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Abstract

The black soldier fly (BSF; Hermetia illucens) is widely used as a waste converter and novel protein source in feed.
Its larvae can convert a wide range of organic feed substrates that vary in nutritional quality, into biomass. Our
aim was to investigate whether larval and/or adult diet impact BSF body weight, pupal duration and reproductive
behaviour. We focussed on comparing low- and high-nutrient larval diets as well as the presence or absence of food
in the adult stage. Experimental cages were specifically designed to accommodate lekking behaviour. To promote
BSF reproductive behaviour, UV, green and blue LED lightswere provided, in addition to fluorescent strip lights. We
quantified the time to first mating attempt and first mating, the number of mating attempts and mating events,
mating success and the influence of wing fanning on mating success by analysing one-hour video recordings.
Courtship duration, copulation duration and male–male interactions were quantified. Our results show that both
male and female flies reared on a high-nutrient larval diet had a greater body weight and longer pupation time.
Among BSF reared on the low-nutrient diet, longer duration of pupation was associated with increased adult body
weight. Mating behaviour, especially copulation time, was influenced by both larval-diet nutrient content and the
availability of food during the adult stage. Flies reared on a low-nutrient larval diet exhibited longer copulation
duration than those on a high-nutrient diet. Availability of food in the adult stage had the most pronounced
influence onmating behaviour: the absence of food resulted in earlier andmore frequentmating attempts, a shorter
wing-fanning duration and a longer copulation time. These results highlight the importance of diet for body weight,
pupal duration and reproductive behaviour. Understanding these effects is relevant for optimising mass-rearing
conditions and improving BSFwelfare in commercial production systems.
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1 Introduction

The black soldier fly (BSF; Hermetia illucens Linnaeus;
Diptera: Stratiomyidae) is a saprophytic fly species
whose larvae naturally occur on a variety of decompos-
ing organic materials (Tomberlin and Sheppard, 2001).

This fly species is increasingly used as an organic waste
converter and alternative protein source in livestock
feed (Barragan-Fonseca et al., 2017; Dörper et al., 2021).
Black soldier flies can successfully reproduce in the
absence of nutrients during the adult stage (Sheppard
et al., 2002; Tomberlin et al., 2002). Hence, they likely
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rely on their reserves from the larval stage which sug-
gests that variation in larval diet may lead to differences
in reproduction (Savola et al., 2022). Nutritional differ-
ences in larval diet affect BSF life-history traits such
as development time, pupation time, time until adult
emergence, adult body weight, ovary development and
survival in BSF (Barragan-Fonseca et al., 2018; Gobbi
et al., 2013; Laursen et al., 2024). The variation in lar-
val development time and survival are also dependent
on larval density and frequency of feed provision, via
for example providing all feed substrates at once or in
several batches (Barragan-Fonseca et al., 2018). Larval
diet can be important for adult emergence of male and
female flies. For instance, brewer’s spent grain resulted
in the fastest emergence, highest body weight and the
highest longevity compared to other diets (Laursen et
al., 2024). Females with large bodies can have larger
ovaries and faster developing eggs depending on the
food quality and quantity (Gobbi et al., 2013).

Larval diet may also influence adult behaviour; for
example, larval diet can influence foraging choices
in adult Drosophila melanogaster Meigen (Diptera:
Drosophilidae) (Davies et al., 2018). While the influence
of larval diet on the adult phenotype iswidely accepted,
feeding by adult BSF has not been considered relevant
for reproduction until recently (Sheppard et al. 2002;
Bertinetti et al. 2019). This has resulted in a main focus
on larval diets to improve life-history traits of BSF (Tet-
tamanti et al., 2022). Usually, adult flies in mass-rearing
systems are only provided with water via misting or
fountain systems (Barrett et al., 2023). However, BSF
adults do engage in feeding behaviour and have a func-
tional digestive tract (Bruno et al., 2019). Stratiomyid
flies can even be considered typical nectar feeders as
they are seen feeding on honeydew (Beuk, 1990) and
flowers (James, 1981). Feeding by adults can also lead to
benefits such as increased longevity (Nakamura et al.,
2016), which can increase the oviposition period result-
ing in higher total egg production and a higher number
of fertilised eggs (Bertinetti et al., 2019).

Although BSF is widely accepted as a species of great
economic importance and is reared on a large scale,
relatively little is known about the effects that diet
may have on BSF mating behaviour. Such knowledge
is important for a stable colony as the understanding
of reproductive behaviour can lead to an increase in
reproduction. BSF are known to have complex mating
behaviour and are known to exhibit lekking behaviour
(Tomberlin and Sheppard, 2001) similar to other stra-
tiomyid flies (Alcock, 1990; Barbosa, 2009). During
this lekking behaviour same-sex interactions are com-

mon and sometimes described as aggressive behaviour
(Jones and Tomberlin, 2021) or as male–male courtship
behaviour (Giunti et al., 2018). Male–male interactions
occur when a courting male grabs a conspecific male
in flight, with the interaction ending when the courted
male escapes (Giunti et al., 2018). The initiation of
the female–male courtship sequence starts in a simi-
lar manner, with the courting male grabbing a passing
female in mid-air and spiralling to the ground while
wing fanning (Giunti et al., 2018; Tomberlin and Shep-
pard, 2001). After landing, the male continues wing fan-
ning while tapping the female’s abdomen and attempt-
ing tomake genital contact (Giunti et al., 2018; Jones and
Tomberlin, 2021). Receptive females will stop moving
and spread the wings (Julita et al., 2020), the courtship
sequence then often ends with the typical end-to-end
mating positionwith heads facing in opposite directions
(Giunti et al., 2018; Lemke et al., 2023). Uponmating, the
female stores the sperm in her spermathecae (Manas et
al. 2024). Unsuccessful mating attempts can be iden-
tified when the latter position is not achieved and the
female performs wing fanning and tries to dismount
the male during the courtship sequence (Giunti et al.,
2018; Julita et al., 2020). Nomatings are observed in flies
within the first two days since emergence (Bertinetti et
al., 2019).

Even though diet effects onmating behaviour are not
yet known in BSF, size-related differences have been
reported in the literature. Populations with mixed-sized
adults showed an increased mating success and larger
males showed more male–male interactions (Jones
and Tomberlin, 2021). Larger males, when paired with
smaller females, achieve more successful matings com-
pared to smaller males (Jones and Tomberlin, 2021).
The high mating success of larger males may result
from increased wing size, a good indicator of body
size in BSF (Gobbi et al., 2013), as wing fanning is
found to be an important component of the courtship
sequence (Giunti et al., 2018), possibly linking shorter
wing-fanning duration to higher mating success (Giunti
et al., 2018; Jones and Tomberlin, 2021).

BSF larvae use ephemeral resources in nature. On
resources of decomposing organicmaterial, a fast repro-
ductive output may have evolutionary benefits, suggest-
ing that adults that are exposed to limited resourcesmay
show energy trade-offs to increase reproductive output
(Harjoko et al., 2023). For example, male Derocephalus
angusticollis Enderlein (Diptera: Neriidae) reared on
poor larval diet invest more in some aspects of repro-
duction, such as a longer mating duration and a higher
subsequent egg-hatching rate (Fricke et al., 2015). Mat-
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ing latency may also be influenced by diet history.
Drosophila melanogaster mating latency was influenced
by environmental factors, such as housing with rivalling
males (Filice et al., 2020). Mate quality may also influ-
ence female acceptance when diets differ. Females
fed on a high-nutrient diet may be more receptive
to male courtship, similar to what has been observed
in Anastrepha obliqua Macquart (Diptera: Tephritidae)
(Medeiros-Santana and Zucoloto, 2016). Based on the
structure of the sperm tract in BSF, these flies may
control sperm transfer based on copulation duration
(Munsch-Masset et al., 2023) and therefore may be able
to alter the number of spermatozoa transferred based
on mate quality. Thus, with poor mate quality we would
expect a shorter copulation duration similar towhat has
been reported for Musca domestica Linnaeus (Diptera:
Muscidae) (Baldwin and Bryant, 1981).

This study aims to investigate the influence of larval
and adult diets on BSF reproductive output. The effect of
larval diets fromwaste streams on life-history traits such
as emergence time and adult body weight is already
known in BSF (Laursen et al., 2024). However, whereas
these studies mainly compared different waste streams,
herewe investigate the effects of a difference in nutrient
content of larval diet on life-history traits and behaviour.

We expect that BSF reared on diets of different nutri-
tional content differ in reproductive behaviours, such as
time until first mating or number of mating attempts.
Specifically, we expect an increased courtship dura-
tion in BSF adults when reared as larvae on a low-
nutrient diet, to obtain a mate as fast as possible. We
expect a shorter duration of mating latency when the
diet is nutritionally poor which then may lead to an
increased investment in reproduction. A high-nutrient
larval diet is expected to result in shorter pupal dura-
tion and higher adult body weight when compared to
low-nutrient larval diet. The influence of larval and
adult diets on reproduction is mostly studied with a
focus on egg yield (Bertinetti et al., 2019; Laursen et
al., 2024), ovary development (Gobbi et al., 2013) and
longevity (Nakamura et al., 2016). Differences in repro-
ductive behaviour have been investigated in relation
to adult body size (Jones and Tomberlin, 2021). The
present study aims to further explore the effect of larval
and adult diets on important variables of BSF repro-
ductive behaviour. These behavioural variables are: time
until the first mating attempt, mating latency, mating
frequency, mating success, courtship duration and cop-
ulation duration. We focussed on the first mating to
avoid the effects of previous experiences on mating
behaviour. We expect insects reared on low-nutrient

diet to be less selective in accepting a mating partner
due to their shorter longevity, smaller body size and
therefore lower fat reserves when compared to insects
reared on high-nutrient diet. Similarly, we expect adult
flieswithout access to nutrition to be less selectivewhen
compared to adult flies that have access to diet in the
adult stage. Thus, we expect that BSF reared on low-
nutrient diet and adults that have no access to addi-
tional diet to exhibit earlier mating attempts, a shorter
mating latency, higher mating frequency, higher mating
success, longer courtship duration and shorter copula-
tion time compared to conspecifics reared as larvae on
a high-nutrient diet or conspecificswith access to nutri-
tion in the adult stage.

2 Materials andmethods

Insects
Black soldier fly eggs were sourced from the BSF cen-
tral rearing colony at the Laboratory of Entomology,
Wageningen University. The colony was maintained in
a climate chamber (27 ± 1 °C, RH 70 ± 10%, L:D 16 h:8 h)
with a standard rearing diet of one part chickenfeed
(Kuikenopfokmeel 1, Kasper Faunafood, Woerden, The
Netherlands) and two parts tap water. Adult flies had
access to milk powder (10033868, MAAS, Eindhoven,
The Netherlands), ucrose (10033867, MAAS) and tap
water ad libitum (Bertinetti et al. 2019). Female BSFwere
allowed to oviposit for 6 h in corrugated cardboard strips
(±3.5 × 10 cm) placed in an oviposition boxwith sawdust
and somemouse faeces as odour source.

Dietary treatments
Eggs were collected from the oviposition box after 6 h
and removed from the corrugated cardboard strips with
a soft brush. Fivemg of eggswereweighed and placed in
a Petri dish (∅ = 60 mm) with moist filter paper. After
48 h, the Petri dish with eggs was placed without lid on
top of the larval diet in the rearing container (BugDorm
Pint-Sized rearing pots 480 ml, MegaView Science,
Taichung, Taiwan). Larvae were reared on either of two
diets, a low-nutrient and a high-nutrient diet (Table 1),
generated by mixing different amounts of cellulose
(Alphacel Non-Nutritive Bulk, MP Biomedicals, Solon,
OH, USA) with a standard chickenfeed (Kuikenopfok-
meel 1, Kasper Faunafood) (Barragan-Fonseca et al.,
2018). Tap water was added to the diet based on the %
drymatter (DM) of the feed (88%DM chickenfeed, 93%
DM cellulose) until the water content of the feed sub-
strate was ca. 70%. The BSF larvae were reared on these
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Table 1 Composition of the two larval diets used for the
experiments based on chickenfeed

Low High
nutrient nutrient

Ingredient (g/100 g diet)
Chickenfeed 43 85
Cellulose 57 15

Nutrient (g/100 g diet)
Crude protein 9 18
Non-cellulose carbohydrates 17 34

Protein:carbohydrate ratio 1:1.9 1:1.9

Nutrient analysis derived from Shah et al. (2024).

diets for 20 days and the position of the rearing contain-
ers was randomised every two days to avoid an effect
of temperature differences within the climate chamber.
The dark-coloured wandering larvae close to pupation
were counted, weighed and transferred to a new rearing
container (henceforth pupae box; BugDorm Pint-Sized
rearing pots 360 ml) with 8.0 g sawdust and kept in a
dark environment (27 ± 1 °C, RH 70 ± 10%). Insectswere
given 40 days after the pupal transfer to emerge and
pupae boxes were randomised every two days to avoid
temperature differences within the climate chamber.

Experimental treatments
Larval diet treatments: This experiment focussed on
the differences in behaviour of flies resulting from lar-
vae that had been reared on either of the two diets
(Table 1). Emerged flies were collected from the pupae
box once every 24 h. After weighing, the flies were sep-
arated per sex and corresponding dietary treatment in
mesh cages (BugDorm-1 insect rearing cage 30 × 30 ×
30 cm) in a climate chamber (27 ± 1 °C,RH70 ± 10%, L:D
16 h:8 h). Per mesh cage a diet consisting of milk pow-
der (±12 g, 10033868, MAAS), sucrose (±12 g, 10033867,
MAAS) and additional tap water was provided ad libi-
tum. The flieswere kept in thesemesh cages for 1–2 days.
When enough flieswere collected for behavioural exper-
iments, flies were weighed and divided into groups of
11 individuals per mesh cage (BugDorm-1 insect rearing
cage 30 × 30 × 30 cm), separated by dietary treatment
and sex. Therewere 6–8 biological replicates per dietary
treatment cage: 3–4 cages with 11 males and 3–4 cages
with 11 females. In each mesh cage a fresh diet of milk
powder, sugar and water was added ad libitum. Flies
were kept in thesemesh cages at 27 ± 1 °C, RH 70 ± 10%,
L:D 16 h:8 h, for an additional day until the behavioural
experiments started.

Adult diet treatments: In a separate experiment we
investigated the effect of the availability of food to
adult flies onmating behaviour. For this experiment BSF
larvae were reared on the low-nutrient diet (Table 1).
Emerged flies were collected from the pupae box once
every 24 h and the flies were separated per sex and cor-
responding dietary treatment inmesh cages (BugDorm-
1 insect rearing cage 30 × 30 × 30 cm) in a climate cham-
ber (27 ± 1 °C, RH 70 ± 10%, L:D 16 h:8 h). Upon emer-
gence, adults were either provided with a diet of milk
powder (10033868, MAAS), sugar (10033867, MAAS)
and additional water ad libitum or only water ad libi-
tum. The flies were kept in these mesh cages for one
day after being weighed again and divided into groups
of 11 individuals per mesh cage (BugDorm-1 insect rear-
ing cage 30 × 30 × 30 cm) at 27 ± 1 °C, RH 70 ± 10%,
L:D 16 h:8 h, separated by diet treatment and sex, with
8 dietary replicates per experimental cage: four mesh
cages with 11 males and four mesh cages with 11 females
per dietary treatment. In eachmesh cage, dependent on
the adult diet treatment, either a fresh diet of milk pow-
der, sugar andwaterwas added ad libitum or freshwater
was added ad libitum.

Behavioural experiments
On the experimental day, 10 female flies and 10 male
flies of the same treatment group were randomly col-
lected from the mesh cages in releasing tubes (Ø 3 cm,
length 32 cm) at room temperature and transferred to
the climate chamber for behavioural experiments.

Experimental set-up
All behavioural experiments were conducted in a cli-
mate chamber (27 ± 1 °C, RH 70 ± 10%, L:D 16 h:8 h)
and started at ca. 11:00 am which is 5 hours after the
initiation of the photophase. Experimental cages were
glass terrariums (40 × 10 × 40 cm, glass thickness 5 mm,
Terraglas, Nieuwendijk, The Netherlands) (Fig. 1) with a
cylinder-shaped hole 5 cm underneath the rim (Ø 3 cm)
for connection of a release tube. The experimental cages
included a wooden lid with 1 mm mesh size to promote
airflow (PE-gaas 5016, Top Zeven, Haarlem, The Nether-
lands).

Per experimental cage, a panel with three cameras
(one located at the bottom and two at the top, PD20K,
Bascom® Camera’s, Nieuwegein, The Netherlands; Fig. 1)
was placed at 25 cm distance of the experimental cage.
The cameras were full HD cameras with a resolution
of 1920 × 1080 pixels, a frame rate of 25 frames per
second, and a wide-angle lens of 112°. For recording,
one 8-channel recorder (R8XK, Bascom®) and one 16-
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Figure 1 Experimental behaviour cage used during the
experiments. Three cameras were connected per cage
(indicated by the three arrows) and an additional LED
light was added (for light spectrum and intensity see
Fig. S1 in the Supplementary Material).

channel recorder (R16XK, Bascom®) were used. This
allowed the behaviour of the flies to be recorded in
all locations in the cage. Fly behaviour was recorded
for 1 h per experiment; 3–4 cages were simultaneously
recorded per treatment per day. The difference in body
shape and genital differencesmade it easy to distinguish
males from females. The video recordings could also be
analysed frame by frame, ensuring a correct distinction
between the sexes.

To promote mating behaviour, favourable light con-
ditions were created by LED lights (Oonincx et al.,
2016). LED stripswere placed above the cagewith green
(510–525 nm), blue (455–470 nm) (LS24RGB96X5050
PLX, Luxalight, Eindhoven, The Netherlands) and UV
LED lights (365 nm, LS24UV240X2835PLX, Luxalight)
as an addition to the standard fluorescent strip lights
mounted at the room ceiling above the cages (for light
spectrum and intensity see Fig. S1 in the Supplementary
Material). These LED lights were switched on for the
duration of the experiment.White foamboards (920492,
Interoffice Kantoorinrichting, Winschoten, The Nether-
lands) were used at the back of the experimental cage to
increase contrast. A funnel shapewas created in the bot-
tom of the cage with white foamboards (25.0 × 9.1 cm,
920492, Interoffice Kantoorinrichting) to guide falling
insects into the view of the bottom camera (Fig. 1).

Life-history traits
After spending 20 days on either high- or low-nutrient
diet, pupae were weighed (Mettler Toledo NewClassic
MF, model ML54/01) in six groups of 10 pupae per
rearing container. The average pupal weight was cal-
culated per rearing container. The pupal weight of 32
high-nutrient and 32 low-nutrient rearing containers
was recorded.

The number of days until fly emergence after lar-
vae had been reared on high- or low-nutrient diet was
recorded daily for the full 40 days for three different egg
batches collected over three weeks. This resulted into 12
different rearing containers per dietary treatment. Data
were collected per treatment and sex.

Newly emerged flies were randomly selected and
transferred into 1.5 ml Eppendorf tubes (Eppendorf
Safe-Lock tubes 72690001, Eppendorf Nederland, Nij-
megen, The Netherlands) for weighing (Mettler Toledo
NewClassic MF, model ML54/01). After weighing, the
number of days the specific fly spent in the pupal stage
was recorded. The aim was to collect 6 newly emerged
females and 6 newly emerged males per treatment over
the course of 33 days, however, this depended on the
number of flies emerging on the days of data collection.
In total, this resulted in weight data of 195 low-nutrient
reared females, 196 low-nutrient rearedmales, 200 high-
nutrient reared females and 196 high-nutrient reared
males.

The 1–2-day-old flies that were to be used for the
behavioural experiments were weighed one day before
these experiments. This time was also used to deter-
minewhether enough flies had emerged for behavioural
experiments to take place (11 females and 11 males
per treatment for each behavioural cage). The target
number of weighed flies was 44 females and 44 males
per treatment per experimental day (four behavioural
cages per treatment per day). The total number of flies
weighed was: 264 high-nutrition reared females, 264
high-nutrition reared males, 265 low-nutrition reared
males, 253 low-nutrition reared females, 264 females
with diet, 264 males with diet, 264 females without diet
and 264maleswithout diet.

Behavioural variables
Videos of the left and right overview cameraswere com-
bined into one overview video using Adobe Premiere
Pro (v24.1). BORIS (v8.22.6; Friard and Gamba, 2016)
software was used to extract behavioural sequences rel-
evant to BSF mating behaviour. The order of treatments
being analysed was random and the person analysing
the videorecordings did not know the treatment related
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Figure 2 Behavioural sequence of BSFmale–female andmale–male interactions. Inmost cases interaction pairs land on the cage surface
and female–male interactions result in genital contact.

to the recordings to avoid any observer bias. These
sequences consisted of: grabbing, landing on cage sur-
face, genital contact, courtship duration, wing fanning
duration and mating duration (Fig. 2). Some of these
parameterswere only found in female–male interaction
pairs (Fig. 2). Based on these behavioural sequences,
mating behaviour was quantified. Mating behaviour
was analysed based on seven behavioural parameters;
time until first mating attempt, mating latency, num-
ber of mating attempts, proportion of successful mat-
ing attempts, wing-fanning duration, courtship duration
and copulation (Table 2). The variables time until first
mating attempt andmating latency were added to iden-
tify possible differences in mating motivation of the
experimental flies. Since this variablewas to identify the
motivation to mate directly after release, without possi-
ble learning possibilities of other flies in the experimen-
tal cage and to prevent repeated measures of the same
individuals, only the first mating attempt by a female–
male and the first mating attempt by a male–male pair
was recorded per experimental cage. The sample size of
most of the behavioural variableswas dependent on the
frequency atwhich these behaviours occurred.

Ethical note
This research is conducted on BSF which is not legally
protected under Dutch legislation. However, regular
hygienic measures were taken place to provide clean
housing during experiments. After behavioural experi-
ments, flieswere euthanised by freezing at −20 °C.

Statistical analysis
All statistical analyses were done with R (v 4.3.1.R Core
Team, 2023). For all constructed models assumptions
were visually inspected via the DHARMa package (Har-
tig, 2022). All models were fitted based on Akaike’s
Information Criterion (AIC) (Bertrand et al., 1988) and
visually inspected formeeting model assumptions.

Life-history traits
Fly emergence was analysed as a time-to-event variable
and flies from the two different larval diets were com-
pared based on Kaplan–Meier curves (survival pack-
age; Therneau, 2023). Fly emergence time expressed
as the number of days spent in the pupal stage was
analysed with a Kruskal-Wallis rank sum test (R Core
Team, 2023) per sex. The average pupal weight and 1–2-
day-old fly weight were compared separately for larval
diets and adult diets using a Generalized Linear Mixed
Model (GLMM) using Template Model Builder (TMB)
(glmmTMB package; Brooks et al., 2017) with aGaussian
distribution. The model accounted for heterogeneity in
the dispersion across the two diet treatments. In data
of 1–2-day-old flies there was a random intercept of day
fitted based on AIC (Bertrand et al., 1988).

After model selection, the effect of larval diet or
adult diet on bodyweight was tested with the best fit-
ting GLMMTMB via a type-II Wald Chi-square test (car
package; Fox andWeisberg, 2019). For theweight of flies
that were less than 24 h old a similar GLMMTMB was
fitted and a similar model selection took place. Signifi-
cance of this weight variable was tested per larval diet,
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Table 2 Behavioural variables measured during experiments

Behavioural variable Definition
Time until first
mating attempt
(min)

The time from release of the experimental flies (start of the experiment) within the
experimental cage until a firstmale grabbing a conspecific took place. Mating attempts
were observed formale–male and female–male pairs.Only experimental cageswith one
ormore mating attempts were included in the analysis. The sample sizewas the first
pair (female–male ormale–male) attempting amating.

Mating latency (min) The time from release of the experimental flies (start of the experiment) within the
experimental cage until a firstmating took place. Only the first mating was recorded per
experimental cage. The sample sizewas the first pairwith a successful mating.

Number of mating
attempts

Grabbing by amale of another individual, either male or female. Themale grabs the
other individualwith its legs. Mating attempts mostly occur inmid-flight and are the
starting point of courtship andwing fanning. The sample sizewas the total number of
mating attempts in all behavioural cages.

Proportion of
successfulmating
attempts

The proportion of only female–male attempts, calculated as the number of successful
attempts divided by the number of total attempts. The sample sizewas the number of
behavioural cages that had at least one female–male mating attempt.

Wing fanning
duration

From themoment of grabbing, the male starts fanning itswings. With female–male
interaction pairswing fanning stopsmost often before copulation. These interactions
are recorded as successful or unsuccessful. With male–male interaction pairs, the
grabbing male starts fanning the wings until one of the males moves away and the wing
fanning stops, these interactions are always unsuccessful. All individual pairs exhibiting
wing fanning were a unit of replication (male–male, female–male unsuccessful or
female–male successful).

Courtship duration The time from beginning of the courtship sequence (grabbing) until first genital
contact. Measurements were only reported when the complete courtship sequence
occurred and resulted in copulation. All individual pairswere the unit of replication All
individual pairs that achieved a successful mating includedwith a courtship sequence
were a unit of replication.

Copulation duration From the start of the end-to-end mating position until genital contact ended. All
individual successfulmating pairswere a unit of replication.

sex and 10 day-time class via a type-II Wald Chi-square
test. When the interaction between larval diet and time
was significant, a post-hoc test for pairwise comparisons
with Tukey adjustment was used to identify differences
between diet and time (emmeans package; Lenth, 2021).
An overview of all fittedmodels can be found inTable S3
in the Supplementary Material.

Behavioural traits
The time until the firstmating attemptwas analysed via
a Linear Mixed-Effects Model (Bates et al., 2015). The
experimental date and cage ID were used as a random
intercept. Where needed, data were log-transformed to
fit a Gaussian distribution. After model selection, the
significance of the time until first mating on the pair
type (male–male or female–male), experimental diet
and the interaction between the two was tested via a
type-IIWald Chi-square test (car package; Fox andWeis-

berg, 2019). Larval diet and adult diet experiments were
analysed separately. Mating latency was analysed in a
similarmanner, with only diet treatment being analysed
for significance aftermodel selection.

The number of mating attempts was analysed via
a Generalized Linear Mixed-Effects Model (GLMM)
(Bates et al., 2015) with Poisson log-link function. To
account for the repeatedmeasures and day effect, exper-
imental date and cage ID were used as a random inter-
cepts. The pair type, experimental diet and the interac-
tion of the two was tested via a type-II Wald Chi-square
test (car package; Fox and Weisberg, 2019). Larval diet
and adult diet experiments were analysed separately.
To analyse mating success, the proportion of success-
ful attempts based on the total female–male attempts
was calculated. The proportion of mating success was
analysed via a Generalized Linear Mixed-Effects Model
(GLMM) (Bates et al., 2015) with a binomial distribu-
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tion. Experimental datewas added as random intercept.
After model selection, the significance of the experi-
mental dietwas tested via a type-IIWald Chi-square test
(car package; Fox and Weisberg, 2019). Larval diet and
adult diet experiments were analysed separately.

Wing-fanning duration was fitted to a GLMMTMB.
Data were log-transformed to fit a Gaussian distribu-
tion. Themodel had experimental diet and attempt type
as fixed effects. The model accounted for heterogene-
ity in the dispersion across attempt type. To account
for the repeated measures and day effect, experimental
date and cage ID were used as random intercept. When
the interaction of attempt type and diet was significant,
a post-hoc test for pairwise comparisons with Tukey
adjustment was used to identify differences between
mating attempt type (emmeans package; Lenth, 2021).

Courtship duration and copulation duration were fit-
ted via a Linear Mixed-Effects Model. To account for
the repeatedmeasures and day effect, experimental date
and cage IDwere used as random intercept. An overview
of all fitted models is presented in Table S4 in the Sup-
plementary Material.

3 Results

Fly emergence based on larval diet
Larval diet influenced proportion of adult emergence
which was earlier for insects reared on the low-nutrient
diet compared to insects reared on the high-nutrient
diet (p < 0.001) (Fig. S2 in the Supplementary Mate-
rial), even though the survival of flies reared on both
low-nutrient (80.9%) and high-nutrient (81%) diets are
quite similar after 40 days of pupation time (Fig. S2 in
the SupplementaryMaterial).Diet treatment influenced
pupal duration until emergence significantly for both
female flies (χ2 = 582, p < 0.001; Fig. 3) and male flies
(χ2 = 624, p < 0.001; Fig. 3).

Adult body-weight differences when insects are exposed
to different experimental diets
Effects of larval diet and pupal duration onweight of
newly emerged flies
The number of surviving pupae present in the substrate
after 20 days was not significantly different for the two
larval diets (Table S1). However, pupal weight (Tables S1
and S3 in the Supplementary Material) and the weight
of freshly emerged flies (<24 h old; Table S3 in the Sup-
plementaryMaterial) was significantly affected by larval
diet (Fig. 4, Table S3 in the Supplementary Material).
The high-nutrient larval diet resulted in heavier pupae

Figure 3 Pupal duration of female flies reared on high-nutrient
diet (N = 844), female flies reared on low- nutrient
diet (N = 732), male flies reared on high-nutrient diet
(N = 909) and male flies reared on low-nutrient diet
(N = 890). The influence of diet was analysed
separately for female andmale flies. The bold vertical
line in the horizontal box plot shows themedian. The
left and right box boundaries show the third and first
quartiles. Thewhiskers extend to the most extreme
values within 1.5 times the interquartile range. Dots
indicate outliers. The greyish shapes around the box
plots represent density plots in which the width of the
shape corresponds with the proportion of individuals
emerging.

Figure 4 Body weight (mean ± SEM) of newly emerged flies
(<24 h old) reared on (A) low nutrient or (B) high
nutrient diet. Flies are separated by sex and emergence
time class (divided over four 10-day classes). Values
having no letters in common differ significantly (Tukey
HSD, p < 0.05). N represents number of female or
male insects weighed within the four time classes.
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and heavier flies (Fig. 4, Table S1 in the Supplementary
Material).

Body weight of the newly emerged flies differed
between the sexes: females were heavier than males
(Fig. 4; Table S3 in the Supplementary Material). The
duration of the pupal stage also influenced the weight
of freshly emerged flies (Fig. 4; Table S3 in the Sup-
plementary Material). This was especially the case for
flies that developed from larvae reared on low-nutrient
diet: those that spent more time in the pupal stage had
the highest weight on this diet (Fig. 4A). In the high-
nutrient treatments, this effect was less pronounced,
as only flies that had emerged between 0–10 days after
pupal transferwere significantly lighterwhen compared
to the flies that emerged between 20–40 days after
pupal transfer (Fig. 4B).

Effects of larval and adult diet onweight of 1–2-day-old
flies
Both larval diet and adult diet affected the weight of
1–2 day-old flies (Tables S2 and S3 in the Supplemen-
tary Material). Body weight differed between males and
females (Table S2 and S3 in the Supplementary Mate-
rial). The high-nutrient larval diet resulted in the heavi-
est females and the low-nutrient diet yielded the lightest
males (Table S2 in the Supplementary Material). Similar
results were found for the adult diet for which females
providedwith diet showed the highestweight andmales
that did not receive diet had the lowest weight (Table
S2 in the Supplementary Material in the Supplementary
Material). For both larval diets and adult diets an inter-
action between sex and diet type and was found (Table
S3 in the Supplementary Material).

Mating behaviour
Time until the firstmating attempt andmating latency
Larval diet did not influence time until first mat-
ing attempt (Fig. 5A, Table S4 in the Supplementary
Material). First male–male and female–male mating
attempts took place at similar times after fly release
(Fig. 5A, Table S4 in the Supplementary Material).
Exposing adult flies to diet resulted in later mating
attempts, compared to adult flies that did not have
access to diet (Fig. 5A, Table S4 in the Supplementary
Material). The interaction between diet and the inter-
action type (female–male or male–male) was similar
for both larval and adult diets (Fig. 5A, Table S4 in
the Supplementary Material). Even though later mating
attempts were observed in adults provided with diet,
mating latency (time from release of the experimental
flies into the cage until a first mating took place) was

(A)

(B)
Figure 5 (A) Time until the first mating attempt took place

(min); high- or low-nutrient larval diets and flies with
orwithout adult diet. Time until the first mating
attempt is presented per interaction type: female–male
attempt (red) andmale–male attempt (blue). (B)
Mating latency (time from release of the experimental
flies into the cage until a firstmating took place) (min).
The bold horizontal line shows themedian. The upper
and lower box boundaries show the third and first
quartile. Thewhiskers extend to themost extreme
values within 1.5 times the interquartile range. The
dots indicate the outliers. N represents the number of
times a particular interaction type took place.

similar (Fig. 5B, Table S4 in the Supplementary Mate-
rial). Mating latency was also similar for flies reared as
larvae on a high-nutrient or low-nutrient diet (Fig. 5B,
Table S4 in the Supplementary Material).

Number of male–male and female–male mating
attempts depending on diet treatment
The number of mating attempts within the first hour of
observation was not influenced by larval diet (Fig. 6A,
Table S4 in the Supplementary Material). Male–male
interactions occurredwith higher frequency than female–
male interactions (Fig. 6A, Table S4 in the Supplemen-
tary Material). Adult diet influenced the overall number
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(A)

(B)
Figure 6 (A) Number of mating attempts (mean ± SEM) during

the first hour of observation per interaction type
(female–male or male–male). Red colour indicates
female–male mating attempts and blue colour
indicates male–male mating attempts. N represents
the number of experimental cages. (B) Proportion of
female–male mating attempts (mean ± SEM) that
resulted into a successful mating. N represents the
number of experimental cages that had at least one
female–male mating attempt.

of mating attempts (Fig. 6A, Table S4 in the Supplemen-
tary Material). More mating attempts occurred among
flies that did not receive nutrition in the adult stage
(Fig. 6A). The frequency of male–male and female–
male interactionswas similar among the two adult diets
(Fig. 6A, Table S4 in the Supplementary Material). There
was no significant interaction between interaction type
(female–male or male–male) and dietary treatment for

Figure 7 Wing-fanning duration (s) for flies reared as larvae on
either of two diets and for adult flies with or without
diet. Wing-fanning duration is presented per
interaction type: successful female–male attempt
(light red), unsuccessful female–male attempt (red)
andmale–male attempt (blue). The bold horizontal
line shows the median. The upper and lower box
boundaries show the third and first quartile. The
whiskers extend to the most extreme values within 1.5
times the interquartile range. The dots indicate the
outliers. N represents the number of times an
interaction type took place among flies exposed to the
diet treatments indicated.

either larval or adult diet (Table S4 in the Supplemen-
tary Material).

Mating success
Proportion of successfulmating attempts
The female–male mating attempts resulted either in a
successful attempt, followed by mating, or an unsuc-
cessful attempt that did not result in mating. Neither
larval nor adult diet influenced the proportion success-
fulmating attempts (Fig. 6B, Table S4 in the Supplemen-
tary Material).

Differences inwing-fanning duration
Wing fanning in female–male pairs resulted either in
mating or in a rejection (Fig. 7). Wing-fanning dura-
tion differed between interaction types in flies reared
on different larval diets (Fig. 7; Table S4 in the Supple-
mentary Material). Male–male wing fanning duration
was significantly longer when compared to unsuccess-
ful female–male interactions (p < 0.001) and successful
female–male interactions (p < 0.001). However, wing-
fanning duration of successful female–male and unsuc-
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cessful female–male attempts was similar (p = 0.375).
Larval diet did not affect wing-fanning duration (Fig. 7,
Table S4 in the Supplementary Material).

Wing-fanning duration differed between interaction
types in flies exposed to different adult diets (Fig. 7,
Table S4 in the Supplementary Material). Male–male
pairs showed a longer wing-fanning duration when
compared to the wing-fanning duration of success-
ful female–male pairs (p < 0.001). Male–male wing-
fanning duration was similar to the wing-fanning dura-
tion of unsuccessful female–male pairs (p = 0.270)
and unsuccessful female–male pairs displayed a sim-
ilar wing-fanning duration as successful female–male
pairs (p = 0.173). Adults fed with diet had a longer
wing-fanning duration compared to adults that did not
receive additional diet (Fig. 7, Table S4 in the Supple-
mentary Material).

Courtship duration and copulation duration
Flies that were fed on different diets in the larval stage
and flies thatwere exposed to different diets in the adult
stage exhibited similar courtship duration (Fig. 8A;
Table S4 in the Supplementary Material). However, flies
reared as larvae on low-nutrient diet had a longer cop-
ulation time compared to flies reared as larvae on high-
nutrient diet (Fig. 8B; Table S4 in the Supplementary
Material). Flies that did not receive diet as adults had a
longer copulation time than flies that had access to diet
in the adult stage (Fig. 8B; Table S4 in the Supplemen-
tary Material).

4 Discussion

Our results show that pupation time is longer when the
nutrient content of the larval diet quality was high than
when nutrient contentwas low. However, BSF reared on
a low-nutrient diet gained a significant weight benefit
from a relatively longer pupation time. Not only did we
find that diet can influence body weight but alsomating
behaviour. Low-nutrient diet in the larval stage resulted
in a longer copulation time compared with flies that
had developed on a high-nutrient larval diet. Food avail-
ability in the adult stage had the largest influence on
mating behaviour: the absence of food in the adult stage
resulted in earlier mating and more frequent mating
attempts, shorter wing fanning and a longer copulation
time. Such effects on behaviour are relevant in the con-
text of welfare, when considering that insects should be
able to express natural behaviour (Barrett et al., 2023).

(A)

(B)
Figure 8 (A) Courtship duration (s) of BSF for each dietary

treatment group. (B) Copulation time (min) for each
dietary treatment. Bold horizontal line shows the
median, upper and lower box boundaries show the
third and first quartile. Whiskers extend to the most
extreme valueswithin 1.5 times the interquartile range.
Dots indicate the outliers.

Dietary influences on life-history traits
BSF is sexually dimorphic; females were found to be
heavier than males, consistent with the fact that BSF
females have a larger body than males (Gobbi et al.,
2013). Larval diet did not affect pupal survival at 20 days,
which is similar to the findings by Barragan-Fonseca et
al. (2018) who tested similar dietary treatments.

Prolonged pupation time is associatedwith increased
fly body weight
Our results showed that larvae reared on high-nutrient
diet spent significantly more days in the pupal stage.
The increased pupation time of BSF reared on high-
nutrient diet when compared to BSF reared on low-
nutrient diet was not expected due to the similar
development time until the pupal stage observed by

Journal of Insects as Food and Feed 0 (2025) 1–17



12 Y. Kortsmit et al.

Barragan-Fonseca et al. (2018) who investigated simi-
lar dietary treatments. Even though prolonged pupation
time may be accompanied with dehydration effects in
non-diapausing insects (Hadley, 1994), we did not see
such an effect for BSF as the body weight of emerg-
ing flies was higher when spending more time in the
pupal stage. Flies reared on high-nutrient diet showed
similar body weight when emerging between 10 and 40
days after pupal transfer. The earlier adult emergence
of individuals reared on low-nutrient diet was associ-
ated with an increase in body weight with every 10 days
of additional pupation time. While previous research
showed a prolonged pupation time in BSF due to dietary
differences, this was associated with low-quality diets
resulting in smaller flies (Gobbi et al., 2013), our findings
show the opposite effect. The increased body weight
may offer advantages, especially because larger females
have larger ovaries (Gobbi et al., 2013) and populations
of larger females producemore eggs (Jones andTomber-
lin, 2021). Increased body weight can also lead to higher
reproductive success, as large males achieve a higher
number of successful matings compared with smaller
males and are considered more aggressive (Jones and
Tomberlin, 2021). However, whether such an effect on
mating behaviour is present in flies with prolonged
pupation time remains to be studied. Even with possi-
ble reproductive advantages, most of the flies reared on
low-nutrient diet emerged early and with a lower body
weight. This increased developmental rate could be an
evolutionary strategy to increase reproductive success.

Diet influences pupal and adult body weight
Pupal weight and 1–2-day-old fly weight were high-
est when the insects had been reared on high-nutrient
diet. When provided with access to diet, 1–2-day-old
flies were heavier when compared with flies that were
deprived of diet. This indicates that feeding adults is
advantageous to the flies. Not only can females benefit
from nutrient acquisition in the adult stage leading to
increased oviposition (Bertinetti et al., 2019), also males
may benefit. As spermatogenesis in virgin BSF males is
continuous (Munsch-Masset et al., 2023) they may need
the extra nutrition to increasemating success over time.
This result can be especially interesting in the context
of insect welfare, as stratiomyid flies can be considered
typical nectar feeders as they are seen feeding on flowers
(James, 1981) and also on honeydew (Beuk, 1990) even
though feeding by adult BSF is generally considered
unnecessary for successful reproduction (Tettamanti et
al., 2022).

Dietary influences onmating behaviour
Duration of behavioural recording
We aimed at analysing the firstmating attempts, because
subsequent mating attempts may be affected by prior
experiences. We had recorded the behaviour for longer
periods but the firstmatings generally took placewithin
the first hour of recording and analysing the videos for
longer time did not change the results.

Dietary influences onmating attempts
Adult diet influenced BSF mating behaviour in our
experiments. Flies that did not have access to food in the
adult stage showed earlier and more frequent mating
attempts than adults that had food available. This may
indicate that starvedmales investmore energy in repro-
duction than well-fed males. Starved, sexually mature
Nicrophorus vespilloides Herbst (Coleoptera: Silphidae)
males also showed a higher reproductive investment in
alternative mating tactics such as increasing the pro-
portion of time spent in signalling females (Richard-
son and Smiseth, 2019). Interestingly, such a potential
increase in reproductive investment did not result in a
higher proportion of mating success in food-deprived
BSF adults. In our study, the mating latency was not
influenced by diet. This differs from what was observed
in A. obliqua Macquart (Diptera: Tephritidae) in which
fly pairs fed on high-quality diet demonstrated their
first mating earlier than pairs fed on low-quality diet
(Aluja et al., 2009). However, these differences can be
due to the differences between the species, as BSF and
A. obliqua feed and reproduce on different substrates.
The terminal investment hypothesis predicts that under
threat on survival, such as starvation, individuals invest
in current reproduction (Foo et al. 2023). In female–
male interactions adult starvation resulted in faster and
moremating attemptswhichmeetswith the predictions
of the terminal investment hypothesis.

Wing-fanning duration and the connection tomate
choice
We rarely observed copulation without prior wing fan-
ning, in line with the results of Giunti et al. (2018).
Even though overall wing-fanning duration was longer
in fed adults, we found a similar wing-fanning dura-
tion for successful and unsuccessful female–male mat-
ing attempts for flies reared on different larval or
adult diets. When larvae were subjected to different
dietary treatments, male–male pairs had a longer wing-
fanning duration compared to successful and unsuc-
cessful female–male attempts. When only adults were
exposed to different dietary treatments, male–male
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wing-fanning duration was only longer when compared
with successful female–malemating attempts. However,
the wing-fanning duration of successful and unsuccess-
ful female–male pairs was similar. This suggests that,
even though wing fanning is important in the courtship
sequence (Giunti et al. 2018), in our study it did not
seem to be linked to mating success of female–male
pairs.

If wing fanning does not regulate mate choice, there
may be other mechanisms of mate choice operating in
BSF, for example chemical cues, vibration frequencies,
sperm competition and cryptic female choice that occur
after copulation (Kotzé et al., 2019; Terzidou et al. 2022;
Piersanti et al. 2024; Manas et al. 2025). The BSF sperm
tract is favourable for continuous sperm transfer during
copulation, therefore the regulation of sperm quantity
may be influenced by the male or female, potentially
influenced bymate choice (Munsch-Masset et al., 2023).

The investment in reproductive behaviour
Copulation duration is dependent on diet, with a pro-
longed copulation duration in flies reared as larvae
on low-nutrient diet and a prolonged copulation dura-
tion in flies that did not receive diet in the dietary
treatments in the adult stage. Even though copulation
duration of smaller M. domestica was shorter (Baldwin
and Bryant, 1981), some other insects such as protein-
deprived male Ceratitis capitata Wiedemann (Diptera:
Tephritidae) (Blay and Yuval, 1997) and Derocephalus
angusticollis Enderlein (Diptera: Neriidae) males reared
on poor larval diet were found to invest more in repro-
ductive output by increasing mating duration (Fricke et
al., 2015).

Sperm competition theory proposes that prolonged
mating increases a male’s reproductive success because
it increases sperm transfer (Parker, 1970). BSF that did
not have access to food in the adult stage may have
some form of evolutionary adaptation to ensure repro-
ductive success, by which increased copulation time
would give a higher probability of reproduction. This
remains to be tested by investigating fitness outcome.
Smaller males of Scathophaga stercoraria L. (Diptera:
Scathophagidae) show a similar prolonged copulation
time. This is the result of the decreased sperm output
that smallermales have in comparisonwith largermales
(Simmons et al., 2020). A prolonged copulation time in
smaller males can result in a similar number of sperma-
tozoa being transferred and therefore a similar probabil-
ity of paternity is expected when compared with larger
males (Charnov and Parker, 1995). Since BSF, as previ-
ously mentioned, may be able to influence the number

of spermatozoa transferred via modulation of copula-
tion time (Munsch-Masset et al., 2023), a similar effect
as in S. stercoraria is expected.

Additionally, an increase in spermatophore quality
may be a way to ensure reproductive success, for exam-
ple via an increased mating effort that occurs due to
immediate survival threats such as infection in Tenebrio
molitor L. (Coleoptera: Tenebrionidae) (Reyes-Ramírez
et al., 2021) and the combination of old age and infec-
tion in Nicrophorus marginatus Fabricius (Coleoptera:
Silphidae) (Farchmin et al., 2020). The reproductive
investment may extend to providing seminal fluid pro-
teins (SFP) during mating similar to what has been
found for D. melanogaster (Avila et al., 2010). BSF may
transfer SFPs together with the seminal fluid during
mating, as mating increases longevity of BSF females
(Harjoko et al., 2023). In our case, insects reared on
low-nutrient diet or without food in the adult stage in
combination with the age of the tested flies may result
in an increased mating effort, as a reproductive invest-
ment in proteins may be very costly for these individu-
als. Furthermore, longevity can decrease due to the lack
of nutrients in the adult stage (Macavei et al., 2020)
and due to mating status, as mated BSF males show a
decreased longevity (Harjoko et al., 2023).

This increased investment may not be relevant if
BSF exhibits some sort of re-mating strategy. In other
Diptera, females mated with males exposed to low-
protein diets are more likely to re-mate when the
opportunity presents itself (Blay and Yuval, 1997, Costa
et al., 2012). In wild Anastrepha fraterculus Wiede-
mann (Diptera: Tephritidae) a similar pattern is present,
when females mated with males fed on lower nutrient
diet in the adult stage a higher proportion of females
remated within 48 hours (Abraham et al., 2011). BSF
may have a similar re-mating strategy, as females have
spermathecae (Munsch-Masset et al., 2023), and both
re-mating and multiple parentage has been reported in
this species (Hoffmann et al., 2021; Jones and Tomber-
lin, 2021). Females seem to be unable to select sperm
via differential filling of the sperm storage reservoirs
(Munsch-Masset et al., 2023) and the increased chances
of parentage for the male may be due to the last male
sperm precedence, the phenomenon by which the last
male that mated fertilises a larger number of eggs (Birk-
head andHunter, 1990; Ridley, 1989).

Male–male interactions
In our study we frequently observed male–male inter-
actions, similar to what has been reported in other
studies (Gobbi et al., 2013; Jones and Tomberlin, 2021).
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Male–male interactions are not uncommon in dipteran
species. InDrosophila, males that have limited courtship
experience were found to court a wide range of con-
specifics when sexually mature, and based on the
rejection experience, alter courtship choice in future
attempts (Dukas, 2010). The long wing-fanning duration
in male–male courtship attempts in BSF may be one
of these behavioural experiences that could alter sub-
sequent male courtship choices. In BSF, the connection
with female choice based on male–male interactions
and courtship experience still remains to be studied.

5 Conclusion

In conclusion, both larval and adult diet have an effect
on mating behaviour in BSF. However, the differences
in mating behaviour variables were more strongly influ-
enced by the provision of adult diet. Still very little is
understood about the dynamics of mate choice, and
increased insight may help with creating more bene-
ficial mating conditions in mass-rearing facilities. The
dietary effects on BSF reproductive behaviour are rele-
vant formaintaining a central rearing colony and also to
ensure insectwelfare in the adult stage. Insectwelfare is
a subject increasingly discussed especially in the context
of insects reared for food and feed (Barrett et al., 2023;
Kortsmit et al., 2023; van Huis, 2019; Voulgari-Kokota et
al., 2023).Our study suggests that the access of adults to
nutrients such as protein and sugar is one of the aspects
that needs to be taken into account in the context of
insect welfare (Voulgari-Kokota et al., 2023). Because
freedom from hunger is considered an important wel-
fare aspect and adults are typically only provided with
water (Barrett et al., 2023), our data suggest that there
is potential for improvement of welfare of flies in mass-
rearing systems.

Supplementary materials

Data is available on https://doi.org/10.1163/23524588
-bja10342 under Supplementary Materials.
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