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Abstract

The analysis of soil nematode communities provides information on their impact on soil
quality and the health of different agricultural cropping systems and soil management
practices, which is necessary to evaluate their sustainability. Here, we evaluated the status
of nematode communities and trophic groups” abundance in fifteen fields hosting differ-
ent cropping systems and managed according to organic or conventional practices. The
nematode population densities differed significantly across cropping systems and manage-
ment types covering various European climatic zones (spanning 121 to 799 individuals per
sample). Population density was affected by the duration of the cropping system, with
the lowest value in the vegetable cropping system (on average about 300 individuals) and
the highest in the long-term fruiting system (on average more than 500 individuals). The
occurrence and abundance of the different trophic groups was partly dependent on the
cropping system or the management method, particularly for the bacteria, fungal and
plant feeders. The taxonomical classification of a subset of samples allowed us to identify
22 genera and one family (Dorylaimidae) within the five trophic groups. Few taxa were
observed in all fields and samples (i.e., Rhabditis and Cephalobus), while Aphelenchoides or
Pratylenchus were present in the majority of samples. Phosphorus content was the only soil
chemical parameter showing a positive correlation with total nematode population and
bacterial feeders” absolute abundance. Based on the nematological ecological indices, all
three cropping systems were characterized by disturbed soil conditions, conductive and
dominated by bacterivorous nematodes. This knowledge could lead to a choice of soil
management practices that sustain a transition toward healthy soils.
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1. Introduction

The use of nematodes as indicators of soil condition and health has been increasing
in the last decades in response to demand for better knowledge about the impact of
agricultural practices on soil biodiversity and functions suitable to assess the sustainability
of new soil management practices [1]. Even though nematodes represent a relatively small
amount of biomass in the soil [2], they are a dominant component of the soil community [3].
Their occurrence across the major trophic levels of the soil food web makes them an integral
and sensitive component of the soil environment, particularly in relation to their role in
bio-geo-cycles (e.g., decomposition of organic matter and the recycling of nutrients) [4].

The soil nematode community has been proven to be a suitable bioindicator to assess
soil health [5,6], as well as an indicator of the extent of the nutrients’ cycling processes
(e.g., nitrogen and carbon cycling) [7] or of the impact of different agricultural cropping
management systems (e.g., integrated and organic farming) on soil health [8]. Moreover,
their sensitivity to various agronomic practices involving soil disturbance (e.g., tillage),
fertilization (both with organic or mineral fertilizers), crop protection and other soil man-
agement practices (e.g., cover crops or living mulches) makes them feasible bioindicators of
agroecosystems [9,10]. Indeed, the analysis of the nematode community present in various
cropping systems has highlighted the strong impact that the kind of crop and the various
agronomic practices, particularly those used for soil management, have on the nematode
population as a whole or to specific trophic groups. For example, a study on tomato planta-
tions located in the horticultural area near Buenos Aires, characterized by diverse practices
of soil management (e.g., fumigation or application of organic amendments) resulted in
consistent effects on the occurrence of some genera belonging to various trophic groups
(i.e., Helicotylenchus, Rotylenchus, Rhabditis or Mesorhabditis) [11]. On the other hand,
medium or long-term horticultural cropping systems were also found to alter the nematode
community due to changes in soil microbial community and its ecological functions on
geochemical cycles [12-14]. In this respect, the application of microbial-based products
as an alternative to reduce the input of mineral fertilizers and synthetic pesticides should
be also appraised for its impact at higher trophic levels. Indeed, the nematode-prey and
nematode-host interactions are considered to be critical determinants of the distribution of
microbes in the soil [15], which could affect the efficacy of any microbial-based products
applied to crops [16-19].

Ecological indexes, particularly those based on nematodes’ trophic level, are a proxy
of the food web complexity: a greater diversity of trophic groups represents an improved
functioning of the ecosystem [20,21]. Notwithstanding the availability of several ecological
indexes that describe the status, complexity and maturity of the nematode communities in
soil [22,23], their use in policies remains limited. This highlights the limited appraisal of
nematode functions and their suitability for monitoring changes in the provision of soil
ecosystem services, as also confirmed by the recent proposal of an EU legal provision to
establish a system for monitoring soil health which is neglecting the role of the nematode
communities [24].

The objective of the present work was thus to describe the status of the assemblages of
soil nematodes associated with various cropping systems, which were managed according
to organic or conventional practices and located in various European climatic zones. The
aim was to increase the understanding of the impact of these factors (cropping system,
management and pedo-climatic characteristics) and their interactions in shaping the nema-
tode community, which can be useful to design sustainable methods of soil management in
horticultural cropping systems.
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2. Materials and Methods
2.1. Description of the Analyzed Sites

The study utilized data obtained from 15 locations situated in Austria, Denmark,
France, Germany, Italy and Poland (Figure 1). The fields, selected for establishing trials
planned in the Excalibur project, represented different climatic conditions, and were charac-
terized by diverse field histories and management methods (detailed information about the
fields” localization, their characteristics and chemical properties can be found in Electronic
Supplementary Material Table S1). Some of the fields were already hosting the target crop
(e.g., existing apple orchards), while others were prepared for the establishment of trials.
For this reason, three cropping systems were considered: a “seasonal vegetable” system
(including tomato production in the rotation), a medium- and a long-term fruit system (for
strawberry and apple crops, respectively). The fields were managed according to organic
farming (“ORG”) or conventional methods applying integrated pest management (“IPM”).

FIELD TRIALS
90 @
EXCALIBUR
Austria - - 2
Denmark - 2 -
France 1 - -
Germany - - 4
Italy 2 - -

Poland 1 2 1
QQQ
7 SOIL SAMPLES
Zr
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- IPM

7 7 7

Organic 7 7 13

< ToTAL 14 14 20

Figure 1. Overview of the trials’ location with country distribution for the three cropping systems and
number of soils samples analyzed. “IPM” stands for conventional management applying Integrated
Pest Management practices, while “organic” stands for management according to the regulation of
the European Parliament and of the Council on organic production and labelling of organic products
(2018/848).

2.2. Soil Sample Collection

Soil samples were collected from the selected locations at the beginning of the growing
season in 2021, which depended on the geographical location of the fields and climatic
conditions (period (March-May). Sampling was performed using an Egner’s auger (2.5 cm
diameter) collecting at least 10 subsamples at 0-20 cm depth, which were pooled to form
the analytical sample. Three or four pooled samples (replicates) were collected from each
field, leading to a total of 48 samples analyzed (Electronic Supplementary Material Table
52). Visible animals, organic parts (plant residues, roots) and small stones were removed at
this stage. The samples were used for nematode extraction and chemical analysis, either
immediately or after less than one week of storage at 4 °C.
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2.3. Nematode Extraction and Classification

Nematodes were extracted from soil using the Baermann method with minor modi-
fications [25]. Briefly, 100 mL of soil was uniformly spread on a 250 pm sieve, moistened
with distilled water and left for 24 h at room temperature. The nematodes extracted from
the soil were recovered from the water suspension using a 25 um sieve. Afterwards they
were inactivated by 2 min of heating at 65 °C in a thermostatic bath and preserved in
TAF solution (2 mL triethanolamine, 10 mL 40% formalin, and distilled water added to a
final volume of 100 mL). Individuals from each sample were counted and fifty randomly
selected nematodes were chosen for permanent glycerine slide preparation and detailed
classification into trophic group (all samples); samples from the Polish IPM fields were
additionally assessed at the genus level. All identified nematodes were assigned, based on
the morphological characterization of the main structures of the digestive system, to five
trophic groups: bacterial feeders (BF), fungal feeders (FF), plant feeders (PF), omnivores
(OM) or predators (PR), following Yeates et al. [26]. Taxonomic classification of the Polish
IPM samples was carried out based on keys [27] and specimens assigned to colonizer-
persister (c-p) classes [28,29]. The observations and photographic documentation were
done using a Nikon Eclipse 80i microscope equipped with a Nikon DS-Fil camera under
400x-1000x magnification.

2.4. Soil Chemical Analysis

An aliquot of the same soil samples was used for chemical analysis. The content of
the nutrient elements (P, K, Mg and Ca) was determined by inductively coupled plasma
optical emission spectrometry as previously described [30]. The pH was determined in
water suspension with a pH meter (Fisher Scientific Poland).

2.5. Nematode Community Analysis

Based on the genera abundance data of the three IPM managed Polish sites, the
alpha diversity of the nematode communities was calculated using the Shannon index:
H = =Y pi(Inp;), where p; is the proportion of each genus in the whole community.
Additionally, eight nematode community-based ecological indices were calculated [31]
using the NINJA online calculator [32]: maturity index (MI), maturity index 2-5 (MI2-5),
sigma maturity index (XMI), plant-parasitic index (PPI), enrichment index (EI), structure
index (SI), channel index (CI) and basal index (BI). For all samples, nematode channel ratio
(NCR) based on the bacteria feeders and fungi feeders’ trophic groups abundance was
calculated [33].

2.6. Data Analysis

Statistical analysis of the data was performed using the R software version 4.1.3 [34].
The Shapiro-Wilk test was used to verify if the data followed a normal distribution and the
Levene’s test was used to verify the homogeneity of variances. The data were analyzed by
ANOVA and means differences tested with Tukey’s test at <0.05 with the HSD test function
from the “agricolae” package. In the case of non-normal distributions, the non-parametric
Kruskal-Wallis analysis with Fisher’s least significant difference post hoc test with p < 0.05,
was utilized, introducing the Benjamini-Hochberg correction, using the Kruskal function
from the “agricolae” package. Heatmaps were generated using the “heatmap.2” command
from “gplots” package [35], and the ternary diagram was generated using “ggtern” [36].
Correlations were calculated and visualized using the “ggcorrplot” package [37].



Soil Syst. 2025, 9, 77

50f18

3. Results
3.1. Analysis of the Nematode Communities at the Trophic Group Level

The total number of nematodes isolated from each soil sample ranged from 121 to
799 individuals (Electronic Supplementary Material Table S2) and showed significant differ-
ences (p-value = 0.0039) between fields (Table 1). Those of the seasonal vegetable cropping
system (tomato trials) had the lowest amount (297 £ 31 individuals per 100 mL soil), long-
term fruit cropping systems (apple trials) had the highest number (527 + 39 individuals),
and medium-term fruit cropping systems (strawberry trials) showed an intermediate num-
ber of nematodes (431 + 57 individuals). No differences were observed between organic
and conventional fields with IPM management (p-value = 0.9255). However, the cropping
system and management method, considered together as a factor, showed significant dif-
ferences (p-value = 0.0033) between trials: a lower number of nematodes was observed in
fields of organic vegetable cropping systems (200 =+ 21 individuals) than in any other field,
which resulted in a similar nematode population size (393-546 individuals).

Considering the trophic groups’ prevalence (Table 1 and Electronic Supplementary
Material Table S2), bacteria feeders (BF) were identified in all samples, while fungi feeders
(FF) were always present only in samples from both long-term and medium-term fruit
cropping systems. Plant feeders (PF) were consistently present in all long-term and veg-
etable cropping systems, unlike the mid-term fruit cropping systems. The samples from
organically managed mid-term fruit cropping systems, contrary to other cases, were charac-
terized by a total absence of omnivorous nematodes (OM). OM specimens were more often
present in samples from conventional fields of mid-term fruit cropping systems. Predatory
nematodes (PR) were the least numerous trophic groups identified in all samples.

Statistical analysis of relative and absolute trophic group abundance pointed out
differences mainly for BE, FF and PF populations either when considering the cropping
system factor, the management method alone or the cropping system in combination with
the management method (Table 1). The relative abundance of BF was the highest in the
medium-term fruit cropping system (67.2%), similar to the long-term cropping system
(61.2%), and significantly higher (p-value = 0.0314) than in the vegetable cropping system
(45.4%). Significant differences (p-value = 0.0483) in relative BF abundance were observed
also when considering the management method, where significantly more BF (64.0%)
were found in organic fields than in conventional fields with IPM management (51.1%).
However, a similar effect was not observed (p-value = 0.2845) for the absolute abundance
of BE. However, the highest absolute abundance of BF was observed in the long-term fruit
cropping system (326 individuals per 100 mL of soil), still comparable with that of the
medium-term fruit cropping system (290 individuals), but not with the vegetable cropping
system having a significantly lower (p-value = 0.0002) absolute abundance (126 individuals).
In case of the PF relative abundance, the medium-term fruit cropping system showed the
significantly lowest (p-value = 0.0032) share of this trophic group (12.2%) compared to
the other two groups (24.5-37.1%). However, the absolute abundance of PF populations
in the vegetable cropping system was similar to both fruit cropping systems, though the
number of PF individuals in the populations of the latter was significantly different (p-
value = 0.0134). FF populations were affected only by the management method showing
significantly lower relative (11.2% versus 19.6%, p-value = 0.0416) and absolute (68 + 8
versus 47 £ 6 individuals, p-value = 0.0248) abundance in organically managed fields in
comparison to the conventional ones. Interestingly, significant differences (p-value = 0.0443)
of OM populations between the medium-term fruit (0.6%) and vegetable cropping systems
(2.4%) were only found for the relative abundance, which was not evident for absolute
abundance (Table 1).
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Table 1. Total number of nematodes (TNN), and the relative and absolute abundance of trophic groups (BF—bacteria feeders, FF—fungi feeders, PF—plant
feeders, OM—omnivorous, PR—predators) in 100 mL of soil, as affected by the cropping system and the field management method (mean + SEM). Different
letters show statistically significant differences in columns according to Kruskal-Wallis analysis with Fisher’s least significant difference post hoc test and the
Benjamini—-Hochberg correction, with significance set at p < 0.05.

F TNN Relative Abundance (%) of Trophic Group Absolute Abundance (1) of Trophic Group NCR
actor BF FF PF oM PR BF FF PF oM PR
Cropping system
Fruit long-term 527 +£39a 61.2+22ab 122+ 14a 245+19a 14+ 0.4 ab 08+04a 326 +£29a 61+7a 129 +£13a 7+2a 4+3a 0.83 £ 0.09 a
Fruit medium-term 431 + 57 ab 672+t48a 19.7 +48a 122 +3.7b 0.6+04Db 03+02a 290 £ 38 a 61+t9a 74+29b 4+3a 1£1a 0.78 £0.18 a
Vegetable 297 £31b 454+ 60D 13.8 £2.6a 371+7a 24+07a 12+09a 126 +23b 45+10a 115+ 32ab 8+2a 3+2a 0.76 £ 0.18 a
p-value 0.0039 0.0314 0.6452 0.0032 0.0443 0.8438 0.0002 0.3696 0.0134 0.1912 0.8152 0.5837
Management method
Integrated 442 + 76a 51.1+74b 19.6 £5.8a 273+92a 1.6+07a 0.6+05a 229 +£32a 68+ 8a 136 + 27a 7+2a 2+1a 0.74+0.18b
Organic 423 +73a 640+6.1a 112 £26b 225+52a 14+08a 09+11a 279 £29a 47+ 6b 88+ 12a 6+2a 4+2a 0.85+0.10a
p-value 0.9255 0.0483 0.0416 0.9420 0.5641 0.7732 0.2845 0.0248 0.3235 0.6463 0.8227 0.0080
Cropping system and Management method

Fruit PM 492 +70a 582+31b 136+13a 265+35ab 11+07a 07+07a 289 £ 47 ab 66+11a 132 +£27a 3+2a 2+2a 0.81 £0.05a
long-term ORG 546 £ 49 a 629+3.0b 114+21a 234 +24ab 1.6+05a 08+06a 346 £37a 58+ 10a 127 £ 17 a 9+3a 6t5a 0.85+0.10a
Fruit IPM 442 +114a 533 +42b 279+87a 17.3 £ 6.3 bc 12+08a 03+03a 241 £ 67 abc 73+16a 119 +53ab 9+t6a 1+1a 0.69 +£0.23 a
medium- ORG 419+3la 8l1+41a 116 +09a 71£35c¢ 0.0+00a 03+03a 339 £30a 499+5a 30+ 14b 0+0a l1+1a 0.87 £0.04 a
{?eme}table IPM 393 +23a 417 +114b 172+38a 379+141ab 25+07a 06+04a 158 + 44 bc 65+ 14a 158+ 60ab 10+3a 3+2a 071+020a

8 ORG 200£21b 49.1+48Db 105+34a 363+36a 24+12a 1.8+18a 94+7c¢ 24+8a 73 £ 13 ab 6+3a 4+t4a 0.82+0.15a
p-value 0.0033 0.0031 0.4184 0.0084 0.1395 0.9886 0.0014 0.0837 0.0403 0.1414 0.9797 0.1669
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Nevertheless, field management was the only factor that influenced NCR (the ratio
between BF and the sum of BF and FF relative abundance), showing higher values for
organic fields compared to conventional fields (details in Table 1). Such an effect was not
observed for the crop factor alone or the combined effect of crop and management.

The relationship between cropping systems and management methods resulted in
differently impacting various trophic groups (Table 1). The organic medium-term fruit
cropping system favored the relative abundance of BF, while reducing that of PF compared
to the other cropping systems and management methods. However, the same trend was not
observed for the absolute abundance of these two trophic groups. BF absolute abundance
of both fruit cropping systems was similar, irrespective of the management method, and
higher compared to the organic vegetable cropping system. PF absolute abundance was,
instead, different between long-term and medium-term organically managed fruit crop-
ping systems. Both OM and PR relative and absolute abundances were not significantly
influenced by the management method or the combined effect of cropping system and
management method.

3.2. Analysis of the Polish Case Studies
3.2.1. Nematode Communities

Trials involved in the analysis of the nematode community at the genus level were
located in Skierniewice (Central Poland) and encompassed all three cropping systems
with conventional management using IPM practices. The average number of nematodes
isolated from each field ranged between 204 and 373 per 100 mL of soil (Table 2). The
total population of nematodes in the medium-term fruit cropping system was significantly
lower (p-value = 0.0141) than that of the other two cropping systems.

Table 2. Total number of nematodes isolated from each IPM Polish cropping system and the absolute
(ind./100 mL of soil) and relative abundance of their trophic groups (TNN—total nematode number,
BF—bacteria feeders, FF—fungi feeders, PF—plant feeders, OM—omnivorous, PR—predators).
Means + SEM, n = 4. Different letters show statistically significant differences (p < 0.05) between the
columns according to ANOVA (*) or Kruskal-Wallis analysis with Fisher’s least significant difference
post hoc test and the Benjamini-Hochberg correction.

Production System of the Field

Trophic Group Fruit Long-Term  Fruit Medium-Term Vegetable p-Value
TNN 352+37a 204 £27b 373+ 39a 0.0141
Relative abundance (%)
BF * 562+ 4.7a 51.0+74a 653+42a 0.2450
FF * 1444+20Db 443+ 76a 23.8+21b 0.0045
PF* 262 +59a 41+1.0b 88+29b 0.0064
oM 19+12a 0.0£00a 17+11a 0.2634
PR 12+12a 0.6 £0.6a 06+06a 0.9674
Absolute abundance (1)
BF * 196 =23 a 101 £15b 243 £31a 0.0064
FF * 501 +9a 94+ 23a 88+ 10a 0.1560
PF* 97 £24a 8+14b 33+11b 0.0073
OM 5+3a 0+0a 7+4a 0.2634
PR 3+3a 1+1la 2+2a 0.9674

Considering the abundance of the five trophic groups, three (PF, OM and PR) groups
showed consistent trends for relative and absolute values: higher PF abundance in the long-
term fruit cropping system compared to the others, with no significant differences for the OM
and PR groups (p-values between 0.2634 to 0.9674, details in Table 2). For BF, no differences (p-
value = 0.2450) resulted between cropping systems when relative abundance was concerned,
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while significantly lower (p-value = 0.0064) absolute abundance resulted for the medium-
term fruit cropping system (100 versus 196-243 individuals per 100 mL of soil). For FF, no
differences resulted for absolute abundance (p-value = 0.1560), while the medium-term fruit
cropping system showed significantly highest (p-value = 0.0045) relative abundance (44.3%)
compared to the other cropping systems (14.4-23.8%, for details see Table 2).

The taxonomical classification of the samples’ specimens allowed identification of 22
genera and one family (Dorylaimidae, without classification to specific genus) belonging
to the five trophic groups (Figure 2 and Electronic Supplementary Material Table S3). The
lowest average number of taxa—6.25 (5-7 range)—was identified in the medium-term
fruit production field, while the highest number of taxa 10.25 (8-13 range), significantly
different from the previous one, was identified for the vegetable production field; long-
term fruit production was intermediate between the two. Few taxa were observed in all
analyzed fields and samples, including common and popular genera (e.g., Rhabditis), which
were present with a relative frequency around 43.5%. Common taxa like Aphelenchoides,
Aphelenchus or Pratylenchus were present in the majority of samples (58-92%) but were
less abundant (e.g., ranging from 5.9 to 18.9%), (Figure 2 and Electronic Supplementary
Material Table S3). Interestingly, the genus Cephalobus was identified in 75% of the analyzed
samples, but always in a very low number (less than 10% in individual samples and 3.9%
average relative abundance). Other groups with taxa specific to the two fruit cropping
systems were also identified, though not present in all samples: Prismatolaimus, Tylenchus
and Heterocephalobus for the long-term cropping system and Paratylenchus, Tylenchorhynchys
and Prionchulus for the medium-term cropping system (Figure 2).

0 5 15 30 45 60

Taxa found in fields associated with: Relative abundance (%)
of nematode taxa
within sample
H Fruit
long-term
production
Fruit
medium-term
production
Vegetable
production
(%] [%] (%] 1%} (2] 2] w [«}} (2] 2] (%] (2] (%] %]
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Figure 2. Nematode taxa occurrence across the different Polish IPM cropping systems in the samples. Grey
scale reflects relative abundance of specific taxa within a sample; purple scale reflects taxon prevalence
within all samples representing the same cropping system. The vertical lines separate the nematode taxa,
which could be found in all three/only two selected /one specific cropping system (see the purple dots
assignment to specific cropping system on the right part of the lower part of the heatmap).
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The nematode communities of the vegetable cropping system shared four genera
(Rhabditis, Cephalobus, Aphelenchoides and Aphelenchus), which were always present in
the soil samples. Five other genera were present in 75% of the samples (Acrobeloides,
Pratylenchus, Panagrolaimus, Ditylenchus and Eucephalobus). The medium-term fruit cropping
system shared only two common taxa (Rhabditis and Aphelenchoides) and two taxa present
in 75% of the analyzed samples (Acrobeloides and Paratylenchus). Samples from the long-
term fruit cropping system shared only two common genera (Rhabditis and Pratylenchus),
and four genera were present in 75% of the samples (Cephalobus, Aphelenchoides, Filenchus
and Panagrolaimus) (Figure 2). Four species showed significant differences in abundance
between the fields of the three cropping systems: Cephalobus (BF), Aphelenchoides (FF),
Paratylenchus and Pratylenchus (both PF) (Table 3). Interestingly, their relative and absolute
abundance showed very similar trends, with the exception of Aphelenchoides, characterized
by high variation in absolute abundance. However, the two PF genera showed contrasting
abundance in relation to the two fruit cropping systems: Paratylenchus was the most
abundant in the medium-term fruit cropping system, while Pratylenchus was the most
abundant in the long-term fruit cropping system and was absent in the medium-term one.
Cephalobus was significantly more frequently identified in the vegetable cropping system
than in any other system.

Table 3. Genera with significant differences in relative or absolute (ind./100 mL of soil) abundance
between the three cropping systems. Means =+ SE, n = 4. Different letters show statistically significant
differences (p < 0.05) in columns according to Kruskal-Wallis analysis with Fisher’s least significant
difference post hoc test and the Benjamini—-Hochberg correction. BE—bacteria feeders and PF—
plant feeders.

Production System of the Field

Genus Fruit Long-Term  Fruit Medium-Term Vegetable p-Value
Relative abundance (%)

Cephalobus (BF) 1.9+06b 1.3+08b 86+06a 0.0229
A”hEZgFC)’”"dES 9.0+32b 381+£98a 9.6+£3.6b 0.0244
P ”m%gwhus 0.0£00b 19+06a 0.0+£00b 0.0279

Pratylenchus (PF) 258 +£55a 0.0+00¢c 74+31b 0.0127
Absolute abundance (1)

Cephalobus (BF) 65+£24b 27+17b 322+47a 0.0173
Aphelgg"’"des 346+ 125a 824+269a 36+ 149a 0.3973
P ”m%l;’;dms 0.0£00b 40+15a 0.0£00b 0.0279

Pratylenchus (PF) ~ 94.1 +22.8a 0.040.0c 286+112b 0.0174

3.2.2. Characteristics of the Nematode Communities

The results of the taxonomical analysis of the nematode communities were used
for calculations of several indices useful for understanding the community structure,
complexity, food availability and level of environmental disturbance (Table 4).

Few significant differences were observed in the nematode communities associated
with the three cropping systems. The vegetable cropping system displayed the highest
biodiversity measured by the Shannon Index (Index H) and total genera number (1.8 and
10.3, respectively), while the medium-term fruit production field had the lowest biodiver-
sity (p-values 0.0322 and 0.0389, respectively) as expressed by these two parameters (1.2
and 6.3 respectively). CI, which is related to the predominant decomposition pathway
of organic matter, showed significantly (p-value 0.0489) higher values for the medium-
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term fruit cropping system (22.1) in comparison to the long-term one (7.1). Similar dif-
ferences were observed for BI (p-value 0.0310), which is a measure of food web structure
and complexity. Three indices associated with the environmental disturbance that can
be caused by various factors (MI, MI2-5 and ~MI) showed non-significant differences (p-
values 0.2480-0.4400) among the three analyzed cropping systems. Values of the Plant-
Parasitic Index (PPI) did not differ among the cropping systems, although the lowest value
was observed for the medium-term fruit cropping system. EI, describing food availability
and nutrient enrichment, and SI, expressing the soil food web structure and disturbance,
showed rather low and comparable values between the analyzed cropping systems (p-values
0.0506-0.3032). Utilizing these latter indices for the food web analysis, highlighted for almost
all samples a disturbed condition, conductive and dominated by bacterivorous nematodes
(Figure 3). However, no specific clustering depending on a cropping system was observed.

Table 4. Indices expressing various biodiversity or environmental features based on the structure of
the nematode community associated with the three cropping systems. Mean =+ SE, n = 3. Different
letters show statistically significant differences between columns data (p < 0.05, ANOVA with HSD
post hoc test or Kruskal-Wallis * with BH correction for MI2-5, PPI and SI).

Index Name Fruit Long-Term Fruit Medium-Term Vegetable p-Value
Index H 1.5+ 0.1ab 12+0.1b 1.8 +0.2a 0.0322
MI 14+01a 1.6+0.1a 16+01a 0.4400
MI2-5 * 23+02a 20£00a 21+00a 0.3032
>MI 1.8+0.1a 1.6+0.1a 1.7+0.1a 0.2480
PPI * 3.0+00a 24+02a 3.0+00a 0.0577
CI 71£15b 22.1+56a 122 £ 2.6ab 0.0489
BI 84+18Db 199+32a 17.0 £ 2.6 ab 0.0310
EI 91.1+19a 798 £ 34a 821+3.1a 0.0506
SI* 283+ 17.6a 31£31a 158 +54a 0.3032
Total genera number 83+ 1.0ab 6.3+05b 103+11a 0.0389
1004
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Figure 3. Evaluation of soil health status based on the nematodes’ food web analysis of the three
cropping systems. The legend on the right characterizes each quarter of the graph.

3.2.3. Interactions Between Nematode Trophic Groups’ Abundance and Soil Chemical Properties

The nematode trophic group abundance data were further used to find possible
correlations among the groups and with soil chemical analysis in each location (Electronic
Supplementary Material Table S4). There was a good correlation between absolute and
relative abundance data (on average p = 0.90), except for BE. A strong positive correlation
emerged between BF or PF absolute abundance and total nematode number (p = 0.89
and p = 0.62, respectively). However, the same correlation was not observed when the
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relative abundance of these two trophic groups was considered. A negative correlation
resulted when comparing the relative abundance of BF and PF (p = —0.75). The only soil
chemical parameter showing a correlation was phosphorus, which content resulted in
being associated positively with both total nematode population (p = 0.70) and BF absolute
abundance (p = 0.69).

4. Discussion
4.1. Composition of the Nematode Communities in Relation to the Method of Management and
Cropping System

The method of field management (i.e., conventional with IPM vs. organic) did not
affect the overall nematodes’ number, though it had some impact on the abundance of
the trophic groups; mainly increasing the relative abundance of BF and decreasing FF
absolute and relative abundance under organic management. Even though organic man-
agement is considered to increase the number of nematodes and modify the structure of the
community [38,39], results not showing such impact were also found in previous studies
with different horticultural crops [8,40]. The changes in BF and FF abundance were strong
enough to show significant differences of nematode channel ratio, (the ratio between BF and
BF+FF abundance). The values obtained for both kinds of crop management methods (0.85
and 0.74 for organic and IPM, respectively) suggest that the decomposition processes in soil
sampled from these fields were dependent mainly on the bacterial-based energy channel
rather than the fungal-based energy channel [33]. Such a trend has been found also in other
horticultural cropping systems characterized by the application of organic fertilizers [41].
However, it should be noted that whole-season observations of total nematode number
and trophic groups” abundance in conventional and organic production also revealed that
the changes could be time-dependent. A similar study on nematode biodiversity in tomato
production showed that at the beginning of the growing season the nematode populations
were similar in the conventional or organic plots, but over time, the communities under
organic management increased [40].

Soil management practices are considered an important factor in shaping the soil
nematode community and are thus discussed below in relation to the cropping system.
However, plant protection is a major discriminant factor between organic and conventional
crop management. Even though pesticide applications negatively influenced the total
nematode abundance and the abundance of all trophic groups with particular regard to
bacterial feeders and omnivores [42], the pesticide usage, in either organic or integrated
management, is limited to non-synthetic or to less harming active substances, respectively.
Therefore, according to the study results, both organic and integrated crop protection
would have a limited impact as a diversifying factor of nematode communities, providing
additional evidence of the non-harmful impact for both organic and integrated management
approaches on the nematodes’ population.

The three cropping systems addressed by the study were characterized by diverse
approaches to soil management, which provide an additional clue for the interpretation of
the impact of the cropping systems on the nematode community. These cropping systems
were characterized by a diversified management of soil tillage: less invasive for the long-
term apple orchards (where tillage is normally not performed on the row) compared to the
seasonal cultivation of tomato (normally under rotation where tillage is commonly applied
several times each year, especially before transplanting, which was the period of the soil
sampling) and a likewise intermediate medium-term cropping system characteristic of
strawberry production. Moreover, the fertilization strategy adopted in the fields concerned
by the study was highly dependent and directly related to the cropping system (i.e., the
fore crops present or those of the previous season). Therefore, it was not surprising that
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the cropping system factor, as defined in this work, impacted the nematode communities:
the appraisal of the impact emerged from the observation of a decreasing gradient from
long-term to medium-term and seasonal vegetable cropping systems in the total number of
nematodes. The cropping system could thus be considered as a kind of multilevel factor,
since both practices related to soil management (tillage and fertilization) are known to have
an impact on soil nematodes’ population, which is nevertheless dependent on the kind of
tillage practice, as well as on the type of the fertilizer (i.e., mineral or organic) [29,43—46].
The impact of these practices, particularly of fertilization, on the structure of the nematode
population could derive also from the changes induced on the microbial population by the
various kinds of fertilizers (i.e., mineral or organic) [47-49] as well as by the addition of
microbial biostimulants [16], thus indirectly promoting shifts in the nematode population.

The abundance of the five nematode trophic groups found in the studied sites was
similar to that recorded in various terrestrial environments [50,51]. However, significant
differences in PF, BF or OM populations’ abundance were recorded between the three
cropping systems considered.

The high absolute abundance of PF found in the long-term cropping system confirmed
previous findings [52-54]. Moreover, a significant increase of PF and specifically Praty-
lenchus specimens, one of the best known plant-parasitic nematodes commonly associated
with symptoms of apple replant disease [55], were observed in the Polish long-term fruit
cropping system in comparison with the other production systems, in accordance with
previous reports from different countries [56]. The high relative abundance of PF in the
vegetable cropping systems was expected, as these crops, which are grown in specialized
farms, are frequently affected by attacks from parasitic nematodes [57].

It was noteworthy that the vegetable cropping systems, among those studied in
the present work, were characterized by significantly lower abundance of BF nematodes
compared to the other two cropping systems. BF are commonly associated with sites of
high microbial activity [58] and related to soil organic matter content or the release of
diverse root exudates by the different plant species [59]. The vegetable cropping systems
studied were instead characterized by soil management practices that negatively affect
organic matter accumulation (e.g., rotations with cereals or frequent tillage, etc.), which
could account for the observed differences in this non-parasitic trophic group.

The role of the relationship between management method and cropping system was
significant in the case of the seasonal cropping system when concerning the total number
of nematodes and in the case of PF and BF abundance. These results further underline the
importance of analyzing the specific agronomical practice and crop rotation carried out in
the field and the environmental conditions, to be able to quantify their possible effect on
specific trophic groups under diverse soil conditions [60,61], see below.

When considering the analyses of the Polish sites, the overall situation was comparable
to that of the average data from the other sites, with regard to total population sizes and
trophic groups” abundance. It was not surprising that few genera (i.e., Cephalobus— BE,
Aphelenchoides—FF, Paratylenchus and Pratylenchus—both PF) were among the most fre-
quently found in all three cropping systems. Indeed, according to a recent meta-analysis,
126 botanical families represent plants associated with plant-parasitic Aphelenchoides species,
but the majority of them include flowering plants affected by three species (A. besseyi, A.
fragariae and A. ritzemabosi) [62]. Rhabditis and Cephalobus are also widespread genera with
a wide trophic behavior [63]. Both Paratylenchus and Pratylenchus are recognized as having
a wide range of crop hosts and global distribution, though their abundance can be strongly
affected by pedo-climatic characteristics and agronomic management practices, as well as
by crop species and cultivars [64,65].
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A specific aspect of the taxonomic analysis performed on the Polish samples was the
presence of some discrepancies when compared to the results of the analysis of trophic
groups, particularly concerning FF and PF nematodes in the medium-term cropping system.
The presence and high abundance of Aphelenchoides or Paratylenchus genera, which are fre-
quently occurring in strawberry plantations [66] and are practically considered PF [67-70],
was not supported by the trophic analysis done according to the default classification im-
plemented in the NINJA tool [32], where Aphelenchoides (and Aphelenchus or Ditylenchus as
well) are instead considered as fungal feeders. The high number of species included in this
genus [70] and their wide adaptation to diverse ecological relationships, with the majority
of them belonging to fungal feeders [71,72], could account for the observed discrepancy,
considering also that only metabarcoding using DNA-based technique could allow one to
correctly identify the species and thus its trophic group [73].

4.2. Status of the Nematodes” Communities

In an effort to better understand the impact of the cropping systems on the nematode
community structure, also in relation to the available food resources, several indices were
elaborated with data from Polish sites. Irrespective of the production system considered,
high CI values, associated with the soil organic matter decomposition pathways, pointed
out a condition with increased decomposition dominance by bacteria. On the other hand,
the high BI values determined could indicate a food web diminished by stress or limited
nutrient resources [6,31,74]. The low SI values, paralleled by high (>50) EI values, particu-
larly for the seasonal and medium-term systems, were consistent with the indication of a
continuous soil disturbance due to anthropogenic factors [31], including the application of
external inputs, typical for annual cropping systems [75]. On the other hand, the long-term
system was instead characterized by high SI, similar to other less disturbed soils such as
meadows or forests [76].

The high value of the Shannon biodiversity index H found in the samples of the
vegetable seasonal system requires specific consideration. The field is devoted to trials
with vegetable crops, which undergo rotation, hosting several different crop species. This
condition, as well as cross-contamination between different areas of the field due to the
use of agricultural machines, could be also considered as possible causes of the observed
relatively high biodiversity [77,78].

Even though the maturity index (MI) and its derivatives as well as EI showed no
differences among the cropping systems, their values are pointing to a rather high level
of nutrient availability, substantial disturbance resulting from perturbations unrelated to
nutrient enrichment and minimal plant-parasitic pressure [6,31], confirmed by low values
of PPI observed in each system. However, only phosphorus content in the soil resulted in
being correlated with the nematode communities in the analyzed data set, with both TNN
and BF absolute abundance being positively correlated with its content. This relation was
observed in different terrestrial landscapes, including apple orchards and other crops or
natural environments [79-81], and it can be related to the relative low solubility and strong
dependence on soil conditions (e.g., texture or pH) of P compared to others [82].

5. Conclusions

The analysis of the nematode community present in fields devoted to horticultural
cropping systems under various pedo-climatic conditions confirmed that the manage-
ment method (i.e., conventional with IPM vs. organic) impacted to a certain extent the
abundance of the different trophic groups, particularly bacterial and fungal feeders. The
duration of the cropping system was associated with the presence of plant feeders, the most
abundant trophic group in the long-term cropping system, which could be an inducive
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factor of replanting diseases. The small differences observed in biodiversity and ecological
indices between cropping systems was paralleled by a common soil disturbed condition,
conductive and dominated by bacterivorous nematodes, a result that could be considered
when monitoring soil quality, particularly when microbial-based products are applied for
both fertilization or plant protection from soil-borne pests as a sustainable practice for the
management of soil in horticultural cropping systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems9030077/s1, Table S1: Description of the trials involved
in the analysis. IPM and ORG stand for integrated pest management and organic management
respectively. Table S2: Relative (%) or absolute trophic groups” abundance among tested production
systems. IPM and ORG stand for integrated pest management and organic management respectively.
Trophic groups correspond to: BF—bacteria feeders, FF—fungi feeders, PF—plant feeders, OM—
omnivorous, PR—predators; NCR—nematode channel ratio. Table S3. Total number of nematodes,
and the relative and absolute abundance of trophic groups (BF—bacteria feeders, FF—fungi feeders,
PF—plant feeders, OM—omnivorous, PR—predators) as affected by the cropping system and the
field management method (mean + SE). Different letters show statistically significant differences
in columns according to Kruskal-Wallis analysis with Fisher’s least significant difference post hoc
test and the Benjamini-Hochberg correction, with significance set at p <0.05. Table S4: Relative
(%) and absolute abundance of genera identified in Polish integrated pest managed trials. Table S5:
Spearman’s correlations between absolute or relative abundance of the nematodes’ trophic groups and
chemical soil parameters. Only significant (p < 0.05) and strong (p = 10.60 | ) correlations coefficients
are marked. TNN—total nematode number; BF—bacterial feeders; FF—fungal feeders; PF—plant
feeders; OM—omnivores; PR—predators; %—for relative abundance.
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