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Black soldier fly frass fertilizer (BSFFF) is increasingly gaining momentum worldwide as
organic fertilizer. However, research on its performance on crop production remains largely
unknown. Here, we evaluate the comparative performance of BSFFF and commercial
organic fertilizer (SAFI) on maize (H513) production. Both fertilizers were applied at the rates
0f0,2.5,5,and 7.5tha™, and 0, 30, 60, and 100 kg nitrogen (N) ha™". Mineral fertilizer (urea)
was also applied at 0, 30, 60 and 100 kg N ha™' to establish the N fertilizer equivalence (NFE)
of the organic fertilizers. Maize grown in plots treated with BSFFF had the tallest plants and
highest chlorophyll concentrations. Plots treated with 7.5 t ha™ of BSFFF had 14% higher
grain yields than plots treated with a similar rate of SAFI. There was a 27% and 7% increase
in grain yields in plots treated with 100 kg N ha™ of BSFFF compared to those treated with
equivalent rates of SAFI and urea fertilizers, respectively. Application of BSFFF at 7.5t ha™
significantly increased N uptake by up to 23% compared to the equivalent rate of SAFI.
Likewise, application of BSFFF at 100 kg N ha' increased maize N uptake by 76% and
29% compared to SAFI and urea, respectively. Maize treated with BSFFF at 2.5t ha™ and
30 kg N ha" had higher nitrogen recovery efficiencies compared to equivalent rates of SAFI.
The agronomic N use efficiency (AEy) of maize treated with 2.5 t ha™ of BSFFF was 2.4
times higher than the value achieved using an equivalent rate of SAFI. Also, the AEy of maize
grown using 30 kg N ha' was 27% and 116% higher than the values obtained using
equivalent rates of SAFI and urea fertilizers, respectively. The NFE of BSFFF (108%) was 2.5
times higher than that of SAFI. Application rates of 2.5 t ha™' and 30 kg N ha™" of BSFFF
were found to be effective in improving maize yield, while double rates of SAFI were required.
Our findings demonstrate that BSFFF is a promising and sustainable alternative to
commercial fertilizers for increased maize production.

Keywords: agronomic nitrogen use efficiency, frass fertilizer, Hermetia illucens, maize yield, nitrogen fertilizer
equivalence, nitrogen recovery efficiency, nitrogen uptake
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INTRODUCTION

Improving food security in sub-Saharan Africa (SSA) requires
strategies that can match future food demands with increasing
population growth while conserving the soil resources. High
levels of hunger and food insecurity dominate most regions of
Africa, and the situation continues to worsen due to increasing
soil degradation (FAO, 2017). Forty percent of soils in SSA are
low in nutrient stocks, with 25% affected by aluminum toxicity,
18% prone to leaching and 8.5% characterized by phosphorus
fixation (Tully et al., 2015). Most soils in SSA are deficient in
nitrogen (N), phosphorus (P) and potassium (K) (Cobo et al,
2010) while most farm lands in East Africa have negative
macronutrient balances (Gachimbi et al.,, 2005; Ebanyat et al.,
2010) and yet, very little (< 10 kg ha™") or no mineral fertilizer is
used (FAO, 2017). Even in the few farms where mineral
fertilizers are used, low nutrient use efficiencies and crop yields
have been reported (Ebanyat et al, 2010; Kihara et al., 2016;
Liverpool-Tasie et al., 2017), mostly attributed to low soil organic
matter levels, many micronutrient deficiencies and high acidity
(Vanlauwe et al., 2015; Musinguzi et al., 2016).

Like in many SSA countries, most soils in Kenya are low in
organic matter, with levels even below the critical value of 3%
(Gachimbi et al.,, 2005), and exhibit high acidity (Keino et al.,
2015). This has led to high P fixation, making P a limiting factor
to crop production. Furthermore, uptake and utilization of
macronutrient (mostly N, P and K) is affected by the low
availability of secondary nutrients [calcium (Ca), magnesium
(Mg) and sulfur (S)] and most micronutrients in soils (Tittonell
etal,, 2008a; Wortmann et al., 2019). Despite this situation, most
farmers do not apply organic matter, which could help to
replenish some of the secondary nutrients and micronutrients
into the soil through mineralization (Baligar et al., 2001; Grigatti
et al., 2015; Ch’Ng et al., 2016).

Previous research efforts on soil fertility management in SSA
(Tittonell et al., 2008b; Vanlauwe et al., 2014; Vanlauwe et al.,
2015) have recommended combined application of mineral and
organic fertilizers to improve and sustain soil fertility and crop
yields. When applied across farms in Kenya, combined organic
and mineral fertilizers have improved crop yields, nutrient use
efficiencies and soil fertility (Mucheru-Muna et al., 2007;
Mucheru-Muna et al., 2014; Musyoka et al,, 2017). A major
challenge hindering the use of organic fertilizers is the limited
source of organic matter, since most organic resources have other
competing uses such as feeding livestock on the farm (Rufino
etal, 2011; Ndambi et al., 2019). Therefore, alternative sources of
organic fertilizer for farm use such as insect frass are needed.

The increasing demand for animal feed through black soldier
fly (Hermetia illucens L.) (BSF) mass rearing using organic waste
(van Huis, 2013; Makkar et al., 2014) presents an avenue for
organic waste management that could also contribute to soil
fertility improvement. The BSF larvae are rich in proteins, fats
and minerals (Caruso et al., 2014). The BSF larvae have a high
waste degradation efficiency (65%-79%) (Diener et al., 2011) and
can significantly reduce pathogens present in waste (Lalander
et al, 2015). The frass, which is a byproduct from BSF rearing
contains substantial amounts of nutrients (Lalander et al., 2015;

Oonincx et al., 2015) that could be useful in crop production if
converted into organic fertilizer. The frass fertilizer generated
would also increase income from insect farming through the sale
of organic fertilizer as a second product from BSF rearing or save
the farmer from incurring fertilizer purchase costs.

The use of insect BSF frass as organic fertilizer is a relatively
new concept. Adoption of a new concept or product as fertilizer
in any farming system requires information on its performance
in terms of how it influences crop growth, yield, nutrient uptake,
and use efficiency in comparison to existing fertilizers. The
effectiveness of organic fertilizers highly depends on the source,
nutrient content, stage of mineralization, and storage method
(Rufino et al., 2007; Ebanyat, 2009; Ndambi et al., 2019). For
example, nutrient availability in manure is greatly influenced by
the source, mineralization status and C/N ratio (Grigatti et al,
2015; Musyoka et al., 2019).

Most research efforts on use of insect frass as a fertilizer have
been conducted under controlled conditions (Kagata and
Ohgushi, 2012; Poveda et al.,, 2019; Houben et al., 2020). Those
that have involved BSF frass (Choi and Hassanzadeh, 2019) have
been performed under potted conditions, without assessing the
economic yield and nutrient utilization. Most research outputs
from greenhouse or potted experiments cannot be directly
transferred to field phase without being tested due to variations
in production environments. Information on the performance of
BSF frass on crop performance under field conditions is lacking.
Furthermore, the optimum application rates and comparative
performance of BSF frass fertilizer in relation to existing organic
fertilizers is not documented. In addition, the nitrogen fertilizer
equivalence of BSF frass fertilizer—an important index that
would provide information on the amount mineral N fertilizer
saved while using N from BSF frass fertilizer to achieve the same
crop yield—is largely unknown. Therefore, the aim of this study
was to determine the performance of BSF frass fertilizer on
nitrogen availability and uptake, growth, yield, and nitrogen
use efficiency in maize, to generate information necessary
for recommendation of BSF frass fertilizer into existing
farming practices.

MATERIALS AND METHODS
Study Site Characteristics

Field experiments were carried out for two seasons (April-
September 2019 and October 2019-March 2020) at the
Kenyatta University teaching and demonstration farm (1° 10’
59" S, 36° 55’ 34" E) located in Nairobi County, Kenya at an
elevation of 1580 m above sea level. Nairobi County receives
bimodal rainfall with annual averages of 925 mm. The first
rainfall season starts from March to June while the second season
runs from October to December. The mean monthly
temperatures of Nairobi ranges between 21°C and 28°C (www.
meteo.go.ke).

During the experiments, daily temperature and rainfall data
were sourced from Kenyatta University weather station, located
about 0.5 km from the experimental site. Mean daily
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temperatures of 22°C-29°C and 22°C-28°C were recorded at the
experimental site during the short and long rain season,
respectively. Cumulative rainfall totals of 252 and 281 mm were
received during the short and long rain season experiments,
respectively (Figure 1). Soils in the study site are Acric Ferralsols
(Gachene and Kimaru, 2003) characterized by shallow depths, low
organic matter, and low pH levels. Before experiments, soil
sampling (0-20 cm) was done for determination of total organic
N, total organic C, available P, exchangeable cations (K, Ca and
Mg), pH, electrical conductivity (EC) and soil texture using
procedures described in (Okalebo et al, 2002). Table 1 shows
selected physical-chemical characteristics of the soils used in
the experiment.

Source of Fertilizers

The experiment involved three fertilizers: BSF frass fertilizer,
commercial organic fertilizer (SAFI), and a mineral N fertilizer
(45% urea). The BSF frass fertilizer was a product obtained from
the feeding of BSF larvae on a substrate made of brewery spent
grains (from Kenya Breweries limited) at the International
Centre of Insect Physiology and Ecology (icipe, Nairobi,
Kenya). The BSF larvae were reared according to Shumo et al.
(2019). After harvesting of larvae at 2 weeks, the frass was
composted for 5 weeks using the heap method to obtain a
mature and stable frass product, which was used in
experiments as BSF frass fertilizer. The commercial organic

fertilizer was sourced from Safi organics limited (http://
saflorganics.co.ke/) located in Mwea town, Kirinyaga County,
Kenya. It was a mixture of chicken manure, biochar, and rock
phosphate. Table 1 shows selected physical-chemical characteristics
of the organic fertilizers used in the experiments. Urea was sourced
from Kenya Farmers’ Association stores, Nairobi.

Treatments and Experimental Setup

The study consisted of two experiments, each repeated for two
seasons. In the first experiment, the BSF frass fertilizer and SAFI
were applied singly at 0, 2.5, 5.0, 7.5 t ha™ to determine the most
effective rate for crop production. These were denoted as control,
2.5BSF, 5BSF and 7.5BSF for BSF frass fertilizer, and 2.5SAFI,
5SAFI, and 7.5SAFI for SAFI treatments. Henceforth,
throughout the text, tables and figures these treatments are
referred to as “types of fertilizers”.

In the second experiment, the organic fertilizers were applied at
four rates equivalent to 0, 30, 60 and 100 kg N ha™' to determine
the optimum N rate. These were denoted as control, 30N BSF, 60N
BSF and 100N BSF for BSF frass fertilizer treatments, and 30N
SAFI, 60N SAFI and 100N SAFI for SAFI treatments. The N rates
of 30, 60, and 100 kg N ha™' were equivalent to 1.4, 2.9, and 4.8 t
ha™ of BSF frass fertilizer, respectively, and 1.0, 2.0, and 3.3 t ha™
of SAFI organic fertilizer, respectively. The mineral N fertilizer
(45% N urea) was applied at equivalent rates (30, 60 and 100 kg
N ha™) as the organic fertilizers. In addition, the grain yields from
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FIGURE 1 | Cumulative rain fall (A) and mean daily temperatures (B) during field experiments.

TABLE 1 | Selected physical and chemical characteristics of the experimental soil, and organic fertilizers used during experiments.

Experimental soil

Parameter pH Bulk MineralN Total TOC SOM
(1:2.5 water) density N
(gem™®  (mgkg™) (%)
Test value 5.9 1.35 1.81 0.04 1.3 2.3
Organic fertilizers
Parameters  Moisture (%) pH EC Ammonium  Nitrate
(mScm™)
(mg kg™
BSF frass 30.1 7.7 2.7 74.4 1.39
SAFI 29.8 6.4 6.1 39.4 92.3
organic

TOC, total organic carbon;, SOM, soil organic matter; EC, electrical conductivity.

AvailableP Exchangeable cations % % %  Texturalclass
(ppm) (cmol kg™) sand clay silt
K Ca Mg

9.7 2.07 0.91 007 63 20.3 16.7  Sandy loam

Total C Total Total Total Total Total Mg C/N ratio
N P K Ca
(%)
35.2 2.1 116 0.17 0.19 0.16 16.8
451 3.0 123 149 0.29 0.43 15.0
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the urea fertilizer treatment were used to draw the N response
curve for determining the N fertilizer equivalencies (NFE) of
organic resources.

To remove any limitation in the mineral fertilizer and organic
fertilizers applied in terms of N rates, inorganic P [supplied as triple
super phosphate — TSP (46% P,0Os)] and K [supplied as muriate of
potash (60% K,O)] were obtained from Kenya Farmers’
Association and applied at uniform rates of 60 kg P ha' and
50 kg K ha! (Tittonell et al., 2008a). For organic fertilizers
treatments, inorganic P and K were applied as top up to the
nutrients (P and K) already contained in the dry matter used to
supply respective N rates. The second experiment, where fertilizers
were applied in terms of N rates and supplemented with P and K is
referred to as nitrogen fertilizer treatments in this document. The
control treatment was not amended in both experiments.

The maize variety H513, which is recommended for low and
medium altitude areas of Kenya, was used as the test crop. The
experiments were set out as randomized complete block design
(RCBD) with three replicates. Plots measured 4 x 4 m with
border widths of 0.5 m and 1 m between the plots and blocks,
respectively. The TSP fertilizer was applied at planting while urea
and muriate of potash were applied in two splits: 50% at 4 weeks
after planting and another 50% at 7 weeks after planting.

Maize Growth, Yield, and Mineral N

Plant height and chlorophyll concentrations were measured from
10 plants per plot that were randomly selected and tagged for
repeated measurements at early vegetative [35 days after planting
(DAP)] (8-10 leaves), late vegetative (55 DAP) (13-16 leaves),
tasseling (70 DAP) and silking stages (91 DAP). Plant heights were
measured using a tape measure from the ground level up to the
apex of the topmost leaf while chlorophyll concentration was
measured using a SPAD meter placed on the fourth fully opened
leaf from the top (Yuan et al, 2016). Biomass amounts and
nitrogen uptake were determined at early vegetative, tasseling,
silking and maturity (125 DAP) (harvesting) stages. Two plants
were randomly selected from each plot, cut at ground level and
their fresh weights determined. Thereafter, their subsamples were
oven dried at 60°C for 72 h; after cooling the dry weights were
determined. The dried samples were ground into powder which
was used for the determination of total N.

Grain yield data was collected at harvesting period from each
plot area after all the ears had dried. Plants in the harvested area
were cut at ground level and their ears threshed to determine
grain weights and weight of residues using a weighing scale.
Grain and stover samples were taken to the laboratory and air-
dried to 12.5% moisture content for determination of grain and
residues yields per plot and on a hectare basis (t ha™'). Part of the
grain and stover sample from each treatment was ground into
powder for determination of N, P and K concentrations.

During plant sampling, soil samples were also collected at two
depths (0-20 cm and 20-40 cm) to determine mineral N
(nitrate-N and ammonium-N) concentration during crop
growth. A soil auger was used to collect sub-samples from
eight spots within the inner four rows of each plot. The
subsamples were homogenized by the quarter sampling
approach (Okalebo et al., 2002) to obtain representative

samples. The soil samples were placed in air-tight polythene
bags and carried to the laboratory using cool boxes containing ice
blocks to reduce microbial activities during transportation.

Nitrogen Use Efficiencies

The following N use efficiencies were calculated; the total N uptake
by plants as measured in plant tissues and grain, agronomic
efficiency, apparent N recovery efficiency, agro-physiological N
efficiency, and N harvest index. Part of the air-dried samples were
ground using an analytical mill for analysis of N in grain and plant
tissues, which were used to measure the amount of N in grain and
plant residues per treatment (equation 1). Agronomic efficiency
(AEy), which is a measure of economic yield produced per unit N
supplied from each treatment, was calculated using grain yield from
each treatment (equation 2). Apparent N recovery efficiency
(ANRy) was calculated to determine the ability of the plant to
acquire the N supplied from different treatments (equation 3).
Agro-physiological N efficiency (APEy) was calculated to
determine the economic yield per unit N accumulated from each
fertilizer treatment (equation 4). Nitrogen harvest index (NHI) was
calculated to determine the fraction of nitrogen accumulated in the
grain (equation 5). All the N use efficiency indices were calculated
according to Baligar et al. (2001).

[N(%) x dry matter(kg ha™")]
100

N uptake (ngha_l) = (1)

[Yieldp(kg ha™") — Yield. (kg ha™)]
Quantity of N applied (kg N ha™")

AEy(kgkgN™") = ©)

[N uptakep(kg N ha™') — N uptakec (kg N ha™"))
Quantity of N applied (kg N ha™')

ANRN(%) =

x 100
©)
APEy(kgkg N™")
[Yieldp(kg ha™) — Yield. (kg ha™))

- N uptake in N uptake in
kg N ha™' - kg N ha™!
grain and stover ) grain and stover |

(©)

N uptake in grain (kg N ha™")
N uptake in grain and stover (kg N ha™')

NHI(%) = x 100 (5)
Where,

F represents plots that received fertilizer treatments,

C represents the control plots.

Nitrogen Fertilizer Equivalence Values of
BSF Frass and SAFI Fertilizers

The values of grain yields from the urea fertilizer treatments (0, 30,
60, and 100 kg N ha™) were used to draw the N response curves
(Figure 2). Grain yields from organic fertilizers applied at 100 kg N
ha! were used to calculate their nitrogen fertilizer equivalence
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y =-0.0001x? + 0.0396x + 2.7191
R?=0.9995

SAFI organic

%NFE
BSF frass = 102
SAFI organic = 51

Grain yield (t ha'l)
ey

2 T T T T

y =-0.0003x? + 0.0527x + 3.6449
R?=0.9514

°
SAFI organic

5 /—\'
) _/

b % NFE
3 A BSF frass = 114

SAFI organic = 35
2 T T T T |

Nitrogen rate (kg ha)

(NFE) from the N response curves using equation 6 (Murwira et al,,
2003). Nitrogen fertilizer equivalence is the amount of mineral N
fertilizer saved when using organic fertilizer N to achieve the same
crop yield (Hijbeek et al., 2018). Nitrogen fertilizer equivalence is
expressed as kg kg but is mostly converted into percent for
comparison purposes (Kimetu et al., 2004; Cavalli et al., 2016; van
Middelkoop and Holshof, 2017).

oy [FR (kg ha™) x 100]
NEE(%) = N applied (kg hal) ©)

Where,

FR represents the fertilizer response of organic fertilizers
obtained by comparing their grain yields with that of the N
response curve.

Since the response assumed a quadratic function with the
equation Y = aFR*+ bFR + ¢, the equations were solved using the
quadratic formula. The constants a, b and ¢ were obtained from
the N response curves.

Laboratory Analysis Methods
Total N in soil was determined using Kjeldahl digestion and
distillation method, while soil texture was determined using
Bouyoucos hydrometer method (Okalebo et al., 2002). The pH
and EC were determined using extracts of 1:10 and 1:2.5 [weight/
volume (w/v)] for organic fertilizer to distilled water and soil to
distilled water, respectively. The contents were then shaken for
1 h at 180 revolutions min™ on an orbital and linear shaker
(MI0103002, Four E’s Scientific, China). The pH and EC were
then read directly using a pH (AD1000, Adwa, Romania) and EC
meter (AVI, Labtech, India), respectively (Okalebo et al., 2002).
The mineral N (nitrate and ammonium) was extracted from
organic fertilizers and soil using 0.5 M potassium sulpfate at a
ratio of 1:10 (w/v). Thereafter, the entire content of compost-
potassium sulfate mixture was shaken for 1 h using an orbital
and linear shaker (KOS - 3333/KCS - 3333, MRC, UK) as
described above. The solution was filtered using Whatman No. 1
filter paper and the filtrate was used for further analyses. The
nitrate and ammonium concentrations were determined by
colorimetric methods at 419 and 655 nm, respectively,
following procedures described by Okalebo et al. (2002). The
mineral N concentration at each depth (0-20 cm and 20-40 cm)

0 20 40 60 80 100

0 20 40 60 80 100
Nitrogen rate (kg ha')

FIGURE 2 | Maize grain yield response to curve used to determine fertilizer equivalence values of organic fertilizers applied at 100 kg N during short (A) and long
rain season (B). (Note: grain yields from black soldier fly (BSF) frass fertilizer were above N response curve in both seasons).

was converted to kg ha™' using bulk density of each depth as
determined at sampling period.

Total organic carbon of organic fertilizers and soil was
determined using the wet oxidation method (Nelson and
Sommers, 1982). The total N, P, K, Ca, and Mg of organic
fertilizers were extracted using acid digestion (Okalebo et al,
2002). From this extract, total N, P, and K were determined using
the Kjeldahl distillation method (Jackson, 1973), UV-Vis
spectrophotometry method (Okalebo et al, 2002) and flame
photometry (Okalebo et al., 2002), respectively, while Ca and
Mg concentrations were determined using atomic absorption
spectrometry (AAS) (iCE 3300 AA system, Thermo scientific,
China) at 422.7 and 285.2 nm, respectively (Okalebo et al., 2002).
Available P and exchangeable Ca and Mg in soil were determined
using Bray 2 and AAS, respectively, while exchangeable K was
determined using flame photometry.

Data Analysis

Prior to analysis, data were checked for normality using the
Shapiro-Wilk test. Plant height, chlorophyll concentration, soil
mineral N concentration, and N uptake data were analyzed using
a linear mixed-effect model with “lmer” function from the package
“Ime4” in R statistical software with fertilizer treatment and
sampling time as fixed effects, and replication as random effect.
Data on grain and stover yields, P and K accumulation in stover
and grain, and nitrogen use efficiency were analyzed using one-
way analysis of variance test. Computation of least squares means
was done using “Ismeans” package, followed by mean separation
using adjusted Tukey’s method implemented using “cld” function
from the “multicompView” package. Data were analyzed
separately for sole and N fertilizer treatments, and each season.
All the statistical analyses were conducted using R software
version 3.6.0 (R Core Team, 2019).

RESULTS

Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on Maize Plant Height
The different types of fertilizers and N fertilizer rates showed
significant differences in maize plant heights at different growth
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stages during the short (fertilizer types: p < 0.001, N fertilizer
rates: p < 0.001) and the long rain seasons (fertilizer types: p <
0.001, N fertilizer rates: p < 0.001) (Figure 3). Plant heights
significantly (p < 0.001) increased from early vegetative stage
(27-94 cm) (35 DAP) to highest values (173-264 cm) at silking
stage (91 DAP) with the smallest increases in plant heights
observed at silking stage.

Among the different types of fertilizers, plots treated with 5
and 7.5 t ha™ of SAFI produced the tallest plants during the short
(215 cm) (p < 0.001) and long rain (264 cm) seasons, respectively
(Figures 3A, B), but the long rain season was not significant (p =
0.26). For N fertilizer treatments, plots treated with organic
fertilizers produced taller plants than urea treated plots
(Figures 3C-F). Application of 60 kg N ha™ supplied as BSF
frass fertilizer produced the tallest plants (208 cm), that were 7%
and 11% (p = 0.53) taller than those produced using equivalent
rates of the commercial organic and urea fertilizers, respectively,
during the short rain season. Plots treated with 100 kg N ha™

supplied using SAFI produced the tallest plants (263 cm) during
the long rain season, which were 3 and 10% (p < 0.001) taller
than those grown using equivalent rates of BSF frass fertilizer and
urea fertilizer, respectively. The control treatment and plots
treated with 2.5 t ha™ as well as 30 kg N ha™ supplied using
SAFI produced the shortest plants during the two seasons of
the experiments.

Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on Leaf Chlorophyll
Concentration

The maize leaf chlorophyll concentration varied significantly at
different growth stages due to different types of fertilizers during
the short (p < 0.05) and long rain seasons (p < 0.01) (Figure 4).
However, the chlorophyll concentration was significantly
influenced by the different N fertilizer treatments (short rain
season: p < 0.001, long rain season: p < 0.001) and maize growth
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FIGURE 3 | Effect of black soldier fly (BSF) frass fertilizer (A-D), commercial organic fertilizer (SAFI) (A-D), and commercial mineral fertilizer (urea) (E, F) on maize
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FIGURE 4 | Effect of black soldier fly (BSF) frass fertilizer (A-D), commercial organic fertilizer (SAFI) (A-D), and commercial mineral fertilizer (urea) (E, F) on maize

stages (short rain season: p < 0.01), long rain season: p < 0.001)
only. The interaction effects of N fertilizer treatments and maize
growth stage were not significant (short rain season: p = 0.589,
long rain season: p = 0.059).

Highest chlorophyll concentrations (45-61 SPAD values)
were achieved at late vegetative stage (55 DAP) during the
short rain season. In the short rain season, chlorophyll
concentrations for all treatments significantly decreased and
reached their lowest values at silking stage. During the long
rain season, however, a significant increase in chlorophyll
concentrations was observed at both late vegetative and silking
stages. Plots treated with BSF frass fertilizer applied at 5 and 7.5 t
ha™', 60 and 100 kg N ha' as well as urea fertilizer applied at
100 kg N ha™ achieved highest chlorophyll levels (83-93 SPAD
values) at silking stage compared to other treatments which
peaked at late vegetative stage.

Plots treated with BSF frass fertilizer at 7.5 t ha™ produced
plants with the highest chlorophyll concentrations, which were
18% (p = 0.02) and 20% (p < 0.01) higher than those achieved
using an equivalent rates of SAFI in the short and long rain
seasons, respectively (Figures 4A, B). During the long rain

season, the highest chlorophyll concentration among the N
fertilizer treatments was recorded from plants treated with
100 kg N ha™' supplied as BSF frass fertilizer, and this was 32
and 7% (p < 0.01) higher those from plants treated with
equivalent rates of SAFI and urea fertilizer, respectively.

Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on Soil Mineral N
Concentration

Types of Fertilizers

At 0-20 cm depth, the mineral N concentration during maize
growth was significantly influenced by different types of
fertilizers (short rain season: p < 0.001, long rain season: p <
0.05) and maize growth stage (short rain season: p < 0.001, long
rain season: p < 0.001). The interaction of fertilizer treatments
and maize growth stages was significant during the short rain
season only (p < 0.001) (Table 2). The mineral N concentration
significantly increased to highest levels at the early vegetative
stage (6-36 kg N ha'), before decreasing to significantly
minimum values at tasseling stage. Thereafter, slight changes

Frontiers in Plant Science | www.frontiersin.org

September 2020 | Volume 11 | Article 574592


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Beesigamukama et al. Frass Fertilizer Improves Maize Productivity

e ey dgnRIge in mineral N were observed from tasseling to maturity stage. At
& Lﬂ :rf PR (’(: o @ - Cf)' 3 :rf O’;" p o 2 the early vegetative stage, the mineral N concentration of plots
SN2 T d-tooeSgy i treated with 7.5 t ha™ of BSF frass fertilizer was 4 (p < 0.01) and 6
0 < < =
é times (p < 0.01) higher than those achieved at equivalent rates of
g SAFI during the short and long rain season, respectively.
8 8 p Y
D ONT YO Q000w T A = o . 1 s
cal®mo~cad ©¥O®m®mO T IS Likewise, plots treated with 5 t ha™ of BSF frass fertilizer had
= p
- H+ H H H H H H o HHHHHHH @ = . . . . . .
Ol cuNuY NN OTOQO-xO S |8 2.4 times higher (p < 0.05) mineral N concentration in soil that
S OSOPON® T OT o™ © & p
At Rt S those treated with equivalent rate of SAFI at tasseling stage
3 during the short rain season. Increase in mineral N
s 8
- So2298y R22I-n2 2 concentration were observed at the maturity stage for all
= COSOFTDO TG LC Ty, S y stag
5 o :. C;. M :: ;)I ; 03 :g ;3' ,i' ;I We | § treatments during the long rain season whereby, plots treated
g’ R IV B DD o R S with 5 t ha™' of BSF frass fertilizer had 2.4 times higher mineral N
= - g concentration than where an equivalent rate of SAFI was applied.
p 5 q PP
o S At soil depths of 20-40 cm, the mineral N concentration was
e S p
§ 8888288 S888288 ° also significantly influenced by the different types of fertilizers
] 9 N : Y a < c+>| Y " 0‘3 < b % S h i : (% (short rain season: p < 0.001, long rain season: p < 0.001) and
g 5 © o © < @ e o é - o ; "o N crop growth stage (short rain season: p < 0.001, long rain season:
@ - ® - © < 0.001). The interaction effect of fertilizer types and maize
3 P
2 rowth stages was significant (p < 0.001) during the long rain
3 g 8 g P g g
PXIORIN AILI00D < season only. Peak mineral N concentration during the short rain
o M A A H A g 0T |y season was achieved at tasseling stage (70 DAP) with the highest
9o@arocon HHno-clg . . B o
233793y fuadgo 3 recorded in plots treated with 7.5 tha™ of BSF frass fertilizer. The
o “ g same treatment had significantly (p < 0.05) higher mineral N
£ - concentration at maturity stage compared to plots treated with
1] 0 WO — O N W 0 0 90 T 9 9 0 _ . . .
° S-o-a-cS Zg8FIICT 5'_3 7.5 t ha™! of SAFL During the long rain season, peak mineral N
H 0 + | S — O ) bl . . . 110
g ¢ er)l 3 ©| cg OE gvl ; A N <% Hx |z concentration was attained at early vegetative and silking stages
© 3 4 — .. . .
0 R I R BN o for BSF frass fertilizer and SAFI treatments, respectively. Soil
2 @ oo S 2 A P y
3 . ) o o
a 3 treated with 7.5 t ha™ BSF frass fertilizer had significantly (p <
ISISITE VoNT Q@ “ 0.001) higher mineral N concentration than other treatments at
gge88s QN Y Q@ 5 :
Nndadocoa- FLLILRT, 9 the early vegetative stage.
- & H H +H H H H H o
"lgsesgss SeNS3337 F . "
S - 8 Nitrogen Fertilizer Treatments
2 5 The mineral N concentration in the soil layer 0-20 cm varied
- ks 4
8 888288 =33-2=3 g significantly at different maize growth stages during the long rain
= ol O T AS, HHHHHHH, D season only (p < 0.05) (Table 3). The mineral N significantl
= B w4249 I8 abounw o y (p g Ly
5] Iy r-Cgy ©OodSOO® ° increased to peak levels between vegetative and silking stages before
5} Y% T 6w . .
£ e e % decreasing gradually to the end of the short rain season. However,
5 g g y
% S no significant differences in mineral N concentration were observed
© 1 . . .
T INZBNe8 JI2325372 £ between the treatments. During the long rain season, mineral N
2 N 26— HoH HHHOHOH g 8 8
8 G HHAaHHAHY 9o asv0o | T significantly decreased from initial values to lowest levels at early
= e I N O~ MW © . . -1 .
3 P X G GO~ D N vegetative stage. Plots treated with 60 kg N ha™ supplied as BSF frass
N i . . . .
5 § fertilizer and urea fertilizer had the highest mineral N levels at
5 b b6 000 orooaeo o tasseling and silking stages, respectively.
g —TRegEeeNT ~cSooo ~N In the soil layer 20-40 cm, mineral N concentration in soil
o - g No - - HoH HHHoHOH E Y
i) o Ayl aaHy InunNeol g was significantly affected by N fertilizer treatments (short rain
£ S¥ZLBaod S season: p < 0.001, long rain season: p < 0.001) and maize growth
= © 3 p g P 8
= IS stage (short rain season: p < 0.001, long rain season: p < 0.001).
g . g The interaction of N fertilizer treatments and maize growth stage
= F«:u g was significant during the long rain season only (p < 0.01).
X _ — — — _ >
R o u ol T 5 o u gz T s 9 Mineral N concentration significantly increased to peak levels
St & co@metar _c@meLagnr § (6.2-15.5 kg N ha™') at tasseling stage, before gradually
<15 S decreasing toward the end of the short rain season. Plots
s | = ; - . o
T | < v treated with 100 kg N ha™ supplied as urea had significantly
£ 2 £ 2 . . . s
= &5 s 5 (p < 0.05) higher mineral N concentration at silking stage than
—_— <] pay - .
8z B § where 30 kg N ha! from SAFI and 60 kg N ha™' supplied as BSF
a 2 2 9 g v frass fertilizer were applied. Similarly, plots treated with 100 kg N
S8l 8 ) S H ha supplied as urea achieved significantly (p < 0.05) higher

Frontiers in Plant Science | www.frontiersin.org 8 September 2020 | Volume 11 | Article 574592


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

BIO"UISIBNUOL MMM | 80UBIOS JUB|d Ul SISlUOI

26S7.G Sy | L1 8WNOA | 020z Jequieides

TABLE 3 | Mineral nitrogen (kg N ha™") in the top 40 cm of soil treated with different N fertilizers.

SEASON 2019A (Short rain)

SEASON 2019B (Long rain)

Soil depth(cm)

Rate(kg N ha™)

Days after planting

0 35 70 91 125 0 35 70 91 125
0-20 0 41141 99+28 24+0.8 29+22 6.3+£0.38 39.0+3.8 57+1.0 26.1 £ 3.1a 144 £05 31508

30N BSF 32+16 6.9+ 3.6 57+14 54+24 6.7+13 421 +4.2 11.4+£52 37 £8.7a 199+ 3.3 23.5+16.5
60N BSF 2.2+ 01 48 0.2 34+15 81+1.0 6.3+£1.0 432 +7.7 23 £9.9 63.0 £ 14.5a 154 +1.4 23.4 £13.1
100N BSF 42 +1.1 9.3+3.0 42 +1.6 25+22 6.7 + 0.6 36.2+79 6.4 + 3.1 50.1 + 6.1a 275+ 4.7 544 £7.1
30N SAFI 19+ 1.1 44+£26 51+1.9 6.0 +0.9 58+1.0 38.1+49 4.0+ 01 28.9 + 8.5a 179+20 36.6 £ 4.5
60N SAFI 1.8+0.2 40+£0.2 11.3+£5.7 0.82 £ 0.1 54+18 69.6 £ 10.2 3.9 £ 0.01 62.7 £ 15.0a 126 £5.6 59.2 £ 10.3
100N SAFI 57 +1.7 129+ 34 72+1.0 48+18 59+16 46.5 + 23.3 54+1.6 471 +71a 16+ 1.1 31.6+1.8
30N UREA 1.7+08 3719 73+1.2 55+22 71241 462 +1.3 6.8+1.6 23.6 £ 4.7a 145+24 415+ 35
60N UREA 26+13 5.9 + 3.1 6.1+0.7 8.1+0.7 75+12 254 +£5.0 52+16 451 £ 8.3a 32+155 49.5 + 23
100N UREA 6.1 +0.5 13.3+0.7 6.6 +1.1 82 +39 13.0+ 3.9 399+ 114 13.3+29 51.1£7.8a 244 +£55 62.6 7.6

ns ns ns ns ns ns ns * ns ns

20-40 0 34+13 78+29 6.4 +1.7 5.9 + 0.8ab 3.6+0.8a 16.0 + 6.3 19.1 + 9o 359+ 15 11.6 +3.6 12.3 + 1.2ab

30N BSF 20+1.1 3920 11.4+£04 5.0+ 0.4b 3.1 +04a 175 +£4.2 27.9 = 11ab 445 £ 16.4 152 +6.2 9.1 £2.6b
60N BSF 1.2+04 25+07 6.2+0.8 5.9 + 0.5ab 3.1 +0.6a 18+11.2 42.5 + 19ab 37.5+10.8 171 +£6.8 9.1+2.0b
100N BSF 2.1 +01 41 +£01 7.8+33 5.3 +0.2ab 4.6 £0.6a 19+44 34.5 £ 11ab 49.6 + 8.1 11.0+27 15.9 + 5.0ab
30N SAFI 1.2+04 25+0.7 75+16 4.5+ 0.3b 3.0+ 0.2a 325+ 12.0 16.5 + 8.3b 65.6 + 1.5 102+ 0.4 7.5+ 1.0b
60N SAFI 0.8+04 1.8+0.7 74+£16 5.1 +0.2ab 3.6+ 0.5a 389+ 154 32.4 £ 14ab 42 +£83 11.1+£6.8 9.4 +1.6b
100N SAFI 24+£09 4617 73+28 6.4 + 0.6ab 28+13a 134 +£6.0 82+21b 359+ 11.2 124 £4.6 6.5+0.1b
30N UREA 21+09 40+1.6 121 +25 51 +0.1ab 59+ 0.8a 9.6+28 124 +2.1b 36.8 + 13.8 16.1 £+ 6.4 20.5 + 4.1ab
60N UREA 1.1+03 23+05 99=+24 7.5 +1.3ab 3.9+ 0.5a 19.7 £8.7 89.5 + 22ab 48.1 £ 14 12.7 +3.5 26.1 £ 5.5a
100N UREA 24+10 46+1.8 155 +5.2 89+ 1.6a 6.2 + 0.5a 35.6 £ 6.5 149.3 + 69a 108.2 + 41 26.2 +£6.9 20.6 + 1.5ab

ns ns ns * * ns * ns ns *

*p < 0.05, ns, not significant; 30N, 60N, and 100N, application rates of fertilizers at rates equivalent to 30, 60, and 100 kg N ha'" supplemented with 60 kg P ha " and 50 kg K ha’ 7.0, control treatment; BSF, black soldiier fly frass fertilizer; SAF,
commercial organic fertilizer.
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mineral N concentration than equivalent rate of SAFI at early
vegetative stage during the long rain season. At maturity stage
(125 DAP) of the same season, plots treated with 60 kg N ha
applied as urea fertilizer had significantly (p < 0.01) higher
mineral N concentration than BSF frass and SAFI treatments,
except for plots where 100 kg N ha' of BSF frass fertilizer
was applied.

Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on N, P, and K Uptake
Types of Fertilizers

The quantity of nitrogen accumulated in maize biomass was
significantly influenced by the different types of fertilizers (short
rain season: p < 0.001, long rain season: p < 0.001) and maize
growth stages (short rain season: p < 0.001, long rain season: p <
0.001) (Figures 5A, B). The interaction of fertilizer types and
growth stages was significant only during the long rain season (p <
0.05). Nitrogen uptake significantly increased from 9-16 kg N ha™!
at early vegetative stage (35 DAP) to highest values (40-139 kg N
ha'!) at tasseling (70 DAP) and silking stages (91 DAP).

Thereafter, N uptake levels decreased gradually to maturity
stage. Maize grown using 7.5 t ha™' of BSF frass fertilizer
accumulated the highest N levels at tasseling stage during the
long rain season experiments, while maize grown on plots treated
with 5 t ha™ of BSF frass fertilizer accumulated significantly (p <
0.01) higher N at the silking stage than those where 2.5 t ha™' of
either BSF frass or SAFI was applied during the long rain season.
At maturity stage, the N accumulated (38-112 kg ha™) varied
significantly (short rain season: p < 0.05, long rain reason: p <
0.01) among the treatments. The N accumulated in maize treated
with 7.5 t ha™ of BSF frass fertilizer was 17 and 44% higher than N
accumulated in maize treated with equivalent rates of the SAFI by
during the short and long rain seasons, respectively, but the
differences were not statistically significant

There were significant differences in the quantity of P
accumulated in maize biomass at harvesting stage among the
different types of fertilizers during the short rain (p < 0.05) and
long rain season (p < 0.01) (Table 4). Total P accumulated in
maize treated with 5 and 7.5 t ha™' of BSF frass fertilizer were
significantly higher than those of the control treatment in both
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FIGURE 5 | Effect of black soldier fly (BSF) frass fertilizer (A-D), commercial organic (SAFI) fertilizer (A-D), and commercial mineral fertilizer (E, F) on nitrogen uptake
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TABLE 4 | Effects of black soldier fly (BSF) frass fertilizer, commercial organic and mineral (urea) fertilizers on maize stover yields, and phosphorus and potassium
uptake at maturity.
Fertilizer treatments

SEASON 2019A (Short rain) SEASON 2019B (Long rain)

Stover yield Nutrients uptake Stover yield Nutrients uptake
(tha™) (kg ha™) (tha™) (kg ha™)
Phosphorus Potassium Phosphorus Potassium
Types of fertilizers
Control 59+0.78 4.2 +0.22b 77.6 £10.3b 58+1.2 54 +1.3b 63.6 £ 13.7b
2.5 BSF 8.4 +£0.63 12.7 £ 2.1a 128.5 + 25ab 81+06 12.7 +1.3ab 122.0 £ 14.8ab
5 BSF 9.6 +0.76 129 +1.9a 160.5 + 15.3ab 98=+24 16.3 + 2.5a 163.8 + 34.5ab
7. 5BSF 79+1.05 13.3+1.2a 118.9 + 10.9ab 11.5+23 18.6 +2.8a 173.4 £ 37.0ab
2.5 SAFI 85+ 0.70 10.7 + 2.2ab 97.4 £ 18.7ab 72+19 10.2 + 1.5ab 123.5 + 32.5ab
5 SAFI 6.4+0.44 11.1 +1.2ab 144.0 + 22.8ab 74+06 11.8 + 1.8ab 110.1 £ 21.6ab
7.5 SAFI 8.8 +1.49 11.6 + 2.1ab 171.2 £ 10.6a 106 +1.8 14.6 + 1.8ab 212.5 + 33.5a
Fertilizer ns * * ns ** *
Nitrogen fertilizer treatments
30N BSF 6.8+1.78 10.6 + 0.9ab 104.9 + 20.9ab 7.7 £ 0.32abc 11.7 + 0.6abc 125.1 £ 21.6ab
60N BSF 8.3+0.83 13.6 + 1.8ab 109.4 + 12.8ab 8.9 + 0.26ab 14.6 + 2.4ab 115.5 + 1.8ab
100N BSF 9.6 +1.41 16.4 + 2.0a 179.0 £ 37.5a 10.3 £ 0.10a 17.4 +1.0a 189.2 + 30.9a
30N SAFI 6.1 £0.60 8.7 + 0.6ab 83.3 + 14.1ab 5.0+ 0.34c 7.2 + 0.9bc 69.0 + 13.5b
60N SAFI 7.6+0.97 7.2 +1.1bc 98.0 £ 19.9ab 7.3 £ 0.27abc 8.1 + 0.4bc 94.1 £ 16.8b
100N SAFI 7.7 +0.71 10.8 + 1.3ab 119.0 + 4.4ab 8.0 + 0.20abc 11.8 + 1.3abc 124.7 £ 2.7ab
30N UREA 9.0+1.28 10.6 + 0.8ab 143.2 + 28.5ab 7.1+ 0.4babc 12.7 + 1.1abc 118.3 £ 7.3ab
60N UREA 6.4 +£0.89 10.0 + 2.6ab 91.6 £ 11.3ab 9.1+ 0.04ab 12.6 + 3.3abc 129.5 £ 5.5ab
100N UREA 8.1 +0.54 12.6 + 2.3ab 121.4 £+ 11.1ab 7.7+ 0.42abc 13.3 + 2.9abc 118.3 £ 13.6ab
Control 59+0.78 4.2 £0.2c 77.6 £10.3b 5.8 + 1.2bc 54 +£1.3c 63.6 £ 13.7b
*% * *k *k *kk

ns

5 < 0,001, **p < 0.01, *p < 0.05, ns, not significant; 2.5, 5, and 7.5, application rates of organic fertilizers at 2.5, 5, and 7.5 t ha’'; 30N, 60N, and 100N, application rates of fertilizers at
rates equivalent to 30, 60, and 100 kg N ha”’ supplemented with 60 kg P ha™' and 50 kg K ha’'; BSF, black soldier fly frass fertilizer; SAFI, commercial organic fertilizer.

seasons. The total P accumulated in plots treated with 7.5 t ha™
of BSF frass fertilizer was 15 and 27% higher than the P
accumulated by maize grown using similar rates of SAFI
during the short and long rain seasons, respectively.
Accumulated K also varied significantly in both seasons due to
different types of fertilizers (short rain season: p < 0.05, long rain
season: p < 0.05) (Table 4). Maize grown using 7.5 t ha! of SAFI
accumulated significantly higher K contents in both seasons than
maize grown in the control treatments. On the other hand, the
total K accumulated in plots treated with 7.5 t ha™' was 44 and 23%
higher than that accumulated using equivalent rates of BSF frass
fertilizer during the short and long rain seasons, respectively.

Nitrogen Fertilizer Treatments

The different N fertilizer treatments significantly (short rain
season: p < 0.001, long rain season: p < 0.001) influenced the
N uptake in maize biomass (Figures 5C-F). Like with types of
fertilizers (section 3.4.1), N uptake also varied significantly at
different maize growth stages (short rain season: p < 0.001, long
rain season: p < 0.001). The interaction effect of N fertilizer
treatments and growth stages was significant during the long rain
season only (p < 0.001). The N accumulation at early vegetative
stage (5-13 kg N ha') significantly (p < 0.001) increased to
highest values at tasseling and silking stages (40-129 kg N ha™").
A significant (p < 0.001) decrease in N uptake was observed at
maturity stage, except for plots treated with 30 and 60 kg N ha™
supplied using SAFI during the long rain season. Plots treated
with 60 and 100 kg N ha™ supplied as BSF frass fertilizer

accumulated higher N levels at tasseling (p < 0.001) and silking
stages (p < 0.001) than equivalent rates of commercial organic
and urea fertilizers.

The N accumulated in maize treated with 100 kg N ha™ of
BSF frass fertilizer at tasseling stage of the long rain season was
significantly (p < 0.001) higher than those of maize grown using
30 and 60 kg N ha™' supplied using SAFL Similarly, application
of 100 kg N ha™" as BSF frass fertilizer caused significantly (p <
0.001) higher N uptake at silking stage of the same season
compared to where 30 kg N ha™ of all fertilizers, and 60 kg N
ha™ of SAFI were applied. Application of 100 kg N ha™ supplied
as BSF frass fertilizer caused significantly (short rain season: p <
0.001, long rain season: p < 0.001) higher N accumulation than
other treatments at harvesting stage, except for maize grown
using 100 kg N ha™' of urea fertilizer in both seasons, and 60 kg N
ha! of urea during the long rain season.

Phosphorus accumulated in maize biomass at maturity stage
(4-17 kg P ha™') was significantly influenced by different N
fertilizer treatments (short rain season: p < 0.01, long rain season:
p < 0.01) (Table 4). Maize grown using 100 kg N ha™' supplied as
BSF frass fertilizer accumulated significantly higher P levels than
those grown using 60 kg N ha™' of SAFI and control treatment in
both seasons, and 30 kg N ha™ of SAFI during the long rain
season. Similarly, application of 100 kg N ha™ supplied as BSF
frass fertilizer caused significantly higher K accumulation than
the control treatment in both seasons (short rain season: p < 0.05,
long rain season: p < 0.001), and where 30 and 60 kg N ha™" of
SAFI were applied during the long rain season.
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Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on Maize Grain and
Stover Yields
Types of Fertilizers
The different types of fertilizers caused significant (short rain
season: p < 0.001, long rain season: p < 0.001) differences in
maize grain yields during experiments (Figures 6A, B).
Application of BSF frass fertilizers increased grain yields by
71%96% during the short rain season and 49%-101% during
long rain compared to the control. On the other hand, grain
yields increased by 50%-87% during the short rains and 32%-
77% during the long rains season due to SAFI. For SAFI,
significant (p < 0.001) increases in grain yield above the
control were only achieved at rates above of 5 t ha™! and above
during the short rain season, and at 7.5 t ha™ during the long rain
season. Maize grain yields did not vary significantly at equivalent
rates of the commercial organic and BSF frass fertilizers.
Application of BSF frass fertilizer at 7.5 t ha™' produced the
highest maize grain yields during the short (5.4 t ha™) and long
rain season (7.2 t ha') which were % and 14% higher than the
highest grain yields obtained using SAFI during the short and
long rain seasons, respectively, but not significantly different.
Grain yield from plots treated with 7.5 t ha™* of BSF frass fertilizer
was significantly (p < 0.001) higher than that where 2.5 t ha™ of
SAFI were applied during the short rain season. Similarly, grain
yield from maize grown using 7.5 t ha™' of BSF frass compost was
significantly (p < 0.001) higher than those of other treatments
during the long rain season, except for maize treated with 5 t ha™!
BSF frass fertilizer and 7.5 t ha™ of SAFIL

The different sole BSF frass and SAFI treatments did not
significantly influence maize stover yields during experiments
(short rain season: p = 0.12, long rain season: p = 0.26) (Table 4).
However, plots treated with BSF frass fertilizer had higher stover
yields than those treated with SAFI during the long rain season.

Nitrogen Fertilizer Treatments
The grain yields also varied significantly (short rain season: p <
0.001, long rain season: p < 0.001) among the different N
fertilizer treatments tested (Figures 6C, D). All plots treated
with BSF frass fertilizer produced significantly (p < 0.001) higher
grain yields than the control. Grain yields from plots treated with
100 kg N ha™' of BSF frass fertilizer were significantly (p < 0.001)
higher than those where 30 kg N ha™ of urea and 60 kg N ha™* of
SAFI were applied during the short rain season (Figure 6C).
Similarly, plots treated with 60 and 100 kg N ha™ of BSF frass
fertilizer as well 100 kg N ha™ of urea produced significantly (p <
0.001) higher maize grain yields than where 30 and 60 kg N ha™!
of SAFI were applied during the long rain season (Figure 6D).
Maize treated with 100 kg N ha™ applied as BSF frass fertilizer
produced the highest grain yield (5.7 t ha™") during the short rain
season which was 6% and 27% higher than yields obtained using
equivalent rates of urea and SAFI, respectively. Likewise, grain yield
from maize treated with 100 kg N ha™ applied as BSF frass fertilizer
(62 t ha™') was 7% and 21% higher than those obtained using
equivalent rates of urea and SAFI, respectively, during the long rain
season. The stover yields varied significantly (p < 0.01) during the
long rain season only (Table 4). Plots treated with 100 kg N ha™
supplied as BSF frass fertilizer produced significantly (p < 0.01)
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FIGURE 6 | Effect of fertilizer types (A, B) and nitrogen rates (C, D) on maize grain yields during the short (A, C) and long rain season (B, D) experiments.
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higher stover maize yields than the control treatment and where
30 kg N ha™* supplied using SAFI was applied.

Nitrogen Fertilizer Equivalences of BSF
Frass and Commercial Organic Fertilizers
The highest maize grain yields from organic fertilizer treatments
were 5.7 and 4.5 t ha! for BSF frass fertilizer and SAFI,
respectively, compared to 5.4 t ha™' from urea treatment (all
applied at 100 kg N ha™') in the short rain season. This gave NFE
values of 102% for BSF frass- fertilizer and 51% for SAFI (Figure
2A). During the long rain season, the highest maize grain yields
were 6.2 and 5.1 t ha™' for BSF frass fertilizer and SAFI,
respectively, compared to 5.8 t ha™' from urea treatment (all
applied at 100 kg N ha™"). This gave NFE values of 114 and 35%
for the BSF frass fertilizer and SAFI, respectively (Figure 2B).
Over the two seasons, the average NFE value of BSF frass
fertilizer was (108%) while that of SAFI (43%), 2.5 times lower
than that of BSF frass fertilizer.

Effects of BSF Frass, Commercial Organic,
and Urea Fertilizers on Nitrogen Use
Efficiencies

Agronomic Nitrogen Efficiency (AEy)

The various types of fertilizers (short rain season: p < 0.01, long rain
season: p < 0.05) and N fertilizers (short rain season: p < 0.01, long
rain season: p < 0.001) caused significant differences in AEy of
maize during experiments (Table 5). Application of 2.5 t ha™* of
BSF frass fertilizer increased the AEy of maize by 2.4 and 2.2 times
compared to equivalent rate of SAFI during the short and long rain
season, respectively. Further, maize grown using 2.5 t ha™* of BSF

frass fertilizer achieved significantly higher AEy than other
treatments, except for plots treated with 5 and 7.5 t ha™ of the
same fertilizer and 2.5 t ha™ of SAFI during the long rain season.

During the short rain season, the AEy of maize treated with
30 kg N ha™' of BSF frass fertilizer was significantly (p < 0.01)
higher than those of maize treated with 100 kg N ha™' of all
fertilizers, and 60 kg N ha™' of SAFL Also, the AEy in plots
treated with 30 kg N ha™' of BSF frass fertilizer was significantly
higher than those achieved by all SAFI treatments and 100 kg N
ha™ of urea during the long rain season.

Apparent Nitrogen Recovery (ANRy)

The ANRy of maize was significantly influenced by the different
types of fertilizers (short rain season: p < 0.001, long rain season:
p < 0.05) and N rates (short rain season: p < 0.001, long rain
season: p < 0.001) (Table 5). Maize treated with 2.5 t ha™ of BSF
frass fertilizer had significantly (p < 0.001) higher ANRy values
than other treatments, except for plots where 5 t ha! of the same
fertilizer were applied during the short rain season. The ANRy of
maize treated with 2.5 t ha™* of BSF frass fertilizer was 1.9 and 4.1
times higher than that achieved by equivalent rate of SAFI during
the short and long rain season, respectively.

Maize treated with 30 kg N ha™ supplied as urea achieved
significantly (p < 0.001) higher ANRy values than other
treatments in the short rain season, except for those treated
with 30 and 60 kg N ha™ supplied using SAFL Similarly, the
ANRy of maize treated with 30 kg N ha™' as urea, was
significantly (p < 0.001) higher than those of other treatments
during the long rain season, except for maize grown using 60 kg
N ha™ of urea, 30 and 100 kg N ha™' of BSF frass fertilizer.

TABLE 5 | Effects of black soldier fly (BSF) frass fertilizer, commercial organic, and mineral (urea) fertilizers on nitrogen use efficiency of maize.

Fertilizer treatments SEASON 2019A (Short rain)

SEASON 2019B (Long rain)

AEn(kg kg™' N) ANRy(%) APEy(kg kg™' N) NHI(%) AEn(kg kg™ N) ANR(%) APEn(kg kg' N)  NHI(%)

Types of fertilizers

2.5 BSF 43.2 +10.8a 52.8 + 2.4a 81.2 + 19.6b 52.9 + 3.3ab 33.0 +4.2a 63.8 + 15.0a 555 +9.2 554 +1.9
5 BSF 185 +1.8b 31.7 £ 7.0ab 62.5 + 9.6b 51.83 £ 5.4ab 29.7 £ 2.7ab 50.3 + 13.5a 69.9 + 23.2 60.9 + 4.6
7.5 BSF 16.7 + 1.8b 235 +7.7b 80.9 + 15.1b 53.4 + 1.4ab 22.9 + 3.8ab 46.7 + 13.7a 56.2 + 12.5 52.4 + 6.1
2.5 SAFI 18.4 +1.0b 28.0 + 1.9b 66.5 + 7.6b 42.6 + 4.0b 156.3 + 7.8ab 155 +11.1a 35.7 + 13.8 544 +94
5 SAFI 156.8 +1.9b 9.9+28b 177.7 £ 36.9a 67.5 £ 5.6a 11.6 +2.1b 146 +1.1a 81.1+17.5 65.7 £ 5.0
7.5 SAFI 18.3 +1.9b 11.3 +1.5b 72.3 + 6.4b 42.7 £ 2.4b 12.1 £ 0.4b 176 + 3.3a 74.6 £15.1 51.9+6.9
Control na na na 55.2 + 2.0ab na na na 51.6+5.8

*k *kk *%k *% * * ns ns

Nitrogen fertilizer treatments

30N BSF 744 +71a 50.9 + 9.5a 153.4 + 22.3ab 543+59 55.0 £ 10.7a 68.2 + 3.4ab 79.9 +13.8 55470
60N BSF 47.7 £ 6.7ab 30.2 + 3.7ab 165.5 + 34.8ab 522 +7.0 40.0 + 4.3ab 32.9 + 6.3bcd 82.4 +10.4 58.6 + 3.3
100N BSF 29.9 +3.2b 48.7 £ 8.3a 64.6 £ 12.0b 62.8+22 26.1 £ 1.0abc ~ 59.2 + 7.5abc 452 +4.5 62.9+0.8
30N SAFI 58.8 + 17.4ab 27.0 £ 10.7ab 234.7 + 43.3a 50.3+20 4.4 +1.3c 7.5+27d 98.4 + 58.2 646+ 15
60N SAFI 21.3+7.4b 14.0 + 5.3b 156.2 £ 14.7ab 56.0+ 1.6 15.6 + 4.6bc 25.1 + 8.7bcd 66.7 + 18.0 589 +5.7
100N SAFI 17.8 + 1.5b 11.4 + 4.0b 182.0 + 38.8ab 56.4+7.2 156.7 + 2.0bc 18.2 + 4.2cd 911114 57.0+6.9
30N UREA 34.4 + 14.8ab 57.3+ 1.5a 85.6 + 2.3b 54.4 + 8.1 55.3 +11.8a 91.4 +15.2a 60.3 £9.5 67.4+3.3
60N UREA 32.2 + 6.0ab 27.7 +2.7ab 122.6 + 35.0ab 56.8 + 6.8 31.3+0.6abc  60.3 + 4.8abc 52.5+3.8 51.8+2.4
100N UREA 26.7 £ 0.9b 30.8 £ 5.7ab 95.8 + 24.6ab 584 +19 22.4 + 4.2bc 37.4 + 9.0bcd 61.7 £4.9 60.6 + 4.4
Control na na na 552 +20 na na na 51.6+59

*%k *kk * ns *kk *kk ns ns

*** < 0.001, **p < 0.01, *p < 0.05, ns, not significant; AEx, agronomic nitrogen efficiency; ANRy, apparent nutrient recovery; APEy, agro-physiological nitrogen efficiency; NHI, nitrogen
harvest index; 2.5, 5, and 7.5, application rates of organic fertilizers at 2.5, 5and 7.5 t ha’ - 30N, 60N, and 100N, application rates of fertilizers at rates equivalent to 30, 60, and 100 kgNha
! supplemented with 60 kg P ha™" and 50 kg K ha™'; BSF, black soldier fly frass fertilizer; SAFI, commercial organic fertilizer; na, not applicable.
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Agro Physiological Nitrogen Efficiency (APEy)

The APEy of maize grown using different types of fertilizers (p <
0.01) and N rates (p < 0.05) varied significantly during the short
rain season only (Table 5). Maize treated with 5 t ha! applied as
SAFI achieved significantly (p < 0.01) higher APEy values than
other treatments. During the long rain season, the APEy of
maize treated with 5 t ha™' of SAFI was 16% higher than that
achieved using an equivalent rate of BSF frass fertilizer.

On the other hand, the APEy of maize grown in plots treated
with 30 kg N ha™ supplied as SAFI was significantly (p < 0.05)
higher than those attained by 100 kg N ha™ of BSF frass fertilizer
and 30 kg N ha™ of urea fertilizer during the short rain season.
During the long rain season, APEy values of maize treated with
30 kg N ha' of SAFI was 63 and 23% higher than those attained
using equivalent rates of urea and BSF frass fertilizer, respectively.

Nitrogen Harvest Index

The NHI of maize grown using different types of fertilizers varied
significantly (p < 0.01) during the short rain season only (Table
5). Maize grown on plots treated with 5 t h™' of SAFI had
significantly (p < 0.01) higher NHI values than those treated with
2.5and 7.5 t ha! of the same fertilizer treatments. Also, the NHI
of maize treated with 5 t ha™' of SAFI was 8% higher than that
achieved using equivalent rate of BSF frass fertilizer during the
long rain season. On the other hand, the different N fertilizer
rates did not influence the NHI of maize significantly (short rain
season: p = 0.89, long rain season: p = 0.31). Maize treated with
100 kg N ha™ of BSF frass fertilizer and 30 kg N ha' of urea
fertilizer, had the highest NHI values during the short and long
rain season, respectively.

DISCUSSION

Effects of Black Soldier Fly Frass,
Commercial Organic, and Urea Fertilizers
on Maize Growth, Yield, and Nitrogen Use
Efficiency
Globally, intensive maize production requires a lot of fertilizer
inputs, which are expensive and inaccessible to resource poor
farmers, especially in low to middle income countries on top of
causing environmental and health challenges (Uzoh et al., 2019).
Furthermore, production of mineral fertilizers is high energy
consuming (Banaeian and Zangeneh, 2011) and their use in
farming is increasingly being regarded as unsustainable.
Therefore, sustainable management systems for intensive maize
production are sought. In this paper, we investigated for the first
time how black soldier fly frass fertilizers could be used in place of
conventional organic and inorganic fertilizers for maize production.
Our findings revealed higher maize growth, nutrient uptake,
and grain yields associated with all fertilizer treatments
compared to the control (unamended soil). From the results, it
can be concluded that treating the soil with fertilizer significantly
improved the maize yield and quality in terms of macronutrients
(nitrogen, phosphorus, and potassium). This is consistent with
other studies which clearly demonstrated that most parts of

central Kenya have low soil fertility (Gachimbi et al., 2005;
Muchena et al., 2005) and recommended regular fertilizer
inputs for soil fertility improvement (Tully et al., 2015;
Vanlauwe et al., 2015). Therefore, the increased maize plant
height, chlorophyll concentration, and nitrogen and phosphorus
uptake observed in plots treated with black soldier fly frass
fertilizer compared to plots treated with the commercial
organic and mineral fertilizers could be attributed to better
supply and availability of nutrients from the newly introduced
frass fertilizer. Furthermore, it is suggested that the high release
of nutrients resulting from the high mineralization rate of black
soldier fly frass fertilizer (Adin Yeéton et al, 2019) and high
availability of mineral nitrogen in the top 20 cm of soil might
have partly contributed to better synchrony of nutrients supply
for maize growth, chlorophyll formation and high yields.
According to Tittonell et al. (2008b), increasing uptake of
phosphorus in the study might have been partly responsible
for high nitrogen accumulation observed in maize grown in plots
treated with black soldier fly frass fertilizer. This can be
attributed to the role of phosphorus in energy transfer as a
component of adenosine phosphates (Fageria, 2001). Although,
potassium has been equally reported to be important in nitrogen
absorption and metabolism as well as plant growth (Fageria, 2001),
it was taken up in sufficient quantities across all treatments.

The observations described above are in line with the report
by Kagata and Ohgushi (2012), who also demonstrated that frass
fertilizers is of good quality and capable of improving soil
nutrient availability, and growth and yield of Brassica rapa L.
var. rapa. Additional benefits of insect frass fertilizer on soil
health for improved drought and salt tolerance, disease
suppression, higher crop growth and yield have also been
documented by Choi and Hassanzadeh (2019) and Houben
et al. (2020).

Remarkably, higher apparent nitrogen recovery and
agronomic nitrogen use efficiency values were observed in
maize harvested from plots treated with black soldier fly frass
fertilizer compared to those from plots treated with commercial
fertilizers. The highest values of agronomic and agro-
physiological nitrogen use efficiencies as well as nitrogen
harvest indices observed at lower application rates of BSF frass
fertilizer (2.5 t ha™' and 30 kg N ha™) indicate sufficiency in
nitrogen supply for maize growth. Interestingly, one of the major
factors limiting the use of organic fertilizers is associated with the
high rates of application required (> 5 t ha™) (Mucheru-Muna
et al., 2014; Musyoka et al., 2017). Therefore, our findings would
encourage a shift in attitude toward embracing the use of black
soldier fly frass fertilizer. Nonetheless, further studies to
determine the economically optimum rates of black soldier fly
frass fertilizers for maize production are warranted.

Nitrogen Fertilizer Equivalence of Black
Soldier Fly Frass and Commercial Organic
Fertilizers

The nitrogen fertilizer equivalence values obtained in this study are
comparable to those reported by Kimetu et al. (2004) and Murwira
et al. (2003), which ranged between 50 and 118% for other organic
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fertilizers (calliandra, senna and tithonia). The results obtained
indicate that 102-114 kg N ha™' of urea would be required to
produce the same maize yield (5.7 t ha!) as obtained with 100 kg N
ha' for black soldier fly frass fertilizer. The nitrogen fertilizer
equivalence values of black soldier fly frass fertilizer in this study
are higher comparable to those reported in previous studies for
different organic fertilizers (Kimetu et al., 2004; Bowden et al., 2007;
Lalor et al,, 2011; Cavalli et al., 2016; van Middelkoop and Holshof,
2017; De Notaris et al., 2018). Our findings demonstrate that black
soldier fly frass fertilizer has potential to increase crop productivity
in most developing countries where mineral fertilizer use is still
limited by high prices yet less effective due to multiple soil
degradation challenges.

CONCLUSIONS

It is clear, black soldier fly frass fertilizer performed better than
commercial organic and inorganic fertilizers. The various types
of fertilizers showed considerable influence on maize plant
height, chlorophyll concentrations and macronutrients uptake
during the short and long rain cropping seasons. However, maize
yield and nitrogen use efficiency were improved with the
application of black soldier fly frass fertilizer. High nitrogen
fertilizer equivalence of black soldier fly frass fertilizer (> 100%)
indicates that it can be an effective substitute for mineral nitrogen
fertilizers. Based on our findings, black soldier fly frass fertilizer if
applied to supply all nutrients in maize cropping system should
be applied at the rate of 2.5 t ha™'. However, if black soldier fly
frass fertilizer should be applied to supply adequate nitrogen for
maize production, a rate equivalent to 30 kg N ha™ is
recommended. We can conclude that black soldier fly frass
fertilizer can be adopted as an environmentally safe and
sustainable option for increased maize production. In the long
term, we anticipate that sustainable utilization of black soldier fly
frass fertilizer will reduce overreliance on the expensive mineral
fertilizers with deleterious effects on soil and environmental
health. Future studies to determine mid and long-term effects
of black soldier fly frass fertilizer on soil fertility across different
agro-ecological zones and cropping systems are crucial.
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