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Abstract. This study evaluated the fertilizing potential of different slurries from methanization of food
waste and their effect on soil microorganisms involving nematofauna and enzymatic activities. The
experiment was performed in a shade house using six treatments consisted of three slurries produced by
the biodigestions of potato peels (SP), food leftovers (SF), and mixture of potato peels and food leftovers
(SMFP); traditional fertilizing manure (Man); farmer practice using mineral fertilizer (MF); and control
(Ctrl, no amendments). Nematode abundance, trophic groups, nematodes ecological indices, and
hydrolysis of fluorescein diacetate (FDA) were measured in rizosphere samples collected from corn after
harvest. The SF and SMFP slurries increased the growth of corn to the same degree as mineral fertilizer
(MF). The biogas slurries—which consist mainly of easily degradable materials—induce a significant
increase in nematode abundance and hydrolysis of FDA. The SMFP gives the greatest increase in
nematode populations, primarily bacterivores. SP and Man slurries, which are rich in phenol, cellulose,
and lignin, increase the abundance of fungivores and decrease the growth of the corn. The slurries,
particularly SMFP, increase the abundance of omnivorous nematodes while limiting the growth of the
plant-parasitic nematodes. This work suggests a better management of organic waste for providing
nutrients and regulating soil nematofauna.
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Introduction

Senegal, like most developing countries, is experiencing a recurrent energy crisis due
to its population growth and strong dependence on mostly imported fossil fuels (Dia et
al., 2009). A significant portion of energy consumption should be derived from
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renewable sources, such as biogas, which is produced via anaerobic decomposition of
organic matter by microorganisms (Moletta, 2008). Biogas generated from organic
waste materials, such as animal manure, cow dung, whole-plant silage, and food waste
from humans and animals, is converted into electrical or thermal energy (Tambone et
al., 2010). Moreover, biogas production technology offers an effective solution for
utilizing organic waste in agricultural production. This technology generates digestate, a
mixture of solid and liquid fractions, which has been widely shown to be rich in
nutrients, making it valuable as a plant fertilizer and soil amendment (Tampio et al.,
2016; Jamison et al., 2021). After filtration, drying, or composting, the solid fraction, or
slurry, can be widely utilized as a biofertilizer for various crops (Moller and Miiller,
2012; Drosg et al., 2015; Panuccio et al., 2019).

The physicochemical quality of the slurry depends strongly on the anaerobic digester
technique and the quality of the wastes and effluents used in the anaerobic process
(Khanal, 2008; Muscolo et al., 2017). Numerous studies in both the energy and
agricultural sectors have explored the potential for biogas production using various
organic materials, including agricultural residues, poultry waste, energy crops,
municipal waste, cattle manure, and fruit and vegetable byproducts (Sormana, 1992;
Diagne et al., 2016; Koninger et al., 2021). Feedstock availability, methane yield,
microbial degradability or process stability of a feedstock and financial incentives are
factors deciding which feedstock is favoured in the biogas sector. In Senegal, few
studies have investigated the fertilizer potential of slurries from slaughterhouse waste
and cattle manure (Ndiaye, 2014; PNB, 2016). These researches have demonstrated that
digestate has excellent potential as a fertilizer, with equal or higher crop yields when
using digestate animal manure compared to synthetic fertilizers or untreated manures.
However, manure quantity and quality may vary seasonally based on livestock feeding
and housing conditions. In addition, manure may contain pathogens, parasites, or heavy
metals, posing health and environmental risks if not properly treated (Kumar et al.,
2013; Kovaci¢ et al.,, 2022; Chojnacka and Moustakas, 2024). and would have a
negative impact on crop growth (Meng et al., 2019), on soil microbial diversity (Qi et
al., 2022) and could be transferred to the fruit (Li et al., 2024a; Wang et al., 2024).
Recently, Seck (2019) showed that the opportunities for recycling organic wastes are
real in biogas digesters. The potentiality of the food wastes to produce biogas is high
compared to other biodegradable substances used in anaerobic digester (Curry and
Pillay, 2012; Kuo and Dow, 2017). This approach offers multiple advantages, including
reducing landfill waste, cutting greenhouse gas emissions, and generating renewable
energy.

University cafeterias in Senegal are a significant and highly diversified source of
organic waste from mass catering. Most of this waste is either incinerated or sent to
landfills. However, both uncontrolled incineration and untreated organic waste in
landfills can generate methane, a potent greenhouse gas (Moletta, 1993). Reusing this
organic waste should be a priority for the future to reduce its environmental impact and,
in particular, to enhance the economic benefits for the university's agricultural farm and
the surrounding small farmers. However, questions remain about the agronomic
potential of slurries derived from food waste, especially their effects on soil biota and,
consequently, soil health (van Midden et al., 2023). These changes in soil biological
properties may have both positive and negative effects on crops (Wentzel and
Joergensen, 2016; Jamison et al., 2021). The effects of slurries on biological functioning
in sandy soils remain unknown. Studying soil nematofauna may help fill this knowledge
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gap. Numerous studies have explored the potential of digestate to suppress plant-
parasitic nematodes (PPNs), which significantly harm essential crops. Laboratory
experiments have shown a reduction in root-knot nematode populations in soils treated
with digestate compared to those without digestate application (Westphal et al., 2016;
Das et al.,, 2021). The mechanisms by which organic amendments suppress PPNs
remain speculative. It has been suggested that PPN control occurs through the
stimulation of naturally occurring antagonists and alterations in the soil nematode
community structure (Min et al., 2011; Dieng et al., 2023). However, research on the
nematicidal potential of digestate is limited (Das et al., 2021). Therefore, studying the
effects of food waste slurry on specific ecological groups of nematodes is essential.

Nematodes differ in their sensitivities and responses to the application of organic
amendments (Djigal et al., 2012; Chauvin et al., 2015; Sall et al., 2020; Dieng et al.,
2023). They are considered indicators of agricultural practices as well as the structure
and functioning of soil trophic networks (Porazinska et al., 1999; Villenave et al.,
2010). Microorganisms play a key role in organic matter decomposition through the
detrital food chain, interacting with soil mesofauna (Bardgett and van Der Putten,
2014), including nematodes. Nematodes belong to microfaunal groups that influence
microbial activity and are recognized as important regulators of nutrient release
processes (Griffiths, 1994). Information about microbial activity is therefore crucial in
the sandy soils of the Senegal River Valley, where soil fertility is essential for
improving productivity. Enzyme activities are reliable indicators of soil fertility (Karaca
etal., 2011).

In this study, we used three biogas slurries and the solid fraction of digestates,
previously separated from their liquid fraction (Ndong and Labou, 2019), obtained
through the methanization of food waste from university cafeterias. The specific
objectives of our study were to: (1) analyze the biochemical composition of the slurries
and evaluate their effects on maize (Zea mays) growth, and (2) determine their impact
on the associated soil microbial communities, including nematofauna and enzymatic
activities.

Review of literature

The slurry produced after biogas production, known as anaerobic digestate, contains
residual organic matter and can be used as a fertilizer, soil conditioner and biopesticide
in agriculture. Digestate has demonstrated excellent fertilizer potential, with several
studies reporting comparable or even higher crop yields when using digestate compared
to synthetic fertilizers or undigested animal manures (Nkoa, 2014; Ehmann et al., 2018;
Barzee et al., 2019). It contained a range of nutrients readily absorbed by crops,
including nitrogen, phosphorus, potassium, and trace minerals such as calcium, copper,
iron, zinc, and manganese (Feng et al., 2011). Studies have shown that digestates
produced from organic materials, such as animal slurry, contain higher levels of mineral
nitrogen than their non-digested counterparts (Baral et al., 2017; Kumar et al., 2022).
Digestate is a heterogeneous substance in terms of its chemical composition and is
influenced by the feedstock and operational conditions of the anaerobic digester. It
might be expected that the differences in composition affect fertiliser value, as well as
built up of soil organic matter (SOM). A significant proportion of SOM consists of
living and dead microorganisms (Liang and Balser, 2011). Soil microorganisms consist
of archaea, bacteria, fungi, and protozoa, though the majority of studies investigating
the impact of digestate on soil microorganisms have focused on bacteria and fungi as
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dominant groups in terms of abundance and biomass. The focus on these two microbial
groups is largely because they are considered the largest functional groups responsible
for nutrient cycling in soil (van Midden, 2023). The application of digestates to soils
rapidly stimulates microbial activity (Risberg et al., 2017; Meng et al., 2022).
Alburquerque et al. (2012) and Risberg et al. (2017) both reported significant
differences in the effects of digestate on microbial activity due to the digestate feedstock
type. Digestates containing a greater amount of readily available carbon resulted in
increased levels of soil enzyme activities (Makadi et al., 2007). Phenolic compounds,
polycyclic aromatic hydrocarbons and other substances contained also in anaerobic
fermentation byproducts negatively affected soil enzyme activity (Chen et al., 2012).

Very few studies have looked at how anaerobic digestate impacts soil meso-
organisms, particularly nematodes (van Midden et al., 2023). Numerous studies have
explored the use of digestate for suppressing plant-parasitic nematodes (PPNs), which
are known to cause significant damage to essential crops. Attributing the effects of
digestate applications to changes in whole ecological groups of nematodes is
challenging due to the limited number of studies conducted on this topic (Westphal et
al.,, 2016; Wang, 2019) and their large diversity, which include both free-living
nematodes (FLNs) and plant-parasitic nematodes. The majority of soil nematodes are
the FLNs, which are important beneficial to soil health and to plant growth (Djigal et
al., 2012). They play a vital role in carbon and nutrient cycling. Several studies have
reported that changes in FLN communities can depend on the decomposition pathways
or biochemical quality of organic matter added to soil (Chauvin et al., 2015; Bongiorno
et al., 2019). Various nematode ecology indices, which are calculated based on the
classification of nematodes into functional guilds, are efficient tools for assessing soil
fertility, degradation pathways, and food web structure and function (Bongers and
Ferris, 1999; Ferris, 2010). A few studies have demonstrated that nematode
communities can reflect changes in the soil environment after biogas slurry application
(Mahran et al., 2009; Li et al., 2024b). Mahran et al. (2009) found that the bacterial
pathway was dominant as biogas slurry was added to soil.

Some studies have suggested that organic residues increase microbial activity, such
as enzyme activity, enhance trophic interactions within the soil food web, and promote
the abundance of higher trophic groups (Sanchez-Moreno et al., 2009; Chauvin et al.,
2015; Sall et al., 2020). These changes may, in turn, facilitate the regulation of plant-
parasitic nematodes (PPNs) through predation by antagonistic microflora (Oka, 2010;
Ferris et al., 2012). The microbial responses and the ecological succession of nematodes
are influenced by the characteristics of the organic residues applied (Oka, 2010;
Chauvin, 2015; Dieng et al., 2023). However, this relation is not clearly defined when
digestates are used particularly in Senegal River Valley’s sandy soil. Sandy soils are
well known to have very little resilience and to be very sensitive to agro-climatic stress.
Free-living nematodes thrive in well-aerated conditions, whereas plant-parasitic
nematodes may struggle in dry environments (Bongers and Ferry, 1999; van den
Hoogen et al., 2019). These soils are also typically low in organic matter and nutrients
(Blanchart et al., 2007) which can limit microbial populations and indirectly affect
nematodes that feed on bacteria and fungi.
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Materials and methods

This study was conducted on the agricultural farm of Senegal’s Universite Gaston
Berger (UGB) de Saint-Louis, located in Sanar (16°03’N, 16°25’W), in the Department
of Saint-Louis. Methanization was carried out in an artisanal batch-type digester, which
had been assembled in one of the university’s laboratories (Fig. 1). The resulting
digestate was filtered to separate the solid and liquid phases. The solid phase was dried
in the shade for a week, then stored in cold storage until analysis and use. The liquid
phase was not used.
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Figure 1. Schematic graph of the artisanal batch-type digestor

Biological materials

Slurries from three types of food waste were used: potato peels (SP), food leftovers
(SF), and a mixture of food leftovers and potato peels (SMFP). The composition of the
biogas produced during the methanization of these materials was as follows: SP (35—
40%), SF (7-8%), and SMFP (49-51%), according to Ndong and Labou (2019). A
fourth slurry was produced classically from cow manure.

Maize (Zea mays) was used as a test plant to evaluate the effects of the different
slurries on growth and production. It serves as a model crop for studying soil fertility
and the effects of various fertilizers (organic and inorganic) on the university farm.
Maize is widely used due to its economic importance, adaptability, and biological
characteristics. The seeds used in this study were harvested from the university farm.

Biochemical characterization of the organic wastes

Contents of polyphenols and humic compounds were determined at the UGB’s
Laboratory of LABAAM (Laboratoire des Sciences Biologiques, Agronomiques,
Alimentaires et de Modélisation des Systéemes Complexes). All other biochemical and
physicochemical analyses were done at LNRERV-ISRA (Laboratoire National de
[’Elevage et de Recherches Vétérinaires).

Biochemical compounds of the organic residues were determined by the method of
Van Soest (1991): Hemicellulose, cellulose and lignin were analysed as acid detergent
fibre (ADF) and acid detergent lignin (ADL).
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The potential quantity of stable humus was estimated according to Robin (1997). The
relation between the C content that remains in a soil after amendment (Tr), and the
different organic fractions and inorganic fraction (Ash) in the amendment, is given by
the Equation 1:

TR= (0.3221*SOL) - (0.7155*HEM) + (0.6717*CEL) + (E0.0)
(1.8919*LIG) + (0.0271*Ash) a-

where Tr is expressed as a percentage of the carbon content of the amendment’s dry
matter, and SOL, HEM, CEL, LIG and Ash are expressed in percentages of dry matter.
For example, a Tr of 30 means that 30% of the C that was present in the amendment
was stabilized (humified) after application, and 70% was lost as CO2 due to soil
mineralisation (Robin, 1997).

Total phenol content was extracted according to the method described by Li et al.
(2006) and quantified using the Folin-Ciocalteu method, as reported by Boizot and
Charpentier (2006). Gallic acid was used as a standard for analysis. Total phenol
content is expressed in mg equivalent of gallic acid per gram of dry weight (mg Eq
GA/g d.w.).

Experimental design

A completely randomized block design (application of six fertilising treatments to
maize, with three repetitions) was implemented in the greenhouse of the University’s
agricultural farm. For each treatment (and for each of its replications), a separate 10-L
bucket was filled 2/3 full with dampened soil (approximately 15 kg). The soil used, was
a composite sample taken from the 0-20 horizon in a plot that had been left fallow for
five years after producing a crop of pepper (Capsicum annum). Organic C and N
content, total P, assimilable P, CEC, clay, silt and sand contents were, respectively,
1.83 g C kg dw soil, 0.16 g N kg* dw soil, 34.9 mg kg™ dw soil, 4.88 mg kg* dw
soil, 1.4 meq %, 3.3%, 3% and 93,5% (Sall et al., 2020).

Fertilisation was the only factor that was studied. One of the treatments (Ctrl) was an
absolute control (no amendments). A second treatment (MF) was a positive control
consisting of the local farmers’ practice of applying type 9-23-30 NPK mineral fertilizer
at 200 kg/ha. The third treatment (Man) was traditional fertilization with 10 t/ha of cow
manure. The remaining three treatments were biogas slurries from (a) the digestion of
potato peels (SP), (b) food leftovers (SF), and (c) a mixture of food leftovers and potato
peels (SMFP). All residues were applied at a rate equivalent to 10 t/ha. This
corresponds to supply sufficient rate that would produce maximum soil benefits from
the added organic matter in west Africa cropland (Bationo et al., 2007).

The residues and fertilizers were mixed into the soils of the respective buckets one
week before planting the maize crop (Zea Mays).

During the experiment, the buckets were irrigated every two days with 250 mL of
water per plant. Three months and ten days after planting, the plants were removed from
the buckets. The roots and above-ground parts were separated, oven-dried at 70°C for
72 hours, and weighed to determine leaf and root biomass.

Visual examination revealed no root galls indicative of infestation by Meloidogyne
nematodes. Soil from each bucket was sampled using a transplanter from the root zone
(0-20 cm depth) and placed in bags for nematode extraction and vials for enzyme
activity measurement.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4541-4562.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_45414562
© 2025, ALOKI Kft., Budapest, Hungary



Sall et al.: Biogas slurry for sustainable plant productivity and soil quality
- 4547 -

Analyses
Abundance and trophic structure of the nematodes

Nematodes were extracted from soil via the Seinhorst elutriator method (1962).
Briefly, a 250 g sample of soil (fresh weight) from each bucket was subjected to the
method’s three phases: elutriation, sifting, and active passage (in which nematodes were
separated from soil based on their mobility). The total nematodes were counted under a
40x binocular magnifier (Leica, Leica microsystems, Wetzlar-Germany). The
nematodes were then fixed with 60 °C formaldehyde (4%; pH 7) under a fume hood.
About 150 nematodes were identified by examining mass slides under a 400x optical
microscope (Leica, Leica microsystems, Wetzlar-Germany) to genus or family level and
then assigned to the five trophic groups following Yeates et al. (1993): bacterivores
(Ba), fungivores (Fu), omnivores (Om), carnivores (Cr), and plant-parasitic nematodes
(PPN). The results were expressed as (number of nematodes)/ (kg of dry soil).

Ecological indices

To assess food web characteristics, the Shannon Index (H’), Nematode Channel
Ratio (NCR), Enrichment Index (EI), and Structure Index (SI) were calculated
following the method of Ferris et al. (2001). These indices are derived independently
based on the weighted abundance of nematode guilds. Nematode guilds comprise
bacterivores (Bax), fungivores (Fux), predators (Prx), and omnivores (Omx) ranging
along the c-p scale from x = 1 to x = 5. Nematodes of c-p 1 have a short life cycle, high
fecundity, are tolerant to disturbance, and can be ascribed to r-strategists. In contrast,
nematodes of c-p 5 produce few large eggs, have a long-life cycle combined with a long
generation time, and are sensitive to disturbance resembling K-strategists. Values
ranging from 1 to 5 represent varying degrees between these contrasting life history
strategies (Neher and Darby, 2009). Plant feeders are excluded from this system
because their response to nutrient addition differs (Bongers and Ferris, 1999). The
relative abundance of these guilds indicates specific soil conditions and food web
characteristics, including enrichment levels, disturbance, and complexity.

Shannon index (H’)

H' = — Yi_,pi *log(pi), (Eq.2)

with i: a given taxon; pi: taxon i’s proportional abundance (= ni/N); ni: number of
individuals of the taxon i in the sample; N: the total number total of individuals for all
the taxa of nematodes in the sample.

Nematode Channel Ration (NCR)

B

NCR =
B+F

(Eq.3)

where,
B= Abundance of bacterivore nematodes,
F= Abundance of fungivore nematodes.
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Enrichment Index (EI)

EI = 100 « ( ¢ b) (Eq.4)

e+

where,

e = the weighted abundance of individuals in the guilds Bal and Fu2 (respectively, the
bacterivores of class c-p 1 and the fungivores of class c-p 2). e represents components
of the nematofauna that are indicative of resource enrichment;

b = the weighted abundance of individuals in the guilds Ba2 et Fu2 (bacterivores of
class c-p 2 and fungivores of class c-p 2, respectively). b represents components of the
nematofauna that are indicative of basal food web functioning.

Structure Index (SI)

s1=100 + ( ° b) (Eq.5)

s+

where,

s = the weighted abundance of individuals belonging to guilds Ba3, Ba4, Ba5
(respectively, bacterivores of classes c-p 3, 4, and 5); Fu3, Fu4, and Fu5 (respectively,
fungivores of classes c-p 3, 4, and 5); Ca3, Ca4, and Ca5 (predators c-p 3, 4, and 5,
respectively); and Om4 and Om5 (omnivores of classes c-p 4 and 5, respectively).
These guilds of nematodes represent a ‘structured’ trophic network;

b = the weighted abundance of individuals in the guilds Ba2 and Fu2 (respectively,
bacterivores of classes c-p 2 and fungivores of class c-p 2).

Measurement of enzymatic activities

The hydrolysis of fluorescein di-acetate (FDA) was measured according to the
method of Adam and Duncan (2001). Briefly, 1 g of fresh soil was incubated at 30 °C
for one hour in 15 ml of universal buffer that had been modified to pH 7.6, and to which
200 pl of FDA substrate had been added. The reaction was then stopped by adding 1 ml
of acetone, after which the optical abundance at 490 nm was measured via
spectrophotometry. The hydrolysis of FDA was expressed in pg fluorescein g soil h.

Statistical analysis

Analyses of variance (ANOVA) were performed using R (version 4.0.2, R
Foundation for Statistical Computing, Vienna, Austria). A p-value of <0.05 was
considered statistically significant by using Tukey’s test for comparison of means. A
logarithmic transformation was performed with data that did not follow a normal
distribution and/or respect for homoscedasticity. The same software was used for a
Principal-Component Analysis (PCA) of the enzymatic activities and trophic groups.

Results
Biochemical qualities of the slurries

The biochemical compositions of the slurries differed according their nature
(Table 1). All of the slurries had higher soluble fractions (> 60% dry weight) compared
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to the manure (43.8% dry weight). However, the manure had higher Ash (25.49%) and
cellulose (17.63%) contents than slurries (respectively 3.31 and 4.74%). SP slurry had
the highest lignin content (17.07%) and humus potential (Tr = 50.7% of C). Manure had
the second-highest value (Tr = 31.41% of C). Table 1 showed that the total polyphenol
content was higher in the SP slurry (0.46 mg Eq GA/g d.w.), followed by manure (0.32
mg Eq GA/g d.w.). Phenol contents were the same in the SMFP and SF slurries (0.17
mg Eq GA/g d.w.).

Table 1. Biochemical compositions of the slurries from methanization of the initial materials

Ash SOLU HEMI CELL LIGN Tr Phenols
% of dry matter| %ofc | MICd GA /g dry
matter
SP* 9.85 63.44 6.33 3.31 17.07 50.70 0.46
SF 5.36 63.37 22.22 4.49 4.56 16.30 0.17
SMFP | 3.13 62.02 26.57 4.74 3.55 10.94 0.17
Man | 25.49 43.86 7.62 17.63 5.39 3141 0.32

*SP: slurry from potato peels; SF: slurry from food leftovers; SMFP: slurry from mixture of food
leftovers and potato peels; Man: slurry from cow manure; Ash: inorganic part of each material; SOLU:
soluble fraction; HEMI: hemicellulose fraction; CELL: cellulose fraction; LIGN: lignin fraction; Tr:
stable-humus potential

Agro-morphological parameters
Plant lant heights (PH) did not differ significantly between amended soils, whereas
the absolute control (Ctrl, = no fertilization) soil showed the lowest values (Table 2).

Table 2. Mean agro-morphological parameters of maize plants (Zea mays) grown in soils
that received the six treatments

Treatments* PH (cm) NL LB (9) RB (9)
Ctrl 153.67 b 16a 31.44 b 11.97b

MF 251.47 a 16a 69.84 a 2451a

SP 220.30 a 13a 41.14 b 13.40b

SF 237.75a 15a 62.86 a 27.38 a
SMFP 242.60 a 15a 63.62 a 25.45a
Man 226.90 a 15a 4512 b 12.35b

* Ctrl: Absolute control (no fertilization), MF: mineral-fertilized control, SP: slurry from potato peels,
SF: slurry from food leftovers, SMFP: slurry from mixture of food leftovers and potato peels, Man:
manure. PH=height at harvest, LB= leaves biomass, RB=root biomass; NL=number of leaves. Within a
given column, values that are labelled with different letters are significantly different (p < 0.05)

LB and RB showed the same trend. MF, SF, and SMFP presented the highest values
(69.84 g, 62.86 g, and 63.62 g for LB, and 24.51 g, 27.38 g, and 25.45 g for RB,
respectively) but were not significantly different from each other. The Ctrl, SP, and
Man treatments showed the lowest values and were also not significantly different from
each other.
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Nematode population abundances, trophic structures, taxonomic diversity, and
ecological indices

For the six treatments, abundances of nematode varied from 3033 to 14620
individuals/kg of dry soil (Fig. 2). The abundance of nematodes between the treatments
SP (9453 individuals/kg of dry soil), SF (11073 individuals/kg of dry soil), and SMFP
(14260 individuals/kg of dry soil) were not significantly different. Total abundance in
the Ctrl (3033 individuals/kg of dry soil) was significantly lower (p = 0.00149)
compared to these three treatments. Abundance of nematodes for treatments MF and
Man were not significantly different to the Ctrl (Fig. 2).

16000
14000 -
12000 ~ ab
10000 -
8000 1

6000 -
be be

Number of individuals / kg of dry seil

4000 ~

2000 ~

0 -
Ctil MF SP SF SMFP Man

Treatments

Figure 2. Total abundance of nematodes for each treatment. Ctrl: Absolute control (no
fertilization), MF: mineral-fertilized, SP: slurry from potato peels, SF: slurry from food
leftovers, SMFP: slurry from mixture of food leftovers and potato peels, Man: manure.
*Treatments whose bars are labelled with the same letter are not significantly different from
each other according to ANOVA (p < 0.05, with Tukey’s test)

In all six treatments, predator nematodes were completely absent, and bacterivore
nematodes dominated followed by omnivore nematodes (Fig. 3). Compared to other
trophic groups, the abundance of bacterivores in the soils amended with slurries is
remarkable. Treatment SMFP gave the highest bacterivore abundance (11294
individuals/ kg of dry soil), compared to the Ctrl (1525 individuals/ kg of dry soil).
These organic treatments increased bacterivore abundances by 74%, 54%, and 42%
respectively. Total abundance of bacterivores in SF and SP were respectively 8301 and
6538 individuals/ kg of dry soil (Fig. 3).

Abundances of plant parasitic nematodes were significantly higher in MF treatment
(1460 individuals/ kg of dry soil) compared to SP and SMFP treatments. In contrast,
omnivore abundance was significantly lower in the MF treatment and higher in the SP
and SMFP treatments.

Abundances of fungivore nematodes were relatively low in all treatments. The
highest abundance was in SP (213 individuals/ kg of dry soil).

Within the set of 18 soil samples, 33 taxa of nematodes belonging to 10 families,
were identified (Table 3). The bacterivores were the most diverse with 16 taxa. The
bacterivore taxon with the largest populations were Acrobeloides and Chiloplacus. The
Acrobeloides taxon was significantly more abundant in soil amended with SP.
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Omnivores were the second most diverse trophic group, with 8 taxa. The majority of the
omnivorous nematodes belonged to the taxa Eudorylaimus and Qudsianematidae.
Populations of Eudorylaimus were significantly highest in soils amended with slurries.
Plant-parasitic nematodes were represented by the taxa Pratylenchus, Paratylenchus,
Tylenchidae, Helicotylenchus and Tylenchorhynchus. It noteworthy that
Helicotylenchus and Tylenchorhynchus were absent in soils that were amended with
slurries.

Bacterivores Fungivores
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> 100
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@ , m N .
g Ctrl  MF SF SMFP Man Ctrl SF SMFP Man
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5 3000 a 1500 a
@ 2500 abe 1400
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= 1000
Z 1500 800
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1000
s 400 3D I I
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0 0 .
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Figure 3. Trophic structures of the nematode populations for each treatment. Ctrl: Absolute
control (no fertilization), MF: mineral-fertilized, SP: slurry from potato peels, SF: slurry from
food leftovers, SMFP: slurry from mixture of food leftovers and potato peels, Man: manure. *

Treatments whose bars are labelled with the same letter are not significantly different from

each other according to ANOVA (p < 0.05, with Tukey'’s test)

Analyses of the ecological indices found no significant differences for the Shannon
indices (H), the nematode channel ratio (NCR), and the enrichment index (EI) of the
six treatments. However, the differences between structural indices (SI1) for SMFP
(25.04), Man (9.23), and MF (15.64) were significant.

Activity of fluorescein diacetate (FDA)

Hydrolysis of FDA differed among the treatments (Fig. 4). All four organic
amendments (SP, SF, and SMFP, and Man) increased the FDA. In particular, activities
were significantly higher in the SMFP and Man amended soils (respectively, 20.93 and
20.81 g fluorescein g-* soil h-1) than in the two controls (12.43 pg fluorescein g-! soil
h-1 for Ctrl, and 11.72 g-! soil h-}for MF). However, there was no significant difference
between activities of manure- and slurry-fertilized soils.
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Table 3. Taxa, functional guilds, and ecological guilds of nematodes, for each treatment

Functional guilds Taxa Treatments
Ctrl MF SP SF SMFP Man
Macrolaimus Oe 78 +67 ¢ 128+175 a 99+171 b Oe 53191 d
Bal Mesorhabditus 15+26 d Oe 218+378 a 163+282 a 97+106 ¢ Oe
Panagrocephalus Ob 20+35 a 19433 a Ob Ob 0b
Acrobeloides 0f 332+£104 ¢ 2113+335a 523 +£583 ¢ 1415+773 b 350 +200d
Cephalobus 3835 f 114466 ¢ 436+169 b 106494 d 1308+124 a 84+37 ¢
Heterocephalobus of 73+ 64 d 82+142 ¢ 139+240 b 159+158 a 18+30e
Cervidellus 15426 20+35 56198 0 0 0
Metacrobeles 0 40+70 113+196 0 0 35+61
Ba2 Acrobeles 59+103 b 110496 ab 413+362 ab 396+514 ab 11924694 a 312+298 ab
Chiloplacus 1137+175 ab 1161+228 ab 1268+467 ab 495743884 ab 5639+260 a 515+243 b
Monhystera Ob Ob 27447 a 0b 0b 0b
Stegelleta 0od 0d od 377653 a 198+173 b 18+£30 ¢
Alirhabditis 0od 0d 4461678 a 98+169 ¢ 349+156 b 0d
Zeldia 2244219 a 174+165 a 1219+456 a 1364+659 a 9374409 a 677+559 a
Ba3 Rhabdolaimus 15426 a O0a O0a 40+69 a O0a Oa
Ba4 Bathyodontus 23+39 ¢ 40+£70 b 0d 40+69 b 0d 49+53 a
Aphelenchus 30+52 b 0d 19432 ¢ 43+38 a 0d od
Fu2 Aphelenchoides 0d 0d 54+94 a 33+56 b 27445 ¢ od
Ditylenchus 15426 b Oc Oc Oc Oc 123+110 a
Fu4 Tylencholaimus Oc Oc 140+176 a Oc 19432 b Oc
H2 Tylenchidae 85+111 a 86+101 a 38+33 a 43+38 a 35+61 a 18+30 a
Paratylenchus 53491 a 20+£35 a O0a 24+41 a Oa Oa
Pratylenchus 231+275 ab 1284+ 831 a 56+98 b 459+456 ab 1944213 ab 445+163 ab
H3 Helicotylenchus O0a 33+57 a O0a Oa Oa 14+24 a
Tylenchorhynchus 0Ob 37+65 a Ob 0b 0b 0b
Labronema 30+£52 b 20+£35 ¢ 0d od 62+55 a od
oma Qudsiadnematidae 895+148 a 370+69 a 2210+£289 a 1614+372 a 2137271 a 1501+185 a
Eudorylaimus 1425+377 be 7241277 ¢ 3784+226 a 37924440 a 3076+459 ab 2555+386 abc
Dorylaimus 0b 49+29 b 997+140 a 668+120 ab 644+88 ab 42+24 b
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Functional guilds Taxa Treatments
Ctrl MF SP SF SMFP Man
Aporcelaimus 27160 b of 82+47 d 71+41 e 322+105 a 158+91 ¢
oms Aporcelaimellus Oc Oc 82+47 b Oc Oc 105+61 a
Thonus 399+62 a 529+104 a 671+151 a 368+ 155 a 1333+331 a 1389+298 a
Ecumenicus 68+118 b Oc Oc Oc 126+111 a Oc
H’ 094 a 0.82a 0.90a 0.98a 0.8la 0.87 a
Ecological indices NCR 0.98a 0.94a 0.97a 0.99a 0.99a 0.95a
El 0.58 a 144 a 0.03a 2.18a 0.21a 0.73a
Sl 23.85 ab 15.64 b 5.69 ab 58.01 ab 25.04 a 9.23b

*Ctrl: Absolute control (no fertilization), MF: mineral-fertilized control, SP: slurry from potato peels, SF: slurry from food leftovers, SMFP: slurry from mixture of
food leftovers and potato peels, Man: manure. H (Shannon Index), EI (Enrichment Index), SI (Structure Index), and ClI (Channel Index). Ecological Index Ba =
bacterial feeders, Fu = fungal feeders, Om = omnivorous, subscript numbers indicate the corresponding c-p classification. Subscript numbers refer to the related c-p-
classification of nematodes (see text for details). Within a given line, values that are followed by the same letter are not significantly different from each other

according to the ANOVA test, with Tukey’s test, with p < 0.5
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Figure 4. Activity of fluorescein diacetate (FDA) for each treatment. Ctrl: Absolute control (no
fertilization), MF: mineral-fertilized, SP: slurry from potato peels, SF: slurry from food
leftovers, SMFP: slurry from mixture of food leftovers and potato peels, Man: manure. *

Treatments whose bars are labelled with the same letter are not significantly different from
each other according to ANOVA (p < 0.05, with Tukey's test)

Relationships between agro-morphological parameters, trophic groups, and the FDA

The principal component analysis (PCA) of these results showed that 84.04% of the
total information is extracted by the first two PCA dimensions (Fig. 5). Dimensions 1
and 2 explain, respectively, 46.0% and 37.95% of the variance. Dimension 1 is
positively correlated with the variables Fungivores (r = 0.86), Omnivores (r = 0.90) and

FDA (r = 0.63).
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..................................
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Figure 5. Principal components analysis (PCA). 5A: circle of correlation among variables; 5B:
distribution of treatments. Ctrl: Absolute control (no fertilization), MF: mineral-fertilized, SP:
slurry from potato peels, SF: slurry from food leftovers, SMFP: slurry from mixture of food
leftovers and potato peels, Man: manure. PH=height at harvest, LB= leaves biomass, RB=root
biomass; NL=number of leaves

In addition, dimension 1 is negatively correlated with the variables Plant Parasitic
nematodes (r = - 0.92) and NL (r = - 0.88). The variables correlated positively with
dimension 2 are Bacterivores (r = 0.78), LB (r = 0.88), RB (r = 0.88), and PH (r = 0.86).
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These results indicate that MF treatment increased the NL, while the SF and SMFP
slurries stimulated PH, as well as RB and LB. The treatments SF and SMFP resulted in
high abundances of Bacterivore nematodes, which are much less abundant in the
unfertilized (Ctrl) treatment. By contrast, the SP treatment led to a high abundance of
Omnivore and Fungivore nematodes, and high FDA hydrolysis (Fig. 5). Plant-parasitic
nematodes are lower in SP and higher in MF treatment.

Discussion
Effects of slurry on plant growth

SF, SMFP, and MF treatments produced the best results for maize growth. However,
the differences in plant growth among these three treatments were not significant. These
results, which are consistent with those obtained by Losak et al. (2011) and Sogn et al.
(2018), can be explained by the partial mineralization of organic material during
biomethanization, which makes essential nutrients available for plant growth.

Several contradictory studies have reported either a positive effect of digestates on
root growth (Gunnarsson et al., 2010) or a negative effect (Andruschkewitsch et al.,
2013).

Wentzel and Joergensen (2016) found no difference in root biomass when using
digestate compared to mineral fertilizer. In fact, slurries contain high fractions of
soluble material, which contribute to high FDA hydrolysis activity, releasing essential
nutrients such as N, P, and K. Tan et al. (2021), using urease activity as an indicator,
also observed an increase in enzymatic activity and the availability of these nutrients
after digestate application. In this way, slurries stimulated plant growth, as well as root
and leaf biomass accumulation. This is supported by the high content of readily
available nutrients for plants (Moller and Miiller, 2012). Additionally, Tambone and
Adani (2017) showed that the nitrogen mineralization rate in digestate is very similar to
that of mineral fertilizer (Urea).

However, treatments with SP and Man, which also had high fractions of soluble
material, resulted in the lowest growth parameter values. This result could be explained
by the high polyphenol content in SP and Man, which may partially complex nutritive
substances, specifically ammonium nitrogen (NH4"-N), known to be abundant in
digestates (Jamison et al., 2021). Indeed, polyphenol compounds can reduce the
accessibility of soluble carbohydrates and proteins, thereby limiting nitrogen
availability (Sall et al., 2003). This possibility is supported in our study by the highest
stable humus potential (Tr) observed for SP and Man, indicating the presence of more
complex molecular structures.

Effects of slurry on abundances and trophic structure of the nematodes

In this experiment, the nematodes in the control soil are present in an abundance
relatively comparable to the global trends found in the literature (Villenave et al., 2010;
Van den Hoogen et al., 2019). The abundances of nematodes are significantly increased
by the three slurries (SP, SF, and SMFP). This result could be explained by their high
organic matter (OM) content, which serves as a source of carbon and nutrients for
nematodes. Li et al. (2011) note that food waste is an important source of fermentable
OM. Therefore, slurries resulting from the methanization of food waste (such as those in
this study) provide abundant organic carbon for nematodes, which are able to reproduce
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in any environment that supplies these substances (Bongers and Ferris, 1999; Tabarant
et al., 2011). Abundances of nematodes were not significantly different between the
three slurries that had substantially the same OM contents. In addition, all three slurries
favoured the proliferation of bacterivore nematodes, to the detriment of fungivores. The
presence of bacterivores appeared to be positively correlated with hydrolysis of FDA,
which indicates a high level of bacterial activity in the soil. Therefore, the correlation
noted here, which was also reported by Chauvin et al. (2015) and Djigal et al. (2012),
suggests that the application of organic slurries induces a high bacterial activity along
with an increase in bacterivore abundance.

This result was also confirmed by Mahran et al. (2009) who found that the bacterial
pathway was dominant as biogas slurry was added to soil. Moreover, the structural
nature of the OM affects the trophic makeup of the nematode populations. For example,
fungivores were more abundant in soils amended with SP and Man. These two slurries
have the highest stable-humus potentials (Tr) because they also have the highest
contents of lignin, cellulose, and phenols. These biochemical compounds induce a high
fungal activity (Sall et al., 2003) and therefore increase the fungivore populations
(Chauvin et al., 2015; Sall et al., 2020).

At the same time, SP-amended soils induced smaller populations of plant-parasitic
nematodes compared to the controls, both with and without mineral fertilization. This
may be attributable to the high polyphenol content in SP, whose nematicidal effects on
plant-parasitic nematodes have been demonstrated by several authors (Duponnois et al.,
2001; Sall et al., 2020).

An additional important effect of amendment with slurries was the significant
increase in the higher trophic levels Om4 (Qudsianematidae, Eudorylaimus, and
Dorylaimus) and Om5 (Thonus). Thus, as observed in other studies, a regulatory effect
called “top-down” appears in environments influenced by the addition of organic waste.
The populations of nematodes belonging to lower trophic levels (microbivores)
decreased, while the populations of higher trophic levels (omnivores) increased (Ferris
and Bongers, 2006; Sall et al., 2020). Li et al. (2024b) found that the decrease in plant-
parasitic nematodes (PPNs) could not be attributed to the top-down effect within the soil
food web but rather to the toxic effects of biogas slurry, although they did not observe
differences in the Structure Index (SI). In our study, we found significant differences in
SI, mainly driven by the abundance of omnivores. This indicates that the biogas slurry
(SMFP) added to the soil induced a more complex soil food web compared to other
treatments

Conclusion

The objective of this study was to characterize the slurries resulting from the
methanization of kitchen waste and to evaluate their fertilizing potential in sandy
Senegalese soil. The mixture of food leftovers and potato peels (SMFP) demonstrated a
high potential for providing nutrients for plant growth and microbial activity. In
addition, the slurries increased the abundance of free-living nematodes while reducing
the abundance of plant-parasitic nematodes, thereby contributing to the establishment of
a ‘top-down’ regulatory effect that helps maintain the balance of the trophic structure.

This study presents a new approach to recycling organic waste from university
cafeterias for agricultural use as an alternative to inorganic fertilization. It also suggests
new directions for research and development.
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