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Abstract

Fermented forest litter (FFL) is a biofertilizer obtained by anaerobic fermentation of forest
litter combined with agricultural by-products. Its production involves an initial one-month
solid-state fermentation of oak litter mixed with whey, molasses and wheat bran, followed
by a one-week submerged fermentation-called the “activation” phase-during which the
solid FFL is fermented with sugarcane molasses diluted in water. This study aimed to
evaluate the effects storage duration (6, 18 and 30 months), and temperature (ambient and
29 °C) on the activation phase. For this purpose, pH, sugar consumption and metabolite
production dynamics were monitored. Under all experimental conditions, the pH dropped
to values close to 3.5, sucrose was rapidly hydrolyzed, and glucose was preferentially
consumed over fructose. Fructose was metabolized only after glucose was depleted,
suggesting the involvement of fructophilic microorganisms. The time-course evolution of
lactic acid (LA) concentration was adequately fitted by the Gompertz model (R? > 0.970).
The highest LApax concentration (6.30 g/L) and production rate (2.16 g/L-d) were obtained
with FFL stored for 6 months. Acetic acid (AA) and ethanol were also detected reaching
maxima values of 1.19 g/L and 0.96 g/L, respectively. Their profiles varied depending
on the experimental conditions. Notably, the AA /LA ratio increased with the age of the
FFL. Overall, sugar consumption and metabolite production were significantly slower at
ambient temperature, than at 29 °C. These results contribute to a better understanding of
the metabolic dynamics during FFL activation and highlight key parameters that should be
considered to optimize future biofertilizer production processes.

Keywords: biofertilizer; forest litter; fermentation; fructophilic microorganisms; lactic acid;
LAB; Gompertz model; storage time; temperature

1. Introduction

The combined increase in population and the decline in soil fertility have led to an
exponential expansion of conventional agricultural practices including mechanization,
monoculture, and the systematic use of pesticides and mineral fertilizers. However, this
agricultural model has shown its limitations [1], generating growing interest in alternative
and sustainable solutions [2]. These approaches highlight the crucial role of microor-
ganisms in implementing effective strategies for crop and livestock production within
a closed-loop circular economy [3]. Microbial biomass can be produced by enrichment
from the indigenous microflora of raw materials, or from strains selected by fermentation
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bioprocesses [4-6]. In addition to improving crop productivity, organic biofertilizers pro-
duced through anaerobic processes offer several advantages, including low-cost technology,
the use of renewable resources, and improved of soil structure [6]. Furthermore, they can
help mitigate the adverse effects of chemical fertilization and contribute to the reduction in
global warming impacts [6].

A specific example of this type of biofertilizer is that produced from forest litter com-
bined with local agricultural by-products such as wheat or rice bran, whey, and sugarcane
or beet molasses. This technique, now commonly practiced in Latin America and some
Southeast Asian countries, is gaining increasing interest in Europe [7,8]. The artisanal
preparation of this biofertilizer involves a two-step process, both carried out under anoxic
conditions. First, a one-month solid-state fermentation produces a solid matrix called
fermented forest litter (FFL). This solid FFL can then be stored at ambient temperature or
in a cold room for several months. Subsequently, a small portion of this FFL is mixed with
sugary substrates and water to produce a liquid biofertilizer, also called “activated” FFL
(aFFL), which is then used in agriculture [8].

Few studies have been conducted on the microbiology, biochemistry, and physico-
chemical properties of FFL [9-12]. Physicochemical analyses revealed a substantial decrease
in pH (below 4), an increase in electrical conductivity (from 1238 to 2876 uS/cm and from
2219 to 2876 uS/cm), and a decrease in the C/N ratio (from 18.24 to 15.43 and from
17.11 to 15.10), depending on the forest litter mix used [9]. Gas chromatography analyses of
the culture headspace revealed the presence of volatile organic compounds such as ethanol
and ethyl acetate, suggesting yeasts metabolic activity [10,11]. Furthermore, metabarcoding
analyses confirmed the presence of yeasts from the genera Saccharomyces and Clavispora,
as well as lactic acid bacteria (LAB), both homofermentative (e.g., Lactococcus) and het-
erofermentative (e.g., Leuconostoc and Lentilactobacillus) [10]. The LAB were predominant
(84%) but some proteobacteria (9%) were also detected [10]. LAB are likely responsible for
the decrease in FFL pH due to the production of LA and possibly other organic acids [10].
Another recent study, conducted in Senegal with locally produced FFL, demonstrated the
potential of this type of biofertilizer for tomato growth [12]. These authors also showed
the abundance of Firmicutes—that include LAB-, Bacilli, x-proteobacteria (e.g., species from
Burkholderiales and Caulobacteriales), as well as some fungal species [10,12]. Some aerobic
bacteria from the Acetobacter genera were also found [10,12].

LA can be produced from agricultural by-products, including liquid wastes rich in
sugar, oil, starch, lignocellulosic and dairy [13-15]. Among the latter, whey, used for the
production of FFL, plays a key role as a source of both LAB and lactose, and constitutes
a suitable substrate for the production of LA [16,17]. LAB have demonstrated significant
potential in agriculture by regulating soil organic matter and nutrient cycling, as well
as by detoxifying harmful compounds [18]. Certain strains of Lactobacillus have shown
potential as biocontrol agents against bacterial plant pathogens, such as species of the genera
Xanthomonas and Pseudomonas [19]. Specifically, goat whey proteins have been shown to
exhibit antibacterial activity against pathogens such as Listeria, Salmonella, Staphylococcus,
and Pseudomonas species [20]. Furthermore, LA has been reported to enhance enzymatic
activity and bacterial diversity in soils [21].

The present study aimed to characterize the activation phase (submerged culture),
focusing on two specific points raised by farmers: (i) the storage time of the FFL solid matrix,
and (ii) the incubation temperature during the activation process. For these conditions,
the dynamics of pH, sugar consumption, and the production of acids and ethanol were
monitored over a 7-day fermentation period. Furthermore, an attempt was made to model
the production of both LA and AA in a complex medium, with an undefined microbiome
and without biomass concentration data.
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2. Materials and Methods
2.1. Experimental Conditions

The FFL used in this study was obtained from a previously established fermenta-
tion process, in which white oak (Quercus alba) leaf litter (collected from Sainte-Baume
forest, Provence, France) was mixed with molasses, wheat bran, and goat whey, and incu-
bated in hermetically sealed plastic jars for one month at room temperature, as previously
described [9]. The FFL was then stored at 4 °C, before use for the activation process.

The aFFL was prepared by mixing 25 g of solid FFL and 25 g of sugarcane molasses
(Partner & Co., Guérande, France) with 950 mL of distilled water. The mixture was
transferred into a 1 L glass jar, sealed tightly, and incubated under anaerobiosis at 29 °C in a
controlled environment chamber or at ambient temperature. Four experimental conditions
were tested by duplicate (Table 1).

Table 1. Experimental conditions for aFFL fermentation (for 1 L).

6-Month FFL  18-Month FFL  30-Month FFL Temp.
Run o
(g) (g (g) °O
1 25 - - 29
2 - 25 - 29
3 - - 25 29
4 25 - - Amb. !

1 Ambient temperature comprised between 15 °C and 25 °C.

2.2. Analytical Methods
2.2.1. pH Measurement

The pHyater was determined by diluting 1 mL of aFFL in 25 mL of deionized water.
The pH was measured using a pH meter (Hanna Instruments HI2020-02, Lingolsheim,
France). Measurements were performed in duplicate, and the average value was reported.

2.2.2. Quantification of Sugars Consumed and Acids and Ethanol Produced

Samples were collected once a day, and prepared by mixing 1 mL of aFFL in 2 mL
of distilled water, followed by a vigorous agitation for 10 min. Molasses sample was
adequately diluted before analysis. For solid FFL samples, one g of samples was suspended
in 25 mL of deionized water. The resulting suspensions were centrifuged at 14,000 rpm
for 5 min (Eppendorf Centrifuge 5804, Schonenbuch, Switzerland). The supernatant of
each sample was then diluted (1:10) and stored at —20 °C until analysis. High-performance
liquid chromatography (HPLC) was performed using an Agilent 1200 system (Hewlett
Packard, Palo Alto, CA, USA) equipped with a 20 uL injection loop and a refractive index
detector (RID G1362A, Agilent, Hewlett Packard, Palo Alto, CA, USA). Separation was
achieved using an Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad, Hercules, CA,
USA) under the following conditions: mobile phase of 8 mM sulfuric acid, flow rate of
0.6 mL/min, and column temperature maintained at 50 °C, as previously described [10].
Sucrose, glucose, fructose, as well as LA, AA, and ethanol were identified by comparing
their retention times with those of pure standards. Concentrations (g/L) were calculated
using calibration curves. For FFL and molasses samples, results are expressed as g/kg (wet
matter basis).
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2.3. Sugar Conversion Yields

For each experiment, the dynamics of sugar consumption was monitored, and the
conversion yields of total sugars into LA or AA were calculated as follow:

_ [LAJf —[LA}i

YLA/S = —Si — Sf (@)
_ [AA]f — [AA]i

YAA/S = —Si — Sf 2)

where

Yrass and Yaass (g/g) represent the conversion yields of sugars into LA and
AA, respectively.

[LA];, [AA]f and [LAJ;, [AA]; refer to the final and initial concentrations (g/L) LA and
AA, respectively.

S; and S¢ represent the initial and final total sugar concentrations (g/L).

Moreover, a molar ratio y = [AA]/[LA] was calculated, as indicator of metabolism
orientation [22].

2.4. Mathematical Model

Typically, LA production by a pure strain of LAB cultivated on a simple substrate is
described by the Luedeking-Piret model, which accounts for both growth-associated and
non-growth-associated production [23-25], as shown in Equation (3).

d[LA]  dX

Ty +BX 3

However, since the non-growth-associated constant 3, is much smaller than o [21,23],
the second term of Equation (3) is usually neglected [20]. In the present study, we aimed
to describe LA production by an undefined microbial community grown on a complex
medium. Due to the presence of solid particles originating from forest litter and wheat bran
in the FFL, biomass concentration (X) could not be accurately determined and a growth-
based model [26] could not be used. Therefore, a Gompertz model (4) was employed, as
it has been shown to provide a better fit than other models for describing LA production
on defined medium [25], or on complex substrates such as vegetable juice [27] or during
solid-state fermentation of Brassica campestris [28]. A similar model was also applied to AA
production and is discussed herein.

P = myexp(—maexp(—kt)) 4)

where:
P is the LA or AA produced (g/L)
mj, my, k are fitting parameters
t is the time (d)
For each acid, the maximum productivity (Vmax, g/L.d) is calculated as follows:

Vinax = 0.368m1k (5)
The corresponding time of maximum acid productivity (topt, d) is given by:

Lnm
topt = Tz (6)

Moreover, m; can be assimilated to a virtual maximum acid production (Pmax, g/L).
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2.5. Result Analysis

The Gompertz model was adapted by our team to run it with KaleidaGraph 4.5.2
(Synergy Software). The same program was used to create figures.

3. Results and Discussion
3.1. Biochemical Composition of Substrates

Sugarcane molasses and FFLs were analyzed by HPLC, and their compositions are
presented in Table 2.

Table 2. Composition of FFLs and molasses used for aFFL production. Values (in g/kg) are the
average of two biological replicates, measured in duplicate.

Substrates 6-Month FFL 18-Month FFL  30-Month FFL Molasses

Glucose 0.846 + 0.04 0.645 + 0.02 0.734 + 0.05 24.8 + 0.63
Fructose ! 3.72 +0.21 427 +0.18 4.24 + 0.26 36.7 + 0.97
Sucrose ! - - - 293.0 4+ 2.59
Lactic acid 2.38 +0.16 2.83 +0.42 4.08 + 0.38 -

Acetic acid 5.73 4+ 0.44 6.05 + 0.39 9.89 + 0.57 -

! FFL samples may contain residual fructose and/or galactose, and sucrose and /or lactose that cannot be separated
by HPLC.

Sugarcane molasses was found to contain predominantly sucrose, along with lower
levels of glucose and fructose-resulting from sucrose hydrolysis-for a total sugar content
of 355 g/kg. The relatively low glucose concentration may be attributed to a partial
consumption by microorganisms with high tolerance to low water activity. As the overall
sugar concentration values are expressed on a wet matter basis, they are lower that common
values usually admitted (between 400 g/kg and 500 g/kg). In this work, if sucrose would
be expressed on a dry matter basis, it would reach 407 g/kg.

FFLs, regardless of their age, did not contain sucrose. However, they contained trace
amounts of residual monosaccharides, mainly fructose ranging from 3.72 to 4.27 g/kg.
Whatever the age of the FFL, AA concentrations were higher than LA concentrations. Both
increased with FFLs time storage, likely due to the continuation of the fermentation process,
although slowly, during storage at 4 °C. This hypothesis is supported by the results reported
by Miché et al. for 1-month FFL prepared in the same way [10]. Indeed, these authors
reported higher concentrations of residual sucrose/lactose, glucose and fructose/galactose
(129.1; 35.0 and 48.2 g/kg, respectively) as well as lower concentrations of lactic and acetic
acids (14.6 and 0 g/kg, respectively) [10].

3.2. Typical Time Course of Sugar Consumption and Acid Production During an Activation Run

As shown in Figure 1, sucrose was rapidly hydrolyzed within the first three days.
Subsequently, its dissimilation rate significantly decreased. Glucose, a product of sucrose
hydrolysis, initially accumulated in the medium before being rapidly consumed, reaching
near-zero levels by day 3. Upon its appearance in the medium, glucose is immediately
utilized. In contrast, fructose accumulated and began to be consumed only after glucose
was depleted.

This behavior can be attributed to the microbial composition of FFL. Previous studies
have reported a high abundance of LAB in FFL [10,11], including Lactobacillus and Pedio-
coccus species, which are also capable of fermenting fructose [29-31]. In addition, FFL has
been shown to contain significant populations of yeasts, particularly of the Saccharomyces
genus [10,12], which are also able to consume both glucose and fructose, though they
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generally prefer glucose [32]. However, this preference may vary depending on the strain
and environmental conditions [33,34].

--®--5ucrose —o—Lactic acid

. -m— Glucose - -H-- Acetic acid

—— Fructose

Sugars (g/L)
(/6) spiov

Time (d)

Figure 1. Time-course profiles of sugar consumption and acid production during the activation of the
18-month FFL (dashed lines represent the measured values, and solid line represents the model).

Both LA and AA exhibited similar production profiles, reaching maximum concentra-
tions of 5.16 g/L and 0.82 g/L, respectively, at the end of the experiment (Figure 1). These
dynamics are characteristic of growth-associated metabolites. Moreover, LA production is
well known to be growth-associated under anoxic conditions [27,35].

Under anaerobic conditions, AA can be produced by heterolactic bacteria [19], cer-
tain Clostridium species [36], or yeasts such as Brettanomyces/Dekkera [37] or Saccharomyces
genius [38]. However, recent studies on FFL have reported the presence of heterolactic
bacteria such as Leuconostoc species [10], while also ruling out the presence of Clostridium
under strict anaerobic conditions [11]. Therefore, it is reasonable to hypothesize that the
observed AA was mainly produced by heterofermentative LAB. This hypothesis is further
supported by the similarity in the time profiles of LA and AA.

3.3. pH Evolution

Regardless of the conditions, the pH of the medium decreased over time, reaching
final values between 3.5 and 3.7 (Figure 2).

These acidic conditions, well below the optimal pH range for Lactobacillus species
(typically between 6.0 and 7.0), are known to significantly impair microbial growth, LA
production, and overall productivity [25,26,35].

Similar pH profiles were observed for the three different FFL ages tested. However,
experiments conducted at ambient temperatures noticeably exhibited longer lag phase com-
pared to those carried out under controlled or optimal temperature conditions. This slower
acidification rate, along with the prolonged lag phase, can be attributed to suboptimal
temperatures for microbial activity, as both mesophilic yeasts and LAB generally exhibit
optimal growth between 30 °C [35] and 37 °C [27,28]; even though some it can reach up to
44 °C for some strains [13].
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Figure 2. pH evolution during FFL activation.

3.4. Impact of FFL Storage Time and Temperature on Sucrose Consumption

The time-course dynamics of sucrose consumption are presented in Figure 3. Except for
the experiment conducted at ambient temperature, sucrose was almost entirely consumed
after 7 days, with only approximately less than 1 g/L remaining in the medium. This
residual concentration may be linked to the low pH (~3.6), which is known to potentially
inhibit LAB activity [25,35].

8
g\ ——6- month FFL
s

AN L -=— 18-month FFL

. =4 — 30-month FFL

.
NNy ==-0==6-month FFL Amb. Temp.

Sucrose (g/L)

Time (d)
Figure 3. Sucrose consumption during FFL activation.

The experiment using 6-month FFL showed a significantly faster sucrose consumption
during the first 4 days, suggesting a higher initial metabolic activity. The run performed at

ambient temperature exhibited a linear consumption pattern, with a sucrose degradation
rate estimated at 0.745 g/L-d.

3.5. Impact of FFL Storage Time and Temperature on LA Production

For all experimental runs, LA production over time was accurately described by the
Gompertz model, with correlation coefficients exceeding 0.977 (Figure 4, Table 3). Similar
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to pH evolution and sugar consumption, LA productivity (Vmax) was strongly influenced
by the storage time of the FFL: the more recent the FFL solid matrix, the higher the Viax.
Values ranged from 1.06 to 2.16 g/L-d (or 54.4 to 90.0 mg/L-h), respectively. The time at
which maximum productivity occurred (topt) also decreased with the freshness of the FFL
material, as shown in Table 3. In all cases, LAyax decreased with the age of the FFL, and was
lower than concentrations reported to be inhibitory for its production by pure cultures [35].
The lower LAnax values obtained with older FFL suggest that overall metabolic activities
are slowed down by prolonged storage, probably due to microbial death, and/or changes
in microbial community composition, as already observed for dynamics of yeasts and
bacteria in kombucha beverage stored for several weeks, for example [39].

7 -

—e—6-month FFL

6 [ -m— 18-month FFL
[ —— 30-month FFL
-=-0=-6-month FFL Amb. Temp.

Lactic acid (g/L)

Time (d)

Figure 4. Experimental data (symbols) and predicted Gompertz model (lines) for LA production
during FFL activation.

Table 3. Kinetic parameters for LA production calculated with the Gompertz model.

LAmax Vmax tOpt

RZ
Run (g/L) (g/L-d) )
1 6.30 2.16 2.35 0.995
2 5.50 1.46 2.51 0.977
3 4.54 1.30 2.96 0.989
4 nd * 1.06 7.22 0.992

*nd: not determined.

Temperature controlled at 29 °C—close to the optimal growth temperature of LAB-led
to a marked improvement in LA productivity, in agreement with previous findings on
Lactobacillus pure cultures [35,40].

The LA productivities, ranging from 1.06 to 2.16 g/L-d (i.e., 0.044 to 0.090 g/L-h)
remained significantly lower than those reported for pure Lactobacillus strains grown under
optimal conditions (including agitation and pH regulation), which typically range from
1.0g/L-h to 1.45 g/L-h [25,35,41], and even 5.41 g/L-h for a strain of L. Rhamnosus grown
on apple pomace [42] or 4.37 g/L-h for a Bacillus strain [43] grown on glucose.
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3.6. Impact of FFL Storage Time and Temperature on AA Production

Different models were applied to fit the experimental data of AA production (Figure 5).
Data of the 6-, 18- and 30-month FFLs were well described by the Gompertz model. The ex-
periment run with 6-month FFL at ambient temperature exhibited a linear profile (Table 4).

1.2
—e— G6-month FFL
-m— 18-month FFL -
- = L
1 —a— 30-month FFL )=
==0==6-month FFL Amb. Temp. .;/ &
”
0.8

Acetic acid (g/L)
(=]
(=]

=
-9

0.2

Figure 5. Experimental data (symbols) and predicted Gompertz or linear model (lines) for AA
production during FFL activation.

Table 4. Kinetic parameters for AA production calculated with the Gompertz model.

AAmax Vimax t01:7t

R 2
un (g/L) (g/L-d) d) R
1 0.83 0.128 2.66 0.976
2 091 0.205 2.87 0.973
3 1.19 0.218 2.54 0.978
41 - 0.0211 - 0.928

! Fur run 4 (6-month FFL at ambient temperature), experimental data are fitted with a linear regression.

Interestingly, a clear inverse relationship was observed between LA and AA maximal
concentrations: LApax decreased, and AApmax increased with increasing FFL age. This sug-
gests a shift in the microbial community composition during storage, possibly reflecting an
enrichment in heterolactic bacteria at the expense of homolactic ones. Some Saccharomyces
strains are also able to produce AA up to 1 g/L [38].

Heterolactic fermentation of glucose typically yields LA, AA, ethanol, and CO, [14,20,43].
Under anoxic conditions, CO, production during FFL fermentation has been estimated at
approximately 2 mL/day for 10 g of solid substrate [11], which corresponds to roughly
68 mg of CO; per liter of activated FFL after 7 days. Compared to the amounts of LA, AA
or ethanol produced in equimolar proportions [23,43], the CO, contribution is negligible.

3.7. Impact of FFL Storage Time and Temperature on Ethanol Production

Ethanol production over time did not follow a consistent trend across the four experi-
mental conditions (Figure 6). A growth-like pattern was recorded for the run conducted at
ambient temperature or oldest FFL, reaching a maximum of 0.97 g/L on day 5 and 0.82 g/L
on day 7, respectively.

https:/ /doi.org/10.3390/ fermentation12010052
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_ —e—6-month FFL
-=— 18-month FFL ) |
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-=0==6-month FFL Amb.Temp. '/ |

09 -

Ethanol (g/L)

0.2 i ) LR W O TR VAR TR ) A o T TR RAY T TR PUS TRAR, S T |

Time (d)
Figure 6. Ethanol production profiles during FFL activation.
The experiments performed with 6-month and 18-month FFLs exhibited low ethanol

production, which may be attributed to the dominance of homolactic bacteria in
these matrices.

3.8. Conversion Yields: Indicators of Metabolic Diversity

The conversion yields of sugars into metabolic end-products offer valuable insight
into the functional diversity of the microbial communities involved under the different
experimental conditions (Table 5).

Table 5. Yields of sucrose conversion into LA, AA and ethanol.

Run Yiass Yaars Y YEton/s
(g/g) (g/g) (g/g) (g/g)
1 0.88 0.036 0.040 0.083
2 0.70 0.042 0.060 0.084
3 0.56 0.062 0.110 0.100
4 0.83 0.015 0.018 0.020

For the 6- and 18-month-old FFLs, high LA yields, combined with consistently low
Yaa,s and Ygiop/s, indicate a predominance of homofermentative LA bacteria [43,44]. In
the case of the 30-month-old FFL, the divergence between AA and ethanol yields suggests a
mixed population, with the likely coexistence of homofermentative and heterofermentative
LAB as well as ethanol-producing yeasts.

When comparing the experiment conducted at ambient temperature with the one
at 29 °C (runs 1 and 4), no difference in LA yield was observed. However, AA yield
decreased while ethanol yield increased under ambient temperatures. This suggests that
temperature variation influenced the dominant microbial populations and their metabolic
routes, favoring organisms with ethanol-producing capabilities at lower temperatures.

Importantly, the LA yield obtained with the 6-month-old FFL is close to the theo-
retical value of 1 g/g reported for lactose or sucrose conversion by homofermentative
LAB [20,29,41], further supporting the dominance of homofermentative pathways in these
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conditions. In contrast, with the oldest FFL, this yield decreased markedly, reaching values
close to the theoretical value of 0.5 g/g reported for heterofermentative LAB [43].

4. Conclusions

This study assessed the influence of various experimental conditions on the activation
dynamics of FFL, with a view to its potential use in the production of biofertilizers. This
led to the following conclusions: solid FFL can be stored at 4 °C for extended periods-up to
at least 30 months-without losing its ability to be (re)activated. However, longer storage
times resulted in a prolonged lag phase, reduced LA productivity, and an increased in
AA/LA ratio during the activation phase, suggesting a change in the microbial community
structure over time. Maintaining a temperature of 29 °C enhanced LA productivity without
altering its final concentration. In contrast, experiments conducted at ambient temperature
(15-25 °C) exhibited linear profiles for pH, sugar consumption, and AA production, due to
suboptimal conditions for microbial growth. During the activation phase, the hydrolysis
of sucrose initially led to the accumulation of glucose and fructose. Glucose was con-
sumed first, while fructose continued to accumulate until glucose depletion triggered its
dissimilation—suggesting the presence of fructophilic microorganisms. LA production
was well described by the Gompertz model under all tested conditions. In contrast, AA
production followed different kinetics, and the Gompertz model proved relevant only for
experiments conducted at controlled temperature (29 °C), indicating the involvement of
diverse metabolic pathways [13]. Ethanol was also detected as a final product of fermenta-
tion. Its final concentration increased with FFL age, although its production did not follow
a consistent kinetic model pattern, reflecting a greater microbial and metabolic diversity.

These results contribute to a better understanding of the metabolic dynamics occur-
ring during FFL activation and highlight key parameters that should be considered for
optimizing future biofertilizer production processes. In particular, it is recommended that
users avoid prolonged storage of FFL and perform the activation process at temperatures
of approximately 30 °C.
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Abbreviations

The following abbreviations are used in this manuscript:

FFL Fermented forest litter

aFFL Activated fermented forest litter

LAB Lactic acid bacteria

LA Lactic acid

AA Acetic acid

Y AA/LA ratio

EtOH Ethanol

miy, my, k  Fitting parameters of the Gompertz model
Vimax Maximum productivity for each run

topt Time of maximum productivity

S Sucrose

Y Conversion yield of sucrose into product
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