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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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that BSFL-digested SPH have the potential to be used for biosolarization and as sail
amendments, depending on the concentration and mitigation strategies. Application
and environmental conditions must be carefully selected to minimize the persistence of

soil phytotoxicity.

Keywords: black soldier fly, almond residue, biosolarization, phytotoxcitiy, circular economy, sustainability

INTRODUCTION

In one decade, the production of almond kernels in the U.S.
has increased from 640,000t to 1.2 million t (USDA, 2020)!.
This growth may partially be attributed to more health (Willett
et al., 1995) and environmental (Pimentel and Pimentel, 2003)
awareness in consumers, making them transition from animal to
plant-based food and cosmetic products. Furthermore, targeted
global marketing programs have effectively been implemented,
resulting in a higher demand for almonds (ABC, 2019)2. Along
with the increased production of almond kernels, the amount
of hulls and shells, which by weight make up roughly 50 and
25%, respectively, of the almond fruit (Yousef et al, 2017),
has surged as well. In the crop year 2018/2019 roughly 2.8
million t (ABC, 2019) of hulls and shells were generated. While
hulls are mainly used for feedstock, shells are used for animal
bedding due to the high lignin and cellulose content, making
them unsuitable for animal feed (Velasco and Schoner, 1965). In
contrast to the rising appetite for almonds, livestock production
has been stable during the past 10 years, lowering the demand and
thus the price for almond biomass side-streams (CDFA, 2019)3.
Consequently, alternative uses for hulls and shells have been
investigated during the last years. Many promising applications
include insect farming (Palma et al., 2018), orchard soil amending
before and after torrefaction (Pedrefio et al., 1996; Chiou et al.,
2016), ethanol production (Offeman et al., 2014), and as plastic
additives (Essabir et al., 2013).

Insect farming, using low-value organic residues, has the
great advantage of generating a high-quality protein source that
could be used for fish and poultry feeding or as a substitute for
other commercially available protein sources (Leiber et al., 2015;
Al-qazzaz et al., 2016; Gold et al., 2018). This additional and
sustainable protein source could help address the major challenge
of filling the predicted gap between available nourishment and
effective population size by 2050 (Godfray et al., 2010; Smetana
et al,, 2016). Many different studies revealed that black soldier
fly (Hermetia illucens) larvae (BSFL) grow on various waste
and side streams, such as manure (Sheppard et al., 1995), food
waste (Nguyen et al., 2015), or municipal organic waste (Diener
and Studt, 2011). Palma et al. showed that BSF larvae could
be successfully cultivated on almond hulls, whereby aeration
and moisture content had significant effects on larvae growth

1USDA’s National Agricultural Statistic’s Service (Released July 7th, 2020): https://
www.nass.usda.gov/Statistics_by_State/California.

2 Almond Board of California’s annual reports (2019): https://www.almonds.com/
about-us/annual- publications.

3CDFA Agricultural Statistics Review: https://www.cdfa.ca.gov/Statistics/.

(Palma et al., 2018). The usage of pollinator hulls showed the
greatest increase in specific larvae growth compared to non-
pareil hulls, monterey hulls, or mixed shells (Palma et al,
2019, 2020). Insect cultivation however leads to side-streams of
leftover and non-consumed hulls, termed spent hulls, which are
possibly not stable enough for direct soil applications, due to
the short BSF larvae cultivation process (<20 days) relative to
other organic waste stabilization systems. It has been reported
that the direct soil application of amendments may have a
negative impact on crop growth in the initial months or even
years due to residual phytotoxicity from the amendments or
limited nitrogen availability (Stamatiadis et al., 1999; Griffin and
Hutchinson, 2007; Thomsen et al., 2018). In order to stabilize the
organic matter in a short time-frame, achieve zero-waste goals?
and close life cycles in a sustainable way, spent hull residues
must be carefully managed to minimize negative impacts on
the environment.

Soil biosolarization (SBS) is a chemical-free alternative to soil
fumigation that relies on solar heating and decomposition of
organic material amended into soil to achieve pathogen and
weed seed inactivation (Blok et al., 2000; Ros et al., 2008). Soil
amendments help overcome the limitations that arise from only
solarization methods, such as long treatment times, survival
of pathogens in deeper soil layers, and weather dependency
regarding heating, by creating a reductive environment and
producing biocidals through microbial activity under low oxygen
conditions (Blok et al., 2000; Ros et al., 2008; Patel et al., 2014).
This biocidal activity can be traced back to the degradation
of organic material and the formation of ammonium, nitrate,
nitrite, organic acids, hydrogen sulfide, aldehydes, and ketones
(Angus et al., 1994; Sarwar et al., 1998; Dominguez et al.,
2014; Shea et al.,, 2021). Several studies positively correlated
the potential efficacy of SBS with the stability degree of the
amendments originating from wheat bran, green waste compost,
or tomato processing residues (Simmons et al., 2013; Achmon
et al., 2017; Fernandez-Bayo et al., 2017, 2018). In addition to
a decreased mortality in crops, such as strawberry (Dominguez
et al., 2014), SBS was shown to positively impact crop yields
and soil health. Particularly, SBS with manure, olive pomace, or
beet vinasse as organic amendment showed a significant increase
of strawberry and tomato yields (Dominguez et al., 2014; Diaz-
Herndndez et al.,, 2017). Furthermore, SBS with energy crops
and digestates increased phosphate, potassium, and inorganic
nitrogen amounts (Pognani et al., 2009; Fernandez-Bayo et al.,
2017).

The main objective was to assess the potential of using spent
hulls from BSFL cultivation as an amendment for SBS in two
different soil types and to investigate its implications on soil
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health. Its feasibility was characterized by monitoring metrics
related to SBS efficacy (pH, volatile fatty acids, and microbial
respiration) (Achmon et al., 2017), and parameters related to soil
quality (conductivity, phytotoxicity, macronutrients, and crop
yield). Experiments were conducted in the lab with fluctuating
temperature under anaerobic (mimicking SBS) and aerobic
(simulating broadcast soil application) conditions. To the best
of our knowledge, there is only one study investigating the
potential effects of soil application of spent hulls from BSFL
(Palma et al., 2020).

MATERIALS AND METHODS
Spent Hulls and Soil Samples

Spent pollinator hulls were made available downstream of
BSFL cultivation (Palma et al, 2018), originating from the
VanderGheynst Lab, Department of Biological and Agricultural
Engineering, UC Davis, CA, USA. As is described in Palma et al.
(2018), pollinator hulls were obtained from a processor in 2017
from Chico, CA, USA from the prior years’ harvest (2016). The
hulls were reported to have a pH 4.74, 6g kg~! total nitrogen
and 434 g kg™! total carbon and particle size (d = 6.35 mm). The
larvae cultivation conditions are described in Palma et al. (2018).
Briefly, the initial C/N was set to 25 by adding urea. The hulls
were inoculated with 1.3 larvae g~! hulls BSFL (wet basis). Prior
to inoculation onto hulls, larvae were reared for 5-10 days on
chicken feed (Purina Premium Poultry Feed Layena Crumbles,
Purina Animal Nutrition LLC, Shoreview, MN, USA). During the
larvae cultivation studies on hulls, the aeration rate, temperature
and moisture content during growing conditions were 160 mL
min~!, 26-28°C, and 82% of fiber saturation point (wet basis),
respectively. The feeding rate was 300 g wet weight (ww) on day
0 and 610 g ww added after 5 days of incubation. After 13 days
of incubation, larvae were recovered from substrate and spent
pollinator hulls (SPH) were stored at 25°C. Prior to the current
study, the SPH were oven-dried for 24 h at 55°C.

Almond trees are most productive in loam-textured soils due
to their permeability, water retention, and root zone aeration
(Micke, 1996). Soil texture is known to affect soil aeration, which
may impact anaerobic conditions during biosolarization and the
capacity of the soil to remediate phytotoxicity after treatment.
Therefore, two relevant soil types for almond production with
different textures were selected, a sandy loam (SL) and a sandy
clay loam (CL). SL (41, 37, and 22% sand, silt and clay,
respectively) soil was collected from the 0-15cm depth range at
the University of California Kearney Agricultural Research and
Extension Center (KARE) in Parlier, CA, USA. Similarly, CL (47,
27, and 26% sand, silt and clay, respectively) soil was obtained
from the 0-15 cm depth range at the UC Davis Plant Pathology
Research Fields. Both soil types were air-dried, sieved through a
2 mm screen, and stored at room temperature.

Biosolarization Simulation Assay on a
Lab-Scale

Four different treatments were prepared: Non-amended sandy
loam (SPH: 0% dw, SL), sandy loam mixed with spent pollinator
hulls (SPH: 2% dw, SL + SPH), non-amended sandy clay

loam (SPH: 0% dw, CL), and sandy clay loam mixed with
spent pollinator hulls (SPH: 2% dw, CL + SPH). The selected
amendment rate of 2% dw is equivalent to 33t ha™! (assuming
the bulk density of SL and CL is around 1.65 g cm~ and that the
amendment is incorporated down to 10 cm), which is within the
recommended application rates for compost (Donn et al., 2014).
Prior to the experiments, distilled water was added to each sample
to reach 80% of the field capacity (FC) and they were left to
equilibrate overnight at 4°C.

For each treatment (SL, SL + SPH, CL, CL + SPH), six
replicate 250 mL flasks were filled with 100 g of sample. The flasks
were placed in an incubator with a fluctuating temperature range
from 30 to 50°C in 12h intervals (Thermo Fischer Scientific,
Waltham). Tubes from each reactor were connected to a Micro-
Oxymax Respirometer (Columbus instruments, OH, USA). For
each treatment, three flasks experienced anaerobic conditions by
closing the flask with a sealed lid connected to a gas sampling tube
with a check valve to prevent air going in. Three samples were
placed in an aerobic environment by having a lid connected to the
gas sampling tube and an air supplying tube at an aeration rate
of 20mL min~! (Achmon et al., 2016). Samples were incubated
for 15 days where the CO, that evolved was measured as an
indicator for microbial respiration. In parallel, to monitor pH,
electrical conductivity (EC, 25°C), volatile fatty acids (VFAs),
and phytotoxicity changes during anaerobic experiments, 10 g
of each sample (n = 3) was added to polypropylene tubes
(I15mL, Fisherbrand Pittsburgh, PA, USA). These tubes were
closed to promote anaerobic conditions and incubated in the
same incubators for different incubation times. After 0, 1, 5, 10,
and 15 days (to, t1, ts, t1o, t15), three replicates of each treatment
were taken for analysis.

Soil Analysis of Incubated Samples

At each incubation point, samples incubated in 15mL tubes
were diluted with distilled water at a dilution ratio 1:1 (mass
of sample dw/mass water) and shaken for 30 min. For each
extract, the pH, EC, phytotoxicity and volatile fatty acid (VFA)
content were monitored using the method described in the
following. The pH (SevenCompact S220, Mettler Toledo, OH,
USA) and the conductivity (SevenCompact S230, Mettler Toledo,
OH, USA) were measured following vendor guidelines. Then,
the samples were centrifuged for 20 min at 4,000 g. An aliquot
of the supernatant was filtered through a 0.2 um filter (Titan3,
17 mm, PTFE membrane, Thermo Fisher Scientific, MA, USA)
to measure the volatile fatty acid (VFA) content, i.e., lactic acid,
formic acid, acetic acid, propionic acid, isobutyric acid, butyric
acid, using HPLC-UFLC-10Ai (Shimadzu, Columbia, MD, USA)
equipped with an Aminex® HPX-87H (300 x 7.8 mm) column
(Life Science Research, Education, Process Separations, Food
Science, Hercules, CA, USA) and a SPD-M20A diode array
detector set at 210nm. The HPLC conditions are described
elsewhere (Simmons et al., 2016).

To test the phytotoxicity on radish seeds (Raphanus sativus
L., Ferry-Morse, KY, USA), a filter paper (Dia.: 9.0 cm, P5, Cat.
No.: 09-801B, Thermo Fisher Scientific, MA, USA) was sterilized
with UV light on both sides for 20 min each (Biosafety cabinet,
1300 Series A2, Thermo Fisher Scientific, MA, USA) and placed
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in a petri dish (Falcon, NY, USA), on which 10 seeds were placed
and soaked with 5mL of the previously mentioned supernatant.
After 3 days of incubation in the dark at 25°C, the root length
and number of germinated seeds were determined. As a control,
10 seeds (n = 3) were soaked with 5mL of distilled water.
The phytotoxicity was quantified by the germination index G;j
(Equation 1) (Tiquia et al., 1996; Ko et al., 2008; Mitelut et al.,
2011). G; is defined as the product of the germination ratio and
the length ratio:

Gi= — — (1)

where G represents the number of seed germinated per plate,
L the root lengths (mm) of germinated seed, Gy the number
of germinations of the control, and Ly (mm) the root lengths
of the control. Only seeds with root lengths >0.5mm were
considered germinated.

Analysis of Macronutrients in Soils

Samples at time to and time t;5 under anaerobic and aerobic
conditions were oven-dried for 48h at 55°C and sent to the
analytical lab at the University of California Davis (Davis, CA,
USA) to measure total carbon and total nitrogen (combustion
method, AOAC Official Method 972.43, 1997), NO3-N and
ammonium-nitrogen content (flow injection analyzer method,
Rhoades, 1982), extractable phosphorus (Olsen method, Olsen
and Sommers, 1982), and exchangeable potassium (cation
exchange capacity, ICP-AES, Thomas, 1982).

Lettuce Growth in Greenhouse

To measure potential fertility or residual phytotoxicity of the
spent hulls, the growth of lettuce (Lactuca sativa) was monitored
in a greenhouse at 22°C and 80% relative humidity. Prior to
transplanting the lettuce, seeds were germinated in petri dishes
during 3 days. Germinated seeds of similar sizes were placed into
pots (180 cm?) filled with sandy loam, SL, or sandy clay loam,
CL, with fresh (2% dw) or without spent pollinator hull (SPH)
amendments (n = 10). Coir-Lite Mix (0.75 yd3 Coir, 0.25 yd3
Perlite, UC Davis) was used as the control soil. After 14 days in
the greenhouse, the seedlings were harvested, oven-dried (24 h,
55°C), and weighed to measure the lettuce biomass.

Data Analysis

For the statistical analysis IBM SPSS Statistics® (Version 23.0.
IBM Corp., Armonk NY, USA) was used. A multiway ANOVA,
followed by a one-way ANOVA with a Tukeys HSD post-hoc
test or a paired-sample T-test was conducted with a confidence
level of 95%. To correlate the pH, conductivity, and volatile fatty
acids with the phytotoxicity and to correlate macronutrients with
the lettuce biomass, Pearson’s r was calculated in a two-tailed
bivariate correlation test. Acetic acid concentrations were fitted
with a 1st order decay model using the damped least-squares
method (OriginPro 2019, OriginLab Corporation, Northampton,
MA, USA) (Equation 2):

y= Ce ¥+ y )

where C represents the initial acetic acid concentration, k the
decay constant, ¢ the time constant, yy the offset.

RESULTS AND DISCUSSION

Assessment of the Potential of Spent Hulls

for Soil Biosolarization

Microbial Respiration of Amended Samples

CO,, CHy, and H; were monitored, however, no quantifiable
amounts of CH4 and H, were measured, confirming that these
gases were not produced or below the detection limit of the
measurement system. To determine the degree of stability of the
spent pollinator hulls (SPH) in the soils, the microbial activity
was assessed by monitoring the CO; evolution during incubation
under anaerobic (AN) and aerobic (AE) conditions. After 15
days under AE conditions, SPH addition increased the CO,
accumulation significantly (Supplementary Table 1, p < 0.05) by
a factor of 5 and 6 compared to the non-amended soils in SL and
CL, respectively. Compared to AN conditions, AE non-amended
soil samples (SL, AE and CL, AE) released 26 and nine times
more CO,, respectively. When spent hulls were present, 150 and
68 times more CO, was released for SL + SPH and CL + SPH,
respectively. In the AN environment, added hulls and soil type
were irrelevant (Figure 1). When comparing these respiration
rates to other samples with slightly higher amendment rates of
non-treated organic wastes, such as white wine grape pomace
(5%), red wine grape pomace (5%), or tomato pomace (5%),
a lower amount of CO, was released by SPH (Achmon et al,,
2016). Compared to respiration rates of partially composted
amended soils at 2.5% similar amounts of CO, were observed
(i.e., around 200 mL/100g dw), suggesting that digested SPH
were only partially stabilized by BSFL digestion (Fernandez-
Bayo et al.,, 2018). It has been shown that Actinomyces spp.,
Dysgonomonas spp., and Enterococcus spp. play an important role
in the degradation process of organic matter in the BSFL gut,
resulting in a reduced respiration rate in the soil compared with
non-treated organic waste (Klammsteiner et al., 2020).

Analyses of pH, Electrical Conductivity, and VFAs
Related to Biosolarization

After 15 days of incubation under AN conditions, the pH of SL
and SL 4 SPH was at 7.29 4 0.08 and 7.40 % 0.14, respectively
(Figure 2A). In the case of CL and CL + SPH, the pH reached
values of 7.56 & 0.12 and 8.02 =£ 0.03, respectively (Figure 2B).
Soil pH for all anaerobic samples was significantly affected by
the soil type, the presence of spent hulls, time, interactions
of soil and spent hulls, soil and time, spent hulls and time
(Supplementary Table 2, p < 0.05). When comparing initial (to)
and final (t;5) conditions of the same soil sample, only CL +
SPH had a significantly higher pH than after incubation (p <
0.05). This suggests that the type of soil affected the evolution
of the pH when spent hulls were incorporated. Moreover, by
adjusting the water content to 80% of the field capacity, CL
resulted in a higher volumetric soil moisture content. The pH
of the soil tends to increase more as the ratio of water to
soil increases (Thomas, 1996). Various mechanisms, such as
decrease in exchangeable and soluble aluminum, consumption of
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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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(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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