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Using insects, notably black soldier fly (BSF), is becoming one of the emerging
technologies to valorize agrifood waste into high-value products, such as proteins for
animal feed. Its market is expected to grow more rapidly following the new European
legislation extending larvae protein use in poultry farming. The anticipated increase in
larvae protein also results in a parallel increase in frass, a residue leftover after rearing
the larvae and selling as a biofertilizer. Little is known about the impacts of frass made
from different feedstocks used for raising the larvae on plant growth and soil quality.
We set up an incubation and pot experiment to understand their effect on plant growth
and soil quality and tested seven frass fertilizers made from various types of food
waste and anaerobic digestate and potato pulp as reference materials using maize
as a test plant. We found that the effect of frass on N availability and soil microbial
quality significantly (p < 0.05) varied depending on the feedstock used for rearing the
BSF larvae. N immobilization occurred up to more than 70 days, and 4-20% net N was
released at the end of the 103-day-long experiment. In line with N availability dynamics,
most of the frass treatments did not significantly increase the plant growth. All frasses
significantly increased the microbial biomass C and enzyme activities. About 56-70% of
the applied C in frass is estimated to be stable in the soil. Our data confirm that frass is
a valuable product to improve soil quality but need to be applied with N sources that are
readily available to avoid nutrient shortage during plant growth.

Keywords: chitinase, bioconversion, enzymes, N uptake, dehydrogenase, food waste, anaerobic digestate

INTRODUCTION

About one-third of the food produced globally, which amounts to 1.3 billion tons per year, turns
into waste (Gustavsson et al., 2011). In Europe, each citizen is estimated to make half a ton of waste
annually (EC, 2020). Bedoic et al. (2019) estimated around 18.4 billion tons of agricultural wastes,
co-products, and by-products in the EU between 2010 and 2016. It has long been recognized that
waste disposals result in the loss of valuable resources and environmental pollution, such as ground
and surface water pollution and greenhouse gas emissions—for example, the whole life cycle of food
wastes accounts for 3% of the total European greenhouse gas emissions (EC, 2010), thus adding
significantly to climate change. Mitigating the consequences of climate change and feeding the
growing world population necessitates a shift from a linear to a circular economy (Bonviu, 2014),
which strives to prevent, valorize, and recycle wastes and create a zero-waste society.
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Several technologies have been innovated to recycle and
valorize different types of wastes, particularly agrifood waste.
Anaerobic digestion and insect rearing are widely applied to treat
wastes from the agrifood processing industry. The use of insects,
particularly Hermetia illucens L. (black soldier fly, BSF), is one
of the emerging biowaste treatment technologies with several
advantages. Firstly, BSF is a non-pest fly that turns tons of organic
wastes into larval biomass within 2-4 weeks (Diener et al., 2009).
Secondly, the protein made by black soldier fly larvae (BSFL)
has been a valuable source of dietary protein, replacing fishmeal
and soybean meal in fish and poultry farming (Madibana et al.,
2020; Mwaniki et al., 2020). A recent review shows that BSFL
biomass contains 32-58% proteins and 15-39% lipids in dry
matter and that the protein can increase to 55-65% following
the partial removal of lipids (Gold et al., 2018). Thirdly, the frass,
which refers to the mixture of insect excretions, exoskeletons, and
substrate residue leftover at the end of larval growth, has been
used as a soil amendment and fertilizer, showing its potential to
closing the nutrient cycling loop (Poveda, 2021). Recent reports
have also shown the potential of replacing commercial peat with
BSF frass in potted vegetable crop production without abiotic
stress (Setti et al., 2019; Tan et al., 2021).

The insect frass, which is considered as an inevitable by-
product remaining at the end of larvae development, accounts
for a significant portion (55-76%) of the initial waste biomass
(Diener et al., 2009). In line with the rapid growth of the insect
industry globally (Van Huis, 2020), several companies sell frass
as fertilizer and soil conditioner (Halloran et al., 2016), and its
production in the EU is estimated to reach 1.5 million tons by
mid-2020s (IPIFF, 2019). The quantity of frass is expected to
increase further due to the growing demand in waste recycling
and policies toward enhancing the circular economy, such as
the EU Green Deal Policy (EC, 2020), indicating the need for
research on the sustainable use of frass in agriculture.

Several studies have so far been conducted to increase our
knowledge on the mass rearing of insects, focusing mainly on
improving the bioconversion rate, larval weight, and composition
(Gold et al,, 2018). Despite the expected large quantity and
growing market (Halloran et al., 2016), less attention is given to
the by-product frass. To properly utilize the frass in a sustainable
way, their effect on soil health and plant growth should be
evaluated. The very limited studies available to date have shown
that the application of frass increases yield (Rosmiati et al., 2017;
Houben et al., 2020, 2021), activates plant defense responses
against abiotic (Poveda, 2021) and biotic stress (Quilliam et al.,
2020), and improves soil microbial activities (Gebremikael et al.,
2020). On the contrary, few other studies found negative effects
of BSF frass and other commercially available frass on soil quality
and plant growth, such as phytotoxicity (Alattar et al., 2016;
Watson et al., 2021a,b) and excessive nitrite accumulation in soil
(Watson et al., 2021a).

These contrasting effects can be attributed to the differences in
substrate composition and the feeding rate of the substrate to the
larvae, which could increase the ratio of the undigested substrate
in the frass (Diener et al., 2009; Gold et al., 2018). A previous
study reported the impact of substrate composition on the quality
of mealworm frass and its effect on plant growth (Poveda et al.,

TABLE 1 | Description of the bio-based fertilizers tested under lab conditions.

Code Substrates used for rearing BSF larvae, AD, and
potato pulp

PoF 80% potato waste + 20% brewing by-product (BG)

PoMrF 40% potato waste + 40% mushroom stalk + 20% BG

OrF 80% orange/mandarin/clementine waste + 20% BG

OrBrF 40% orange/mandarin/clementine waste + 40%
beetroot peelings + 20% BG

CKF 100% chicken feed waste

VegF 100% vegetable food wastes collected from
supermarkets

ComF Commercially available frass made from general food
waste
Other potential fertilizers tested as a reference

AD A liquid anaerobic digestate made from food waste

PoPulp Potato pulp powder from starch-processing industries

2019). A substrate with high fiber content has also been reported
to reduce the performance of the biowaste conversion process, as
it is likely that BSFL do not have enzymes for the decomposition
of fibers (Gold et al., 2018). The digestibility of the substrate
can significantly impact the suitability of the BSF frass as a
biofertilizer and soil amendment. To the best of our knowledge,
no study has investigated the effect of different BSF frass made
from substrates with varying compositions.

Given that the residue of the substrate has a significant
proportion in the frass, its effect on plant growth, particularly on
nutrient availability, may vary (Poveda et al., 2019; Gebremikael
et al,, 2020). Recently, we reported significant differences in C
and N mineralization, quantity, and duration of N immobilized
during an incubation experiment between frasses made from
vegetable food waste and general food waste (Gebremikael
et al., 2020). Data on the dynamics of nutrient availability over
time is essential to increase nutrient use efficiency and reduce
environmental impacts, such as ground water pollution through
nitrate leaching. However, research on the actual effects of frass
on soil, environment, and plants is rare.

The current study investigates the effect of BSF frasses made
from various waste substrates on carbon and nitrogen dynamics
and plant growth. We hypothesized that the effect of frass on
the dynamics of C mineralization, N availability, and subsequent
C sequestration and plant growth varies depending on the
feedstock composition used for growing BSFL. We set up an
experiment using seven different frass materials made from
various proportions of agricultural and food processing wastes
and maize as a test plant to test this hypothesis.

MATERIALS AND METHODS

Soil Preparation

Composite soil samples were collected from an agricultural
field in Beitem, Belgium (50°55 18" N, 3°07 58" E), which was
harvested of maize, and the farmer had sown grass as a cover
crop. The soil samples were taken from the top 15-cm layer
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TABLE 2 | Fertilizer application rates for the pot experiment as expressed in fresh weight (FW) and dry matter (DM), percentage of nitrogen and carbon content of
fertilizers based on dry matter (%N and %C), and the rate of applied C (kg C ha~") corresponding to 150kg N ha~" in each treatment.

Treatments FW DM DM %C %N C:N Cc
(tha™") (tha™") (%FM) (DW) (DW) (kg ha™")

PoF 4.6 4.3 92.0 42.0 2.3 18.4 1,790
PoMrF 3.0 2.8 93.1 41.4 3.4 12.0 1,171
OrF 3.3 3.0 90.1 46.3 3.3 141 1,375
OrBrF 3.1 2.9 94.5 451 3.4 13.3 1,301
CKF 4.7 3.3 70.5 481 2.9 16.4 1,596
VegF 6.4 3.8 59.7 43.6 2.5 17.2 1,674
ComF 8.0 4.8 60.5 46.6 2.0 23.0 2,246
AD 26.7 1.9 7.2 31.0 51 6.1 594
PoPulp 11.2 10.0 89.7 47.2 1.0 48.5 4,727

by sampling in a zigzag pattern, and the soil was thoroughly
mixed and air-dried in the lab. The air-dried soil was then sieved
through a 2-mm-wide mesh and stored at room temperature
until the start of the experiment. The soil has a sandy loam texture
and is characterized by a pH (KCl) of 5.6 and an organic carbon
content of 1.1%.

Characterization of Potential Bio-Based

Fertilizers

In addition to frass fertilizers, liquid anaerobic digestate (AD)
from food waste and a potato pulp (PoPulp) were assessed in this
study as a reference to processed and unprocessed products. The
different frass fertilizers were purchased from AgriGrub (UK),
a company that produces and sells frass as a soil amendment.
The frass fertilizers were produced by growing BSFL on a range
of agricultural and food wastes (Table 1). The frasses were then
dried in an oven at 80°C and milled to 1-mm particle size. Before
the experiments, the total carbon, the total and mineral nitrogen

content, and the water content of each fertilizer were determined
(Table 2).

Experimental Setup

Three separate experiments were conducted: two incubation
experiments without plants under lab conditions to determine
the potential C and N mineralization potential of selected BBF
and a pot experiment with maize as a model plant.

Carbon Mineralization

For the carbon mineralization experiment, 21 PVC tubes (r
= 34cm and h = 7.2cm) were filled with preincubated soil
equivalent to 265g of dry soil thoroughly mixed with the
corresponding amount of each bio-based fertilizer. Only six of
the nine treatments mentioned in Table 1 were considered as
C mineralization from VegF, CKF, and PoPulp as had already
been determined in our previous study (Gebremikael et al., 2020).
The bio-based fertilizers were applied based on a fixed target
N application rate of 150kg N ha™! and adjusted to 0.11g N
kg~! dry soil, considering the quantity of the soil per tube. The
soil-fertilizer mixture was gently compacted to a height of 5cm
to reach a bulk density of 1.46g cm~3. The same amount of

soil without the addition of fertilizers was filled in three tubes
(unamended control) to monitor C mineralization from the
native soil organic matter.

Each of the filled PVC tubes was then placed in glass jars
(1.5L) together with a vial containing 15ml of 1 M NaOH. The
jars were then sealed airtight and placed in an incubator at
16°C. After 24 h, the CO; trapped in the vial containing NaOH
was determined by back-titrating the excess NaOH with 0.5 M
HCI after precipitating the carbonates with 1 ml of 1 M BaCl,.
During and after titration, the jars were left open for about 3h
to replenish the soil with oxygen before they were sealed airtight
and returned back to the incubation chamber. To monitor the
dynamics of C mineralization over time, the same procedure was
followed to capture CO, and back-titrate the excess NaOH in
short time intervals at the beginning of the experiment and in
longer intervals toward the end of the experiment (days 1, 3, 6,
14, 21, 28, 35, 44, 52, 60, 71, 80, 93, and 106). Two glass jars
containing only the vial with NaOH were also included to correct
CO, in ambient air. The moisture content of each PVC tube
was kept at 50% water-filled pore space (WFPS) throughout the
experiment by adding distilled water.

The net cumulative C mineralized from the treatments
[Cminpet (%)] was calculated by subtracting the cumulative C of
the unamended control (Cmin_untreated) from the cumulative
C of the sample with the respective fertilizer (Cmin_treated) and
divided by the total added C (Equation 1).

Cinge, (%) = Cmin_treated — Cmin_untreated 100
net Y27 Total added C in the bio — based fertilizers
(1)

Furthermore, the humification coefficient was calculated by
fitting the C mineralization data to a second-order kinetics model
(Equation 2) (Sleutel et al., 2005).

_ _ CA
€0 = G~ T e — o) Cat @

where C(t) is cumulative net C mineralized at time ¢, Cp
is the amount of mineralizable C, k, is the second-order
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mineralization rate constant, a is the fraction of C incorporated
into microbial biomass C, and k, a(l - a) is estimated as a
lumped parameter because the individual parameters cannot be
estimated separately.

Using a temperature dependence model of C mineralization
(Deneve et al., 1996), we calculated the length of incubation at
16°C that would be equivalent to 1 year under field conditions
(at an average soil temperature of 10°C), which was 175 days.
Fitting the 2nd-order kinetics model to the measured percentage
of net cumulative C mineralized allowed us to calculate the
cumulative percentage of organic C that would be mineralized
during 175 days of incubation, equivalent to 1 year under field
conditions (Sleutel et al., 2005). The humification coeficient ()
is then considered as the difference (100 - % net cumulative
C mineralized until day 175). It is an estimate of the stable
organic C in the bio-based fertilizers and their contribution to
C sequestration.

Nitrogen Mineralization
To assess the N mineralization potential and impacts of the
bio-based fertilizers on the microbial communities and their
activity dynamics, experimental units were prepared by filling
up PVC cores (r = 2.3cm, h = 18.cm) with 225g (dry mass)
of preincubated soil thoroughly mixed with the corresponding
amount of the bio-based fertilizers and gently compacting them
to 10 cm to create a bulk density of 1.35 Mg m~>. The quantity
of each fertilizer added to the corresponding treatments was
calculated based on a fixed fertilizer application rate of 150kg N
ha~1, which is equivalent to 0.11 g N kg~! dry soil, considering
the quantity of soil filled per tube.

A total of 126 PVC cores (7 treatments x 3 replicates
x 6 sampling times) were filled. The nitrogen mineralization
of VEG, CKE and PoPulp was already determined in our
previous experiments (Laboan, 2018). Three replicates of each
treatment and the control soil were destructively sampled at 12,
26, 40, 54, 68, and 103 days after the start of the incubation
to measure mineral N. The mineral nitrogen content of the
samples was extracted from 20g of moist soil in 100ml of
1M KClI after shaking for 1h. The total mineral N (NH,
and NOj3') concentration in the extract was determined with a
continuous flow analyzer (Chem-lab 4, Skalar 223 Analytical,
Breda, Netherlands). The net mineral N from the added bio-
based fertilizers was calculated as the difference between total
mineral N in the samples with fertilizers and in the unamended
control sample and expressed as a percentage of the total N added
from the bio-based fertilizers (Equation 4) (Deneve and Hofman,
1996).

Nmi (%) Nmin_treated — Nmin_untreated 100
min = <
net A7 Total added N in the biobased fertilizers
(3)

Soil Microbial Parameters

Microbial Biomass Carbon and Enzymes

The dynamics of selected microbial properties were monitored
during the N mineralization incubation experiment. Microbial
biomass C (MBC) was determined from 30g of soil by

fumigation and extraction method (Vance et al, 1987) with
a TOC/TN analyzer (Skalar Analytical BV). The extraction
efficiency coefficient used for microbial biomass carbon was
0.45 (Joergensen, 1996). Dehydrogenase activity (DHA) was
analyzed using 5g of moist soil and triphenyl tetrazolium
chloride as a substrate, as explained in our previous study
(Gebremikael et al, 2015). Chitinase activity (CHA) was
measured according to Rodriguezkabana et al. (1983) as
modified by Rossner (1991). The soil sample with an added
chitin suspension was incubated for 17h at 37°C. Afterwards,
the liberated N-acetyl glucosamine was extracted with a KCI
solution and determined spectrophotometrically at 585nm
(UV-VIS, Varian Cary 50 spectrophotometer, Palo Alto,
United States).

Pot Experiment

Maize was grown in soil amended with the bio-based fertilizers
in a greenhouse. Each Magenta jar (9 x 6.5 x 6.5 cm?®) was
filled with preincubated soil, equivalent to 312 g dry weight, that
was thoroughly mixed with the bio-based fertilizers at a rate of
150 kg N ha~!, which is a common N fertilizer dose for maize
in the region. The amount of the fertilizers to be added was
calculated, taking into account the surface area and the depth
of the soil filled in the pot. The soil was then gently pressed to
achieve a bulk density of 1.35 Mg m~>. A total of 50 pots, that
is, the nine fertilizers described above and one control treatment
containing only soil, were assessed in five replicates. The maize
seeds (Zea mays L., variety: NK Falkone; Aveve, Leuven, Belgium)
were pregerminated by placing them between moistened papers
for 5 days before the start of the experiment. The germinated
seeds were transplanted into each pot (one plant per pot) to a
depth of 2 cm. Afterwards, distilled water was added to each pot
to reach 50% WEFPS, and the weight of the pot was noted. To
guarantee that the pots contain the same amount of water, the
initial water contents of the fertilizers were taken into account.

Given the small size of the pot, the maize plants were left
to grow for 62 days until N deficiency symptoms started to
develop. For the first 34 days, the pots were placed in a growth
chamber at 18°C with a light regime of 16/8. Afterwards, the
pots were transferred to a greenhouse (20°C with a light regime
of 16/8) because the maize started to reach the top of the
shelf. In the greenhouse, the maize was further allowed to
grow for 28 days. Every 2-3 days, the maize was watered by
adding distilled water until the initial weight of the pot was
reached. To prevent ventilation effects, the pots were moved
twice a week to a different position. To prevent damage of
the plants by insects, spraying with pesticides was conducted
once a week in the growth room and when necessary in
the greenhouse.

At the end of the experiment (harvest), the soil was separated
from the plant material. The plant samples were weighed as
fresh and after drying at 60°C for 3 days. Total nitrogen in the
dried plant biomass was determined by an elemental analyzer
(Variomax CNS analyzer, Elementar, Germany). Nitrogen uptake
was calculated as the total N in the aboveground plant
biomass per pot. The soil was sieved through a mesh (3 mm)
to separate fine roots. The collected soil was then stored
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FIGURE 1 | The dynamics of cumulative net CO,-C mineralized from bio-based fertilizers are expressed as a percentage of total organic C added in each treatment.
Different letters show significant statistical differences as assessed at the end of the incubation (p < 0.05).
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FIGURE 2 | Simulated humification coefficient referring to the fraction of stable C left in the soil 1 year after the application of bio-based fertilizers under field
conditions using the 2nd-order kinetic model. Different letters show significant statistical differences (p < 0.05) between mean values (n = 3 + SE).
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FIGURE 3 | Dynamics of net N released from the bio-based fertilizers expressed as a percentage of total N added in each treatment. ****, significant statistical

at 4°C until mineral nitrogen, microbial biomass C, and
dehydrogenase activity were analyzed using the same procedure
as explained above.

Statistics

A two-way analysis of variance model with two factors (bio-
based fertilizer treatments and incubation time) was run for each
parameter of the N incubation experiment using aov function
in R studio version 3.5.3 (Team, 2019). The assumptions for
ANOVA were checked based on the residuals using the generic
function plot, shapiro-test, and leveneTest. Because there were
significant interactions between the two factors, the data was
further split based on the incubation time. Analysis of variance
was then conducted for each sampling time using a parametric
one-way ANOVA model (aov) with the type of bio-based
fertilizers as a factor. The post-hoc function TukeyHSD multiple
comparisons of means was applied for ANOVA with p < 0.05.
Parameters with heteroscedastic data were fit to the conservative
Welch’s heteroscedastic F-test function (oneway.test) and a
pairwise comparison using the conservative gamesHowellTest.
When the assumption of normality was not fulfilled, non-
parametric Kruskal-Wallis test was performed with a post-hoc
function dunn.test with Bonferroni corrections for type I error.
One-way ANOVA and post-hoc analysis was executed in the same
way for the plant parameters of the pot experiment and the last
sampling of the C mineralization experiment.

RESULTS

Laboratory Incubation Experiments

C Mineralization Dynamics

The cumulative percentage of net C mineralized from the
added bio-based fertilizer was significantly different after 106
days (Figure 1). The PoF showed the highest net C cumulative
percentage at the end of the experiment (40%). OrF and OrBrF
showed similar net C cumulative percentages at the end of the
experiment with 72 and 70%, respectively. ComF and AD showed
the lowest cumulative percentage of net C mineralization. The
AD showed the highest net C mineralization at the start of the
experiment and stabilized around day 52. In contrast, all the frass
treatments continuously showed increasing net mineralization
throughout the experiment.

The humification coefficient of the AD (0.74) calculated
using the 2nd-order kinetics model was significantly higher
than all other treatments except PoMrF (Figure2). The
frass treatments also showed significant differences in the
humification coefficient. The ComF and PoMrF showed the
highest humification coefficient of the frass treatments (0.70 and
0.67), with OrBrF and OrF following (0.63 and 0.62), and PoF
exhibited the lowest humification coefficient (0.56).

Nitrogen Mineralization
While all the frass treatments immobilized N at the beginning
of the experiment, the percentage of net mineral N released by
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103

the AD reached more than 100% after 12 days and 148% by the
end of the experiment (Figure 3). Among the frass fertilizers,
PoMrF immobilized the least mineral N after 12 days, while PoF
immobilized the most. OrF (22%) and PotMrF (21.7%) resulted
in a significantly higher percentage of net N released compared
to OrBrF (18%), PoF (6%), and ComF (4%).

Microbial Biomass Carbon and Enzymes
The MBC was significantly higher in frass treatments compared
to the AD and unamended control at least until 40 days after the
start of the incubation (Figure 4). All the frass treatments, except
PoMrF, resulted in significantly higher (p < 0.05) MBC compared
to the control (CTR) throughout the experiment. Significant
differences were also observed among frass treatments. PoF and
ComF showed the highest (P < 0.0001) MBC until 40 days after
the start of the incubation. MBC was significantly higher (p <
0.001) in PoF compared to PoMrF, while there was no significant
difference between OrF and OrBrF (p > 0.05).

All the frass treatments, except POMTE, resulted in significantly
higher DHA than the CTR and AD during the initial 12 days
of incubation (Figure 5A). Unlike the MBC, the effect of frass
treatments did not show significant differences during the later
stages of incubation. PotF resulted in the highest increase (two- to
three-fold) compared to the CTR, AD, and other frass treatments.
PoMrF resulted in the lowest DHA activity of all the frass
treatments, particularly during the first 40 days of incubation.

The CHA was significantly higher in frass treatments than in
the CTR and AD at the beginning and end of the incubation
period (Figure 5B). Significant differences in chitinase activity
were also recorded among the frass treatments. ComF showed the
highest chitinase activities compared to the other frass treatments
on day 12. PoMrF resulted in the lowest chitinase activity
compared to the other frass treatments on day 12 and at the end
of the experiment.

Greenhouse Plant Growth Experiment

Plant Shoot Biomass

The fresh maize plant shoot biomass was significantly higher
in the AD and ComF than the CTR, while the PoPulp and
PoPF resulted in significantly lower fresh shoot biomass than
the CTR. The dry biomass in AD (2.25 + 0.34g) treatment
was significantly higher compared to all other treatments
(Figure 6A). The frass treatments showed significant differences
in dry shoot biomass (Figure 6B). The dry biomasses of OrF,
PoPF, and PoPulp were significantly lower than the CTR and
other frass treatments, except for CKF. Unlike the dry biomass,
there were no significant differences in N uptake within the
treatments or between the unamended control (Figure 7).

At the end of the pot experiment, the microbial biomass
did not show significant differences, although the treatments
tended to show slightly higher MBC than the unamended
control (Figure 8A). In contrast to the MBC, all the treatments
resulted in a significantly higher dehydrogenase enzyme activity.
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The PoPulp treatment also showed the highest dehydrogenase
enzyme activity (Figure 8B).

DISCUSSION

Contribution to Stable Organic Carbon

The frass treatments showed significant differences in net
cumulative C mineralized and the simulated fraction of stable
C, indicating the role of feedstock used for rearing the larvae
in building up the soil organic carbon stock. For example,
PoMrF contributed a significantly higher (410%) fraction of
stable C than the PoF. Although the PoF resulted in the lowest
contribution to the stable soil organic C, it contributes 20%
more stable C fraction than the raw potato pulp (Gebremikael
etal., 2020), showing that valorizing potato pulp with BSFL could
improve its quality as a soil amendment and subsequent role in C
sequestration. There is a need to further analyze CO, and other
greenhouse gas emissions during frass production to accurately
quantify the net contribution of frass to C sequestration (Rummel
etal., 2021).

The chemical composition of the feedstock, such as cellulose,
hemicellulose, and lignin fractions, influences C mineralization
and the subsequent stable C fraction (Hemati et al., 2021).
The significant differences in C mineralization and humification
coefficient among the frass treatments can be attributed to
differences in lignocellulosic fractions in the feedstocks or the
frasses. However, no data was gathered on the lignocellulosic
composition of BSF frass, as this was beyond the scope of the
current study. The food waste AD in the current study showed the
highest overall humification coefficient (0.70), which is relatively
lower than the crop residue digestate and pig slurry co-digested
with vegetable crop residues as reported in our previous study
(Gebremikael et al., 2020). Our findings consistently show that
a higher fraction of C in the digestate becomes stable than in
various BSFL frasses. Like the frass, the actual stable carbon
fraction of the digestates can vary depending on the feedstock.

The Dynamics of Nitrogen Availability

The application of frass, in general, resulted in an initial net
N immobilization that lasted 26-70 days after application.
Eventually, 4 to 22% of total N became available, which is
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comparable to an estimated potential release of 5-25% in mineral
N form after the application of composts during the first
year crop growth season (Prasad, 2009). Like in the composts,
the magnitude and duration of N immobilization and net
N released varied significantly among the frass treatments,
indicating that the composition of the substrate used for rearing
BSFL impacts N availability. Such impact is clearly observed
with PoF that resulted in the highest net immobilization for
more than 2 months, while POMrF resulted in the highest net N
released without net immobilization (Figure 3). Such contrasting
differences in N availability could be attributed to the lower C/N
in PoMrF (12.1) than the PoF (18.4). However, a significant
difference in net N availability was also recorded on day 40 and
68 between OrF and OrBrF despite their similar C/N, indicating
the roles of other chemical and microbial properties of frass in
determining nutrient availability (Poveda et al., 2019). It seems
that a higher soluble C content in the frass is the main reason
for the immobilization or slow net availability of N in the frass.
A significantly higher C mineralization, dehydrogenase activity,
and microbial biomass C in the frass treatments indicate the
presence of more labile C in the frass than the AD. Previous
studies reported that mealworm frass made from wheat bran had

a high soluble C fraction (49%) which could potentially result in
N immobilization, particularly if there is no sufficient N in the
frass or in the soil solution for the metabolism of the microbial
communities (Houben et al., 2020).

Unlike the frasses, AD released the highest amount of net
mineral N, which was mainly due to the high proportion of initial
mineral N (63%) present in the material. Most of this mineral
N was recovered at the first sampling event (45% mineral N
release after 12 days). A large N mineralization (total mineral N
release close to 150%) was observed by the end of incubation,
suggesting that AD induced a significant priming effect, which
is often described as the decomposition of native soil organic
matter (SOM) due to an increased microbial activity after the
application of additional energy sources through the organic
fertilizer (Fontaine et al., 2003; Kuzyakov, 2010). The high N
availability in the digestate probably stimulated the growth of
K-strategists (which grow slowly but degrade complex organic
compounds), resulting in additional mineralization of N from
the native SOM. The humification coefficient of the AD indicates
that it consisted of about 75% stable carbon compounds that
might have stimulated the growth of K-strategists. A recent study
has also shown that the K-strategy bacterial phylum replaced
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the r-strategy bacteria when assimilating labeled glucose in high-
nitrogen-availability conditions (Zhang et al., 2020).

Microbial Biomass and Enzyme Activities
Like the C and N mineralization, significant differences in
MBC and DHA in the incubation experiment between the frass
treatments indicate the role of the diet composition used for
rearing the insects in the impact of frass on soil microbial
activities. Poveda et al. (2019) reported that the microbial
composition of frass depends on the diets that the mealworm T.
molitor was feeding on. In contrast to the studies that reported the
antimicrobial effect of specific compounds, such as phenolics in
orange peels and beetroot wastes (Ruiz and Flotats, 2014; Calabro
et al., 2020), significantly higher MBC was recorded in OrF and
OrBrF than the control and AD.

The increased MBC could explain the immobilization of
mineral N by the frass treatments. At the end of the experiment,
the MBC was still significantly higher for all frass treatments
than the control, suggesting that frass application could sustain
the microbial biomass for a more extended period. However,
the DHA decreased to low values from day 40 onward, and no
significant differences between the treatments and the control
were found, suggesting that a large part of the microbial biomass
became dormant. Mainly slow-growing adapted K-strategists can
be assumed to be active in the soil following the exhaustion of

labile carbon compounds (Fontaine et al., 2003; Zhang et al,,
2020). In contrast to frass, AD application had no significant
effect on MBC in the current study (Figure 4) and in our previous
study (Gebremikael et al., 2020), indicating the advantage of frass
over AD in improving the soil biological quality and its functions.

In contrast to the expectation that root exudates would
increase MBC, the MBC was much lower in the pot compared
to the incubation experiment, which could be explained by the
likely nutrient limitation, particularly N, in the pot experiment
(Camenzind et al., 2018). However, DHA was higher in the
presence of plants, indicating that the microbial oxidation could
be enhanced by root exudates despite this potential nutrient
limitation. Although there is a trend of increased MBC and DHA
in the frass and other treatments compared to the control in
the pot experiment, the differences were statistically significant
only for the DHA. The significant increase in DHA at the end of
the pot experiment indicates the potential of frass and the other
treatments to enhance the microbial activity even under limited
nutrient conditions.

The chitinase activity was significantly enhanced for all frass
treatments compared to the control and the AD after 40 and
103 days. The higher chitinase activity could be linked to chitin,
which is the predominant polysaccharide found in the shed
exoskeletons of insects (Sharp, 2013) and also found in the frass.
Chitin is also a major component of the cell wall of fungi and
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is prone to degradation by chitinase enzymes (Nagarajkumar
et al., 2004). The production of extracellular chitinase enzymes
is related to antifungal behavior (Zhang and Yuen, 2000). Our
previous experiment showed that frass and digestates from pig
slurry treatments significantly suppressed the development of
Rhizoctonia solani in bean plants (Phaseolus vulgaris cv. Prelude)
(Gebremikael et al., 2020). Unlike the frass treatments, the
chitinase activity in the AD treatment was not significantly
different from the control, suggesting that enzymatic lysis of
fungal cell walls through extracellular chitinases is not a primary
mechanism of the digestate in biocontrol.

Plant Biomass and Nutrient Uptake

The frass treatments can be broadly grouped in 3 categories
based on fresh and dry biomass yield compared to the control,
namely, with positive effect (ComF), no significant effect (CKF,
OrBrE and PoMrF), and adverse effect (OrF and PoF), further
showing that the impact of frass on plant growth depends on
the feedstock composition. The plant biomass seems generally
related to the dynamics in net nutrient availability from each
bio-based fertilizer. AD released a significant proportion of
total N as net mineral N immediately following its application.
The application of AD made mainly from dedicated energy
crops and animal excrements has consistently increased the crop

yield, particularly in pot experiments (Moller and Miiller, 2012).
Here AD from food waste resulted in a significant increase
in maize yield, further confirming the potential of AD as
a fertilizer.

Most of the frass treatments immobilized nitrogen during the
first 2 months of the incubation experiment, corresponding to the
62 days of maize growing. N immobilization in the incubation
experiment indicates that plant roots face an intense competition
against the microbial communities for N in treatments with
frass. The mineral N left in the soil at the end of the
experiment was <3 ppm (data not shown), and no other
additional nutrients were applied with the frass and the other
amendments, indicating that nutrient availability was not optimal
for plant growth. Unlike field experiments, the soil depth in the
current experiment was not optimal for extended root growth,
limiting the potential of roots to explore nutrients from deeper
soil layers.

Previous studies that reported significant effects of mealworm
frass on ryegrass (Lolium multiflorum Lam.) and barley
(Hordeum vulgare L.) shoot biomass applied frass at a rate
equivalent to 250-500kg N ha~!, which is much higher than
the N required by the plants (Houben et al., 2020, 2021). A
previous study also applied a high rate of frass (1:1 or 2:1
soil-to-frass ratio) and found significant effects on the growth
of lettuce (Lactuca sativa var. Crispa) (Rosmiatietal., 2017).
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Given that we applied 150 kg N ha~! and the N immobilizing
potential of the frasses, only a limited part of the N might
have become mineralized. To avoid N deficiencies and reduce
environmental pollution (e.g., nitrate leaching), future studies
should investigate appropriate application rates based on
the N mineralization rate dynamics of the frass and crop
N demand.

Regardless of the type of frass and potential N mineralization
pattern, no significant differences were observed in N uptake
among the treatments and the control, suggesting that the frass
application might have stimulated other mechanisms that could
increase the N uptake efficiency. This is mainly observed in ComF
that significantly increased fresh biomass despite the lowest
(4%) net N mineralization suggesting a non-nutritional effect
of frass, such as stimulation of hormone production. Poveda
et al. (2019) isolated more than 26 microbial strains in frass
that produce auxins, which are the most important group of
hormones involved in adventitious root formation (Rout, 2006),
thus increasing nutrient uptake efficiency.

CONCLUSION

The effects of frass on soil microbial quality, C sequestration, and
plant growth vary significantly depending on the substrate used
to grow larvae. The application of frass consistently increased
the microbial biomass and activity, confirming its potential in
improving soil quality. Moreover, the high chitinase activity
following frass application shows its potential to suppress fungal
diseases, a quality that organic growers need.

Most of the frasses in the current study immobilize N after
application and release, in general, net mineral N comparable
to composts. Frass treatments with high N immobilization
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