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Abstract

Following a pot trial with annual ryegrass (Lollium multiflorum Lam. (Pooideae: Poaceae)),
where the effect of chemical fertilization was compared with organic fertilization with Black
Soldier Fly larvae frass (BSFF), obtained by bio-digestion of cattle production effluents, and
with mixed fertilization in proportions of 25%, 50%, and 75% of BSFF, the effect on crop
production and soil fertility was tested in three soils of different textures, namely, sandy soil
(Gleyic podzol), calcareous soil (Haplic calcisol), and clay soil (Haplic fluvisol). On top of the
previous experimental device, a second year of testing was carried out with sowing of the
same crop, but without any fertilizer input in all the residual soils for the different further
modalities. With regard to the second sowing cycle production, the results are supportive
of the expectation that fertilization with BSFF has a superior capacity for soil fertility
resilience (assessed in terms of the ability to maintain or even increase soil production
in the following year, in the absence of any fertilizer application) in all the soils tested in
this experiment, with a significantly greater difference in the treatment corresponding to
fertilization with only BSFF compared to the exclusively chemical treatment, in all the soils
tested. Furthermore, BSFF, preferably as a mixed fertilizer (in a proportion until 75%), is
shown to be a promising alternative for Gleyic podzol in the production of ryegrass as in the
resilience and promotion of soil productivity. As far as more fertile soils are concerned (as
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in the case of Haplic calcisol and Haplic fluvisol), BSFF has not proved promising in terms of
immediate crop production.

Keywords: BSF; frass; ryegrass; soil enzyme activity; soil fertility resilience

1. Introduction

Among the various constraints currently overshadowing our planet at a global level,
the agricultural sector has a significant role to play in contributing to the mitigation of
food insecurity and environmental pollution, as well as to the adoption of appropriate
management to reconcile these goals with an economy compatible with market demands.
To this end, farming holdings are a favored place for management in so-called “circular
economy” systems, in which polluting waste is recycled into production factors.

In pursuit of this goal, a great deal of research has been carried out, particularly into
the composting of livestock and agricultural waste in order to return it to the soil as organic
fertilizer, with the implicit reduction in chemical fertilizers, as long as cash crop yields and
the resilience of soil fertility (assessed in terms of the ability to maintain or even increase
soil production in the following year, in the absence of any fertilizer application) are not
impaired. The importance of this effort is undeniable, particularly with regard to waste
composting techniques, in order to increase its fertilizing effect and suppress any possible
polluting or antagonistic effect on crop development.

But maximizing production does not always correspond to maximizing crop revenue,
given the preponderance of the cost of production factors. In the pursuit of any of these
aims, however, two factors of production are often overlooked: one, negative, is the exhaus-
tion of soil fertility through intensive exploitation with chemical fertilizers in unsuitable
formulations; the other, positive, is the potential for promoting soil fertility through organic
fertilizers in proportions suited to the many specific situations of the “soil/crop” binomial.

From this perspective, insect frass has been introduced as an organic fertilizer and,
within this context, Hermetia illucens L. (Diptera: Stratiomyidae), commonly known
as Black Soldier Fly (BSF)—either due to its prolificacy or its voracity, which signifi-
cantly reduces composting time, or because of its ability to digest a wide range of waste
materials [1,2]—has proven to be a good option for the bio-digestion of agricultural and
livestock waste, in particular, effluents from intensive livestock farming, due to its extremely
negative environmental impact, avoiding the consequent burden of its safe disposal, which
is intended to be profitable, as a by-product to be included in the economic circuit of the
agricultural holding itself, in the case of circular economy systems.

However, although the potential of organic fertilizers, and, in particular, BSF frass
(BSFF), in addition to supplying plant nutrients, has an undeniable contribution to
the structural and biological properties of soils—contributing to the resilience of their
fertility—the fact is that, in the context of maximizing production, most experimental
evaluations report a positive contribution only when applied in mixed fertilization in
complementary proportions for limits of around 75% [3], and may even be an obstacle to
maximizing production in some soils with high fertility [4].

On the other hand, the mandatory safe disposal of effluents from bovine farming
requires costly treatment methods—including bio-digestion by BSFE, due to its multiple
functions within a circular economy [5]—with the obvious destination for these efflu-
ents being their use in organic fertilization of crops. To this end, and in the context
of complex soil-plant interactions, it is of utmost importance to take a preliminary ap-
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proach in very different soil situations in order to inform future research in more specific
“so0il/plant” combinations.

In the context of the above, and in order to assess the most suitable soil situations
for the use of BSFF, this study presents a preliminary evaluation of the potential resid-
ual fertilizing effect of BSFF, obtained by the bio-digestion of an effluent from intensive
cattle farming in a second consecutive year of annual ryegrass cultivation without any
fertilization, in a pot experiment, in three soils with different textures and fertility levels.

2. Material and Methods
2.1. Greenhouse Experiment

The present trial overlaps the experimental device of a pot trial, described by Rehan
et al. [4], with the annual ryegrass crop (Lollium multiflorum L.) in three soils of different
texture, namely; sandy soil (Gleyic podzol), calcareous soil (Haplic calcisol), and clay soil
(Haplic fluvisol). Five different treatments were then applied to each of these soils, all of them
containing a total of N equivalent to 140 kg N ha~!, specifically: an exclusively mineral
fertilization with ammonium nitrate (MT), an exclusively organic fertilization (OT), and
three mixed fertilizations with different proportions of mineral and organic (MOT(75:25),
MOT(50:50), and MOT(25:75)).

This work refers to a subsequent sowing, with the same species (annual ryegrass),
superimposed on the aforementioned experimental device [4], now without any type of
fertilization, in order to assess the residual productivity for the modalities corresponding
to the previous treatments.

The soils of each treatment were just subjected to sowing for a second season, with
ryegrass, at a rate of 40 kg seeds/ha, corresponding to 0.10 g of seeds per pot. Throughout
the plant growth cycle, the temperature inside the greenhouse varied between 18 and 25 °C,
and the pots were regularly watered with deionized water, in order to maintain the soil
moisture near to 60% of water holding capacity, estimated by weight difference. Lighting
and temperature were ensured naturally, and shading screens were used on sunny days.

The ryegrass was cut twice throughout the second cycle (on 2 March and 27 April
2023). In each of the cuts, the plant material was cut 2 cm from the ground. Plant biomass,
fresh and dry weight (FW and DW, respectively), was registered by weighting the material
collected before and after drying, respectively. Dry weight was estimated after washing
the biomass with deionized water and oven drying at 65 °C, for about 48 h, until reaching
constant weight.

At the end of the growth cycle, soil samples were collected from each replicate, dried
at 40 °C, sieved through a 2 mm mesh, and analyzed for their chemical properties. Soil pH
was determined by suspending samples in deionized water at a 1:2.5 soil-to-water ratio
and measuring with a glass electrode pH meter. Soil organic matter (SOM) content was
measured using the dichromate oxidation (Walkley—Black) method followed by molecular
absorption spectroscopy (MAS). Available phosphorus (P) was determined using the Olsen
method, and potassium (K), was extracted with ammonium lactate and quantified by flame
photometry. Iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu) were extracted using
EDTA and analyzed by flame atomic absorption spectrometry (AAS). Soil moisture content
was determined according to [6], and total nitrogen (IN) was measured by dry combustion
using an elemental analyzer (Thermo Fisher Scientific, FlashSmart NC Soil).

Soil dehydrogenase activity (DHA) was also evaluated at the end of the experiment
in three randomly selected replicates per treatment using soil samples that had been air
dried at room temperature before analysis. The activity was determined by the reduction of
2,3 5-triphenyltetrazolium chloride (TTC) to triphenyl formazan (TPF), using a modification
of the method of Casida et al. [7], as described by Menino et al. [8].
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2.2. Data Analyses

The data were analyzed statistically using a one-way AOV with a significance level of
p < 0.05. The Tukey HSD test for mean comparison was performed (for a 95% confidence
level). Results were statistically analyzed by Statistica 12, Analytical Software.

To explore patterns in soil chemical and biological properties under different fertiliza-
tion treatments, we performed a principal component analysis (PCA). This was then per-
formed separately for each soil type to evaluate treatment effects within each soil (podzol,
calcisol, fluvisol), considering their inherent differences in terms of soil texture and baseline
fertility. The quantitative variables used in the analysis were yield (both fresh weight
and dry weight), soil N, P, K (expressed as K,0O), SOM, micronutrients (Cu, Fe, Zn, Mn),
and DHA. Data were standardized prior to PCA to ensure variables with different units
and ranges contributed equally to the analysis. PCA was conducted using the “prcomp”
function in R (version 4.5.1), and biplots were generated with the “facto extra” package.

3. Results and Discussion

In Table 1 are shown the fresh and dry weight production values for each of the
different treatments carried out, on each type of soil, in the first year of the trial and for the
modalities in the second year of the trial (without any fertilization).

Table 1. Mean values for total plant fresh and dry weight (FW and DW, respectively), expressed in g
per pot, in the different soils and treatments, in the first year, with fertilization treatments [4], and in
the second year (without any fertilization).

1st Year (g pot~1) 2nd Year (g pot—1)

Treatment
FW DW FW DW
Gleyic Podzol
MT 34 +83b 5+144b 14 +244b 3.3 +0.64 ab
MOT(75:25) 61 £57a 11+210a 16 +1.72b 3.4 +0.74 ab
MOT(50:50) 64 +10.6 a 13 +1.88a 16 +149b 28+ 034b
MOT(25:75) 65 +21.8a 13 +3.57 a 15+1.29b 29+028b
oT 53 + 3.3 ab 12+ 1.09 a 23+347a 39+053a
Haplic Calcisol
MT 89 + 11.6ab 17 +£1.42 ns 21 +£157b 41+ 0.67 ns
MOT(75:25) 109 £52a 20 +£4.90 ns 23 +£2.78b 44 +0.75ns
MOT(50:50) 103 +5.6a 18 +1.37 ns 23+ 4.61b 4.2 4+ 0.96 ns
MOT(25:75) 90 £214ab 17 & 1.79 ns 25+298b 43 +0.61ns
oT 80+78b 16 + 2.60 ns 32+230a 55+ 1.02ns
Haplic Fluvisol
MT 112 +£22.7 a 22 +5.26 ns 19 +£2.62c¢ 3.3+ 064b
MOT(75:25) 115+ 133 a 20 £+ 2.39 ns 25+ 3.42 ab 46 +0.62a
MOT(50:50) 112 + 109 a 21 +£3.97 ns 20 £+ 2.65 bc 3.6 £0.48 ab
MOT(25:75) 111 £95a 20 £ 2.00 ns 23 + 2.22 abc 42 +041ab
oT 91 £3.6b 16 + 1.90 ns 27 £ 3.84a 42 +0.61 ab

FW—fresh weight; DW—dry weight; MT—soil fertilized with mineral fertilizer; MOT(75:25)—soil fertilized
with 75% mineral and 25% organic fertilizers; MOT(50:50)—soil fertilized with 50% mineral and 50% organic
fertilizers—MOT(25:75)—soil fertilized with 25% mineral and 75% organic fertilizers; OT—soil fertilized with
organic fertilizer; ns—not significant; means in the same column, for each type of soil, with the same small letter
do not differ significantly (p < 0.05), as judged by the Tukey test.

As expected, there was a significant decrease in production from the first to the second
year, both in terms of fresh and dry weight, in the modalities in the study. This is due to the
lack of fertilization in the second year, because, although the frass is an organic fertilizer
which is rich in nutrients in its organic form [9], these are released slowly (either in amount
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or opportunity) and, therefore, the intrinsic fertility of the soil was not sufficient to fully
sustain plant growth.

With regard to the analysis of the values recorded for the second year of the trial, the
following points are noteworthy:

e Inthe podzol, fresh weight production was consistently, and significantly, higher in
the mixed and exclusively organic treatments, despite the fact that the dry weight pro-
duction in the same treatments did not differ significantly from that of the exclusively
chemical treatment.

e In the calcisol, there were no significant differences between treatments, both for fresh
and dry weight.

e In the fluvisol, as for the calcisol, there were no significant differences for fresh weight
production. However, dry mass production was consistently higher in the mixed
and exclusively organic treatments, although only the MOT(75:25) treatment was
significantly higher than the exclusively chemical treatment, in contrast to what was
registered in the first year of the trial.

In all cases, fresh mass production was consistently higher in the modalities preceded
by exclusively biological fertilization than in the modalities preceded by exclusively chemi-
cal fertilization, confirming the fact that there is a slow release of the nutrients contained in
the frass [10].

With regard to chemical parameters related to soil fertility, Table 2 shows the av-
erage values recorded for SOM, N, P, and K (as K;O) in the first and second year after
plants harvesting.

For the assessment of the residual P content of the soil in the second year, it was not
possible to gather a sufficient sample from each repetition, so the results shown in Table 2
refer to the mixture of all the repetitions of each treatment and, as such, it was not possible
to carry out a statistical analysis.

With regard to residual SOM content in the soil after the second year, we can observe
the following:

In the podzol, in all the modalities preceded by mixed or exclusively organic treatments
with BSFF, levels were significantly higher than those recorded for MT, with the OT modality
standing out. In the calcisol, the situation showed the same trend, despite the fact that
the modalities with BSFF content below 50% did not show significant differences from the
MT modality. Finally, in the fluvisol, all the modalities preceded by treatments including
BSFF showed significantly higher SOM levels than those recorded for the method preceded
by exclusively chemical fertilization, without showing the aforementioned trend of direct
proportionality to the BSFF content in the fertilizer.

As for the N content:

In the podzol, all the methods preceded by fertilization including BSFF had a signifi-
cantly higher residual N content than the method preceded by mineral fertilization alone,
with a statistically significant increase from MOT(50:50) to MOT(25:75) and from this to OT.
In the calcisol, the MOT(25:75) and OT modalities showed significantly higher contents
than the other modalities, and the difference in N content between the MOT(50:50) and
the MT modalities was also statistically significant. In the fluvisol, with the exception of
MOT(25:75), the other modalities preceded by treatments containing BSFF (MOT(75:25),
MOT(50:50) and OT) recorded significantly higher values than MT.

Regarding the K content:

In the podzol, the OT modality had a significantly higher content than the other
modalities, between which there were no significant differences. Also, for the calcisol, the
OT modality had a significantly higher content of this element than the other modalities,
despite the fact that there were also significantly greater differences between the MOT(25:75)
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modality and the MOT(50:50) and MT modalities. As for the fluvisol, the MT modality had
a significantly lower K content than the other modalities, while the MTO(75:25) modality
had a significantly higher K content than the other modalities.

Table 2. Mean values (n = 5) for SOM, N, P, and K (expressed as K;O) in the soils, for each treatment,
at the end of the experiment, for each year.

SOM (%) N (%) P (mgkg1) K,O (mg kg 1)
Treatment
1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year
Gleyic Podzol
MT 0.36 :i: 0.05 ndb ().O3n:si:A0.01 0.02 Zli:BO.O(B 9.2 :kljcl.OS 9.0 134211b 16 L131b
MOT(75:25) 0.39b:l:BO.O9 0.57;;0.03 0.04r:1|:50.02 0.034+0005c 804+122c nd 14 :EBO.Sz 16 :EALW
MOT(50:50) 0'46beO'01 0'56;;0'04 0.03nis 0.01 0.03+0.001c 87+0.83c 12.7 16 £1.69b 17 £0.00b
MOT(25:75) 0.47:]:30.()5 O.61aiAO.02 O.O4rz1ts 0.01 0.04 ib0.00S 12.5 :]l; 3.13 18.7 154+358b 17+ 0.00b
OT 059 +£0.04 0.734+0.03 0.04£0.01 0.05 4 0.005 19.9 £2.25 25.9 99 + 13.1 36 £2.94
aB aA nsB aA a ’ aA aB
Haplic Calcisol
MT 1.28 :12: 0.05 1.39 :ki): 0.09 0.11 :kl): 0.02 011 4+ 0003c 6.7 + 047 nd 88 ::)::.44 48 :NC:B1.07
MOT(75:25) 1.32 ?}: 0.15 1.39 ?): 0.14 O.lzaib 0.01 0.11 §C0.006 734122 c nd 75 §A3.16 42 :(Ii:Bl.31
127 +£0.02 156+0.15 0.11 +0.01 0.12 4 0.001 8.1 +0.87 75 +4.77 46 +1.70
MOT(50:50) bB abA b b be 96 bA B
1.25+0.08 1.64+0.07 0.10 +0.01 0.15 + 0.013 10.7 £ 1.96 83 +6.29 50 4+ 2.94
MOT(25:75) bB aA bB aA b 14.8 bA bB
OT 1.78 :Ia: 011 1.72 j 010 0.14 :;: 0.02 015+ 0.014 a 21.9 :Ia: 241 16.6 129 a:I:A18.9 63 ﬂ;Bl.O7
Haplic Fluvisol
MT 2.01 £0.03 218+0.10 0.15+0.02 0.14 + 0.002 49.8 £ 1.55 402 203 £ 15.0 152 +2.01
cB cA ns b b ’ cA dB
2194+0.05 276+011 0.14+£0.01 0.18 4 0.005 51.7 4+ 3.99 238 £9.40. 290 +13.1
MOT(75:25) bB aA nsB aA b 239 beA aA
MOT(50:50) 2.22b:(|::B0.16 2.42;;0.08 O.lSI:II:s 0.04 017 + 0.003 a 59.8 :IID: 4.92 45.9 238b:l:A12.9 171 ;;3.13
195+0.09 248+0.13 0.1540.02 0.13 £0.007  56.3 £9.10 253 £27.8 184 + 4.62
MOT(25:75) cB bA nsA bB b 468 bA bB
OT 2.57 :: 014 254 i 0.15 0.171:12 0.01 017 4 0.026 a 70.1 :: 4.71 445 352 ::A30.2 178;532‘94

SOM—soil organic matter; N—nitrogen; P—phosphorous; K,O—potassium oxide; MT—soil fertilized with
mineral fertilizer; MOT(75:25)—soil fertilized with 75% mineral and 25% organic fertilizers; MOT(50:50)—soil
fertilized with 50% mineral and 50% organic fertilizers—MOT(25:75)—soil fertilized with 25% mineral and 75%
organic fertilizers; OT—soil fertilized with organic fertilizer; ns—not significant; nd—not detected; means in the
same column, for each type of soil, with the same small letter do not differ significantly (p < 0.05), as judged by
the Tukey test; means in the same line, for each parameter, with the same capital letter do not differ significantly
(p <£0.05), as judged by the Tukey test.

Reconciling these results with those for fresh mass production suggests that BSFF has
an increased potential for fertility resilience, particularly, in the Gleyic podzol.

When comparing the first and the second year, we can see that there was an increase in
SOM in all treatments with BSFF, probably not only due to the frass added in the previous
year, but also by the root biomass produced by the plants [11].

Overall, these results indicate that residual soil fertility, particularly SOM, N, and K,
mediated the observed yield responses, with BSFF-based treatments enhancing fertility
resilience and sustaining crop production, most notably in the nutrient-limited podzol.
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Table 3 shows the results of the soil endowments for some of the minor nutrients,
namely, Cu, Fe, Zn, and Mn, assessed after harvesting at the end of each of the two years of
the trial.

Table 3. Mean values (n = 5) for Cu, Fe, Zn and Mn, for each treatment, at the end of the experiment,
in each year.

-1 -1 -1 -1
Treatment Cu (mg kg—1) Fe (mg kg—1) Zn (mg kg=1) Mn (mg kg—1)
1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year
Gleyic Podzol
MT 224+030cB 46+038aA 42+386bB 96+823aA 10.6+1.75b 9.7 +042b 18 &+ 1.56 ns 17 £0.30d
MOT(75:25) 2.8a§C(])3.18 474+025aA 38+£321bB 63+139cA 74+029cB 9.6+033bA 18+ 0.87ns 21+ 1.03b
MOT(50:50) 29 $§.59 3‘9bic1222 42 +252bB 81 +441bA 73+032cB 86+013cA 20+543ns 19 £0.52¢
MOT(25:75) 34+0.37a 38+0.22c¢ 38 +2.95bB 87 ;]tgi.% 73+£1.05cB 9.6+0.05bA 15+ 0.55ns 24+ 0.89a
oT 23 +0.24 43+0.16 54 +12.0aB 92 +8.90aA 140 £1.95 101+028 21 +798ns 21 +1.15b
bcB abA aA aB
Haplic Calcisol
MT 29+0.13B 56 £0.14aA 68 +585abc 102 +7.06b 2.74+0.32b 3.74+0.10d 89 +654a 87 +237b
MOT(75:25) 29+0.67B 45+030bA 63 +579cB 90 +379cA 27+0.69bB 4.7 +0.03 cA 89 +128a 81 +3.54¢
MOT(50:50) 3.0+ 0.66 B 40+0.20cA 66 +597bcB 941ii'91 254+054bB 6.3 +0.05bA 65 +5.09b 70 +1.94d
MOT(25:75) 33+028B 4.6+0.15bA 73 :}:Dg.SS 127 ::A9'84 28+ 0.65bB 7.9 +0.11aA 59 +4.06b 75+1.92d
oT 29+0.14B 59+ 022aA 77 +3.40aB 105;‘23'01 42 4+0.08a 4.6+0.10c¢ 88+217a 105 £+ 2.50 a
Haplic Fluvisol
MT 3.6 £0.21 bB 7'1aib£‘18 303 +13.9 aB 38125:7'5 34+0.28 3.7+0.14e 314 +869b 324 +16.2ab
MOT(75:25) 4.0 £ 0.23 bB 59+£017 275+ 188 261 +£5.73 ¢ 3.1+0.76B 4.2+0.08 379 + 234 253 + 6.00 cB
dA abc dA aA
MOT(50:50) 69+044a 6.5+0.25¢ 262;;820.7 343 :Alob 32+092B 6.1 £0.03bA 298 +9.72b 308 +£6.35b
MOT(25:75) 6.3 +0.35a 6.8+0.15bc 252+842cB 394+258a 38+1.14B 93+029aA 297 +21.8b 298 £ 10.5b
300 + 25.3 414 +£9.79
oT 394+060bB 7.2+0.24aA 3.8 £0.96 56 +0.28¢ 322+ 352b 349+ 340a

abB aA

Cu—copper; Fe—iron; Zn—zinc; Mn—manganese; MT—soil fertilized with mineral fertilizer; MOT(75:25)—soil
fertilized with 75% mineral and 25% organic fertilizers; MOT(50:50)—soil fertilized with 50% mineral and 50%
organic fertilizers—MOT(25:75)—soil fertilized with 25% mineral and 75% organic fertilizers; OT—soil fertilized
with organic fertilizer; ns—not significant; means in the same column, for each type of soil, with the same small
letter do not differ significantly (p < 0.05), as judged by the Tukey test; means in the same line, for each element,
with the same capital letter do not differ significantly (p < 0.05), as judged by the Tukey test.

Concerning the behavior of micronutrients in the soil, there was a significant increase
in Cu, Fe, and Zn from the first to the second year. As regards the second year, although
there were significant differences between treatments, there was not a linear behavior that
could justify the use of frass in opposition of the mineral fertilizer.

However, the increase in the micronutrient concentration may be due not only to nutri-
ent cycling through vegetation but also due to the increase in soil microbial activity as it was
registered for all the soils and treatments, through the values obtained for dehydrogenase
activity (DHA) (Table 4), since DHA is strongly associated with nutrient mineralization
processes. Increased microbial respiration means the mineralization of nutrients, making
them available to plants [12,13].

The agronomic use of BSFF derived from the bio-digestion of livestock effluents may
introduce trace metals or pathogens into the soil environment. Recent studies in Longyan
(China) have shown that soil characteristics can strongly influence trace metal concentrations
in crops [14]. These observations highlight the need for long-term monitoring to assess the
risk of trace metal behavior in agricultural systems using BSFF to ensure sustainable practices.
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Table 4. Mean values for dehydrogenase activity (DHA expressed in ug TPF/g dry soil h), in each
year, in the tested soils with different treatments.

DHA (ug TPF/g Dry Soil Hour) DHA (ug TPF/g Dry Soil Hour)

Treatment In the End of the 1st Year In the End of the 2nd Year
Gleyic Podzol
MT 0.314 = 0.05b 0.478 + 0.17 ns
MOT(75:25) 0.348 + 0.05 bB 0.503 = 0.11 nsA
MOT(50:50) 0.117 + 0.06 bB 0.623 + 0.13 nsA
MOT(25:75) 0.416 &= 0.17 bB 0.756 4 0.24 nsA
oT 1.073 £0.17 a 0.743 & 0.19 ns
Haplic Calcisol
MT 4.593 + 0.45 ns 5.619 +1.01b
MOT(75:25) 4.834 + 1.88 ns 4941 £ 0.52b
MOT(50:50) 6.040 + 0.10 ns 6.095 +0.83 b
MOT(25:75) 5.775 £ 0.75 ns 5.440 £ 0.99b
oT 6.351 &+ 1.06 nsB 8.108 + 0.84 aA
Haplic Fluvisol
MT 5.146 £ 0.55 nsA 3.471 +0.31 dB
MOT(75:25) 6.754 + 0.84 nsA 5.292 + 0.59 abB
MOT(50:50) 7.357 & 1.20 nsA 4.432 + 0.46 cB
MOT(25:75) 4902 + 0.44 nsB 5.947 + 0.37 aA
oT 7.076 + 1.43 nsA 4904 + 0.41 bcB

DHA—dehydrogenase activity; MT—soil fertilized with mineral fertilizer; MOT(75:25)—soil fertilized with
75% mineral and 25% organic fertilizers; MOT(50:50)—soil fertilized with 50% mineral and 50% organic
fertilizers—MOT(25:75)—soil fertilized with 25% mineral and 75% organic fertilizers; OT—soil fertilized with
organic fertilizer; ns—not significant; means in the same column, for each type of soil, with the same small letter
do not differ significantly (p < 0.05), as judged by the Tukey test; means in the same line, for each element, with
the same capital letter do not differ significantly (p < 0.05), as judged by the Tukey test.

The levels of DHA in the different soils followed the previously observed pattern
from the first year, with significantly lower values in the podzol compared to the calcisol
and fluvisol [4], correlating with the average SOM content in each soil type [15]. This is
in accordance with the observation from Salazar et al. [16] as they state that SOM, being a
nutrient sink and source with the consequent enhancement of soil physical and chemical
properties, is an indicator of soil quality, as it promotes microbial activity. And according
to Bloriska et al. [17], there is a positive correlation between DHA and SOM content, and
practices that increase SOM, namely, organic amendments, tend to enhance DHA, whereas
SOM depletion under intensive management reduces it [18].

In the first year, significant differences among treatments (p < 0.05) were only verified
in the pots containing the podzol soil. Higher activity of this enzyme was verified when
an exclusive organic fertilization with BSFF was carried out in this soil type with 1.016
ug TPF/g dry soil h, while the other treatments showed an average 0.304 ug TPF/g dry
soil h. However, in the second year, the opposite occurred and significant differences
among treatments (p < 0.05) were registered for the calcisol and for the fluvisol, with higher
activity of this enzyme verified, respectively, for the OT modality and for the MOT, with
the proportions of 75:25 and 25:75.

Comparing both years, a significant increase on the DHA was registered for the podzol,
from the first to the second year, particularly in the mixed treatments. The opposite was
observed in the fluvisol, whereas the calcisol only showed a significant increase in DHA
for OT.

DHA plays a crucial role in biogeochemical cycles, including nutrient mineralization
and organic matter decomposition. The increase in DHA from the first to the second year,
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especially in the less fertile podzol and in mixed treatments with high proportions of BSFF,
suggests that, in such conditions, BSFF may promote a more active and resilient microbial
environment, with a positive impact on overall soil health.

4. Principal Component Analysis

The PCA biplots in Figure 1 summarize the relationships between the selected soil
chemical and biological properties, plant biomass production (both FW and DW), and the
fertilization treatments, across the three types of soil used in this experiment.

In the podzol in the first year (Figure 1A), PC1 was strongly associated with K, P, SOM,
Fe, Zn, and DHA, while PC2 was defined by FW, DW, and Cu. Considering treatment
clustering, this indicated that the modalities preceding both BSF and chemical fertiliza-
tion (MOT(75:25), MOT(50:50), MOT(25:75)), along with exclusively preceding chemical
fertilization (MT), were linked with higher yield and Cu, while the modality preceding
exclusively with BSF (OT) was linked with more soil fertility. In the second year in the same
soil (Figure 1D), PC1 was defined by most of soil chemical and biological properties, as well
as yield (mainly FW), while PC2 was mostly defined by Cu, Zn, and DW. This indicated
that the OT modality was linked with higher soil fertility and enzyme activity, resulting in
higher fresh weight. This outcome was indicative of a higher water holding capacity in the
exclusively BSF fertilization (OT) modality, due to higher SOM content. Therefore, it is safe
to assume that residual effect of fertilization was higher in this modality.

In the calcisol in the first year (Figure 1B), PC1 was driven by most of the soil charac-
teristics, except for Cu, which drove PC2. Plant biomass, especially DW, impacted both
principal components (PC1 and PC2). This finding was similar to that obtained in the
podzol, where the OT modality was mostly associated with higher soil fertility, i.e., higher
nutrient content. However, in this soil, the mixed modalities, along with the exclusively
chemical modality, were associated with higher yield, showcasing how the difference in
baseline soil fertility impacts the response to different fertilization treatments. In the second
year for the calcisol (Figure 1E), PC1 was driven by all soil and plant variables, except Zn,
while PC2 was mainly defined by Zn and Cu. The treatments separated clearly along PC1,
with OT and MOT(25:75) aligning with higher SOM, N, and DHA, indicating greater resid-
ual soil fertility and microbial activity, while the MT and MOT(75:25) modalities clustered
on the opposite side, linked with lower soil fertility. Despite this, plant biomass variables
(FW and DW) were more evenly distributed, reflecting the overall higher baseline fertility
of the calcisol, where the effect of frass on plant production was less pronounced compared
to the podzol but still detectable in terms of soil properties.

In the fluvisol, PC1 and PC2 together explained 52.2% of the variance (PC1 = 34.7%,
PC2 =17.5%), reflecting a more heterogeneous system (Figure 1C). OT was associated with
K, P, and SOM, whereas MOT(75:25), MOT(50:50), MOT(25:75), and MT overlapped consid-
erably and were linked to DW, FW, Cu, Mn, Zn, and N. The weaker treatment separation
suggests that treatment effects were less pronounced in this soil type. Nevertheless, the
general pattern persisted: OT aligned with mineral nutrients, while the other treatments
aligned with biomass and organic-related fertility variables. In the second year in the
same soil (Figure 1F), PC1 explained more than 50% of the variance and was strongly
defined by SOM, N, and DHA, while PC2 was associated with K and P. Here, OT and
MOT(25:75) treatments clustered with higher SOM, N, and microbial activity, showing the
residual effect of BSF-based fertilization even without fresh inputs, whereas MT clustered
apart with lower fertility parameters. However, as in the calcisol, plant biomass variables
showed weaker separation across treatments, reinforcing that in these more fertile soils
BSFF'’s effect persists mainly in the soil’s biological and chemical properties rather than in
biomass production.
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Figure 1. Principal component analysis (PCA) biplots showing the distribution of fertilization
treatments and selected soil and plant variables. This analysis was performed for each soil type,
podzol (A,D), calcisol (B,E), and fluvisol (C,F), and comprises data from the first year (A-C) and
the second year (D-F) of the experiment. In the biplots, ellipses (95% confidence level) were added
color-coded around fertilization treatments to visualize clustering patterns. The legend of the axes
was with the principal components (PC1 and PC2) along with the respective percentage of variance
explained. MT—soil fertilized with mineral fertilizer; MOT(75:25)—soil fertilized with 75% mineral
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and 25% organic fertilizers; MOT(50:50)—soil fertilized with 50% mineral and 50% organic
fertilizers—MOT(25:75)—soil fertilized with 25% mineral and 75% organic fertilizers; OT—soil fertil-
ized with organic fertilizer; FW—yield in fresh weight; DW—yield in dry weight; SOM—soil organic
matter; DHA—dehydrogenase. N, P, K, Cu Fe, Zn, Mn—soil macro- and micronutrients.

Across all soils, OT consistently stood apart, associated with mineral nutrients (K, P,
Fe, Zn) and SOM, while MOT(75:25), MOT(50:50), MOT(25:75), and MT clustered together
with variables linked to plant growth (FW, DW), N, Cu, and Mn. The strength of treatment
separation varied with soil type: strongest in the podzol, intermediate in the calcisol, and
weakest in the fluvisol. This indicates that the effects of treatments depended strongly on
soil properties, with mineral-nutrient-driven contrasts most pronounced in the podzol.

Comparing the two years, the overall treatment patterns remain consistent, but the
separation becomes clearer in the second year, particularly in the calcisol and fluvisol.
However, the degree of treatment separation shifted. The podzol maintained strong
mineral-driven contrasts across both years, reflecting its constrained fertility and high
responsiveness to nutrient inputs. By contrast, separation sharpened considerably in the
calcisol and fluvisol in the second year, indicating that the effects of organic and mixed
modalities intensified over time in these more fertile soils. This temporal shift suggests
cumulative improvements in soil biological fertility and nutrient-use efficiency under
organic and mixed treatments, consistent with findings that organic amendments often
require time to build up effects on soil organic matter and microbial communities [19-21].

These results align with previous studies. Mineral (inorganic) fertilization typically
increases the short-term availability of inorganic nutrients and can drive rapid gains in
aboveground biomass, but it does not necessarily increase SOM or stimulate soil biological
activity unless combined with organic inputs [19,22]. By contrast, organic and mixed
fertilization strategies (e.g., composts, manures, residue return) tend to build SOM, increase
microbial biomass and enzyme activities, and improve nutrient retention and cycling, which
are processes that commonly promote more sustained yield responses over time [20,23].
The magnitude and direction of these responses are strongly modulated by soil properties
(texture, pH, baseline fertility); nutrient-poor, acidic, or coarse-textured soils (e.g., podzols)
often exhibit sharper contrasts between mineral and organic treatments than more fertile,
fine-textured soils such as many calcisols and fluvisols [21].

PCA patterns reflect underlying soil processes that promote fertility and nutrient
dynamics under different fertilization conditions. In the podzol, the combination of organic
treatments with SOM, P, K, and DHA shows an increase in OM cycling and microbial
activation, likely due to an increased rate of nutrient mineralization and water retention
capacity in this type of low-fertility soil. In the calcisol, the mixed and mineral treatments
clustered with the productivity variables, indicating that the high basal level of nutrients
limited the additional gains provided by the organic inputs, while the amendments de-
rived from BSF acted mainly on nutrient cycling mediated by microorganisms, rather than
reflecting immediate increases in biomass. In the fluvisol, the smaller separation between
treatments suggests that inner soil fertility attenuated their effects; however, the cluster-
ing of OT with SOM and DHA points to the persistent stimulation of biological fertility.
The relationships obtained by PCA highlight the fact that the agronomic and ecological
responses to fertilization with BSFF are governed by soil-specific interactions between OM
decomposition, nutrient availability, and microbial activity.

5. Conclusions

The results are in accordance with the hypothesis that growing ryegrass on Gleyic
podzol (sandy-textured, low-fertility soils) will produce preferential returns with BSFF
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compared to more fertile soils, whether in terms of immediate green mass production or
soil residual productivity.

However, the results are also consistent with the expectation that fertilizing crops
with BSFE in a context compatible with that of this trial, points to a greater capacity
for resilience (and promotion) of soil fertility, across the broad spectrum of its current
productive potential here rehearsed.

As expected, the residual SOM content in the second year of the test was higher
in Haplic calcisol and Haplic fluvisol than in Gleyic podzol, given the competition from the
mineral colloids in those soils and did not differ markedly from that seen at the end of the
first year, while in Gleyic podzol the disproportion in its favor was considerable.
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