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Insect farming has the potential to transform abundant residual biomass into feed that is
compatible with non-ruminant animal production systems. However, insect cultivation
generates its own by-products. There is a need to find valuable and sustainable
applications for this material to enable commercial-scale insect farming. Soil application
of by-products, which may be either basic broadcasting incorporation or part of a
sustainable soil borne pest management practice, such as biosolarization, could offer an
agricultural outlet. The objective of this study was to assess the potential of applying black
soldier fly larvae (BSFL)-digested substrate as soil amendment for soil biosolarization
and evaluate its impact on soil health. Sandy loam (SL) and sandy clay loam (CL)
soils amended with BSFL-digested almond processing residues, i.e., spent pollinator
hulls (SPH), at 2% dry weight (dw) were incubated under aerobic and anaerobic
conditions for 15 days under a daily fluctuating temperature-interval (30-50°C). The
microbial respiration, pH, electrical conductivity, volatile fatty acids, macronutrients,
and germination index using radish seeds (Raphanus sativus L.) were quantified to
assess the soil health after amendment application. Incubation showed a statistically
significant (p < 0.05) increase in electrical conductivity related to amendment addition
and a decrease potentially linked to microbiological activity, i.e., sequestering of ions.
Under aerobic conditions, SPH addition increased the CO»-accumulation by a factor
of 5-6 compared to the non-amended soils in SL and CL, respectively. This increase
further suggests a higher microbiological activity and that SPH behaves like a partially
stabilized organic material. Under anaerobic conditions, CO»-development remained
unchanged. BSFL-digested residues significantly increased the carbon, nitrogen, C/N,
phosphate, ammonium, and potassium in the two soil types, replenishing soils with
essential macronutrients. However, greenhouse trials with lettuce seeds (Lactuca sativa)
lasting 14 days resulted in a decrease of the biomass by 44.6 + 35.4 and 35.2 + 25.3%
for SL and CL, respectively, compared to their respective non-amended soil samples.
This reduction of the biomass resulted from residual phytotoxic compounds, indicating
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FIGURE 1 | CO, accumulation during 15 days in (A) sandy loam (SL) and (B) sandy clay loam (CL), with (2% dw) and without spent pollinator hulls (SPH) under
anaerobic and aerobic conditions. AN, anaerobic; AE, aerobic. Bars represent standard deviations (n = 3).

protons by carboxylic, phenolic, and enolic groups, and liming
effect of residues, have been proposed to explain an increasing
pH after amendment addition (Wong et al., 1998; Haynes and
Mokolobate, 2001; Naramabuye and Haynes, 2006). It appears
that in CL, a sufficient amount of moisture was present, and
enough time was given for soil chemical reactions to take place,
thus resulting in a significantly higher pH compared with the
initial state of CL + SPH.

The electrical conductivity (EC) at 25°C in AN samples
was significantly affected by the soil type, the presence of
spent hulls, time, interactions of soil and spent hulls, spent
hulls and time (Supplementary Table 3, p < 0.05). Significant
differences of pH and EC between soil types are shown in
Supplementary Figure 1. A one-way ANOVA for SL (Figure 2C)
and CL (Figure 2D) followed by a Tukey’s HSD post-hoc test
showed that the EC increased (p < 0.05) in non-amended
soil samples of SL, however, decreased after 15 days (p <
0.05) when spent hulls were added. Before incubation, both
SL and CL showed significantly (p < 0.05) higher EC when
spent hulls were added. After 15 days of incubation, SL +
SPH still had a significantly higher EC than the non-amended
soil (p < 0.05), while in CL + SPH it decreased back to the
original EC as was found in CL. Similarly, to the significantly
increased pH in CL + SPH, the higher soil moisture content
resulted in a larger soil activity. Overall, the amendments seemed
to introduce salts in form of nutrients to the soil, however,
they thereby increased microbial activity and decreased the
EC over time. This suggests that the ions were sequestered
in the microbial biomass (Stamatiadis et al., 1999; Piotrowska
et al,, 2011). The increased microbial activity in the soil might
be a result of microbial community shifts introduced by SPH
addition, originating from the BSFL gut, i.e., Actinomyces spp.,
Dysgonomonas spp., and Enterococcus spp. (Klammsteiner et al.,
2020). Identifying microorganisms before and after SPH addition

to the soil in the near future would allow further insights into the
reasons for this increased activity.

No volatile fatty acids (VFAs) were detected in non-amended
soils. Of the tested VFAs, only acetic acid was observed in samples
with SPH under anaerobic conditions on a lab-scale. Acetic acid
concentrations dropped to around 5mg kg~! within 10 days
for SL + SPH and CL + SPH (Figure 2E). Upon fitting a 1st
order decay model to the 5 measured points (R* = 0.97 for CL
and R? = 0.63 for SL), results suggested acetic acid may degrade
slightly slower in SL soil (k = 0.25) compared to CL soil (k = 2).

Based on the VFA development during 15 days, BSFL-digested
pollinator hulls seem to be an appropriate organic material
to be implemented in SBS approaches. The presence of acetic
acid at the beginning of the incubation suggested that BSFL
digestion did not manage to break down all phytotoxic organic
acids in pollinator hulls. Furthermore, an increased microbial
activity was attributed to the high respiration rates, indicating
available sources of organic carbon that can be converted in
biopesticides under the anaerobic conditions of SBS, decreasing
the soil treatment time compared to traditional solarization
of 4-6 weeks (Stapleton and DeVay, 1986). The pH change
and detected acetic acid concentrations in SPH amended soil
correspond to values, for which successful pest inactivation levels
were achieved (Fernandez-Bayo et al., 2018).

Phytotoxicity of Spent Hulls-Amended Soil

Spent Hulls Preliminary Assessment

The germination index (Gj) was used to determine the impact
of spent almond hulls and incubation on the growth of radish
seeds as the indicator of phytotoxicity. The lower the index,
the higher the phytotoxicity. Preliminary analyses on water
extracts from spent pollinator hulls at a dilution rate of 1:10
(g dw/g water) and at 1:100 had a G; of 13 £+ 7 and 42
+ 4%, respectively. The extract from the same SPH mixed
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FIGURE 2 | (A) pH for sandy loam (SL), (B) pH for sandy clay loam (CL), (C) electrical conductivity (25°C) for SL, (D) electrical conductivity (25°C) for CL with (2% dw)
and without amended spent pollinator hulls (SPH) under anaerobic conditions for initial (O days, to) and final time (15 days, t1s). Different letters indicate significant
differences (o < 0.05) in a one-way ANOVA followed by a Tukey’s HSD post-hoc test. (E) Acetic acid concentration after anaerobic incubation measured for the
time-points to, t1, ts, t10, and tys and fitted with a 1st order decay model (dotted line: SL + SPH; dashed line: CL + SPH). Parameter k represents the decay constant.
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FIGURE 3 | Phytotoxicity of water extracts of spent pollinator hulls (SPH) for different concentrations (1:10 and 1:100) and the control (water) compared to 2% dw
spent pollinator hulls in sandy loam (SL + SPH) and sandy clay loam (CL + SPH) at same concentrations (1:10) for radish seeds. Different letters indicate significant
differences in a one-way ANOVA followed by a Tukey’s HSD post-hoc test. Bars represent standard deviations (10 seeds, n = 3).

(2% dw) with SL and CL at a 1:10 (g dw/g water) dilution of
non-incubated samples showed a G; of 120 + 7 and 104 £
14%, respectively (Figure 3). Given the toxicity found in the
extracted almond hulls at 1:100 dilution, the buffer effect in the
phytotoxicity can be explained by the effect of mixing the spent
hulls with the soils and the potential adsorption/degradation to
the soil particles of the compounds responsible for phytotoxicity.
The reduction in phytotoxicity over time was observed in
biosolarization trials with compost (Simmons et al., 2013),
tomato (Achmon et al., 2016), and wine processing solid wastes
(Achmon et al., 2016).

Phytotoxicity Evolution in the Amended Soil

To assess if incubation under anaerobic (AN) or aerobic (AE)
conditions of SPH in the soil can develop some phytotoxicity,
a dilution ratio of 1:1 (g of sample dw/g water) was used in
soils amended with SPH before and after incubation in AN and
AE conditions for 15 days. The G; of water extract from the
incubated samples in AN conditions showed a significant effect (p
< 0.05) of the interaction between SPH and soil type and between
SPH and incubation type, i.e., non-incubated, incubated in AE,
or incubated in AN conditions (Supplementary Table 4). Even
though AE samples showed a slight improvement, when similar
samples were compared under AN and AE conditions, there was
no significant improvement of the germination index. Only SL

+ SPH under AN conditions showed a significantly higher G;
after 15 days compared to SL under AN conditions and CL +
SPH before incubation (Figure 4). Furthermore, a paired-sample
T-test (Supplementary Table 5) for same soil samples under the
same conditions, i.e., AN and AE with and without adding SPH,
differed significantly for AN SL and AN SL + SPH (t = —7.792,
p =0.016),and AE SL and AE SL + SPH (t = —4.794, p = 0.041).

Incubation of SL under AN conditions promoted some
phytotoxicity in the soil. This may have been due to either
changes in the soil or production of phytotoxic metabolites.
This increase of the background phytotoxicity in the non-
amended soil was not observed in the amended SL soil after
incubation, suggesting that the amendments may have buffered
the phytotoxicity or facilitated decomposition of phytotoxic
metabolites. Furthermore, the drop in acetic acid (Figure 2E)
observed in this study may have also contributed to the lower
phytotoxicity observed in the SPH-amended soils undergoing
incubation. It needs to be highlighted that both soils displayed
a slight natural intrinsic phytotoxic effect on the model seed
(Gj ~ 80%).

When correlating the pH, EC, VFA concentration to the
phytotoxicity levels, no significant correlations were observed.
Phytotoxic compounds seemed to be present, however,
non-detected VFAs and organic matter might further contribute
to the evaluated phytotoxicity (Shea et al., 2021).
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Impact of Spent Hulls on Lettuce Growth
To further elucidate positive or negative effects of SPH on
soil quality, the growth of fertigated lettuce was assessed in
greenhouse trials. A multiway ANOVA showed a significant effect
of the soil type and SPH addition on the soil phytotoxicity
(Supplementary Table 6). For both soils, a significant reduction
of the dried biomass (shoot and root system) of lettuce
seedlings was observed in the samples amended with spent hulls
after 14 days post-transplantation (p < 0.005, Figure5 and
Supplementary Figure 3) in comparison to the non-amended
soils. Phytotoxic effects seemed to hinder the growth of the shoot
system in particular, which was not quantified in the germination
studies with radish seeds. Differing plant sensitivities to SPH
phytotoxicity or differences in phytotoxin dilution in the
varying growing formats could furthermore be attributed to the
observation of an increased phytotoxic effect.

Impact of Spent Hulls on Soil Health

Significant effects of the incubation environment (AN, AE),
soil type (SL, CL), SPH addition, and their interactions were
observed (p < 0.05) on the macronutrient concentrations, i.e.,
carbon, nitrogen, nitrate, phosphate, ammonium, and potassium
(Supplementary Tables 7-13). Spent almond hulls significantly
(p < 0.05) increased the amount of carbon, nitrogen, C/N,
phosphate, ammonium, and potassium content in SL + SPH,
while nitrate did not significantly increase at the initial time
to (Tables 1, 2, Supplementary Figure 4). Initial C/N values
increased by about a factor of 2 with SPH amendment and
remained significantly higher even after AN and AE incubation.
A C/N ratio of stable and mature compost was defined by by
Chefetz et al. (1996) between 10 and 15 and by Fang et al.
(1999) between 17 and 19. A lower pH, a lower G; index
and a higher ammonium level furthermore indicate a lower

stability (Palma et al.,, 2020). Alongside the rather low values
of detected VFAs and rapid decrease (Figure 2E), this further
suggests that SPH is a stable amendment. After 15 days under
anaerobic conditions, nitrate in SL + SPH was reduced to 0.2
+ 0.0 mg kg~!, while ammonium increased significantly to 20.9
+ 1.5mg kg~!. This effect must be considered for soil health
and phytotoxicity in lower depths of the soil if amendments are
distributed there. Ammonium levels were significantly higher
in CL (+SPH) compared to SL (+SPH). This might potentially
explain the slightly higher intrinsic phytotoxicity in CL, as
ammonium can display a phytotoxic effect in sufficient quantities
(Wong, 1985). Additionally, when comparing ammonium levels
at t;5 (with and without hulls), they decreased under aerobic
conditions (Tables 1, 2, Supplementary Figure 4). Ammonium
is expected to oxidize to nitrate under aerated conditions. Due
to the texture of the soil, anaerobic conditions are better kept in
CL compared to SL, favoring turning nitrate into ammonium.
For biosolarization this is beneficial, as it can be one of the
mechanisms associated with pathogen inactivation (Stapleton,
2000).

The total amount of carbon that is retained in the soil is
proportionally small to the additional CO; that is released due
to the amendments under AE conditions. For SL + SPH (AE)
and CL + SPH (AE) the carbon content dropped by 0.064 and
0.235% dw, respectively (Supplementary Figure 4). However, in
a paired-sample T-test, both SL + SPH (t = 0.212, p = 0.852) and
CL + SPH (t = 0.953, p = 0.441) were not significantly different.

When correlating these soil nutrients to the phytotoxicity in
SL, SL + SPH, CL, CL + SPH at ty and t;5, no macronutrient
was significant at the 95% confidence interval. Ammonium
had a Pearson’s coefficient (r) of 0.208 (N = 10), for nitrate
r = 0.299 (N = 10) and the soil had a coefficient equal to
0.309 (N = 10), further suggesting an intrinsic phytotoxicity,
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TABLE 1 | Carbon, nitrogen, C/N ratio, nitrate, phosphate, ammonium, and potassium concentrations (1 = 3) in sandy loam (SL) after 15 days (t15) under different
conditions (AN, anaerobic; AE, aerobic), with and without spent pollinator hulls (SPH) and at initial time (to).

Source Carbon Nitrogen C/N Nitrate Phosphate Ammonium Potassium
(%) (%) (N-NO3) (P-PO4) (N-NH4) (K)

(mg kg™ (mg kg™ (mg kg™") (mg kg™")
SL, to 0.40 £+ 0.002 0.04 + 0.00? 10.7 £ 0.32 2.2 + 0.6%P 13.7 £ 0.12 3.2 +£0.12 773 +£1.5%
SL, AN, ti5 0.38 + 0.022 0.04 + 0.00? 10.1 £ 0.82 12.1 £ 3.3° 15.3 + 0.4°¢ 7.9 £ 1.00¢ 75.0 £+ 3.6%
SL, AE, ti5 0.39 + 0.022 0.04 + 0.00? 10.8 £ 0.72 7.9 & 4.00¢ 14.3 £ 1.0°¢ 5.7 + 1.08P 76.3 £ 2.52
SL + SPH, to 1.51 £ 0.21° 0.08 + 0.01° 19.8 £ 0.9° 2.3 + 0.72P 18.4 + 1.1° 11.2 £ 2.5° 612.3 + 119.3°
SL + SPH, AN, t15 1.12 4+ 0.09° 0.07 + 0.01° 16.7 £ 1.7° 0.2 +0.02 19.8 £ 0.6° 20.9 + 1.59 517.3 + 20.8°
SL + SPH, AE, t15 1.45 4+ 0.36° 0.08 + 0.01° 18.7 +£ 2.1° 21 + 1.23b 16.0 + 0.1° 8.6 + 1.30¢ 486.0 + 35.9°

Different letters indicate significant differences in a one-way ANOVA followed by a Tukey’s HSD post-hoc test.

TABLE 2 | Carbon, nitrogen, C/N ratio, nitrate, phosphate, ammonium, and potassium concentrations (1 = 3) in sandy clay loam (CL) after 15 days (t15) under different
conditions (AN, anaerobic; AE, aerobic), with and without spent pollinator hulls (SPH) and at initial time (to).

Source Carbon Nitrogen C/N Nitrate Phosphate Ammonium Potassium
(%) (%) (N-NO3) (P-POy) (N-NH,4) (K)

(mg kg™) (mg kg™) (mg kg™) (mg kg™)
CL, to 0.92 + 0.032 0.10 + 0.00? 9.3 +£0.3% 52.4 +1.2° 30.7 £ 0.32 8.5+ 0.42 370.7 £ 5.0°
CL, AN, t15 0.85 + 0.03% 0.09 + 0.00% 9.2 +£0.32 32.8 4 14.7° 34.4 +£1.3° 32.9 + 4.5¢ 377.3 £ 10.02
CL, AE, ti5 0.89 + 0.032 0.10 £ 0.00% 9.1 +0.22 50.3 &+ 1.3° 31.2 +£0.32 15.3 + 1.6°° 370.3 £ 6.42
CL + SPH, to 1.75 £ 0.13° 0.13 £ 0.01° 13.6 £ 0.7° 515 +£0.7° 33.1 £ 0.4P° 18.6 = 0.7° 743.7 £6.1°
CL 4+ SPH, AN, ti5 1.57 + 0.19° 0.12 4+ 0.01° 13.0 + 0.9° 0.5+ 0.02 37.5 £+ 0.5¢ 34.7 + 1.19 696.3 + 29.3°
CL + SPH, AE, tis 1.64 + 0.10° 0.12 4 0.00° 13.6 + 1.2° 34.4 4+ 17.0° 31.3 £ 0.62° 10.0 + 1.82P 699.7 + 16.3°

Different letters indicate significant differences in a one-way ANOVA followed by a Tukey’s HSD post-hoc test.

originating from undetected VFAs, ketones, aldehydes, or
other phytotoxic molecules present in almond residue, such
as cyanide (Chaouali et al, 2013). Cyanide was shown to
reduce lettuce seed germination (Taylorson and Hendricks,
1973) and lettuce root length inhibition by more than half
(Alstrom and Burns, 1989).

CONCLUSIONS

The addition of spent hulls from black soldier fly larvae
cultivation in soils had a significant impact on the properties
of the studied SL and CL soils. SPH addition resulted in
a significant increase of carbon, nitrogen, C/N, phosphate,
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ammonium, and potassium in SL and CL. Respiration was
significantly higher in both soils when SPH were incubated
under AE conditions, mimicking broadcast soil application.
The electrical conductivity after 15 days decreased significantly
in the amended soil, suggesting that salts introduced by
the amendments were sequestered in the microbial biomass
following an increased microbial activity. The results indicated
that phytotoxic compounds are present in SPH and SBS may
be limited due to a higher stability of the SPH compared
to another non-degraded biomass. The phytotoxic effect was
further quantified in greenhouse trials where there was a
significant reduction of the lettuce seedling biomass after 14
days when plants were grown in soil amended with SPH
relative to non-amended soil. Further research is needed to
determine the responsible compounds of the phytotoxicity
and the role of microbial communities in the soil after
SPH addition. Possible mitigation strategies could include
implementing a buffer period between amendment and planting
to allow phytotoxins to degrade or using transplanting methods
where more mature plants can tolerate phytotoxins better,
while profiting from the added nutrients. Although lab-
scale experiments suggested that BSFL-digested almond hulls
have the potential to be used as amendments in various
types of soil, longer-term experiments and field studies
with crop production will allow more conclusive statements
on soil health, biomass yield, and the ability to control
soilborne diseases.
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