virtue of a pond. Together these partially
satisfy the criteria for lekking species under the assumption that females are not traveling to the
wood’s edge to forage for resources that are explicitly required for reproduction. This aligns with
knowledge of behavior in captive flies, considering in captivity soldier flies are capital breeders
(Stephens et al. 2009) and, while adults benefit from feeding (Kliiber et al. 2023), do not necessarily
need to be supplemented with food or water for successful breeding (Lemke et al. 2023). The
behavioral response Tomberlin and Sheppard (2001) describe of perching males to intruders also
seems to be a territorial bout (Brown 1964), because “resting males return to the same perch” after
fighting off males and copulate with visiting females.

Because one the main factor limiting the study of lekking in the wild is the infrequency of mating
observations (Alcock 1987), instead an alternative view of lekking can be taken that is agnostic of the
lekking site, which instead would only need to consider the complete absence of lekking behavior at
any observed female resources. Undertaking this shift in perspective, then allows additional evidence
to be considered. For instance, Tomberlin & Sheppard (2001) also report no chasing or mating
observed within the layer house (where the oviposition site was), which likewise suggests that wild
males cannot economically defend resources that females aggregate around and instead have evolved
an alternative method for securing matings (i.e., lekking). Evolutionarily speaking, the benefits
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conferred by lekking at a site away from where young flies emerge are potentially the diversion of
predators to an area away from where larval densities are highest, as well as the ability for slightly
older males to mate with females prior to the arrival of younger, better-conditioned males that would
supplant them in the dominance hierarchy (Emlen & Oring 1977).

Sexual Selection in the Wild

Thus far the first three criteria for wild® black soldier flies as a lekking species seem reasonably
well supported. The final criterion for lekking species of free female choice has historically been
difficult to demonstrate in insects, particularly in field studies. Hoglund and Alatalo (1995) point out
that the previous three criteria were typically enough to allow insects to be considered lekking
species. That said, females in the wild should exhibit precopulatory choice (whether implicit or
explicit) (Thornhill & Alcock 1983) at multiple levels. The first is that they need to select between leks.
This is because as males jostle for position within the lek, it eventually becomes more advantageous
to establish a satellite lek due to reduced competition. This then leads to the debate over whether
females are attracted to “hotspots’ (i.e., locations) or ‘hotshot’ (i.e., individuals), which state that
females may be attracted because of an increased chance of securing mattings or an increased chance
of acquiring ‘good genes’. Within the lek that females select, they then must select mates (as discussed
previously).

Hotspots. While this aspect of female choice has yet to be investigated in black soldier flies,
(Weldon 2007) showed that in Bactrocera tryoni (Froggartt) (Diptera: Tephritidae), females visited the
largest aggregations more frequently than lone males, but only if those larger aggregations had more
calling males, due to a limited ability by the female to perceive differences in aggregation size.
Conversely, a study by Barry et al. (2003) that examined the behavior of Ceratitits capitata
(Wiedemann) (Diptera: Tephritidae) under different operational sex ratios (OSRs) suggested that a
male-bias is necessary for effective female discrimination of mates, whereas an equal OSR slowed
down neural processing, and a female-biased OSR intensifies female competition reducing
reproductive success. For fruit flies, which lay their eggs in intact fruit and nuts, the ecology of the
lekking site is also a factor, since the size of these lek distributions have been shown to be affected by
tree species, tree size, foliage density, and distance to nearest neighbor. Specifically, research has
shown that C. capitata establishes the most leks clustered on the underside of persimmon tree leaves
(compared to other fruit tree species) and their two nearest neighbors, while avoiding the smallest
trees (but not preferring the largest trees) (Shelly & Whittier 1993b). Precise position within these leks
has been shown to affect mating success rate as well, with the most attractive males being those that
occupy the highest position (Niyazi et al. 2008).

Hotshots. Alcock (1990) wrote that large male Hermetia comstockii (Diptera: Stratiomyidae) had a
competitive advantage in defending territories and securing mates. This is generally intuitive, as
large males have more energy reserves (Yuval et al. 1998), as well as more powerful wings and flight
muscles (Kaufmann et al. 2013), that also enable them to buzz their wings and advertise to females
for longer durations, which is correlated with increased reproductive success in black soldier flies
(Giunti et al. 2018), as well as fruit flies (Burk & Webb 1983). The effects of adult body size in
structuring reproductive success was also suggested by the results of an experiment by Jones and
Tomberlin (2021) who paired populations of flies of different sizes, showing that large males

¢ The use of ‘wild” is merely meant to discern flies living in captivity form those that are not, rather than convey
the sense that these flies exist within pristine and unmolested wilderness. Black soldier flies are typically found
in close association with organic waste of anthropogenic origin and have yet to be observed in old growth
tropical forests. This is theorized to be due to a high opportunity cost faced by flies not utilizing such an abundant
resource. Moreover, changes in global land use have made primary growth forests disjunct and are likely
increasing such an opportunity cost, because as forests become patchier, the distance from any geographic point

to a anthropogenic resource patch potentially able to be exploited is reduced.
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generally perform similar or better than small males, especially when paired with large females. In
heterogenous populations, this is because females may select large males even if small males are
present, as was shown in C. capitata (de Aquino & Joachim-Bravo 2014), but this is not always the case
as it depends on the specific reproductive ecology of the species. Tejeda et al. (2020) showed that
increased male size affected reproductive success in the Anastrepha obliqua (Maquardt) (Diptera:
Tephritidae) but not Anastrepha ludens (Loew). The researchers explain that this may because the latter
have males that often call individually, and so female discrimination between different size males
may be counterselected. Likewise, a more recent experiment by (Sanchez-Rosario et al. 2022 found
that mating in these same two species is entirely size independent, and rather females discriminate
based on strain. Research comparing the mating propensity between black soldier flies of different
haplo-, or ecotypes is wanting, but it stands to reason that the populations can intermix freely due to
reports that black soldier flies revert to the wild phenotype when escaped from captivity (personal
communication, C. Sandrock).

Industrial System

The black soldier fly mating system currently aims to achieve high volumes of egg production
by placing flies of both sexes at densities from ~3800 flies/m? (assuming a maximum of 10,000 / 2.88
m? cage), but potentially as high as ~6000 flies/m3 or higher (personal communication, S. Salari,
InsectoCycle), as well an oviposition attractant, and potentially food, all within the confines of mating
cages. Because of this, ascribing the lek mating system to flies in captivity is questionable, for the
somewhat obvious reason that mating aggregations are not occurring in a space independent from
the resources which females need for reproduction (viz. the oviposition site). This can potentially be
circumvented in situations when food is not provided to flies, and the oviposition substrate is
provided after peak mating (to effectively simulate asynchrony and the duration females would
travel to a distant oviposition site in the wild) (Lemke, Li, et al. 2024); and hypothetically if the cage
is large enough then this may also provide the means for females to oviposit in an area that is free
from interference by flies occupied in lekking. The results of (Lemke, Rollison, et al. 2024) in which
marked black soldier flies were observed in cages supplied with artificial plants suggests that this
may be occurring in larger-scale cages, because even within the confines of a 0.93 m3 cage, males
typically occupied aerial swarms near ultraviolet breeding lamps (especially in mid-morning to mid-
afternoon), whereas females spent most of their time perching.

Besides this report, currently, there is little evidence that territoriality is preserved in captive or
domesticated populations It is the case that aggression can actually increases in captivity, which is
the case for the Mediterranean fruit fly (Diptera: Tephritidae) (Bricefio et al. 1999, Benelli et al. 2014).
For such species, territoriality may be preserved simply since these flies are comparatively much
smaller and might have enough space within cages to establish territories. However, the black soldier
fly is a relatively large fly species (average 16 mm long), that are at least five times the size of other
mass-reared species like mosquitoes and fruit flies. Moreover, while it is certainly the case that black
soldier flies in cages continue to engage in aerial duels (Tomberlin & Sheppard 2001, Lemke et al.
2023) and courtship rituals, it is unclear as to whether the current dimension of cages allow enough
space for these without injury (e.g., broken wings), and whether these duels persist due to territorial
disputes associated with a particular location within the cage environment or another reason, such
as an evolutionary holdover from a previous (lekking) phenotype that is no longer advantageous.
Certainly, there is an interest within the community of examining whether increased vertical space
promotes fertile egg production (personal communication).

To verify, future research would need to track the motion of flies in cages via computer vision
(James et al. 2024), as well as validate whether the presence of perches contribute affects behavior
(Bricefio et al. 1999) or reproductive success ((Lemke 2024b), since theoretically the additional surface
area should allow the equivalent number of flies to spatially segregate to a greater degree, or provide
a substrate that can promote acoustic signals potentially required during courtship.
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In Capititits sp. fruit flies (Diptera: Tephritidae), the addition of horizontal slats within mating
cages was hypothesized to create a lekking site by segregating aggressive males (Bricefio et al. 1996,
1999, Benelli et al. 2014) from females, and effectively increasing mating success (though, it should
be noted that (a) C. capitata adults are only 3-5 mm in length, and are often kept in field cages that are
large enough to enclose entire trees (Shelly et al. 2012). However, it is important to note that a direct
comparison cannot be drawn since the metrics for quality control are different under a biological
control framework than would be for black soldier flies that are not released into the wild. As such,
pursuing a similar result in black soldier flies, may not necessarily promote industrial objectives to
increase production at minimum operational and material cost (Boller 1972)

Maintenance of the Mating System in Confinement

Female choice and sexual selection are the most important drivers behind the evolution of
lekking behavior because it is females that assess the displays of males (whether those be visual,
acoustic, or another modality). This can be contrasted with other mating systems in which the
opportunity for precopulatory female choice is severely limited, due to the high degree of mate
monopolization (consider, for example, the male digger wasp that waits at the entrance of a burrow
for a female to emerge). For black soldier flies, being confined to a hyperinflated population density
at equal sex ratio presents issues for black soldier flies preserving this aspect of lekking because of
the shifts in selective pressures that are necessary for lekking to evolve and be maintained.

In the wild, although the instantaneous operational sex ratio can vary over time due to
immigration, emigration, and mortality; lek sites should still maintain a highly male-skewed
operational sex ratio. As mentioned previously, the consequences of an equal- or female-biased sex
ratio were explored (albeit at densities <10 flies) in experiments on C. capitata, showing that male-
skews are essential for females to effectively discriminate amongst potential mates (Barry et al. 2003),
and lower male densities can retard neural processing. Indeed in black soldier flies it has been shown
that the perceived level of competition between males affects reproductive biology, albeit in the level
of sperm competition (Manas et al. 2023). Since sex ratio for optimal production is likely female biased
(Hoc et al. 2019), since female black soldier flies only need to mate with one male at minimum to
fertilize their eggs and males continue to produce sperm throughout their lives (personal
communication, C. Bressac), this likely means there is a trade-off in terms of production between
maintaining lekking and optimizing production.

In the wild setting, the plethora of males for females to choose from normally places huge
precopulatory selection pressure by females on male traits (de Aquino & Joachim-Bravo 2014,
Sénchez-Rosario et al. 2022). However, if that ratio suddenly is relaxed, as in the case of standard
industrial operating procedure which utilizes sex ratios close to 50:50, then so too would selection
pressure. Moreover, as males die off throughout, the instantaneous OSR actually becomes female
biased, meaning that postcopulatory selection is likely becomes increasingly favored. Indeed
parameters related to physiological condition (Aluja et al. 2009), sperm quality, age (Malawey et al.
2020, Addeo et al. 2022, Dickerson 2023), experience (Shelly & Whittier 1993a), and nutrition (Aluja
et al. 2001) are important in structuring reproductive success due to the increased prevalence of
sperm competition (Malawey et al. 2020) and related mechanisms such as cryptic male choice
(Barbosa 2015, Godwin et al. 2017, Manas et al. 2023) and mate-guarding (Manas et al. 2023).

Plasticity

Like many experimental organisms, the context by which the vast majority of research
conducted on the black soldier fly is in captivity. One apparent consequence of this is that there
appears to be a disagreement between lekking behavior that appears to fit well amongst wild
populations, and the behavior that actually occurs in this new confined context. One explanation
could be that the mating system is plastic, and the behaviors that they exhibit in a confined habitat
are merely a consequence of being in that habitat. Indeed, lek mating has been shown to be plastic
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(Emlen & Oring 1977). For example, under reduced population densities animals such as dragonflies,
bullfrogs, turkeys, puku, topi, and Ukanda kob, that previously engaged in lekking shifted towards
mate- or resource-guarding systems (Emlen & Oring 1977). Conversely, those such as Tephritid fruit
flies that were placed under increased population densities instead shifted towards scramble
competition polygyny (Dodson 1986, Herberstein et al. 2017). The former strategies are more optimal
because the prevalence of females is too low for advertising to be effective; while scamble competition
polygyny is theoretically favored due to the high opportunity cost of wasting time advertising when
the cage is saturated with available mates.

Indeed, causal observation of escaped flies from a colony maintained in a greenhouse at Texas
A&M University, revealed that males will readily migrate towards and defend nearby plants (Cotton,
peas) within the greenhouse (Lemke 2024b), which conceptually aligns with the results of (Lemke,
Rollison, et al. 2024). If verified, this could entail that any shift in behavior between wild and captive
populations may not have a strong genetic basis (West-Eberhard 1989).

Theory has long predicted (Emlen & Oring 1977) that shifts in mating systems are modulated by
concomitant changes in ecological factors that, in addition to population density, include the
immediate operational sex ratio and spatiotemporal constraints of their local environment that
together act to alter the intensity of intrasexual competition as well as opportunity costs and risk
during foraging and reproduction. Shifts in these ecological factors hence affect the traits which are
necessary for individuals to succeed at passing on their genes and produce viable offspring, which
of course then has long-term evolutionary consequences, as they ultimately affect the level of alleles
across populations. Perturbations that change population densities or environmental conditions can
ultimately give rise to shifts in mating systems and is predicted to be the case of domesticated species
whose population density can be increased by several orders of magnitude within cages.

Conclusion

In conclusion, the opinion rendered here is that black soldier flies exhibit lekking in the wild,
but within the industrial setting, shift towards a mating system that is more akin to scramble
competition polygyny. This shift, however, probably does not have a strong genetic basis, because
when accidentally released, black soldier flies have been observed to revert to their wild phenotypes
(personal communication, C. Sandrock) and display lek-like behaviors (personal observation).
Because of this, even using term such as ‘facultative lekking’ belies the fact that under most normal
eco-evolutionary circumstances, the black soldier fly species appears to lek. Because of their position
within the middle of the fly phylogeny (i.e., being basal Brachycera), this means that future studies
to model lekking in black soldier flies can be especially important for understanding large-scale
evolutionary transitions across the Diptera. For example, blood feeding flies have transitioned from
aerial swarms to leks to resource based polygyny as they have become more derived (Yuval 2006).
Likewise, since at smaller ecological time scales shifts in selection pressure can drive a species that
normally leks to instead adopt a new mating system, modeling the factors that drive such changes is
also important for understanding mating system dynamics in mass-reared or cultured insects.
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