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Abstract: In a field experiment, composted coffee waste (CW) was used as soil amendment at three
different rates (2%, 4%, and 8%) in plots cultivated with wheat; the effects on the soil nematode
community and plant growth were studied. By sampling twice, i.e., three and six months after
the application of treatments (3MAA and 6MAA), the duration of these effects was also evaluated.
Treatment using composted coffee waste (CW) led to an increased abundance of all soil nematodes,
especially of bacterivores and fungivores, probably via a bottom-up effect of CW on the soil com-
munity. The most-affected genera were the enrichment opportunists Panagrolaimus and Rhabditis,
which increased after CW addition in a dosage-dependent way at 3MAA, while at 6MAA they were
replaced by general opportunists, mainly bacterivorous and fungivorous genera; a nematotoxic effect
of CW was also observed in the 6MAA condition. The nematode indices and the metabolic footprint
indicated an enriched and vigorous soil three months after CW addition and a lower enrichment
status of the soil together with a higher fungal participation in the decomposition pathway six
months after treatments. However, in the 6 MAA condition, the soil nutrient values were higher in
the CW-treated plots. None of our treatments inhibited or enhanced plant growth.

Keywords: feeding groups; organic amendment; free-living nematodes; nematode indices; soil
food-web; spent coffee grounds

1. Introduction

The disposal of coffee waste (CW) predominantly involves its placement in trash,
ultimately leading to its presence in landfills or its introduction into the sewage system,
resulting in the direct release of residues into water bodies [1]. The International Coffee
Organization estimated global coffee consumption for 2021/22 to be 175.6 million bags
(1 bag equals 60 kg), indicating a 4.2% increase from the 2020/21 figure of 168.5 million
bags [2]. Notably, a substantial portion of this waste, approximately 6 million tons annually,
originates primarily from coffee shops and domestic production [3].

While there is a considerable volume of organic waste subjected to recycling, disposal
rates remain elevated. Therefore, exploring methods to decrease these rates is deemed
highly valuable [4]. The interest in utilizing CW has surged in recent years due to its rich
content of organic compounds such as fatty acids, lignin, cellulose, hemicellulose, and other
polysaccharides [5]. Research has been conducted on its potential use for enhancing soil
quality and crop yield [6–8]. In terms of CW quantities for soil amendment, comparable
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amounts to manures and other organic amendments (up to 10 t ha−1) have been employed
in open-field conditions [9,10]. Conversely, greenhouse experiments have involved higher
application quantities (700 t ha−1) [11–17].

Concerning the quality of the integrated material, even small amounts of composted
CW have been found to enhance essential plant growth nutrients (Mg, Mn, K, and Na). In
contrast, the application of fresh CW has been reported to decrease crop yield [18]. Fresh
CW application might limit plant growth, due to some kind of toxicity effect [10,17] caused
by polyphenols [19], tannin, and caffeine (CFN) [20] or due to the stimulation of microbial
growth and consequent competition for soil nitrogen between soil microorganisms and
plant roots [21]. However, the problem of plant growth inhibition may be solved by
applying lower doses of CW [13], by using composted CW [22], or by mixing CW with
other products like wheat straw (high lignocellulosic biomass) [23] or inorganic fertilizers
before the application [17].

Most of the above-mentioned experiments aimed to address the effect of CW on
crop yield and on the physical and chemical variables of the soil. Also, there are two
studies outlining the nematicidal properties against root-knot nematodes of the polyphenol
components of either the whole coffee grounds [24] or of coffee silverskin, a by-product of
the coffee roasting process [25]. The effects on the soil community and their alterations over
time have been largely neglected [21]. There are only two studies linking soil microbial
properties with CW application [6,26].

Soil nematodes have been characterized as soil health and quality indicators. They
occur at multiple levels of the soil food web; therefore, the study of their community, in
terms of trophic types and life strategies, offers a better insight into the structure of the
food web and, hence, the nutritional profile of the soil. Additionally, nematological indices
further illuminate the successional stage of communities, reflecting soil enrichment and
the extent of fungal involvement in decomposition pathways. These indices also serve
as indicators of nematodes with high longevity, substantial body size, and heightened
sensitivity to environmental disruptions, providing a comprehensive understanding of
ecosystem dynamics as Du Preez et al. [27] suggested. Nevertheless, to our knowledge,
there is no research on the effects of CW on the whole community of soil nematodes, except
the one that was conducted by our research team [28]; briefly, in a pot experiment, fresh
CW was used and a significant increase in the beneficial free-living nematode genera was
observed after fresh CW application and a reduced abundance of the plant parasitic ones.

In the present study, the results of a new experiment that took place in open-field con-
ditions were presented, where composted CW was used as a soil amendment at different
rates. Our aim was to investigate the alterations of the soil nematode community induced
by CW application at two time intervals (three and six months after the application). The ne-
matode community was studied in terms of trophic structure, nematode indices, metabolic
footprints, genera composition, and diversity. To complete the evaluation of composted
CW as a soil amendment, estimations of the crop plant growth were also conducted.

2. Materials and Methods
2.1. Coffee Waste Composting

Coffee waste was collected from various coffee shops in the Thessaloniki region in
Greece and put in 5 m3 containers with air circulation, where it was wettened regularly
with water for 6 months until it had an earthy odor, brown to brownish-black color, and
soil-like texture. The containers had a strainer at the bottom from which excess water
could drain.

2.2. Experimental Field Area

The experimental site is part of the experimental farm of Staramaki SCE and is situ-
ated within the Kilkis region of Greece, precisely located at coordinates 40◦58′47′′ N and
22◦51′00′′ E. The topographical elevation of the broader vicinity spans an altitude range of
100 to 300 m above sea level, and the soil was characterized as loam. Detailed climatic data,
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including average temperature and total rainfall for the duration of the experiment, are
provided in Table S2. This information was obtained from MeteoSearch, an online platform
that provides data from the network of automatic meteorological stations of the National
Observatory of Athens [29].

2.3. Experimental Design and Sampling

The composted CW was applied to the soil, through surface tillage using a disc harrow,
at three different rates (2% w/v (2%); 4% w/v (4%); and 8% w/v (8%)). The concentrations
were calculated by considering the soil volume of the first 10 cm, which is the tilling depth,
and applying the respective amount of CW expressed as grams of CW per liter of soil. The
resulting concentrations were 2 kg/m2 for 2%, 4 kg/m2 for 4%, and 8 kg/m2 for 8%. Each
treatment was applied to five replicate 6 m × 6 m plots randomly interspersed within an
experimental field cultivated with wheat (Triticum aestivum L.). Control plots were also
included in the experimental design [0% w/v (Ctrl)]. Buffer zones of 4 m were maintained
between the plots. Treatments took place one month prior to the sowing of wheat. The
choice of a one-month interval between soil treatment and wheat sowing was based on
previous findings indicating an increase in organic C, total N, and available P in the soil
following coffee waste (CW) application [11] and to mitigate any potential phytotoxic
effects of CW.

Two soil samplings were conducted: the first occurred three months after application
of treatments (3MAA), when the plants were at an early stage of development (Zadoks scale:
GS 10–19), and the second occurred six months after application (6MAA), when the plants
had reached full maturity (Zadoks scale: GS 80–89). From every replicate plot, five soil
samples were taken at random from the upper 15 cm of the soil layer with a core sampler
of 3 cm diameter. These samples were mixed together to generate one composite sample.
Thus, a total of forty composite soil samples were collected (4 treatments × 5 replicate
plots × 2 samplings).

In order to assess the effect of treatments on the growth of wheat plants, the dry,
above-ground plant biomass was estimated once, immediately after the second sampling.
For this purpose, the above ground parts of all plants were cropped and weighed, within
1 m2 of each replicate plot. Moreover, at this point, soil samples were taken from all plots
for estimation of physicochemical parameters (pH, EC, OM%, N%, P, and K).

2.4. Laboratory Methods
2.4.1. Chemical Analysis of Composted Coffee Waste and Soil Samples

Following the completion of the digestion period, a chemical analysis of the coffee
waste (CW) was conducted, and the findings are outlined in Table 1. The CW underwent a
drying process by being placed in an oven at 75 ◦C for 48 h. Subsequently, it was transferred
to porcelain bowls and subjected to incineration in a furnace at 515 ◦C for a duration of
5 h. The resulting ash was dissolved using 3 mL of HCl 6 N and then diluted with distilled
water until reaching a final volume of 50 mL. The concentrations of total Ca, P, Cu, Zn, K,
Mg, Mn, and Na were determined through the ICP method, while total N was assessed
using the Kjeldahl method. Total C was determined by placing 2 g of composted CW in
105 ◦C for 24 h (CWdry) to dry and then placing it at 550 ◦C (CWash). The Total C percentage
was then taken using the following equation:

Total C (%) = 100 × (CWdry − CWash)/CWdry. (1)

The soil samples were mechanically crumbled, air-dried, sieved using a 2 mm sieve,
and prepared for soil-texture assessment using the Bouyoucos method [30]. Measurements
also included total nitrogen determined via the Kjeldahl method, available phosphorus
assessed according to the Olsen method [31], exchangeable potassium determined using
ammonium acetate at pH = 7.0 [32], organic matter (OM%) evaluated using potassium
dichromate, pH measured using the saturation paste method, and electrical conductivity
(EC) measured in the water extract of saturated soil.
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Table 1. Chemical analysis of the composted coffee waste (means ± SE, for all cases n = 5).

Variable Variable

pH 7.20 ± 0.9 Mg (mg/g) 1.60 ± 0.1
C (%) 45.00 ± 2.1 Ca (mg/g) 2.00 ± 0.2
N (%) 2.98 ± 0.2 Na (mg/g) 0.80 ± 0.0
C/N 15.10 ± 1.1 Mn (ppm) 0.06 ± 0.0

K (mg/g) 3.80 ± 0.4 Cu (ppm) 0.03 ± 0.0
P (mg/g) 11.10 ± 1.9 Zn (ppm) 0.02 ± 0.0

2.4.2. Nematode Extraction and Identification

Nematodes were harvested from 150 mL of each soil sample, having undergone prior
treatment involving manual soil aggregate breakup. The extraction process adhered to
Cobb’s sieving and decanting method, with a modification introduced by S’Jacob and
van Bezooijen [33], which incorporated a cotton wool filter in the final step. Subsequent
to nematode counting, preservation was carried out using 4% formaldehyde. Following
this, 100 nematodes were randomly selected from each sample and identified at the genus
level using Bongers’ [34] identification key. The nematode genera were then categorized
based on trophic classifications according to Yeates et al. [35]. The classification along the
colonization-persistence gradient (c–p values) followed the criteria outlined by Bongers [36]
and Bongers and Bongers [37]. Concerning nematode functional indices, the Maturity
Index (MI) for free-living nematodes and the Plant Parasitic Index (PPI) for plant-feeding
nematodes were ascertained. These indices indicate the successional stage of communities,
as per Bongers [36]. The calculations for the Enrichment Index (EI), Channel Index (CI), and
Structure Index (SI) were performed using the weighted faunal analysis proposed by Ferris
et al. [38]. EI and CI reflect soil enrichment and the degree of fungal involvement in the
decomposition pathway, respectively. Meanwhile, SI serves as an indicator of nematodes
with high longevity, body size, and disruption sensitivity. The metabolic footprint (MF),
indicating carbon utilization by nematodes, was calculated based on Ferris [39], repre-
senting the sum of lifetime carbon gained and partitioned into growth, egg production,
and respiration. The MF is expressed in standardized carbon units per gram of dry soil.
The NINJA (Nematode Indicator Joint Analysis) online platform [40] was utilized for the
computation of nematode indices and the metabolic footprint.

2.5. Statistical Analyses

To determine the effect of time and different CW doses, on the community of soil
nematodes, a repeated-measures ANOVA was applied to the total nematode abundance,
trophic group abundances, nematode indices, and metabolic footprint. The dispersion
index based on Taylor [41] (Table S3) was also calculated in order to ensure a more reliable
soil nematode analysis and also to detect a possible spatial differentiation [42]. When statis-
tically significant effects were found, post hoc analyses (Fisher LSD test) were performed.
In the case of wheat above-ground biomass, in order to test differences due to treatment, a
one-way ANOVA was used. Before conducting the analyses, we appropriately transformed
the data, if necessary, to fulfill the assumptions of the ANOVA.

To evaluate nematode community diversity, the diversity-ordering approach devel-
oped by Patil and Taillie [43] was applied, which relies on Renyi’s index [44]. Renyi’s
parametric index with order alpha demonstrates varying sensitivity to both rare and abun-
dant species within a community, depending on the value of the scale parameter alpha [45].
This method provides a comprehensive diversity profile for each community, with specific
diversity indices corresponding to different alpha values. When alpha equals 0, the index
represents the species count; for alpha equal to 1, it mirrors Shannon’s index, and for alpha
equal to 2, it corresponds to Simpson’s index. When alpha tends towards infinity, the index
becomes highly responsive to the abundant species within the community. Consequently,
disparities in diversity profiles at lower alpha values primarily reflect differences in species
numbers, while distinctions at higher alpha values are driven by variations in the presence
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of abundant species. When diversity profiles intersect, it indicates that the two commu-
nities may be ranked differently according to different diversity indices. In our research,
nematode genera were substituted for species in this analysis.

To study changes in the genera composition of communities, nonmetric multidimen-
sional scaling (NMDS) was used, where a Bray–Curtis distance similarity matrix was
calculated based on the pairwise taxonomic profiles of 40 soil samples and used to generate
NMDS coordinates of each sample. The shorter the distance linking two samples the higher
the similarity between them.

For the repeated-measures ANOVA, and one-way ANOVA, STATISTICA 9 for win-
dows (StatSoft, Tulsa, OK, USA) was used. Additionally, NMDS analysis, and diversity
ordering were performed using Past 3.17 [46].

3. Results

The above-ground biomass of wheat plants after different CW applications is presented
in Figure 1. No significant differences were detected either among the different CW
treatments or between them and the control.
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Figure 1. Mean dry biomass of wheat (gr/m2) that was recorded six months after the application
(6MAA) of composted coffee waste (CW) at different rates (2%, 4%, and 8%). The result of the
one-way ANOVA is indicated on the graph (ns: non-significant; for all cases n = 5).

The total nematode abundance as well as the abundance of nematode trophic groups
under different treatments at 3MAA and 6MAA are presented in Figure 2, while the per-
centage contribution of each trophic group to the total community is presented in Figure S1.
Bacterial feeders were the most abundant trophic group accounting for 30.3–80.4% of
the total nematode community, followed by fungal feeders (13–49.7%) and herbivores
(6.4–18.2%). Low populations of predators and omnivores were recorded and, therefore,
these groups were treated together. In most cases, time, CW treatment, and/or their
interaction significantly affected the trophic group abundances. More specifically, the
total nematode abundance as well as the abundances of the three major trophic groups
increased from the first to the second sampling in the control treatment. On the contrary,
in the CW treatments, nematode abundance decreased with time after the application of
the treatments. Only the abundance of omnivores/predators increased with time in all
treatments. All CW treatments enhanced bacterivores, fungivores, and herbivores in the
3MAA sampling. In the second sampling (6MAA), this effect was reversed in the case of
herbivores, while in the case of bacterial and fungal feeders it remained only in the 8%
treatment. In most cases, the differences between the three CW dosages were discernible
but not statistically significant.
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Figure 2. Mean abundance (±SE) of nematode trophic groups ((a): Total Nematodes’ Abundance;
(b): Bacterivores’ Abundance; (c): Fungivores’ Abundance; (d): Herbivores’ Abundance; (e): Omni-
vores/Predators’ Abundance) recorded 3 and 6 Months After Application (MAA) of coffee waste
(CW) at different rates. The results of the repeated-measures ANOVA are indicated on each graph
(*: p < 0.05; **: p < 0.01; ***: p < 0.001; and ns: p > 0.05), while different letters above columns
correspond to statistically significant differences between treatments (Fisher’s LSD post hoc test, for
all cases n = 5).

The changes in nematode indices and metabolic footprint (MF) due to time and treat-
ment are presented in Table 2; the dispersion index (DI) is presented in Table S3 showing
no spatial differentiation of the nematode community (DI < 1). As with abundance, almost
all indices were significantly affected by time, CW treatment, and/or their interaction. At
3MAA, the values of the Maturity Index (MI) and the Channel Index (CI) were lower, while
those of the Enrichment Index (EI) and the metabolic footprint (MF) were higher, in the
CW treatments compared to the control, but at 6MAA the changes due to treatment did not
follow any specific pattern. With regard the SI values, they were higher during the second
sampling (6MAA). Changes in the PPI were not statistically significant.
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Table 2. Mean values (±SE) of the Maturity Index (MI), Channel Index (CI), Enrichment Index (EI),
Structure Index (SI), Plant Parasitic Index (PPI), and metabolic footprint (MF) recorded 3 and 6 Months
After Application (MAA) of coffee waste (CW) at different rates. The results of the repeated-measures
ANOVA are indicated (*: p < 0.05; **: p < 0.01; ***: p < 0.001; and ns: p > 0.05), while different letters
within each column indicate statistically significant differences between treatments (Fisher’s LSD
post hoc test; for all cases n = 5).

Time Treatment MI CI EI SI PPI MF

3MAA

Control 2.0 ± 0.0 b 67.7 ± 11.3 ab 51.4 ± 3.7 c 16.0 ± 6.1 b 3.0 ± 0.2 23.0 ± 5.5 c

CW-2% 1.7 ± 0.1 c 30.1 ± 8.1 cd 71.7 ± 6.3 b 11.8 ± 4.1 b 2.9 ± 0.1 749.5 ± 109.1 bc

CW-4% 1.5 ± 0.1 d 9.6 ± 1.4 d 88.7 ± 1.7 a 25.0 ± 8.7 b 2.0 ± 1.2 1206.1 ± 48.4 ab

CW-8% 1.4 ± 0.1 d 8.1 ± 2.4 d 89.0 ± 3.6 a 13.8 ± 4.5 b 2.5 ± 1.4 2185.8 ± 1020.8 a

6MAA

Control 1.9 ± 0.1 bc 36.8 ± 6.1 c 63.3 ± 4.2 bc 23.5 ± 6.2 b 2.9 ± 0.1 68.9 ± 5.3 c

CW-2% 2.3 ± 0.0 a 73.4 ± 4.5 a 37.0 ± 2.7 d 41.4 ± 2.9 a 2.9 ± 0.1 72.8 ± 3.5 c

CW-4% 1.8 ± 0.0 bc 28.6 ± 5.7 cd 69.3 ± 3.5 b 26.1 ± 5.4 b 3.0 ± 1.1 55.3 ± 4.9 c

CW-8% 1.9 ± 0.1 bc 46.4 ± 15.2 bc 59.7 ± 7.0 bc 17.7 ± 4.0 b 3.0 ± 0.1 126.1 ± 30.0 c

effect
Treatment *** *** *** ns ns *

Time *** ** *** * ns **
Tr*Time ** ** *** * ns *

The diversity profiles of nematode communities at all treatments in both samplings
are presented in Figure 3. In the first sampling (3MAA), the highest diversity was observed
in the control plots and the lowest in the 8%-treated ones. The differences between curves
fall mainly in the range of high values of the scale parameter alpha. This means that
the differences between treatments were not due to the number of nematode genera
(indicated at alpha = 0) but mostly due to the presence of dominant genera in the least
diverse communities. In the second sampling (6MAA), an overall increase in diversity was
observed, while the differences between treatments became less pronounced.
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genera, Shannon index, and Simpson index, respectively.

A list of the 36 nematode genera recorded in our samples is provided in Table S1.
Among them, fourteen genera were bacterivorous, four were fungivorous, ten were herbiv-
orous, seven were omnivorous, and one was predatory. Apart from the root-hair feeder
Malenchus, all the other herbivorous genera were parasitic.

The composition of the nematode community 3MAA and 6MAA under different
treatments is given in the form of rank abundance graphs (Figure 4). At 3MAA, a hierar-
chical structure in the nematode community in the control plots was observed, without
any over-dominant genus. In the CW-treated plots, the cp-1 bacterial feeders Panagro-
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laimus and Rhabditis, which were underrepresented in the control plots, over-dominated
the communities. Especially in the 8% treatment, Rhabditis represented more than 50%
of the community. At 6MAA, nematode communities had hierarchical structures in all
treatments. Panagrolaimus was still present and often among the dominant genera, but no
over-dominant pattern was observed for any treatment.
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In the NMDS graph of Figure 5, the biggest distance, indicating the biggest differentia-
tion of communities, is between the control and the 4% and 8% CW treatments at 3MAA.
At 6MAA, on the other hand, all samples are clustered in the middle of the graph.
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respectively. The central symbol of each polygon is the mean value.

4. Discussion

In a field experiment, composted CW was used as a soil amendment at three different
rates (2%, 4%, and 8%) in plots cultivated with wheat, and the effects on the soil nematode
community and plant growth were studied. By sampling twice, i.e., three and six months
after the application of treatments (3MAA and 6MAA), the duration of these effects was
also evaluated.

The improvement in soil chemical and physical characteristics after CW addition is
well documented, but the toxic effect, especially of fresh CW on plant growth, needs to be
considered [47]. Pérez-Burillo et al. [21] reported several cases of fresh CW phytotoxicity
in their review, along with cases of plant growth enhancement; the latter occurred when
fresh CW concentrations were below 10%. On the other hand, Yamane et al. [10] stated
that fresh CW inhibits plant growth only for six months after application, while Horgan
et al. [48] suggested that, to avoid inhibiting plant growth or even to promote it, CW needs
to be allowed to age for an appropriate period of 8 to 14 months. In our experiment, the
CW concentrations were up to 8%, while CW was aged for 6 months before application
(composting period). Indeed, none of our treatments inhibited the growth of wheat.
However, plant growth enhancement was also not observed, although, at six months,
soil nutrient values were higher in CW-treated plots compared to the control (Table S4).
Probably, an even higher CW rate should be used, as Bomfim et al. [22] suggested for
composted CW (e.g., 15%), or a second supplementing application of CW during our
experiment should be considered.

Our results showed that the abundance of all nematode trophic groups increased from
the first to the second sampling in the control plots that received no CW. This was due
to the growth of the wheat roots that not only gave food to root herbivores but also to
microbivorous nematodes, i.e., bacterivores and fungivores. Indeed, plants supply food to
soil microbia and consequently to microbivores via their above- and below-ground litter
and their root exudates [49,50]. Thus, time per se was expected to lead to a more resourceful
rhizosphere environment in the control plots.

The addition of coffee CW resulted in increased nematode abundance, especially
bacterivores and fungivores at 3MAA. CW constitutes a rich carbon source for soil microbes,
and it is reported that its application enhances plant growth-promoting bacteria [26] and
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increases microbial respiration [6]. Apparently, the enhancement in soil microflora has led
to an increased abundance of microbivores through the soil food chain. These changes in
the abundance of microbivores were more intense with increasing CW rates, although the
differences between dosages were not always statistically significant at 3MAA. During the
second sampling (6MAA), only the 8% CW treatment differed from the rest regarding the
abundance of microbivores, especially the fungivores. This indicates a dosage-dependent
depletion of organic resources with time, especially the most easily degraded ones. With
regard the effect of CW addition on the abundance of herbivores, quite different results
were yielded. More specifically, herbivores increased in CW treatments at 3MAA, like the
other trophic groups, but at 6MAA they decreased. Our results are in agreement with those
of Shoenberger [24] who found that plant parasitic nematodes were enhanced after CW
addition but declined later as coffee decomposition proceeded. The initial elevation of the
herbivorous nematodes could be attributed to quicker seed sprouting occurring when coffee
residues are applied [51]. A reduction in plant-parasitic nematodes six months after fresh
CW addition was also found in our previous study [28]. According to Thligene et al. [25],
the coffee substances reduced the eggs and juveniles of root-knot nematodes in tomato pots.
Two questions are raised, however. The first one is why the nematicidal effects of CW were
delayed in our experiment. Possibly, the release of nematotoxic compounds of CW might
depend on its degree of degradation. A delayed indirect nematicidal effect of CW, via the
soil microflora, offers another possible explanation. Indeed, incorporating organic matter
into the soil increases soil microorganisms that may act as nematode parasites or antagonists
or may release metabolic by-products, such as toxic proteins, enzymes, and small molecule
metabolites, which may be nematicidal [52]. The second question raised is whether the
negative CW effects on herbivores hold for the free-living nematodes as well. Indeed, most
nematicides, organic or not, have detrimental effects on all soil nematodes, not only on the
target ones. However, contrasting effects of organic amendments on the free-living vs. the
herbivorous nematodes have often been reported [52–56]. The most probable explanation
given is that, apart from their potential nematotoxic properties, organic amendments offer
a significant trade-off to microbivorous free-living nematodes by providing food to soil
microflora [55]. In our experiment, at 6MAA the abundance of microbivores in the 2%
and 4% treatments did not differ from that in the control. This may be partly due to
the depletion of resources, as mentioned previously, and partly because of the delayed
nematotoxic effects of CW. The microbial trade-off may have offset the CW’s adverse effects
to some extent in the 2% and 4% treatments and entirely in the 8% treatment.

The increased abundance of bacterivores on our first sampling (3MAA) was responsi-
ble for the observed differences in the Maturity Index (MI), the Enrichment Index (EI), and
the Channel Index (CI) between the CW-treated and the control plots. The genera that were
favored most by CW were the cp-1 bacterivores Panagrolaimus and Rhabditis. These genera,
with short lifecycles and high reproductive potential, mirror the bloom of bacteria more
closely than other nematodes and are, therefore, described as enrichment opportunists [57].
The rapid proliferation of these opportunistic genera was reflected in the increase in the
EI and the decline in MI and CI values in the CW-treated plots. These values indicate that
CW resulted in an enhancement of the bacterial decomposition pathway, which led to an
enriched, pre-mature, and more-productive soil [58]. Indeed, microbivorous nematodes are
beneficial for the soil because, by feeding on microflora, they excrete nutrients that are in
excess of their metabolic needs in mineral or readily mineralizable forms, enhancing soil
quality [59,60]. The overdominance of Panagrolaimus and/or Rhabditis was responsible for
the decreased diversity observed in CW-treated plots in the first sampling. In the second
sampling (6MAA), Rhabditis was not recorded at all, while the abundance of Panagrolaimus
was reduced as the cp-2 bacterivorous and fungivorous genera, which are considered
general opportunists, became equally prevalent. The changes in the composition of the
nematode community might indicate equivalent changes in their food resources. Indeed, al-
terations in the synthesis of the soil microbial community occur during CW decomposition
in soil, which is also influenced by the CW dosage [26]. The different tolerance of nematode
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genera to nemato-toxic coffee components released during CW degradation might offer
an additional explanation. For example, the cp-1 bacterivores that respond positively to
eutrophication-induced stress are less tolerant to stress induced by chemicals [27]. Overall,
these alterations in the composition of the soil nematode community 6MAA, mainly the
reduction in enrichment opportunistic genera, led to a more hierarchical community struc-
ture with no patterns of over-dominance and with increased diversity. This indicates a soil
with resources that were equally distributed among many nematode genera. Moreover,
the high SI values, compared to those at 3MAA, designate a less disturbed environment,
where persisters like the cp-4 and cp-5 predators and omnivores may survive. However,
the lower EI and higher CI values indicate a lower enrichment status and higher fungal
participation in the decomposition pathway. The high CI values recorded 6MAA indicate
that mostly recalcitrant CW constituents have remained, favoring fungi and, consequently,
fungivores [27].

The NMDS analysis showed that CW addition had a much stronger effect on the
composition of the soil nematode community than time. The community in the CW-2%
treatment was very dissimilar to that of the control at 3MAA, while in the CW-4% and
CW-8% treatments the dissimilarity increased even more. Our previously discussed results
showed that the main drivers of this shift in community structure were the microbivorous
nematodes, mostly Panagrolaimus and Rhabditis, which increased after CW addition in a
dosage-dependent way. At 6MAA, a time effect was evident in the control community,
yet not intense, while the CW-treated communities did not differ much from that of the
control. The ordination of all samples from 6MAA communities in the middle of the NMDS
graph indicates that time per se and CW degradation have mitigated the effects of the
initial CW addition. This shift in nematode communities was driven by the reduction in the
abundance of microbivorous and herbivorous genera and by the replacement of enrichment
opportunists by general opportunists, like the cp-2 bacterivorous and fungivorous genera.

5. Conclusions

Composted coffee waste application fueled the soil food web three months after treat-
ments through a bottom-up effect that led to an increased abundance of all soil nematodes,
especially the beneficial ones, decreased MI, and increased EI and MF values. These find-
ings indicate an enriched, pre-mature, and vigorous, soil. The most-affected genera were
the enrichment opportunists Panagrolaimus and Rhabditis, which increased after CW addi-
tion in a dosage-dependent way at 3MAA, while at 6MAA they were replaced by general
opportunists, like the cp-2 bacterivorous and fungivorous genera. Indeed, six months after
CW addition, our results indicated a lower enrichment status of the soil and a higher fungal
participation in the decomposition pathway, probably due to recalcitrant CW constituents
that have remained. Most importantly, smaller numbers of root herbivores were recorded
6MAA, indicating a delayed nematotoxic effect of CW. Thus, composted CW, apart from
enhancing soil quality when used as a soil amendment, seems to have some potential in
controlling plant parasitic nematodes, but it is just an initial observation requiring deeper
and more targeted investigation. Regarding the CW effect on wheat plants, neither inhi-
bition nor enhancement of plant growth was observed. Future research should refine the
proper CW amounts, timing of application, and degree of CW decomposition to maximize
benefits while avoiding potentially harmful effects on plants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13112831/s1, Figure S1: Pie charts illustrating the relative
abundance of nematode trophic groups in coffee waste (CW) at different rates are presented for two
time points: (a) 3 months after application (3MAA); (b) 6 months after application (6MAA) (for all cases
n = 5); Table S1: The genera observed in both samplings (3MAA and 6MAA) with their cp values and
respective trophic group (3MAA: three months after application; 6MAA: six months after application);
Table S2: Mean temperatures and total rainfall for each month throughout the experimental period;
Table S3: Mean values (±SE) of the Dispersion Index (DI) were recorded 3 and 6 Months After the
Application (MAA) of coffee waste (CW) at different rates. The results of the repeated-measures ANOVA
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are indicated (ns: p > 0.05) (Fisher’s LSD post hoc test, for all cases n = 5); Table S4: Total concentrations
of N, P, K, OM, pH, and EC in the soil samples (means ± SE) of coffee waste (CW) at different rates
6 Months After Application. The results of the one-way ANOVA are denoted (**: p < 0.01; ***: p < 0.001;
and ns: p > 0.05), while different letters within each column indicate statistically significant differences
between treatments (Fisher’s LSD post hoc test; for all cases n = 5) (N: nitrogen; P: phosphorus; K:
potassium; OM: organic matter; and EC: electric conductivity).
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