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ABSTRACT

The growing demand for sustainable agriculture and effective organic waste management has
increased interest in the use of black soldier fly larvae (BSFL) frass. It has a high content of nitrogen,
phosphorus, potassium, organic carbon, and beneficial microbial communities. However, the frass
application methods and rate are not clearly stated. Thus, this review objective is to determine
the frass application methods and rate. This review synthesises data from 16 studies conducted
across various soil types, climates, and cropping systems to evaluate the agronomic, ecological,
and microbiological effects of BSFL frass application. Direct soil incorporation is most common
and effective for the soil and plant benefit. Frass improves plant and soil health. Low-to-moderate
frass application rates (2-25 t/ha) enhance plant growth, nutrient uptake, and yield, particularly in
nutrient-poor soils. However, higher application rates can cause phytotoxic effects, salinity stress,
and microbial imbalance. This emphasises the importance of identifying crop- and context-specific
optimum doses. Despite promising outcomes, significant research gaps remain, such as long-term
field validation, interactions with diverse soil microbiomes, the fate of potentially harmful elements
like heavy metals, and standardised processing and quality control of frass.
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energy-intensive to produce but also contributes to environmental degradation, including
soil acidification, nutrient runoff, and greenhouse gas emissions (Sabina et al., 2025).
Simultaneously, the accumulation of organic waste from urban, agricultural, and agro-
industrial sources presents a major sustainability concern. Insect-based bioconversion,
particularly using the Black Soldier Fly (BSFL; Hermetia illucens) has emerged recently
as a promising circular bioeconomy solution that addresses both waste management and
sustainable fertiliser production.

Black soldier fly larvae (BSFL) can efficiently convert a wide range of organic residues
into high-value insect biomass (for use in animal feed), insect oil and a nutrient-rich frass
(Abd El-Hack et al., 2020; Gurung et al., 2024; Huang et al., 2024; Oteri et al., 2021;
Putri et al., 2023; Quigley et al., 2025; Watson et al., 2021). BSFL frass is comprised of
undigested substrate, insect excreta, shed exoskeletons, and associated microorganisms
(Abd Manan et al., 2024). With this, it has gained attention as a potential biofertiliser due to
its essential plant nutrient content (N, P, K), organic matter, and beneficial microbes (Abd
Manan et al., 2024). Early studies suggest that frass application can enhance plant growth,
improve soil fertility, and stimulate microbial activity (Beesigamukama, Mochoge, Korir,
Fiaboe, et al., 2020; Beesigamukama, Mochoge, Korir, Musyoka, et al., 2020). Frass is
a viable alternative to synthetic fertilisers and compost in both organic and conventional
farming systems.

Despite growing interest, the agronomic performance of BSFL frass varies widely
depending on factors such as larval diet, frass processing method, application rate, soil
type, and crop species (Lomonaco et al., 2024; Malheiro et al., 2024; Watson et al., 2021).
Research to date has been fragmented. It is often limited to short-term or greenhouse trials
and lacks standardised methodologies. There is a need to synthesise existing findings to
understand the conditions under which BSFL frass is most effective, identify potential
limitations or risks (e.g., salinity, heavy metal accumulation), and determine optimal
application strategies.

This paper compiles and analyses recent experimental studies on BSFL frass use
in agriculture, comparing its effects on plant productivity, soil chemical and biological
properties, and environmental outcomes. By identifying patterns, benefits, and trade-
offs across diverse systems, the review aims to find out the black soldier fly larvae frass
application to soil and clarify the current knowledge landscape. Also, this paper highlights
research gaps and proposes directions for the sustainable and scalable use of insect frass
in soil fertility management.

This review addresses the following three research questions:

«  What methods of BSFL frass application to soil and plants are used in current
experimental studies?

«  What application rates of BSFL frass have been reported for soil and plant systems?
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«  What effects do different application rates and methods have on plant productivity
and soil properties?

THEORETICAL FRAMEWORK
Soil Fertility and Nutrient Use Efficiency (NUE)

Soil fertility is the soil's capacity to supply essential nutrients to plants in adequate amounts
and proper balance (Havlin, 2020). BSFL frass contains macronutrients (N, P, K) and
micronutrients (e.g., Fe, Zn, Mn) critical for plant development. The Nutrient Use Efficiency
(NUE) theory supports that the form, timing, and availability of nutrients determine plant
uptake efficiency and crop productivity (Sarkar & Baishya, 2017).

BSFL frass provides readily available nitrogen (as NH4" and NOs"), organic carbon
that improves soil structure and microbial activity, phosphorus, and potassium in slow-
release forms (Beesigamukama, Mochoge, Korir, Fiaboe, et al., 2020; Chavez et al., 2023;
Malheiro et al., 2024). When BSFL frass is applied at optimal rates, it can match or exceed
the performance of synthetic fertilisers in enhancing plant nutrient uptake and yield, while
minimising nutrient losses to the environment.

Organic Matter Dynamics and Soil Health

BSFL frass is rich in organic matter, which contributes to the formation of soil aggregates,
water-holding capacity, and cation exchange capacity (Bashir et al., 2021; Menino et
al., 2021). The soil health model recognises that organic inputs can restore degraded
soils by supporting biological activity, reducing erosion, and improving nutrient cycling
(Culas et al., 2025). The incorporation of frass into soil stimulates microbial processes
that decompose organic residues, release nutrients, and enhance microbial biomass and
enzymatic activity (Salomon et al., 2025). Repeated frass application can improve long-
term soil health by building soil organic carbon and supporting a more resilient microbial
ecosystem (Ashworth et al., 2025; Salomon et al., 2025).

Microbial Ecology and Soil-Plant-Microbe Interactions

BSFL frass introduces microbial populations and stimulates existing communities in the
rhizosphere (Gurung et al., 2024). According to microbial ecology theory, changes in
microbial diversity and function can influence nutrient availability, plant growth promotion,
and pathogen suppression (Ambrosini et al., 2016; Chen et al., 2024; Meena et al., 2017).
For instance, beneficial genera (e.g., Bacillus, Actinobacteria) may be enhanced, and
functional gene expression (e.g., nirK, nosZ) may be stimulated, affecting nitrogen cycling
(Lomonaco et al., 2024; Rummel et al., 2021). The biological activity within frass mediates
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positive feedback loops between soil microbes and plants, leading to improved nutrient
uptake and plant stress tolerance (Poveda, 2021).

Waste Valorisation and Circular Economy Theory

The use of BSFL frass is aligned with circular economy principles, which emphasise the
transformation of waste into valuable resources to reduce environmental impact and close
nutrient loops (Abd Manan et al., 2024). Organic wastes (e.g., food scraps, manure, brewery
waste) are converted by BSFL into insect biomass and frass (Carroll et al., 2023; Gurung
etal., 2024; Wu et al., 2023). Frass returns nutrients to the soil, reducing reliance on mined
or industrially produced fertilisers (Amorim et al., 2024). BSFL frass serves as a functional
bridge between waste management and sustainable agriculture, enabling resource efficiency
and reducing external inputs in farming systems (Abd Manan et al., 2024).

Dose-Response and Environmental Thresholds

The dose-response model in environmental science explains that while low-to-moderate
rates of input may be beneficial, higher concentrations can lead to toxicity, salinity stress,
or ecological disruption (Chele et al., 2021). Over-frass application may increase soil
electrical conductivity (EC), alter pH, or introduce heavy metals (e.g., Zn, Cu) from
substrate residues (Watson et al., 2021).

Microbial diversity may decline at high application rates, potentially accompanied
by shifts toward fast-growing (r-strategists) microbial taxa (Maron et al., 2018). There
exists an optimum frass application threshold beyond which benefits plateau or reverse,
emphasising the need for careful dose calibration.

METHODOLOGY
Literature Survey Methodology

Based on the PRISMA guideline, a scoping literature review, thematic analysis, and tabular
analysis were adopted (Moher et al., 2009). The review intended to address the three
research questions: What application rates of black soldier fly larvae (BSFL) frass have
been reported for soil and plant systems? What methods of BSFL frass application to soil
and plants are used in current experimental studies? What effects do different application
rates and methods have on plant productivity and soil properties? Research Registry and
OSF (Open Science Framework) were searched to ensure a similar scoping review study
protocol was not registered. There was no previous research found that addressed the
present area of interest.
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Search Strategy

The electronic scoping search will be conducted in mid-May 2025. The databases searched
included PubMed, ScienceDirect, Scopus, and Emerald Insight. The current review covers
four major research subjects, including livestock, aquaculture, and agronomy studies.
Besides, two main variables using Medical Subject Headings (MeSH) and keywords
are applied in this study, as shown in Table 1 and Supplementary Materials (the detailed
keywords search, especially for ScienceDirect, since the maximum number of keywords
searched is 8). The search string is applied only to the title, abstract, and keywords.

Table 1
Keywords used in the database search

Black Soldier Fly Black Soldier Fly Larvae Frass Application Rate

"black soldier fly larvae frass" "application rate"
OR OR

"Hermetia illucens" "bsfl frass" "soil to frass ratio"
OR OR OR

"black soldier fly" AND "black soldier fly frass" AND "frass to soil ratio"
OR OR OR

bsf "bsf frass" "frass percentage"
OR OR

"insect frass" "frass-soil mix*"

Note. The asterisk (*) indicates truncation in the search strategy, allowing retrieval of records containing
different endings of the root word. For example, mix* includes mix, mixed, mixing, and mixture

Inclusion Criteria

The inclusion and exclusion criteria of the scoping review included (a) language of the
studies: studies published in the English language are included. Studies published in a
language other than English are excluded. (b) Type of studies: Formal research studies,
including journal articles, were only reviewed to ensure the quality of the included studies.
Review articles, including narrative and systematic reviews, were excluded to ensure that
only primary, empirical studies reporting original research findings were synthesised. This
approach was taken to avoid duplication of data and maintain a consistent methodological
basis for comparison across included studies. (c) The focus of the studies: based on the
study’s objective, the included studies must focus on the black soldier fly frass application
rate. Studies focusing on anything other than black soldier fly feeding and growth are
excluded. (d) Quality assessment: the selected studies should pass the quality assessment
of the BEME framework as described in the quality assessment section to ensure the
quality of the scoping review. The excluded studies are either irrelevant or failed the quality
assessment of the BEME. Figure 1 shows the search flowchart.
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Figure 1. PRISMA flow diagram

Study Quality Assessment

The quality assessment tool is critical in detecting the quality of the not rigorously
conducted. The BEME quality framework is used to evaluate the quality of the selected
studies (Buckley et al., 2009). The BEME quality framework included 11 indicators for
quantitative studies. It is provided with a consistent approach to assessing the selected
studies. Each indicator in the BEME is evaluated as 1 = met or 0 = unmet. Each study
should complete a minimum of seven indicators to be deemed high quality. Studies scoring
below three are rated as weak, studies scoring four to seven are rated as moderate, and
those scoring seven and above are rated as strong and included (Buckley et al., 2009). The
process of quality assessment is shown in Table 2 and Supplementary Materials.
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Table 2
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Average BEME quality assessment results from two authors, who followed the guidelines (Buckley et al.,

2009)

Quality Indicator

Beesigamukama et al. (2020)
Beesigamukama et al. (2020)
Borkent and Hodge (2021)

Carroll et al (2023)
Chavez et al. (2023)
Chiam et al. (2021)
Gurung et al. (2024)
Huang et al. (2024)

Details

Malheiro et al. (2024)
Mostafaie et al. (2025)
Putri et al. (2023)

Rodgers et al. (2024)
Rummel et al. (2021)

Sawinska et al. (2024)

Watson et al. (2021)
Wu et al. (2023)

Research
question

Study subjects

'Data’ collection
methods

Completeness
of 'data’

Is the research

question (s)

or hypothesis

clearly stated? I 1 1 1
Is the subject

group

appropriate

for the study

being carried

out (number,

characteristics,

selection, and

homogeneity)? 1 1 1 1
Are the

methods used

(qualitative or

quantitative)

reliable and

valid for

the research

question and

context? 1 1 1 1
Have subjects

dropped out?

Is the attrition

rate less than

50%? For

questionnaire-

based studies,

is the response

rate acceptable

(60% or

above)? 1 1 1 1
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Table 2 (continued)

Quality Indicator

Details

Beesigamukama et al. (2020)

Beesigamukama et al. (2020)
Borkent and Hodge (2021)

Carroll et al (2023)
Chavez et al. (2023)
Chiam et al. (2021)
Gurung et al. (2024)
Huang et al. (2024)

Malheiro et al. (2024)
Mostafaie et al. (2025)
Putri et al. (2023)
Rodgers et al. (2024)
Rummel et al. (2021)
Sawinska et al. (2024)
Watson et al. (2021)
Wau et al. (2023)

Control for
confounding

Analysis of
results

Conclusions

Reproducibility

Prospective

Ethical issues

Triangulation

Have multiple
factors/
variables been
removed or
accounted for
where possible?
Are the
statistical or
other methods
of results
analysis used
appropriately?
Is it clear that
the data justify
the conclusions
drawn?

Could the study
be repeated

by other
researchers?
Does the

study look
forward in time
(prospective)
rather than
backward
(retrospective)?
Were all
relevant

ethical issues
addressed?
Were the results
supported

by data from
more than one
source?

—_

1 1 1 1 1 1 1 1 1 1

Total

[oe]

10 10 10 10 10 10 10 10 10 10

1254

Pertanika J. Trop. Agric. Sci. 49 (3): 1247- 1268 (2026)



Black Soldier Fly Larvae Frass Application Methods and Rate

Search Outcome

A total of 96 studies were identified from the four electronic databases, as shown in
the Supplementary Materials. After extracting duplicated studies and including studies
published in English, a total of 54 studies remained, of which 37 were excluded based on
the title and abstract screening. A text of 16 studies was screened, from which 4 studies
were excluded as they included no relevant data (n=17).

RESULTS AND DISCUSSIONS

Description of the Selected Studies

The selected studies were 16 based on the selected keywords. The utilisation of Black
Soldier Fly (BSF) frass as a soil amendment and organic fertiliser across diverse
geographical, agronomic, and soil conditions was studied in the past 5 years from 2020
(Table 3). Since no time frame is specified, the scientific studies of frass application on soil
available are limited. The studies ranged from controlled pot and greenhouse experiments
to field trials. The selected study involved a wide array of crops, including cereals (maize,
oats, barley), vegetables (lettuce, tomato, broccoli, chilli), and herbs (basil, parsley). To
produce frass, the selected studies used brewery waste, food and kitchen residues, oil palm
waste, and mixed manures as larvae fed and reflected a wide spectrum of nutrient profiles
and potential environmental implications.

Frass application rates ranged broadly, from nutrient-equivalent applications (e.g.,
0.03-0.1 t/ha on an N basis) to volume- or weight-based doses as high as 187 t/ha in some
pot trials. The impacts of frass application were measured on plant growth parameters
(biomass, nutrient uptake, yield), soil nutrient dynamics (e.g., N mineralisation, EC, pH,
organic matter), and soil biological responses (e.g., microbial diversity, functional gene
expression, presence of beneficial or pathogenic taxa).

Effect of Frass Application Methods

BSFL frass has been applied using diverse experimental approaches (Table 4). They
ranged from direct soil incorporation and N-equivalent dosing to combined mineral
fertiliser strategies and soil incubation studies. Direct basal application remains the most
agronomically relevant method, while nutrient-equivalent and combined approaches
facilitate comparison with conventional fertilisers. Pot and incubation studies provide
mechanistic insights but require careful extrapolation to field conditions.

Different BSFL frass application methods exert distinct effects on plant productivity
and soil properties (Table 5). Direct soil incorporation at moderate rates most
consistently enhanced crop yield and soil fertility, particularly in degraded soils.
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Effects of BSFL frass application methods on plant productivity and soil properties

. Effects on Ke
Application Effects on.P.lant Soil Chemical Key Advantages Limitatyions/
Method Productivity . .
Properties Risks
Direct soil Consistent increases 1 Mineral N (NH4*, Practical and Over-
incorporation  in biomass and NO:"), P, K, organic compatible with application
(basal yield at moderate C; Improves conventional fertiliser causes
application) rates (10-45 t/ha); fertility in acidic, management; supports phytotoxicity,
Improved nutrient nutrient-poor soils;  both plant growth and  salinity stress,
uptake and NUE; High rates 1 EC and soil fertility and nutrient
Yield suppression at  risk salinity imbalance
excessive rates
Nutrient- Yield comparable to  Rapid N Allows direct fertiliser Does not
equivalent mineral fertilisers mineralisation; May comparison; efficient  fully capture
(N-based) (e.g., urea, SAFI) improve in soil nutrient delivery the soil-
application High NUE and early  organic matter conditioning
vigour; Possible late- benefits of frass
season N limitation
Combined Highest and most Balanced nutrient Optimises productivity Requires
frass + mineral stable yields; supply; Lower EC  and soil health; careful rate
fertiliser Reduced yield and reduced risk of  supports integrated optimisation

Percentage /
mass-based pot
application

Soil incubation
(no plants)

variability compared
with frass alone

Strong growth
response at low-
moderate percentages
(<5%); Growth
inhibition at high
percentages (>5-
10%)

Not assessed

toxicity

Rapid nutrient
release; High rates
sharply increase EC
and pH

Clarifies N
mineralisation vs.
immobilisation;
High rates increase
CO:2 and N2O

emissions

nutrient management

High experimental
control; identifies
toxicity thresholds

Reveals mechanisms
driving soil responses

and fertiliser
access

Field-
equivalent
rates often
unrealistically
high; limited
extrapolation

Cannot directly
predict crop
yield responses

Nutrient-equivalent applications often produced yields comparable to mineral fertilisers

while also contributing additional soil-conditioning benefits, although nutrient release

tends to be slower than synthetic fertiliser. Combined frass-mineral fertiliser strategies

often provided a more balanced nutrient supply and supported crop productivity while

potentially reducing risks associated with salinity and nutrient imbalance risks when applied

at appropriate rates. Pot-based and incubation approaches clarified response thresholds

and biogeochemical mechanisms but require cautious extrapolation to field conditions.
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Effect of Frass Application Rate

Based on most of the selected studies, moderate application rates of BSFL frass improved
plant growth and nutrient use efficiency (NUE), often bettering or equaling conventional
fertilisers like urea or SAFI (semi-arid fertiliser input) (Beesigamukama, Mochoge, Korir,
Fiaboe, et al., 2020; Beesigamukama, Mochoge, Korir, Musyoka, et al., 2020). Generally,
frass rates ranging from 10 to 45 t/ha were observed as optimal plant responses, such as
enhanced root and shoot biomass, chlorophyll content, and nutrient uptake (Gurung et al.,
2024; Putri et al., 2023; Wu et al., 2023). Yet, in controlled pot experiments, the optimal
concentration was often expressed as a percentage of soil mass or volume (e.g., 2.4-4.8%),
and the amount was generally high when converted to the unit of tan/ha (Putri et al., 2023;
Wu et al., 2023).

Frass also had evident positive effects on soil quality, mainly by increasing levels
of mineral nitrogen (NHa4*, NOs"), organic carbon, and essential nutrients (P, K, Zn). In
acidic and nutrient-poor soils (e.g., Acric Ferralsols in Kenya or Tenosols in Australia),
frass application promptly improved fertility and supported early crop development.
Yet, excessive frass application (30t/ha (Chiam et al., 2021); 99.8t/ha (Mostafaie et al.,
2025); 360-600t/ha (Putri et al., 2023)) led to negative consequences such as germination
suppression, reduced biomass, accumulation of heavy metals (e.g., Zn, Mn, Cu, B), and
raised soil electrical conductivity (EC), which is often due to salinity stress or nutrient
imbalances.

Microbial responses were equally critical. In optimal ranges, frass enhanced microbial
biomass carbon (MBC) and nitrogen (MBN), supported beneficial bacterial populations
(e.g., Kribbella, Nocardioides), and promoted functional genes related to C and N cycling
(Gurung et al., 2024; Huang et al., 2024; Rummel et al., 2021). However, high application
rates (30t/ha) disrupted microbial communities by reducing diversity and promoting
opportunistic taxa like Acinetobacter, which may be linked to reduced plant performance
(Chiam et al., 2021; Rummel et al., 2021). In a few studies (Huang et al., 2024; Rummel
et al., 2021), frass behaved more like fresh manure than compost, with high CO2 and N.O
emissions, especially from carbohydrate-rich substrates, indicating a trade-off between
fertility gains and environmental sustainability (Huang et al., 2024; Rummel et al., 2021).

Overall, BSFL frass shows robust potential as a sustainable, circular biofertiliser and is
suitable for integrated nutrient management in low-input or degraded schemes. When the
frass is wisely applied, it can improve crop productivity, soil fertility, and microbial function.
Yet to avoid phytotoxicity or ecological disruption, application rates always depended on
crop type, soil conditions, and frass composition. Across the selected studies, the optimum
frass rate generally fell between 10 and 45 t/ha (Table 6). In contrast, particularly in
nutrient-demanding crops, low application rates produced only marginal benefits. Excessive
frass inputs (>30 t/ha) resulted in phytotoxic effects, elevated soil electrical conductivity,
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and microbial community disruption, indicating that over-application may compromise
both productivity and environmental sustainability. Yet, some crop-specific limits diverge
significantly depending on soil texture, baseline fertility, and frass quality. The evidence
supports BSFL frass as a valuable component in sustainable agriculture and organic waste
recycling. Yet future studies should further refine dosing guidelines, assess long-term soil
health impacts, and explore synergies with other organic amendments.

Table 6

Effects of BSFL Frass application rates on crops, soil fertility, and soil microorganisms

Application Typical Effects on Crop Effects on Soil Effects on Soil
Rate Application Growth and Yield Fertility Microorganisms
Category Range*
Low rate <10 t/ha (field) Minor or inconsistent Slight increases Neutral to slightly

<2% soil mass/
volume (pot)

improvements in
seedling vigour and
early growth; Generally
inferior to moderate
frass rates and mineral
fertilisers (e.g.,

urea, SAFI); Often
insufficient to meet crop
N demand

in available

N, P, and K
Minimal changes
in soil organic
carbon and CEC;
Benefits are
more apparent in
nutrient-poor or
acidic soils

positive effects on
microbial biomass
(MBC, MBN);
Limited changes

in microbial
community
composition or
functional diversity

Moderate 10-45 t/ha (field-  Significant increases Increased mineral Increased microbial
rate equivalent) ~2.4-  in shoot and root N (NHs", NOs™)  biomass carbon
(optimal) 4.8% soil mass/ biomass; Higher and soil organic  and nitrogen;
volume (pot) chlorophyll content and  carbon; Enhanced Enrichment of
photosynthetic activity; availability beneficial taxa
Improved nutrient of P, K, and (e.g., Kribbella,
uptake and nutrient use  micronutrients Nocardioides);
efficiency (NUE); Often (e.g., Zn); Enhanced functional
equal to or better than Improved fertility genes related to C
conventional fertilisers  in degraded or and N cycling
low-input soils
without excessive
EC
High rate >30 t/ha (field) Reduced germination Elevated soil EC  Reduced microbial

>5% soil mass/

and seedling

(salinity stress);

diversity and

volume (pot) establishment; Accumulation community stability;
Extreme cases: Decreased biomass and ~ of heavy metals/  Dominance of
99.8-600 t/ha yield; Phytotoxic effects micronutrients opportunistic taxa
(converted) due to salinity and (Zn, Mn, Cu, (e.g., Acinetobacter)

nutrient imbalance

B); Nutrient
antagonism and
impaired soil
quality

* Increased CO:
and N20O emissions,
resembling fresh
manure effects

Note.* Application ranges vary depending on soil type, crop species, and frass composition
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Potential Research Gaps

There is a lack of standardisation in frass composition and quality to produce the nutrient
frass. For example, large variability in larvae feedstock (e.g., brewery waste, kitchen scraps,
animal manure) leads to inconsistent frass nutrient profiles (e.g., N, P, K, micronutrients)
and physicochemical properties (pH, EC, C: N ratio). There is no universally accepted
quality standard or classification system for BSFL frass (e.g., based on NPK levels, heavy
metals, and pathogen load). Research rarely evaluates microbial safety, persistence of
antibiotics or pathogens, or potential allelopathic compounds. Future research should
focus on defining clear standards for BSFL frass composition, nutrient content labelling,
and safety testing protocols.

There is also a limited understanding of long-term soil and environmental effects.
Most studies are short-term and conducted under controlled conditions (greenhouse, pot
trials), with few long-term or multi-season field experiments. Soil health over time, such
as microbial community stability, nutrient leaching, and buildup of salts or heavy metals,
is largely unexamined. Greenhouse gas (GHG) emissions from frass-amended soils (e.g.,
CO2, N20, CHa4) are poorly studied in terms of across different climatic zones and soil
types. Longitudinal studies are needed to monitor the cumulative impacts of repeated frass
application on soil ecology, crop health, and environmental emissions.

Moreover, there are also no studies on interaction with other inputs such as fertilisers,
biochar, and compost. Synergistic or antagonistic effects of BSFL frass when combined
with other organic or inorganic fertilisers are underexplored. Limited investigation into how
frass performs in integrated nutrient management systems, or as a partial replacement for
synthetic fertilisers. Studies should assess optimised frass-blended fertilisation strategies
for maximising plant response while reducing input costs and environmental burden.

Furthermore, crop- and soil-specific dosing guidelines are incomplete. While some
studies report optimum rates, most findings are context-specific and not scalable or
generalisable. Little guidance exists for applying BSFL frass across different soil textures,
pH levels, salinity conditions, or crop developmental stages. A decision-support framework
is needed to guide farmers in determining safe and effective frass application rates tailored
to local agroecological conditions.

Additionally, plant-soil-microbe interactions are underexplored. Microbial shifts
in frass application rate, such as both beneficial and detrimental, are observed. Yet, the
mechanistic insights into how frass application rate affects plant-microbe symbioses, root
microbiome recruitment, and disease suppression or promotion are lacking. Few studies
explore frass effects on mycorrhizal fungi, soil enzymes, or microbial functional traits
critical for nutrient cycling and soil structure. Metagenomic and metabolomic tools should
be studied to unravel how frass influences plant-soil-microbe interactions across different
settings.
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Plus, economic and agronomic feasibility in real-world farming systems is limited by
the application rate of frass. Most studies are not linked to cost-benefit analyses, labour and
resource requirements, or logistics of sourcing and applying frass at scale. Farmer adoption,
especially in low-income or smallholder settings, is poorly understood. Socioeconomic
studies and on-farm participatory research are essential to assess the feasibility, acceptance,
and scalability of BSFL frass in different agricultural contexts.

CONCLUSION

Based on the 16 selected studies, BSFL frass has the potential to become a sustainable
fertiliser. Direct soil incorporation is most common and effective, while N-based or
combined applications improve nutrient use efficiency; pot and incubation studies clarify
mechanisms but are less field-relevant. However, there is no specific application rate.
Moderate rates via incorporation or combined fertilisation enhance plant growth and soil
fertility; high rates can cause salinity, nutrient imbalance, and reduced productivity. The
studied application rate ranges from 10 to 45 t/ha, which is too high to apply in practice.
Yet, more future research is needed to move beyond proof-of-concept and address
standardisation, scalability, environmental safety, and long-term ecosystem effects.
Interdisciplinary efforts involving agronomy, microbiology, soil science, and economics are
essential to bridge these gaps and integrate BSFL frass into regenerative agriculture models.
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SUPPLEMENTARY MATERIALS

Supplementary Table S1
Databases searched and records retrieved

Database Search Date Records Identified
PubMed 15 May 2025 7
ScienceDirect 15 May 2025 52
Scopus 15 May 2025 37
Emerald Insight 15 May 2025 0
Total 96

Supplementary Table S2
Detailed search strategies used in each database

Database Search String

("Hermetia illucens" OR "black soldier fly" OR BSF) AND ("black
soldier fly larvae frass" OR "BSFL frass" OR "black soldier fly frass"

PubMed OR "BSF frass" OR "insect frass") AND ("application rate" OR "soil to
frass ratio" OR "frass to soil ratio" OR "frass percentage" OR "frass-soil
mix*")

(“black soldier fly”’) AND ("black soldier fly larvae frass" OR "black

soldier fly frass" OR "bsf frass" OR “insect frass””) AND ("application

rate" OR "soil to frass ratio" OR "frass to soil ratio" OR "frass

percentage")

("Hermetia Illucens" OR "black soldier fly" OR bsf) AND ("black

ScienceDirect - Search 2 soldier fly larvae frass" OR "black soldier fly frass" OR "insect frass")
AND ("application rate" OR "frass-soil mixture")

("Hermetia Illucens" OR "black soldier fly" OR bsf) AND ("black
soldier fly larvae frass" OR "bsfl frass" OR "black soldier fly frass" OR
"bsf frass" OR "insect frass") AND ("application rate" OR "frass to soil
ratio" OR "frass percentage" OR "frass-soil mix*")

("Hermetia Illucens" OR "black soldier fly" OR bsf) AND ( "black
soldier fly larvae frass" OR "bsfl frass" OR "black soldier fly frass" OR

Emerald Insight "bsf frass" OR "insect frass" ) AND ( "application rate" OR "soil to
frass ratio" OR "frass to soil ratio" OR "frass percentage" OR "frass-soil
mix*")

ScienceDirect - Search 1

Scopus

Note. The asterisk (*) indicates truncation in the search strategy, allowing retrieval of records containing
different endings of the root word. For example, mix* includes mix, mixed, mixing, and mixture
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