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ABSTRACT

Organic waste management in institutional settings presents a persistent challenge due to the fluctuating mac-
ronutrient composition of daily waste streams. This study investigated the effect of macronutrient composition
on black soldier fly larvae (BSFL, Hermetia illucens) bioconversion performance and larval development using
four substrate types: tofu waste (protein-rich), leftover rice (carbohydrate-rich), green cabbage (fiber-rich), and
a mixed substrate of equal proportions of all three. Conducted as part of an organic waste management initiative
at Universitas Sumatera Utara, 7-day-old BSFL were cultivated over a 21-day feeding period, with larval length,
weight, color, pre-pupal development, and chitin formation assessed at regular intervals. A preliminary antinu-
tritional evaluation was further conducted using catfish (Clarias batrachus) fed a composite diet of 50% BSFL
pupae and 50% commercial fish feed. Results demonstrated that substrate macronutrient composition signifi-
cantly influenced all measured parameters (p < 0.05). Tofu waste exhibited the highest bioconversion rate, with
complete substrate consumption within approximately 10 hours per feeding cycle, while green cabbage showed
persistent residual substrate throughout cultivation. The mixed substrate achieved the highest total larval length
at harvest (17.298 + 3.341 mm), while tofu-fed larvae recorded the highest body weight. Pre-pupal formation was
most advanced in the tofu and mixed-substrate treatments, whereas green cabbage larvae failed to initiate pre-
pupal transformation within the cultivation window. Chitin yield was highest in mixed (18.136 + 0.941%) and
tofu (17.219 + 0.530%) treatments at Day 28, while FTIR analysis confirmed that all substrates produced struc-
turally identical a-chitin, which confirms substrate waste composition influences chitin quantity but not quality.
A preliminary antinutritional trial indicated that partial substitution with chitin-bearing BSFL pupae (estimated
8-9% dietary chitin) significantly suppressed catfish growth over 14 days; as this short-term trial could not isolate
the effect of chitin from other dietary differences, the finding is preliminary and requires confirmation through
longer, dose-controlled studies.
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INTRODUCTION

The increasing generation of organic, inor-
ganic, and municipal waste continues to chal-
lenge existing waste management systems, par-
ticularly in developing regions, like Indonesia,
where infrastructure and collection service effi-
ciency remain limited. Recent studies have also
highlighted the need for improved waste man-
agement strategies and resource-recovery ap-
proaches in both rural and urban environments
(Bredun et al., 2024). To be more specific , Indo-
nesia currently faces a mounting crisis due to the
vast quantities of organic waste generated from
households, traditional markets, as well as the
food and beverage sectors (Low Carbon Develop-
ment Indonesia, 2021). A substantial proportion
of the organic waste remains inadequately man-
aged and is ultimately disposed of in landfills,
reducing landfill capacity and constraining their
long-term availability for future waste disposal.
The landfill burden is increasing due to rapid pop-
ulation growth, accelerating urbanization, evolv-
ing consumption patterns, and a lack of societal
knowledge and responsibility, which have led to
a massive increase in unutilized waste produc-
tion, with organic materials, such as food scraps
and yard waste, making up the largest share, of-
ten exceeding 50 % of total municipal solid waste
reported in most of Indonesia waste facilities
(Wikurendra, et al. 2024). The National Waste
Management Information System of the Minis-
try of Environment and Forestry, the Republic of
Indonesia, has reported that the total waste pro-
duction in 2024, where the total amount of waste
generated reached 33,820,687.54 tons, with the
composition of organic waste reaching 39.26 %
of the total generation (Kementrian Lingkungan
Hidup Republik Indonesia, 2026). To be more
specific, in our city, Medan, the capital of North
Sumatra the total waste production can amount to
hundreds of tons per day, straining existing waste
management infrastructure and leading to wide-
spread improper disposal (Hanafiah and Muhdi,
2022). The condition was worsened by the fact
that the government-funded waste service could
not cover all areas due to limited infrastructure,
especially transportation, which made most of the
waste uncollected and left in the residential area.
The inadequate management of organic waste,
frequently dumped in open landfills, burned, or
left to decompose, poses serious threats to both
the environment and public health. Unmanaged
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organic waste contributes to air, water, and soil
pollution, releases greenhouse gases like meth-
ane, and increases the risk of flooding and vector-
borne diseases (Yuan and Zoungrana, 2025).

Comprehensive waste management strategies
and policies are essential to address the growing
waste challenges in Indonesia. The government of
the Republic of Indonesia should prioritize waste
management, particularly in development of in-
frastructure as well as expansion of waste collec-
tion and service coverage. However, the imple-
mentation remains challenging due to Indonesia’s
archipelagic geography, which limits accessibil-
ity and complicates the transportation of waste
from dispersed regions to centralized landfill
sites. In the case of Sumatra Island, the extensive
service area and significant distances between re-
gions hinder the effectiveness of interconnected
waste management systems, as infrastructural
limitations constrain the integration of facilities.
Therefore, decentralized integrated waste facili-
ties have emerged as a more practical solution
for handling locally generated waste, optimizing
resource utilization while reducing the burden
on government-led collection and transportation
systems. Moreover, such facilities (integrated
waste facilities) offer opportunities to enhance
waste value by integrating multiple treatment
technologies, which can convert non-valuable
waste into a highly valuable or commercial one
(Kurniawan et al., 2026). This idea has basically
been implemented in authors’ institution, Univer-
sitas Sumatera Utara (USU), where USU has de-
veloped an integrated waste management facility
that processes locally generated waste within the
campus. The coverage area includes the organic
and inorganic waste, where most of the generated
waste has been successfully utilized, with a small
amount of waste ending up in the landfills.

To be more specific on organic waste, the
waste facilities of Universitas Sumatera Utara
have utilized black soldier fly larvae (Hermetia il-
lucens) to facilitate the bioconversion of organic
waste, transforming the organic waste into larval
biomass and frass. The obtained bioconversion
product could be further utilized as aquaculture
feed (BSFL) and organic fertilizer (Frass). The use
of BSFL in the organic waste bioconversion was
based on the widely reported studies that reported
the successful bioconversion of diverse organic
waste streams and transformed the waste into valu-
able biomass rich in protein, lipids, and bioactive
compounds, highlighting the strong potential for



Ecological Engineering & Environmental Technology 2026, 27(8), 113-134

circular economy applications (Anokye, 2025).
As mentioned, the biodegradation performance of
BSFL in waste degradation has been widely report-
ed across various waste streams, demonstrating
their ability to convert organic waste into valuable
biomass and frass, with nutrient profiles reflecting
the original substrate composition (Grossule et al.,
2025; Singh et al., 2021; and Tao et al., 2023). The
quality of both biomass and frass as bioconversion
products of BSFL degradation is highly influenced
by the nutritional composition of the rearing sub-
strate, particularly the balance of macronutrients
such as proteins, carbohydrates, and fibers (Sid-
diqui et al., 2022). Our organic waste facilities
have also found that the physical form of BSFL
varied with the type of waste used to feed the lar-
vae, further confirming that the type of organic
waste stimulates different larval metabolism. This
first-hand observation reinforced the view that sub-
strate profile strongly shapes BSFL metabolism,
potentially affecting the nutrient, physical form,
and overall bioconversion performance of larvae.
Understanding how a given organic-waste stream
drives the developmental and metabolic fate of
BSFL is therefore not merely of biological inter-
est. It provides practical information for designing
and managing substrate-specific bioconversion in
future waste management systems.

Building on this issue, literature reviews have
pursued two largely separate directions. First, the
research focused on engineering and optimizing the
bioconversion process to enhance biodegradation
efficiency and improve the quality of downstream
products by combining or adding functional addi-
tives, such as antioxidants, to produce value-added
materials with enhanced functional properties (Na-
vajas-Porras et al., 2024). Second, the current stud-
ies are also investigating the feeding preferences
of BSFL to inform the design of more efficient bio-
conversion systems. Understanding substrate se-
lectivity enables the development of processes that
not only accelerate degradation rates but also yield
larvae with improved nutrient composition (Fitri-
ana, 2022). Overall, these advancements highlight
the potential of BSFL-based systems as a sustain-
able solution for organic waste management, while
simultaneously producing high-value outputs for
applications in agriculture and other bio-based
industries. However, these studies have typically
relied on mixed or compositionally undefined
waste streams, and few have i1solated the effect of a
single, dominant macronutrient class on larval per-
formance under otherwise comparable conditions

(Bredun et al., 2024; Gumbo et al., 2025; Upad-
hyaya et al., 2026). Critically, where macronutrient
effects have been examined, larval development
has generally been assessed at a single endpoint,
rather than tracked across developmental stages,
leaving the trajectory of substrate-driven growth
and the stage at which different substrates diverge
largely uncharacterized.

A second, largely independent body of work
has flagged chitin, the structural polysaccharide
of the larval exoskeleton, as a limiting factor for
BSFL use in aquaculture feed, since it can reduce
nutrient digestibility and depress feed perfor-
mance. Yet how chitin accumulates as a function
of the substrate macronutrient profile and devel-
opmental stage, and whether that accumulation
translates into measurable effects on fish growth,
has been examined in a limited number of stud-
ies, especially within a single experimental frame-
work. Thus, the present study links these two
disconnected strands. To be more specific, the
present study aimed to quantify the bioconversion
efficiency of four dominant types of domestic-
waste substrates with distinct macronutrient pro-
files (protein-, carbohydrate-, fiber-, and mixed-
dominant). The second goal was to track larval
growth, including weight and length, as a function
of larval developmental stages across the full cul-
tivation period. Third, the present study aimed to
characterize extracted chitin obtained from each
cultivation treatment and see if it is different in
terms of quantity and quality. Finally, the study
will conduct a preliminary catfish (Clarias ba-
trachus) feeding trial to assess whether chitin in
BSFL-derived feed acts as an antinutritional factor
(Eide, 2024). Furthermore, Three main hypothe-
ses were made: (i) substrates dominated by readily
assimilable macronutrients (protein and balanced
mixed substrates) would support higher biocon-
version efficiency and superior larval growth than
fiber-dominant substrates (H1); (ii) chitin accu-
mulation would increase with developmental pro-
gression and would be greatest in the substrates
promoting the fastest development toward the
pre-pupal stage (H2); (iii) partial substitution of
commercial feed with chitin-bearing BSFL pupae
would suppress catfish growth relative to a con-
ventional diet, consistent with a dose-dependent
antinutritional effect of chitin (H3). By integrating
upstream substrate-driven bioconversion dynam-
ics with downstream feed application, the present
study sought to bridge the gap between substrate
optimization and feed-quality assessment, as well
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as to generate design criteria for more efficient and
nutritionally viable circular-bioeconomy systems.

MATERIALS AND METHODS

Preparation of black soldier fly larvae

Black soldier fly larvae (BSFL) were obtained
from the Circularity Center of Universitas Suma-
tera Utara, Medan, Indonesia. BSFL were reared
from BSF eggs in a hopper-style container under
dark conditions to facilitate hatching over sev-
eral days. After the hatching process, BSFL were
transferred to clean bio-ponds and reared for an
additional seven days on an organic bran-based
diet composed of wheat and maize bran sourced
from a local supplier. The feeding rate was main-
tained at 100 mg/larvae/day on a dry basis, while
the moisture content of the feed was controlled
within the range of 40-60% (Bajra, 2025). Fur-
thermore, the seven-day-old BSFL were sub-
sequently used for bioconversion experiments,
as this stage is considered the minimum age for
initiating the primary waste bioconversion phase
(Eide, 2024). At the end of the rearing period,
BSFL were separated from the residual bran using
a 25-mesh sieve and transferred to new bio-ponds
for subsequent experimental feeding treatments.

Preparation of substrate for feed treatment

Four types of growth substrates were used in
the present study, selected based on their domi-
nant macronutrient compositions: tofu represents
the protein-rich substrate, green cabbage repre-
sents the fiber-rich substrate, rice represents the
carbohydrate-rich substrate, and a mixed substrate
consisting of equal proportions of tofu, green cab-
bage, and rice. The tofu will be assigned as protein
(P), green cabbage assigned as fiber-rich substrate
(F), leftover rice assigned as carbohydrate-rich
substrate (C), and mixed waste assigned as bal-
anced macronutrients (M). All the substrates were
obtained as daily waste from local markets and
waste collection on the campus. The substrates
were used in their fresh form without any pre-
treatment, such as sterilization or mashing. For
green cabbage, the substrates were chopped to a
uniform particle size of approximately 1-1.5 cm
to facilitate larval feeding and ensure consistency
across treatments. Figure 1S shows the substrate
preparation conducted in the present study.
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The experimental diet

The feeding experiment was conducted in
plastic container bio-ponds measuring 21 x 11
x 10 cm, where Figure 2S shows the photograph
of the bio-pond used in the present study. Ap-
proximately 8 g of 7-day-old BSFL was carefully
weighed and assigned to each of the four substrate
treatments. A standardized feeding rate equiva-
lent to twice the larvae biomass was applied, with
16 g of substrates provided at the beginning of
the feeding experiment. The substrate weight was
maintained at a constant level, adjusted to cor-
respond with the projected BSFL biomass over
the following three days. Each treatment was
performed in triplicate, and fresh substrate was
supplied daily for 28 days, which is considered
optimal for the transition from BSFL to BSF pre-
pupal stage (Lalander et al., 2019). The effective-
ness substrate reduction was assessed qualitative-
ly by visual observation of the residual substrate
remaining in each bio-pond before the subsequent
feeding cycle, rather than by gravimetric mea-
surement. The experiment was conducted in the
Solid Waste Laboratory of the Department of En-
vironmental Engineering, Universitas Sumatera
Utara. The experiment was conducted at room
temperature and humidity, which were recorded
as 28 °C and 65%, respectively.

Several parameters were evaluated during the
feeding experiment: larval growth performance
(weight and length) and chitin yield. The assess-
ments were conducted at different development
stages, which were assessed only on days 7 as
the starting day, 14, 21, and 28 as the final stage.
On the other hand, the transition was visually
confirmed by a color change in the BSFL from
light yellow in the initial stage of BSFL growth
to brown in the initial pre-pupae stage, and dark
brown, which signifies full pupation.

Larval development was evaluated through
two parameters: larval weight and larval length.
For larval weight, ten larvae were randomly
sampled from each treatment and weighed in-
dividually using an analytical balance (Met-
tler Toledo MA104/A). The measurement was
performed in three replicates to ensure the con-
sistency and reproducibility of the recorded
weights. Larval length was determined using im-
age analysis with Imagel software. BSFL within
the bio-pond were photographed using a digital
camera, with a sheet of millimeter graph paper
affixed to the adjacent section of the bio-pond
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to serve as a spatial reference. 30 larvae with
a clear form will be calculated as the reference
for larval length. Furthermore, this reference al-
lowed Imagel to be calibrated against a known
scale, providing a consistent standard of length
for measuring all larvae. An example of this
calibration and measurement procedure is pre-
sented in Figure 3S, where the millimeter graph
paper establishes the dimensional control used
to standardize length measurements across all
BSFL samples. The detailed measurement setup
and calibration of larval development are pro-
vided in Tables 1S and 2S.

The chitin quantification method

A gravimetric method reported by Triun-
fo (2023) was employed to quantify the chitin
amount in BSFL with some procedure modifi-
cations (Triunfo et al. 2022). The analysis was
based on the mass of extracted chitin following
deproteinization and demineralization . Approxi-
mately 10 g of BSFL on each sampling point were
first inactivated in boiling water and subsequently
dried in an oven at 105°C for 4 hours. The dried
BSFL were weighed and recorded as the initial
weight (W)). The samples were then ground into
a fine powder before chemical treatment. Further-
more, deproteinization was carried out by treating
the powdered sample with 3.5% NaOH solution
(Sigma-Aldrich) at a ratio of 1:10 (w/v), followed
by heating at 80°C for 2 hours. The resulting mix-
ture was filtered, and the solid residue was thor-
oughly washed with distilled water to remove re-
sidual alkali. Demineralization was subsequently
performed by suspending the residue in 1 M HCI
(Sigma-Aldrich) at a ratio of 1:5 (w/v) for 30 min
at room temperature. The suspension was then
filtered and repeatedly washed with distilled wa-
ter until a neutral pH was achieved. Furthermore,
the final solid product was dried at 105°C over-
night and weighed as the final chitin mass (W,).
The solid product was further characterized using
Fourier transform infrared (FTIR) spectroscopy
to confirm the presence of characteristic func-
tional groups of chitins. The chitin yield (%) was
calculated based on the initial and final weights
according to the equation reported by Pedrazzani
(2023) (Pedrazzani et al., 2024). The full extrac-
tion and gravimetry procedure is shown in Sup-
plementary Information (Figure 4S), where the
detailed calculation of chitin yield measurement
is described in Table 3S.

The anti-nutrient test of chitin from BSFL
as fish food on catfish cultivation

A subsequent study was designed to evaluate
the potential anti-nutritional effects of the chitin
derived from BSFL. A randomized experimental
design was employed to assess the effects of com-
bining BSFL with commercially available fish
feed, with particular emphasis on the influence
of chitin content on fish growth performance. A
mixing ratio of 50:50 (w/w) between BSFL and
commercial feed was selected based on previous
studies indicating this proportion as optimal for
evaluating the anti-nutritional effects of chitin,
although the specific impact of chitin content
on catfish growth has not been comprehensively
investigated (Kariuki et al., 2024). Two dietary
treatments were prepared: (i) 100% commercial
feed as the control, and (ii) a mixture of 50%
commercial feed and 50% of BSF pupae. The
BSFL pupae used in the anti-nutrient test were
harvested at 28 days, corresponding to the stage
with the highest chitin content as identified in
the preceding experimental diet. The commercial
feed consisted of standard pellets with a balanced
nutritional composition suitable for catfish culti-
vation (31-32% of protein, 3—5% of lipid, 4—6%
of fiber, 10-13% of ash, and 11-13% of mois-
ture), obtained from a local supplier. For the com-
bined diet, the harvested BSF pupae were ground
and thoroughly mixed with the commercial feed
at the specified ratio, followed by palletization
and oven drying at 55°C to ensure uniformity and
stability of the feed (Gebremichael et al., 2023).

The anti-nutrient feeding experiment was
conducted using catfish (Clarias batrachus) ob-
tained from a local aquaculture farm. The fish
had an initial length of 7-9 cm and an average
weight of 6.2 + 0.7 grams, corresponding to an
approximate age of one month. The catfish were
reared in plastic tanks with dimensions of 50 x
20 x 20 cm, with a stocking density of 10 fish per
tank. The cultivation experiment was conducted
in the Water Analysis Laboratory, Department
of Environmental Engineering, Universitas Su-
matra Utara. The fish were maintained indoors
under ambient laboratory conditions at approxi-
mately 28 °C and 50-55% relative humidity.
Each cultivation tank contained approximately
15 L of water and was continuously aerated us-
ing a commercial air pump at a flow rate of 20 L/
min to maintain adequate dissolved oxygen levels
throughout the experiment. No water replacement
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or treatment was performed during the cultivation
period to simulate a static culture system. Water
quality parameters such as total suspended solids
(TSS), total dissolved solids (TDS), pH, and elec-
trical conductivity (EC) were monitored periodi-
cally throughout the experiment, and the results
are presented in Table 4S. The result of the water
quality parameters on the fish tank with different
feeds increased gradually with cultivation time,
consistent with the progressive accumulation of
metabolic solids in the rearing system. All values
remained within acceptable limits for catfish cul-
ture and were comparable between the two dietary
treatments (Caesar et al., 2021). However, the di-
rect water quality parameter such as ammonia, ni-
trate, and nitrite was not monitored in the present
study. Furthermore, the fish were fed twice daily
(morning and afternoon) at a feeding rate of 4%
of body weight over a 14-day experimental pe-
riod. The anti-nutrient effect was assessed based
on the growth performance of catfish (weight and
length) for every five-day interval (Eggink, 2022).

Statistical analysis

All quantitative data are expressed as mean =+
standard deviation. Larval length, weight, and chi-
tin yield were compared among the four substrates
at each sampling point using one-way analysis of
variance (ANOVA) followed by Tukey’s HSD
post-hoc test. Catfish growth (length and weight)
between the control and BSFP-supplemented
groups was compared at each time point using an
independent-samples (Welch’s) t-test. The relation-
ship between larval weight and chitin yield was
assessed by Pearson correlation. All analyses were
performed in Python (SciPy and stats models), with
statistical significance set at p < 0.05. The complete
ANOVA and Tukey HSD post-hoc output, together
with the catfish t-test results, is provided in the Sup-
plementary Information (Table 6S).

RESULTS AND DISCUSSION

Bioconversion of waste based on macro-
nutrient profile using black soldier fly larvae

The present study investigated the bioconver-
sion efficiency of black soldier fly larvae (Hermetia
illucens) across four substrates with distinct macro-
nutrient profiles, with particular emphasis on waste
reduction and sustainability potential. The study
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was conducted as part of an ongoing waste man-
agement development initiative conducted at Uni-
versitas Sumatera Utara, where the organic waste
stream is characterized by fluctuating composition
depending on activities and residents’ consumption
patterns. To systematically address the highly fluc-
tuating waste properties, macronutrient profiling
was adopted as a framework for categorizing and
identifying the daily waste characteristics generated
within the waste facilities. This approach enables a
more targeted and informed application of biocon-
version technologies aligned with the actual waste
profile being managed. Furthermore, while BSFL
have been widely utilized as a protein source for
fish feed for local fish farming, the nutritional prop-
erties of the resulting larval biomass are not uniform
(Siddiqui et al., 2022). The BSFL nutrient profile
is inherently influenced by the composition of the
substrate on which the BSFL are reared. Thus, the
specific effects of single macronutrient-based sub-
strates on BSFL bioconversion performance and
larval properties remain largely unreported in the
literature. Therefore, the present study addresses
the gap by providing foundational insights into how
distinct macronutrient profiles, such as protein, car-
bohydrate, and fiber-rich substrates, differentially
influence BSFL bioconversion efficiency, with im-
plications for both campus waste management and
the downstream quality of BSFL biomass destined
for aquaculture use.

The result on bioconversion efficiency of four
substrates, tofu waste demonstrated the highest
bioconversion efficiency, with complete substrate
consumption observed within approximately 10
hours of feeding, which is ahead of the subse-
quent daily feeding cycle. The high bioconversion
on tofu waste is consistent with the high protein
content of tofu shown in Table 1, which provides
readily accessible nitrogen sources essential for
larval growth and metabolic activity (Schneider
et al., 2025). Several previous studies from the
literature have reported similar enhanced larval
performance and waste reduction rates on protein-
rich substrates, attributing the tofu waste substrate
to the higher nutritional value that supports rapid
enzymatic digestion and tissue synthesis in BSFL
(Lalander et al., 2019; Nguyen et al., 2015). The
complete absence of residual tofu substrate sug-
gests near-total assimilation, which holds consid-
erable promise for the management of protein-rich
food industry by-products, such as soy processing
waste, within circular bioeconomy frameworks.
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In contrast, green cabbage, characterized by its
high fiber content (5.15%), and elevated moisture
(91.23%), exhibited markedly lower bioconver-
sion efficiency, with substantial residual material
persisting throughout the cultivation period. This
outcome aligns with the established understanding
that lignocellulosic and fiber-rich plant materials
present significant digestive challenges for BSFL
due to their complex structural polysaccharides,
including cellulose and hemicellulose, which resist
enzymatic breakdown (Cickova et al., 2015). The
high moisture content of green cabbage may have
further compounded this limitation by diluting the
available dry matter and creating suboptimal sub-
strate conditions for larval feeding activity (Bruno
et al., 2025). Excessive moisture may also reduce
oxygen diffusion and air permeability within the
substrate, potentially initiating partial composting
conditions and a low-oxygen environment. Or-
ganoleptic analysis revealed that the high moisture
content of the green cabbage substrate generated
a strong off-odor resembling rotten eggs, which
is suggestive of anaerobic fermentation during
the bioconversion process (Pilarska et al., 2023).
The fraction of green cabbage that remained un-
consumed by BSFL likely underwent anaerobic
degradation, plausibly associated with reduced
oxygen availability and poor air permeability aris-
ing from the formation of dense granular clusters
from frass and fine substrate particles, which limit
the pore spaces and restrict air circulation within
the substrate. However, the effect of oxygen and
poor air permeability effect are inferred from the
observed moisture, odor, and frass-clustering be-
havior, rather than from direct measurement. The
formation of a granular cluster also restricted
BSFL movement, as the larvae tended to adhere
to the substrate and were unable to move easily
between different regions in the bio-ponds. This
reduced mobility limited their feeding activity,
causing the BSFL to remain localized rather than
actively exploring and consuming the substrate,
thereby reducing overall bioconversion efficien-
cy. These findings are consistent with the result
reported by El-byari (2025) who found moisture
content on the waste negatively affects BSFL per-
formance due to poor aeration and determines the
bioconversion efficiency. These findings suggest
that fiber-rich vegetable waste, while abundant in
urban food waste streams, requires pre-treatment
strategies, such as mechanical shredding, fermen-
tation, or blending with nutrient-dense substrates,
to enhance its suitability as a BSFL feed substrate.

The role of moisture in bioconversion rate
could be well explained in the bioconversion of
leftover rice, where the bioconversion process
faces optimum and excessive dryness on the
leftover rice substrate. In the beginning, the bio-
conversion process of leftover rice showed rapid
degradation due to its soft texture and relatively
high moisture content. Nevertheless, the substrate
was prone to rapid moisture loss due to its physi-
cal characteristics of rice, leading to reduced
digestibility over time. Moisture depletion oc-
curs after 12 hours of feeding treatment in bio-
ponds exposed to direct sunlight, which causes
the rice substrate to dry and harden. This condi-
tion kept the leftover rice well-moistened to en-
sure the complete bioconversion process before
transforming into dry, hard biowaste. Excessive
dryness in leftover rice limits bioconversion by
BSFL since larvae usually chew the waste and
convert it into a consumable, slurry-like liquid
which depends on the moisture of waste (Salam
et al., 2022). As a result, the remaining substrate
quantity was significantly lower compared to that
of green cabbage, as the least efficiency of bio-
conversion in the present study, reflecting rapid
initial consumption followed by reduced degra-
dation efficiency in the dry substrate.

Furthermore, the mixed waste substrate, with
an equal ratio of tofu, green cabbage, and leftover
rice, was designed to simulate a balanced macro-
nutrient profile representative of typical household
organic waste. The mixed substrate shows an ideal
condition that could fulfill the limitation of each
substrate. To be more specific, the high moisture
content of green cabbage compensated for the rap-
id drying of leftover rice, while the rice substrate
helped balance excessive moisture in the mixed
substrate system. This interaction enables the
mixed substrate to maintain a more stable moisture
level, resulting in improved degradation perfor-
mance compared to a single-based substrate. The
enhanced performance can be attributed to mois-
ture exchange materials, such as green cabbage,
and drier components like rice. The improvement
in moisture balance supports sustained larval ac-
tivity and feeding behaviors, ultimately enhancing
bioconversion efficiency. Based on the leftover
substrate at the end of bioconversion, the green
cabbage and leftover rice substrates in the mixed
substrate bio-pond have a better bioconversion ef-
ficiency compared to a single-based substrate sys-
tem. The mixed waste reflects real-world munici-
pal food waste composition and offers a practically
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relevant scenario for large-scale bioconversion ap-
plications. The inclusion of leftover rice is particu-
larly noteworthy as carbohydrates serve as a pri-
mary energy source for larval metabolic processes
and may complement protein-derived nitrogen to
optimize growth and waste reduction synergisti-
cally. Furthermore, the formation of frass in rela-
tively dry substrates appears to facilitate biocon-
version performance since the presence of good
frass could facilitate a higher bioconversion rate
reported by Lopes (2024). The substrate exhibited
moderate moisture content and produced relative-
ly fine and loose frass particles, which enhanced
substrate porosity and supported larval movement
throughout the bioconversion unit. The obtained
condition enables BSFL to actively explore and
consume the substrate, thereby improving overall
degradation efficiency (Lopes, 1.G. et al. 2024).
The mixed substrate, therefore represents a prom-
ising middle-ground approach, potentially mitigat-
ing the limitations associated with mono-substrate
feeding while maintaining operationally feasible
waste management outcomes.

Based on the bioconversion efficiency inves-
tigation, the result further demonstrates that sub-
strate texture and moisture content play critical
roles in determining the efficiency of BSFL-me-
diated waste degradation with the same substrate
but different condition. The substrates with high
fiber content combined with elevated moisture
levels exhibited reduced digestibility, leading to
significantly lower bioconversion rates, consis-
tent with previous findings (Peguero et al. 2024).
This finding was supported by the bioconversion
performance on the mixture substrate, where the
green cabbage was left at the end of the biocon-
version process, while all other substrates were
completely degraded before the following feed-
ing period. The incomplete bioconversion of
green cabbage was found at every stage of BSFL
growth, including the growth stage at the age of
11-17 days as the optimum degradation phase,
indicating the hard bioconversion of high-fiber
substrate using BSFL.

Effects of bioconversion and substrate
differentiation on larval development

The different efficiencies in the bioconversion
rate of BSFL significantly influenced the physical
characteristics and growth performance of BSFL,
as bioconversion efficiency differentiates the nu-
trients consumed by BSFL. For larval length de-
velopment, Table 2 shows the larval body length
across the four substrate treatments over the full
cultivation period, starting from D-7 (initial feed-
ing, 7-day-old larvae) to D-28 (end of cultivation,
28-day-old larvae). In the beginning, all larvae
exhibited a uniform mean length of 4.850 + 1.144
mm regardless of substrate, which was expected
given that all BSFL larvae used in all substrates
originated from the same cohort and had not yet
been exposed to differential feeding treatments.
The uniform baseline for BSFL used in the pres-
ent study is consistent with the physiological con-
dition of early-instar BSFL, which are character-
ized by a light body color, soft integument indi-
cating minimal cuticle sclerotization, and active
movement, which indicates the healthy develop-
ment states prior to substrate-driven differentia-
tion (Ipema et al., 2020).

Following the onset of feeding treatment,
substrate type exerted a marked and statistically
significant effect on larval length development
(one-way ANOVA, p < 0.001). After seven days
of feeding (D-14), larvae reared on the mixed
and protein-based substrate achieved the greatest
mean lengths, at 12.021 £ 2.495 mm and 10.844
+ 3.023 mm respectively, and were statistically
indistinguishable from each other (Tukey HSD,
p>0.05), which both significantly exceeded lar-
vae reared on leftover rice (9.746 + 2.436 mm)
and green cabbage (5.454 + 0.968 mm). Relative
to the uniform baseline of 4.850 £ 1.144 mm,
these values represented length increases of ap-
proximately 148%, 124%, 101%, and 12% for
the mixed, protein, carbohydrate, and fiber sub-
strates, respectively, with mixed- and protein-fed
larvae more than doubling in length within the

Table 1. The nutrient profiles on biowaste substrates in the BSFL cultivation

Substrate Protein (%) Carbohydrate (%) Fiber (%) Fat (%) Moisture (%)
Protein from Tofu waste 18.56 5.12 2.32 3.29 72.39
Carbohydrate from Leftover rice 2.72 28.01 0.40 0.05 67.89
Fiber-rich from Green cabbage 1.51 2.02 5.15 0.15 91.23
Balanced Micronutrient from Mixed waste 12.34 17.89 2.24 0.19 76.75
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Table 2. Effect of substrate characteristics on the growth (larval length) of black soldier fly larvae at specific

cultivation times

Substrate
Sample
P (mm) F (mm) C (mm) M (mm)
D-7 4.850 + 1.144 4.850 + 1.144 4.850 + 1.144 4.850 + 1.144
D-14 10.844 + 3.023% 5.454 + 0.968° 9.746 + 2.436° 12.021 £ 2.4952
D-21 13.700 + 2.387° 8.537 + 2.357¢ 11.844 + 1.339° 17.194 + 2.3752
D-28 14.837 + 1.892° 11.960 + 1.638° 14.832 £ 2.119° 17.299 + 3.3412

first seven days. These early-stage results dem-
onstrate the strong influence of readily assimi-
lable nutrients, particularly protein and balanced
macronutrients, in driving rapid larval tissue syn-
thesis, while the fiber-rich cabbage substrate se-
verely constrained early growth. Dietary protein
level has been reported to exert a stronger effect
on BSFL performance than dietary carbohydrate
level, and the present findings corroborate this,
with the protein-rich tofu substrate (alongside the
protein-containing mixed substrate) producing
the most pronounced length increments during
the early cultivation stage. Schneider et al. (2025)
similarly reported that protein-rich substrates are
essential during the early juvenile larval stage to
support rapid tissue growth and metabolic activi-
ty, while Shah (2024) reports protein-rich feeding
as an effective means of enhancing BSFL resis-
tance to bacterial infection.

A statistically significant divergence in
growth trajectory became evident from D-21 on-
ward. At D-21, mixed-substrate larvae reached
17.194 + 2.375 mm, significantly surpassing all
other treatments (Tukey HSD, p < 0.05), fol-
lowed by tofu (13.700 + 2.387 mm), leftover
rice (11.844 + 1.339 mm), and green cabbage
(8.537 £ 2.357 mm). At this time point, all four
substrates differed significantly from one another.
By the final day of cultivation (D-28), the mixed
substrate retained the highest mean larval length
overall (17.299 + 3.342 mm), remaining signifi-
cantly greater than all other treatments, while tofu
(14.837 £ 1.892 mm) and leftover rice (14.832 +
2.119 mm) converged and became statistically
indistinguishable from each other, and green cab-
bage remained significantly the shortest (11.960 +
1.638 mm). This pattern indicates a transition in
nutritional requirements across the larval devel-
opment stages, from protein-supported demands
in early instars to a need for a more complex and
balanced macronutrient profile in mid-to-late lar-
val development. Larval weight and length have

been shown to vary considerably depending on
the feeding substrate, with mixed and more nu-
tritionally diverse substrates generally supporting
superior larval development outcomes (Zandi-
Sohani and Tomberlin, 2024).

The superior long-term performance of the
mixed substrate aligns with the established un-
derstanding that BSFL metabolism shifts across
developmental stages. During early growth, ni-
trogen availability from protein drives anabolic
processes, whereas the later larval stages increas-
ingly rely on carbohydrates for energy metabo-
lism and fat deposition in preparation for pupa-
tion. The mixed substrate, comprising equal pro-
portions of tofu, leftover rice, and green cabbage,
provided a complementary macronutrient profile
(12.34% protein, 17.89% carbohydrate, 2.24%
fiber) that simultaneously met both nitrogen and
energy demands across the full cultivation period.
Substrate composition exerts a decisive influence
on the biochemical properties and development
of BSF larvae, confirming their versatility as bio-
conversion agents. Consistent with this, Addeo
et al. (2021) reported that while high-protein
substrates promoted rapid larval length increase
during early growth, mixed substrates providing
a more balanced nutrient composition supported
sustained development throughout the cultivation
period — a pattern that closely matches the trajec-
tory observed in the present study.

The green cabbage substrate consistently ex-
hibited the lowest growth performance across all
time points, reflecting the combined effects of its
high fiber content (5.15%), low protein (1.51%),
and elevated moisture (91.23%), all of which lim-
it nutrient bioavailability and digestive efficiency
in BSFL. The substrates with high lignin and cel-
lulose contents have demonstrated poor digest-
ibility by BSFL, and the structural complexity of
the cabbage cell wall likely restricted larval ac-
cess to assimilable nutrients throughout the cul-
tivation period. Despite this, a progressive, albeit
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slow, increase in larval length was observed in the
green cabbage treatment, from 5.454 £ 0.968 mm
at D-14 to 11.960 + 1.638 mm at D-28, suggesting
that BSFL retained a baseline capacity for growth
even on nutritionally suboptimal substrates, con-
sistent with their known adaptability to diverse
organic waste streams.

Leftover rice, as a carbohydrate-rich sub-
strate (28.01% carbohydrate, 2.72% protein),
supported moderate larval growth, ultimately
converging with tofu-fed larvae at D-28 (14.832
+2.119 mm vs. 14.837 + 1.892 mm; statistically
indistinguishable, Tukey HSD, p > 0.05). This
convergence suggests that while protein drives
early-stage growth velocity, carbohydrate energy
sufficiency may partially compensate for lower
protein availability over an extended cultivation
period, particularly as larvae accumulate energy
reserves for the pre-pupal transition.

Taken together, the larval length data demon-
strate that substrate macronutrient composition is
a critical determinant of BSFL growth trajectory,
with distinct nutritional demands characterizing
early versus late larval development stages. The
mixed substrate emerged as the optimal formula-
tion for sustained growth across the full 21-day
feeding period, supporting its potential as the
preferred substrate design for BSFL-based bio-
conversion systems where larval biomass yield is
a primary objective. Table 1S shows all the ob-
served data on the length for each BSLF.

The investigation was further conducted by
evaluating BSFL weight, as shown in Table 3, pro-
viding a complementary dimension to the length
data discussed in the preceding section. Larval
weight was determined using ten randomly select-
ed individuals per measurement, with each mea-
surement repeated three times to ensure reliability.
Table 2S shows the detailed replication data to
measure the BSFL weight. On D-7, BSFL weights
were uniform across all treatments (0.037 £+ 0.002
g per 10 larvae), as the larvae originated from the
same cohort and had not yet been exposed to dif-
ferential feeding conditions. From D-14 onward,
all larvae gained weight progressively, although
significant divergence among substrates emerged
later than it did for larval length.

At D-14, larval weight did not differ sig-
nificantly among substrate treatments (one-way
ANOVA, p = 0.49), with all groups recording sta-
tistically equivalent values (protein 0.078 + 0.004
g, fiber 0.080 = 0.004 g, carbohydrate 0.083 =+
0.004 g, mixed 0.079 £ 0.004 g; all sharing letter
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“a” in Table 3). This contrasts sharply with the
larval length data, which already showed sig-
nificant substrate-driven divergence at the same
time point. The dissociation between length and
weight during early development indicates that,
while substrate macronutrient profile rapidly in-
fluenced longitudinal growth, it had not yet pro-
duced measurable differences in body mass. At
this stage, the larvae remained soft-bodied with
low chitin content (~8—10%; Table 4), so body
weight predominantly reflected soft tissue and
water content rather than structural chitinous ma-
terial. These findings are consistent with reports
that larval length and weight do not always follow
the same substrate-dependent trajectory, as each
morphometric parameter reflects distinct aspects
of larval physiology and nutrient partitioning
(Eggink, 2022; Rasdi et al., 2022).

From D-21 onward, substrate-driven weight
differences became pronounced and statistically
significant (p <0.001). Tofu- and mixed-substrate
larvae diverged markedly from the carbohydrate
and fiber treatments, recording the highest weights
at D-21 (mixed 0.221 + 0.011 g and tofu 0.210 +
0.011 g, statistically indistinguishable from each
other and both sharing letter “a”), compared with
carbohydrate (0.136 + 0.007 g) and fiber (0.121
+ 0.006 g), which formed a significantly lighter
group (letter “b”). Relative to the D-7 baseline,
this represented weight increases of approximate-
ly 497% and 468% for mixed and tofu larvae, ver-
sus 268% and 227% for carbohydrate and fiber
larvae, respectively. This accelerated late-stage
weight gain coincided with the onset of the pre-
pupal stage, during which larvae deposit a thick-
ened, chitin-rich cuticle that contributes substan-
tially to body mass (Liu et al., 2023).

Notably, the timing of weight divergence
closely tracked chitin accumulation (Table 4). In
contrast, chitin content remained low across all
substrates at D-14 (~8-10%), coinciding with sta-
tistically uniform body weight, both chitin yield
and larval weight diverged sharply and in par-
allel from D-21 onward. The between-substrate
coefficient of variation in weight rose from 2.7%
at D-14 to approximately 30% at D-21, mir-
roring the increase in chitin variability. Across
the dataset, larval weight and chitin yield were
strongly positively correlated (Pearson r = 0.88,
p <0.001), with the association strongest at D-21
(within-stage r = 0.96, p < 0.05). These results
indicate that progressive chitin deposition in the
maturing cuticle is a major contributor to the
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Table 3. BSFL weight in relation to substrate characteristics over the cultivation period

Substrate
Sample
P (gr) F (ar) C(gr) M (gr)
D-7 0.037 £ 0.002 0.037 £ 0.002 0.037 £ 0.002 0.037 £0.002
D-14 0.078 £ 0.0042 0.080 + 0.0042 0.083 + 0.0042 0.079 + 0.0042
D-21 0.210 £ 0.0112 0.121 £ 0.006° 0.136 + 0.007° 0.221 £ 0.0112
D-28 0.340 £ 0.0172 0.172 + 0.009° 0.301 £0.015° 0.316 £ 0.016%°

substrate-dependent weight gain observed in later
development, consistent with the soft-bodied,
low-chitin condition of early larvae in which body
mass reflects soft-tissue accumulation rather than
structural material.

By the final harvest at D-28, tofu-fed larvae
achieved the highest weight at 0.340 = 0.017 g,
followed by mixed substrate (0.316 = 0.016 g),
leftover rice (0.301 = 0.015 g), and green cabbage
(0.172 £ 0.009 g). Tofu and mixed substrates were
statistically indistinguishable (both sharing letter
“a”), while green cabbage remained significantly
the lowest (letter “c”’; Tukey HSD, p < 0.05). The
late-stage convergence between leftover rice and
mixed substrate in weight, despite their diver-
gence in length, supports the view that carbohy-
drate energy sufficiency can partially compensate
for lower protein availability in driving mass ac-
cumulation over an extended cultivation period,
particularly as larvae enter the pre-pupal transi-
tion. In contrast, the persistently low weight of
green cabbage larvae is consistent with delayed
development and the failure of these individuals
to transition to the chitin-rich pre-pupal stage, in
line with the high moisture content of the sub-
strate (91.23%) and poor nutrient bioavailability
(Carpentier et al., 2024). One-way ANOVA con-
firmed that substrate type significantly affected
larval weight from D-21 onward (p < 0.001),
whereas no significant difference was detected at
D-14 (p = 0.49).

Substrate-driven larval coloration, cuticle
sclerotization, and chitin accumulation

The effect of substrate on BSFL development
was further examined by jointly considering lar-
val coloration (Figure 1) and chitin yield (Table
4), which are both complementary indicators, one
qualitative and one quantitative, of the same un-
derlying process of cuticle sclerotization and pre-
pupal transition. Larval body coloration served
as a qualitative marker of developmental-stage

advancement and cuticle melanization, while
gravimetric chitin yield provided a quantitative
measure of structural cuticle deposition, together
complementing the length and weight data dis-
cussed in the preceding sections. Morphological
progression was documented across all four sub-
strate treatments at D-7 (first day of feed treat-
ment), D-14, D-21, and D-28, the same intervals
at which chitin was extracted and quantified.

At D-7, all larvae exhibited a uniform pale
pinkish-cream coloration regardless of substrate,
consistent with the early-instar physiological
condition prior to substrate-driven differentiation.
This visual uniformity was mirrored quantita-
tively by an identical chitin content of 6.975 +
0.950% across all treatment groups, confirming
that cuticle development had commenced within
the primary cuticular layer, but had not yet under-
gone substrate-driven divergence (Soetemans et
al., 2020). The soft, lightly pigmented body form
at this stage reflects minimal sclerotization and
provides a reliable common baseline from which
subsequent divergence could be assessed.

By D-14, clear divergence in both coloration
and chitin yield emerged among treatments. The
tofu-fed larvae displayed a uniform pinkish-salm-
on coloration with visibly plump, well-defined
bodies reflecting active protein-driven tissue
growth, and the tofu bio-pond showed a complete
absence of residual substrate, consistent with the
rapid bioconversion documented earlier. In con-
trast, the green cabbage-fed larvae appeared dark-
er with a reddish-brown hue, likely influenced by
the absorption of chlorophyll degradation prod-
ucts and oxidized plant pigments from the high-
moisture substrate rather than intrinsic cuticle
melanization, with substantial residual substrate
still visible. The leftover rice-fed larvae displayed
a distinctively pale white-to-cream coloration, dif-
ficult to distinguish from the white rice residue, at-
tributable to the low pigment content of the starch-
dominant diet and insufficient precursors for
melanin synthesis. Mixed substrate larvae showed
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Figure 1. Black soldier fly larvae transformation over time reared at different feed substrates

an intermediate pinkish-brown coloration. These
qualitative differences were paralleled by the chi-
tin data. At D-14, the mixed and protein substrates
already recorded significantly higher chitin yields
(10.306 + 0.488% and 9.775 + 0.414%, respec-
tively; sharing letter “a”) than the carbohydrate
and fiber substrates (8.537 + 0.508% and 8.395 +
0.240%; letter “b”’; one-way ANOVA, p = 0.001).
This early chitin elevation indicates that balanced
and protein-rich macronutrient provision — com-
bining protein for the chitin—protein matrix with
carbohydrate for energy-intensive cuticle biosyn-
thesis — supported early exoskeleton development
more effectively than fiber- or carbohydrate-dom-
inant diets (Yang et al., 2021).

Consistent with this, the first pre-pupal in-
dividuals were physically observed in the tofu
and mixed substrate bio-ponds as early as D-14,
although they were not clearly captured photo-
graphically owing to their small size at this stage.
Pre-pupae in Hermetia illucens are identified by
a reduction in larval length together with the de-
gree of cuticle pigmentation and sclerotization,
and the early appearance of these indicators in the
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protein-rich and balanced treatments supports the
view that nutritional quality is a primary driver of
developmental timing in BSFL (Nasution et al.,
2026). Because pre-pupal cuticle development
is inherently chitin-intensive, the emergence of
these individuals directly accounts for the elevat-
ed chitin yields recorded in the tofu and mixed
treatments at D-14, and in turn for the late-stage
larval weight gains described earlier (Albalawneh
et al., 2026; Shao et al., 2024).

At D-21, progressive cuticle darkening was
evident across all treatments, accompanied by a
substantial increase in chitin yield, though both
varied markedly by substrate. Tofu-fed larvae ex-
hibited the most advanced medium-to-dark brown
coloration with visibly enlarged bodies, consis-
tent with their superior weight gain and acceler-
ating pre-pupal progression, with most pre-pupal
individuals observed by D-21. This visual hard-
ening reflects deposition of structural material in
the cuticle; calcium carbonate, present in amor-
phous form in young instars, accumulates as cal-
cite during development, contributing to progres-
sive cuticle hardening alongside chitin (Rebora
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et al., 2023). The chitin data quantify this diver-
gence: at D-21 all four substrates differed sig-
nificantly from one another (p < 0.001), with the
mixed substrate highest (17.048 £+ 0.837%; “a”),
followed by tofu (14.771 £ 0.429%; “b”), leftover
rice (12.304 £+ 0.252%,; ““¢”), and green cabbage
(10.863 + 0.317%; “d”). The mixed-substrate lar-
vae showed consistent medium-brown coloration
with increasingly frequent pre-pupae, indicating
coordinated developmental progression. The left-
over rice-fed larvae retained a lighter coloration,
reflecting slower progression and reduced pre-
cursor availability under carbohydrate-dominant
conditions, with a substantial rise in pre-pupal in-
dividuals observed only later. The green cabbage-
fed larvae showed the least advanced coloration
and the lowest chitin yield, consistent with their
cumulative nutritional deficiencies. The pro-
nounced chitin accumulation in the mixed and
tofu treatments between D-14 and D-21 aligns
with the accelerated pre-pupal transition in these
groups, as the formation of the thickened, sclero-
tized pre-pupal cuticle represents the most chitin-
intensive event in the BSFL developmental cycle;
larval developmental stage, more than substrate
alone, is the primary driver of chitin yield, while
substrate macronutrient composition modulates
its rate and magnitude (Albalawneh et al., 2026).

The most diagnostically significant obser-
vations were recorded at D-28. Tofu-fed larvae
showed the most intense and widespread black
coloration, with the highest proportion of indi-
viduals having transitioned to the pre-pupal stage;
larval color turns black-gray as BSFL reach the
pre-pupal stage, and melanin synthesis is most
intensive in the final pre-pupal phase (Ushakova
et al., 2018; Chen et al., 2025). Mixed substrate
larvae also exhibited black pre-pupae, though
at a lower intensity and proportion than tofu. At
the quantitative level, chitin yields at D-28 were
highest and statistically equivalent in the mixed
and tofu treatments (18.136 +0.941% and 17.219
+0.530%; both “a”), and significantly higher than
in the leftover rice and green cabbage treatments
(13.101 £ 1.126% and 12.362 + 0.582%; both
“b”; p < 0.001). The convergence of the deepest
coloration, the highest pre-pupal proportions, and
the greatest chitin yields in the tofu and mixed
treatments confirms that these substrates most
effectively drove the chitin-intensive pre-pupal
transition. Notably, although the tofu-fed larvae
recorded the highest body weight throughout cul-
tivation, the mixed substrate marginally surpassed

tofu in chitin yield at D-28, indicating a subtle
divergence between biomass accumulation (fa-
vored by protein dominance) and cuticle biosyn-
thesis (favored by balanced macronutrients). The
leftover rice-fed larvae showed only the onset of
pre-pupal formation at D-28, with the characteris-
tic white-to-cream coloration persisting even into
the pre-pupal stage, reflecting reduced melanin
precursor availability, as dietary protein and spe-
cific amino acids — particularly tyrosine — serve as
essential precursors in the melanin biosynthesis
pathway (Yakti et al., 2023); their corresponding-
ly low chitin yield is consistent with incomplete
metamorphic progression under this unbalanced
condition (D’Hondt et al., 2020).

In stark contrast, the green cabbage-fed lar-
vae showed no formation of black pre-pupal indi-
viduals by D-28, the only treatment in which the
pre-pupal transition was not achieved within the
cultivation period; only a small number of indi-
viduals had transformed into pre-pupae even by
the final day. The persistent absence of the mor-
phological indicators of pre-pupation, together
with the lowest terminal chitin yield (12.362%),
confirms that these individuals had not reached
the developmental threshold required to initiate
the pre-pupal transition. Collectively, the paral-
lel trends in coloration, sclerotization, and chitin
accumulation demonstrate that substrate charac-
teristics strongly govern BSFL developmental
timing, with nutritionally balanced or protein-
rich substrates accelerating both metamorphosis
and chitin deposition, whereas fiber-rich, poorly
degradable formulations prolong the larval stage
and delay both pigmentation and chitin-intensive
pre-pupal transformation (Kluber et al., 2024).

The transition from the larval to pre-pupal
stage presents both advantages and disadvantages
for BSFL-based waste bioconversion systems
that warrant careful consideration. From a waste-
degradation perspective, the onset of the pre-pu-
pal stage marks a critical decline in biodegrada-
tion performance, as this stage is characterized by
the cessation of feeding while larvae prepare for
pupation (Gamero-Barraza et al., 2022). An effec-
tive bioconversion process ideally requires larvae
to maintain a prolonged active feeding period to
extend waste-degradation efficiency, while simul-
taneously achieving sufficient biomass accumu-
lation for downstream utilization. In the present
study, the BSFL reared on green cabbage exhib-
ited the most delayed pre-pupal transition and
thus a technically longer active period; however,
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this was accompanied by consistently ineffective
biowaste degradation, as evidenced by persis-
tent residual substrate and the lowest length and
weight performance across all treatments. This
demonstrates that delayed pre-pupal transition
alone confers no bioconversion advantage when
the substrate itself limits feeding efficiency. Con-
versely, the mixed substrate enabled rapid waste
reduction through improved nutrient balance and
high bioconversion efficiency, but its accelerated
pre-pupal transition shortened the effective bio-
degradation window, indicating that the optimal
bioconversion period under this formulation is
confined to a limited cultivation timeframe. Al-
though mixed substrates offer fast degradation,
the shortened larval feeding duration means har-
vest timing must be carefully optimized to maxi-
mize both waste-reduction efficiency and larval
biomass yield within this window (Table 5).
Having established the substrate- and stage-
dependent pattern of chitin yield, FTIR spectros-
copy was used to verify the identity and structural
quality of the extracted chitin (Figure 2). Each

FTIR spectrum is shown in Figure 5S. Figure 2(A)
presents the spectrum of chitin extracted at D-7,
serving as the control before differential feeding.
The spectrum displayed the characteristic absorp-
tion bands of chitin: a C=0 stretching vibration of
the Amide [ band at 1645.28 cm ™' arising from the
peptide linkage, and an N—H bending vibration of
the Amide II band at 1562.34 cm™!, the positions
of which are consistent with a-chitin as previously
reported (Gonzalez-Lara et al., 2025; Zlotko et al.,
2021). A broad band at 3200-3500 cm™ was at-
tributed to overlapping O-H and N—H stretching
associated with extensive hydrogen bonding in the
polymer; aliphatic C—H stretching appeared near
2920 cm™; a peak near 1375 cm™ corresponded
to CHs deformation; and strong absorption in the
1020-1150 cm™ region was assigned to C—O—C
stretching of the glycosidic linkages. The presence
of well-defined Amide I and Amide II bands con-
firms the N-acetyl groups of the N-acetylglucos-
amine unit, verifying the acetylated polysaccha-
ride framework characteristic of a-chitin (Zlotko
et al., 2021; Wang et al., 2020).

Table 4. Quantification of chitin yield from black soldier fly larvae (BSFL) using extraction and

gravimetric methods

Substrate
Sample
P (%) F (%) C (%) M (%)

D-7 6.975 £ 0.95 6.975 £ 0.95 6.975 £ 0.95 6.975 £ 0.95
D-14 9.775 £ 0.4142 8.395 + 0.240° 8.537 £ 0.508° 10.306 + 0.488°
D-21 14.771 £ 0.429° 10.863 + 0.317¢ 12.304 + 0.251° 17.048 + 0.8372
D-28 17.219 £ 0.530? 12.362 + 0.582° 13.101 £ 1.126° 18.136 + 0.9412

Table S. Characteristic FTIR absorption wavelengths corresponding to the a-chitin fingerprint identified in
chitin extracted from BSFL

Sample O-H/N-H C-H Amide | Amide II CH, Ggég;i%ic
D-7 3412 2918 1645.3 1562.3 1379.1 1070/1026
D-14-P 3472/3256 2922 1643.4 1556.6 1379.1 1069/1028
D-14-F 3435/3262 2926 1645.3 1560.4 1381 1072/1024
D-14-C 3441/3262 2926 1639.5 1545 1379.1 1070/1022
D-14-M 3431 2886 1647.2 1545 1379.1 1086/1024
D-21-P 3447 2949/2855 1641.4 1556.6 1381 1070/1022
D-21-F 3408 2926 1647.2 1560.4 1379.1 1067/1024
D-21-C 3433/3269 2922 1649.1/1633.7 1546.9 1379.1 1074/1028
D-21-M 3472/3289 2926 1643.4 1562.3 1379.1 1086/1036
D-28-P 3431 2926 1635.6 1546.9 1379.1 /1022
D-28-F 3447 2924/2857 1641.4 1572 1381 /1022
D-28-C 3433 2929 1641.4 1556.6 1386.8 1119/1018
D-28-M 3431/3269 2926 1653 1560.4 1379.1 1080/1032
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Figure 2. Fourier transform infrared (FTIR) spectra of chitin extracted from black soldier fly larvae:
(A) day 7 (control); (B) day 14 (larval stage); (C) day 21 (early pre-pupal stage); and
(D) day 28 (pupal stage, final cultivation period).

FTIR spectra were subsequently obtained for
chitin extracted at D-14, D-21, and D-28 across
all four substrate treatments (Figure 2B-D). The
spectra displayed remarkably consistent absorp-
tion patterns across all substrates and sampling
points, indicating that neither substrate type nor
developmental stage altered the fundamental
chemical structure of the extracted chitin. The
comparable spectral intensities further indicate
consistent chitin quality regardless of substrate
origin, while the absence of additional bands as-
sociated with proteins, lipids, or lignin confirms
effective removal of non-chitin components dur-
ing extraction and the production of structurally
consistent, relatively high-purity chitin from all
treatment groups. These observations support a
critical and practically significant conclusion:

substrate macronutrient composition influ-
ences chitin quantity but not its quality. While
protein-rich and balanced substrates promoted
greater chitin accumulation through accelerated
pre-pupal development, the structural integrity,
degree of acetylation, and molecular frame-
work of the resulting chitin remained consistent
across all substrates and developmental stages.
This substrate-independent quality consistency
highlights the potential of BSFL-based biocon-
version for sustainable biopolymer production,
whereby diverse organic-waste substrates can
be converted into structurally uniform chitin
regardless of macronutrient profile — a finding
of direct relevance for the standardization and
valorization of BSFL-derived chitin in industrial
and aquaculture applications.
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Preliminary assessment of
chitin antinutritional effect on
catfish growth performance

The study further investigated the antinutri-
tional effect of chitin contained in BSFL pupae
on the growth performance of catfish (Clarias
batrachus). BSFL pupae are widely utilized as
a protein-rich feed ingredient in aquaculture and
are commonly incorporated into fish diets in In-
donesia. Nevertheless, the presence of chitin in
insect-based feed has been reported to exert an-
tinutritional effects, potentially limiting nutrient
digestibility and impairing growth performance
(Eggink et al., 2022; Wang et al., 2020). Despite
these findings, comprehensive studies on the an-
tinutritional impact of chitin specifically on cat-
fish (Clarias batrachus) remain limited — a gap
of particular relevance given that catfish represent
one of the most extensively cultivated freshwater
species in Indonesia (Deswati et al., 2025). Since
FTIR analysis confirmed that substrate macro-
nutrient composition influences chitin quantity,
but not chitin quality, with all substrates produc-
ing structurally identical a-chitin, BSFL pupae
randomly harvested from the mixed and tofu
substrate bio-ponds were combined and incorpo-
rated into the experimental diet without substrate-
based differentiation. The present section, there-
fore, aimed to evaluate the antinutritional effects
of the chitin derived from BSFL pupae on catfish
growth performance, providing foundational evi-
dence for evidence-based feeding strategies in In-
donesian catfish aquaculture.

Two treatment groups were established: a con-
trol group fed 100% CFF, and a treatment group
fed a composite diet of 50% CFF supplemented
with 50% BSFL pupae meal (CFF:BSFP). Catfish
growth was evaluated using five randomly se-
lected fish per tank, with five replicates, to ensure
data reliability. Fish were fed twice daily at 4%
body weight over a 14-day period, with measure-
ments recorded at five-day intervals. Initial indi-
vidual weights were 6.6 £ 0.3 g (CFF) and 6.2 +
0.7 g (CFF:BSFP), and initial lengths were 8.7
+ 0.1 cm (CFF) and 8.5 = 0.3 cm (CFF:BSFP),
confirming comparable baseline conditions prior
to dietary differentiation. Growth differences be-
tween the two groups were assessed at each time
point using an independent-samples (Welch’s) t-
test, with significance set at p < 0.05.

Figure 3(A) presents body length across the
experimental period. At D-0 and D-5, the two
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groups were statistically comparable (8.7 £ 0.1
vs. 8.5 £0.3 cm at D-0, p = 0.18; 9.0 £ 0.4 vs.
8.7 £ 0.3 cm at D-5, p = 0.25), reflecting a pe-
riod in which fish grew only slightly regardless
of dietary treatment. A pronounced divergence
became evident by D-10, where the CFF fish
increased in length by approximately 25% rela-
tive to D-5, compared with only about 10% in
the CFF:BSFP group; this difference was statisti-
cally significant (11.7 £ 0.5 vs. 9.8 £ 0.4 cm, p
< 0.001). By D-14, control fish reached a mean
length of 13.1 £ 0.5 cm compared with 11.7 +
0.4 cm in the BSFL treatment group (p = 0.002).
The consistent and significant length advantage
of the control group from D-10 onward indicates
that the presence of chitin in the composite feed
exerted a negative effect on length development,
particularly following prolonged dietary expo-
sure. Chitin in BSFL is widely recognized as an
antinutritional factor for fish, with several studies
reporting reduced feed intake and nutrient digest-
ibility, and the length suppression observed in the
CFF:BSFP group from D-10 onward is consistent
with this established mechanism.

A more pronounced treatment effect was ob-
served in weight, as presented in Figure 3(B). At
D-0 and D-5, individual weights were statisti-
cally comparable between groups (6.6 = 0.3 g
vs. 6.2 £0.7 gat D-0, p=10.22; 7.5 £ 1.1 g vs.
6.8 £0.7 g at D-5, p=0.24). By D-10, a striking
and significant divergence emerged: CFF fish re-
corded a mean individual weight of 17.0 £ 2.4 g
compared with only 9.7 + 1.2 g in the CFF:BSFP
group (p < 0.001), approximately 75% higher in
the control group. This divergence widened fur-
ther by D-14, where control fish reached 24.0 +
2.9 g compared with 16.9 + 2.0 g in the treat-
ment group (p = 0.003). These findings confirm
that chitin in the composite diet exerted signifi-
cant antinutritional effects on weight gain, con-
sistent with previous reports across multiple fish
species, including Atlantic salmon (Karlsen et
al., 2015), rainbow trout (Pascon et al., 2025),
and Nile tilapia (Eggink et al., 2022). Chitin in-
creases digesta transit time owing to its viscos-
ity, reducing exposure of digesta to gut enzymes,
while also interfering with intestinal proteases
and binding lipids to decrease their absorption,
collectively impairing the digestion and as-
similation of protein, lipid, and energy from the
composite diet (Hopkins et al., 2021). Table 5S
shows the detailed data of catfish development
obtained in the present study.



Ecological Engineering & Environmental Technology 2026, 27(8), 113-134

(A) I commercial Fish Food (CFF)
144 1] CFF:BSL Pupae (50%:50%)

Length (cm)
ol

D-0 D-5

D-10
Sampling

D-14

(B) 4 | I Commercial Fish Food (CFF)

26

[I] CFF:BSL Pupae (50%:50%)
22+

20
@18-
%016-
D 144

124

104

8_

64

D-0 D-5
Sampling

D-10 D-14

Figure 3. Catfish growth performance based on (A) length and (B) weight under commercial fish feed (CFF)
and composite fish feed supplemented with Black Soldier Fly pupae (CFF:BSFP)

Nevertheless, the effects of chitin and its de-
rivatives are not universally detrimental and are
highly species- and dose-dependent. Salam et al.
(2021) demonstrated that supplementation with
low doses of chitosan (0.4—1.0 g/kg feed) enhanced
growth and body weight in juvenile silver barb
(Barbonymus gonionotus), indicating that con-
trolled inclusion levels may provide physiological
benefits (Salam et al., 2021). Similarly, Karlsen
et al. (2015) reported that chitosan negatively
affected Atlantic salmon but showed no measur-
able impact on Atlantic cod or Atlantic halibut,
highlighting a species-dependent response likely
associated with differences in digestive capacity
and chitinolytic enzyme activity. The presence of
chitin can affect the digestibility of feed in some
fish species, making the inclusion of insect-based
meals in aquafeeds complex, with reduced growth
rates observed in certain species while other spe-
cies may benefit from its prebiotic properties.
These contrasting findings across the literature
collectively suggest that the antinutritional role
of chitin is highly context-dependent, particularly
with respect to species, dosage, and feed formula-
tion, and that investigating its effects specifically
on catfish is critical for informing sustainable feed
development in Indonesian aquaculture.

A targeted mechanistic analysis further clari-
fies the basis of the observed growth suppression.
Naeem et al. (2024) identified an optimal dietary
protein requirement of approximately 40% for
Clarias batrachus to achieve maximal somatic
growth (Naeem et al., 2024), and notably, both
the CFF and BSFL pupae evaluated in the present
study contained the protein levels theoretically suf-
ficient to sustain growth, suggesting that protein

availability alone does not explain the observed
performance disparity between treatment groups.
Instead, the reduced growth is more plausibly at-
tributed to impaired nutrient utilization associated
with elevated dietary chitin content. Chitin has
been reported to interfere with protein digestibil-
ity by accelerating intestinal transit and limiting
the exposure of dietary proteins to proteolytic en-
zymes, thereby constraining hydrolysis and amino
acid absorption (Hopkins et al., 2021). From a
physiological perspective, this diminished diges-
tive efficiency shifts the feed conversion balance
unfavorably, ultimately suppressing growth despite
adequate crude protein levels in the diet. Therefore,
the present study confirms that the nutritional value
of high-protein feed ingredients must be interpret-
ed in the context of their structural composition and
digestibility constraints and that the inferior per-
formance observed in catfish fed with CFF:BSFP
reflects a digestibility-mediated bottleneck, rather
than a deficit in nutrient supply per se.

In the present study, the chitin content in the
composite CFF:BSFP diet was estimated at ap-
proximately 8-9%, based on the measured pupae
chitin yields of 17-18% at D-28 and the 50% BSFL
pupae inclusion level. For context, previous studies
have reported that dietary chitin inclusion of up to
~3% did not impair growth or nutrient digestibility,
whereas inclusion of around 4.5% began to reduce
performance; the estimated level in the present diet
therefore exceeds these literature-based thresh-
olds, which may, in part, account for the growth
suppression observed. However, because the pres-
ent trial compared a whole-pupae composite feed
with a commercial feed and did not isolate chitin
from other compositional differences between the
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diets, these values should be regarded as indica-
tive, rather than definitive. Taken together with the
broader literature, the findings tentatively suggest
that keeping dietary chitin relatively low may help
preserve catfish growth performance while retain-
ing the nutritional benefits of BSFL pupae, al-
though a specific tolerance threshold remains to be
established through controlled trials with graded,
purified chitin inclusion levels.

It is important to acknowledge several limita-
tions of the present study. First, the antinutritional
trial used whole BSFL pupae meal, rather than
purified chitin, so the observed growth suppres-
sion reflects the combined properties of the pupae
matrix and cannot be attributed to chitin alone,
independently of other compositional differences
between the two diets. Second, the study did not
systematically examine the effect of varying chitin
inclusion levels and was conducted over a short,
14-day period as an initial assessment of BSFL
pupae incorporation in catfish feed; consequently,
the precise dose—response relationship between di-
etary chitin level and growth performance in Clar-
ias batrachus, and its longer-term impact, could
not be established from the present data alone.
Third, chitin was quantified using a published
gravimetric protocol without validation against
a commercial chitin standard, and the number of
replicates (larval weight and chitin, n = 3; fish, n
= 5) limits statistical power. Finally, growth was
assessed through length and weight only, while the
dissolved oxygen, ammonia, and nitrite concentra-
tions and fish health indicators that most directly
reflect rearing stress were not measured. Further
studies are therefore required to determine the
precise chitin tolerance threshold in catfish using
longer grow-out trials with graded, purified chitin
inclusion levels and additional physiological and
health indicators, to evaluate lower BSFL pupae
inclusion levels (10-30%), and to investigate pre-
treatment strategies to reduce chitin-related limita-
tions, including microbial degradation using chi-
tinolytic bacteria, which have shown promise for
improving the nutritional quality of BSFL biomass
(Ashouri et al., 2026). Feed formulation should
also be carefully optimized when incorporating
insect-derived protein into aquafeeds to ensure that
sustainability gains are not achieved at the expense
of biological performance. The present findings
nonetheless provide an important preliminary evi-
dence base for the responsible and optimized in-
tegration of BSFL-derived ingredients into catfish
aquaculture systems in Indonesia.
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CONCLUSIONS

The present study demonstrated how the mac-
ronutrient profile of biowaste substrates governs
BSFL bioconversion, larval development, chitin
accumulation, and the downstream suitability of
BSFL pupae as catfish feed. The first hypothesis
(H1) was supported: the protein-rich (tofu) and
balanced mixed substrates achieved the highest
bioconversion efficiency and the greatest larval
growth, whereas the fiber-rich green cabbage
substrate consistently performed the poorest and
failed to complete pre-pupal transition within
the cultivation window. The second hypothesis
(H2) was also supported: chitin yield increased
progressively with developmental stage and was
greatest in the mixed and tofu substrates that
drove the fastest pre-pupal development, while
FTIR confirmed that substrate composition al-
tered chitin quantity, but not its a-chitin structure,
establishing that diverse organic wastes can be
converted into structurally uniform chitin. The
third hypothesis (H3) was supported only prelim-
inarily: partial substitution of commercial feed
with chitin-bearing BSFL pupae significantly re-
duced catfish growth over the 14-day trial, con-
sistent with an antinutritional effect, although the
present design could not isolate the specific con-
tribution of chitin from other compositional dif-
ferences between the two diets. The principal new
contribution of this work is the integration, within
a single experimental framework, of upstream
substrate-driven bioconversion and larval devel-
opment with downstream chitin characterization
and a preliminary feed application — a linkage
rarely examined together that bridges the gap be-
tween substrate optimization and feed-quality as-
sessment. The findings provide practical design
criteria for substrate-specific bioconversion in de-
centralized waste-management systems, indicat-
ing that balanced (mixed) substrates offer the best
compromise between waste-reduction efficiency
and larval biomass yield, provided harvest tim-
ing is optimized around the accelerated pre-pupal
transition. Because the catfish trial was prelimi-
nary and short-term, the observed growth sup-
pression should be regarded as an early indication
rather than a definitive dose-response relation-
ship, and a specific dietary chitin threshold can-
not be established from the present data. Future
work should employ longer grow-out trials with
graded, purified chitin inclusion levels, validated
chitin quantification, and additional physiological
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and health indicators to confirm these findings and
to determine a reliable chitin tolerance threshold
for Clarias batrachus.
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