
Agriculture, Ecosystems and Environment 332 (2022) 107931

Available online 4 March 2022
0167-8809/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Organic viticulture enhanced the activity of native entomopathogenic 
nematodes in DOCa Rioja soils (North of Spain) 
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A B S T R A C T   

Vineyards and their associated socio-economic activities are relevant sectors worldwide. Still, this agroecosystem 
is one of the most intensely managed crops and erosion-prone land areas. The conventional viticulture practices 
to control pests, diseases, and weeds, like tillage and agrochemical applications, accelerate the loss of soil 
biodiversity and compromise the presence of beneficial soil organisms such as the entomopathogenic nematodes 
(EPNs). Such human disturbances in the agroecosystems can strongly affect abiotic (e.g., soil texture and 
properties) and biotic factors (natural enemies and potential competitors) that modulate the EPN activity as 
biological control agents. For the first time in viticulture, this study aimed to investigate the impact of differ-
entiating management on the EPN community and associated soil organisms and if their assemblage will provide 
indicators of better practices for sustainable farming. We hypothesized that organic pest management and 
alternative strategies to tillage might enhance the abundance and activity of the native EPN community in 
vineyard soils. In autumn 2019, we collected two composite soil samples from 80 vineyards distributed across the 
Guaranteed Designation of Origin (denominated DOCa) Rioja region. The sites belonged to one category of each 
of the two factors: pest management (integrated vs. organic, 40 plots each) and soil managing (tillage vs. cover 
cropping, 48 and 32 vineyards, respectively). Isolated through sucrose-gradient centrifugation and employing 
species-specific primers/probe qPCR sets, we investigated the presence of ten EPN species and associated soil 
organisms: four free-living nematodes (FLNs), six nematophagous fungi (NF), and two ectoparasitic bacteria 
(EcPB). Besides, we estimated the EPN activity using the traditional insect-bait method. We included in the 
analysis twenty soil variables to characterize the evaluated treatments and assess their impact on soil organism 
distribution. Our results provide evidence on the support of organic viticulture to beneficial soil organisms, 
notably the activity of native EPNs. We also reported a higher abundance of S. feltiae (the predominant stei-
nernematid species in Europe) and FLNs for organic farming than IMP, while the presence of NF and EcPB 
resulted in unaffected. Contrarily, the soil management practices considered did not differ in their impact on 
EPNs or their natural enemies/competitors, even if contrasted for several soil properties. Future research may 
expand the screened soil-dwelling species using novel molecular technics to unravel their complex interactions 
and determine the best farming practices to preserve soil health.   

1. Introduction 

Viticulture and enology are relevant socioeconomic and cultural 
sectors worldwide that provide a broader range of services and goods to 
people and nature than the simple production of grapes and wine 
(Santos et al., 2020). The current viticulture has to afford appropriate 

yields while supporting ecosystem services such as regulating climate 
and hydrological services, preserving the habitat, or maintaining cul-
tural heritage (Orgiazzi et al., 2016). Soils are possibly the most complex 
and biodiverse ecosystem on Earth (Orgiazzi et al., 2016). Soil biodi-
versity enables self-perpetuating of the ecosystem functions of carbon 
transformations, nutrient cycling, maintenance of soil structure, and the 
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regulation of pests and diseases (Kibblewhite et al., 2008; Gunstone 
et al., 2021). Agricultural intensification accelerates the loss of soil 
biodiversity (Veresoglou et al., 2015), particularly in the last decade due 
to the overuse of chemical applications (FAO, 2020). Despite rising 
environmental awareness by farmers and society, which for instance 
drive in recent years the organic viticulture in the higher European 
wine-producing countries (FiBL, 2019), the vineyard is still one of the 
most intensely managed crops and erosion-prone land systems (Nicholls 
et al., 2008; Rodrigo-Comino et al., 2018; Winter et al., 2018; Karimi 
et al., 2020). 

Located on both sides of the Ebro River, the Guaranteed Designation 
of Origin (denominated DOCa) Rioja (CR Rioja wine, 2021) is the oldest 
in Spain (1925), one of the principal vine-growing, wine-producing, and 
global exporter countries (OIV, 2020). Grapevine management in the 
region often involves conventional tillage and the widespread use of 
pesticides (herbicides, fungicides, insecticides, and acaricides) in sub-
stantial numbers, responsible for significant environmental impacts, 
including soil and water pollution (Pose-Juan et al., 2015; Herrer-
o-Hernández et al., 2017). Integrated Pest Management (IPM) appeared 
as a viable solution to these problems. Strongly encouraged and regu-
lated by the European Union (EC, 2009), IPM aims to keep the occur-
rence of potential pests, diseases, and weeds below the Economic 
Damage Threshold, following a series of principles ranging from pre-
ventive and monitoring strategies to intervention reducing as possible 
the use of pesticides (Barzman et al., 2015). Still, the wine sector and 
public opinion give today more attention to more sustainable practices 
(Aschemann-Witzel and Zielke, 2017). Organic viticulture, based in the 
European Union on the Regulation (EU) (2018)/848 containing the 
principles of organic production and labeling, is understood as an 
overall system that aims to reduce the use of approved pesticides by 
adopting alternative strategies that promote environmental care, 
biodiversity, preservation of natural resources, and high animal welfare 
standards (Provost and Pedneault, 2016; EU, 2018). Indeed, a recent 
meta-analysis estimated that organic viticulture promotes soil biodi-
versity over three times more than conventional practices (Karimi et al., 
2020). Besides, soil management is also critical for soil and plant pro-
tection in crops. Traditional tillage negatively affects most soil microbes 
and their functioning and promotes the mineralization of organic matter 
and soil erosion, particularly in European vineyards, commonly placed 
on slopes (Santos et al., 2020). More sustainable solutions to reduce 
tilling, like cover cropping or mulching, decrease soil erosion and favor 
soil biodiversity by increasing organic matter content and porosity, 
structural stability, and water retention of soil crops (Santos et al., 
2020). 

Soil preservation brings several indirect benefits to farmer crops. 
Many soil invertebrates, like nematodes, mites, or different predators 
and parasitoids, play a role in controlling agricultural pests (Gunstone 
et al., 2021). The entomopathogenic nematodes (EPNs), well-known 
pathogens of soil inhabitant arthropods, are responsible for many 
ecological goods and services (Campos-Herrera et al., 2012; Lewis et al., 
2015). Their non-feeding, infective juvenile (IJ) stages often occur in 
natural and agricultural soils where locate suitable hosts (Stock, 2015). 
Once penetrate within their hemocoel, IJs rapidly kill them (48–72 h 
after infection) with the aid of protein toxins and secondary metabolites 
produced by mutualistic enteric γ-Proteobacteria (Boemare, 2002; Bode, 
2009; Dillman et al., 2012). Physical or chemical disturbance of soils 
resulting from human activities such as tillage and agrochemical ap-
plications can affect the occurrence and persistence of EPNs (Stuart 
et al., 2015). For example, a previous study conducted in La Rioja 
revealed a negative correlation between EPN activity and the intensity 
of agricultural management, with high activities in natural areas and 
perennial organic crops (vineyards included), low in conventional 
perennial crops, and rare in annual crops, regardless of pest control 
practices (Campos-Herrera et al., 2008). Similarly, recent investigations 
performed in an experimental DOCa Rioja vineyard concluded that 
turning conventional tillage to spontaneous cover cropping could favor 

the occurrence of above and below beneficial organisms, including EPNs 
(Sáenz-Romo et al., 2019; Blanco-Pérez et al., 2020). In addition to soil 
chemical and physical alterations, soil biota such as bacteria, fungi, or 
nematodes of other nature, also interact with EPNs and modulate their 
service as biological control agents (Helmberger et al., 2017). Nowa-
days, advances in molecular tools allow determining their relative 
importance within the EPN food web in an appropriate ecological 
context (Campos-Herrera et al., 2012). Diverse free-living nematode 
(FLN) and EPN species co-emerge from larvae used in insect baits 
(Duncan et al., 2003; Campos-Herrera et al., 2012, 2015a, 2019a; Jaffuel 
et al., 2016, 2018; Blanco-Pérez et al., 2020), a competition that plau-
sibly reduces the virulence of emerging IJs (Blanco-Pérez et al., 2019). 
Also, the nematophagous fungi (NF), found in all main fungal taxonomic 
groups, are widespread in natural and agricultural soils, remaining as 
saprophytes until switching to their parasitic stage, developing 
specialized structures in the presence of nematodes (Nordbring-Hertz 
et al., 2006). The mechanisms behind these interactions seem to be 
environmental and species-specific dependent, but still mostly unknown 
(Koppenhöfer et al., 1996; El-Borai et al., 2009; Bueno-Pallero et al., 
2018). Regional and temporal studies showed that the presence of 
particular NF species can contribute to the persistence of specific EPNs, 
although still poorly understood which are the scenarios that favor 
species-specific NF predation of this kind (Pathak et al., 2017; 
Campos-Herrera et al., 2019b). Besides, microorganisms such as ecto-
parasitic bacteria (EcPB) in the genus Paenibacillus can also compromise 
the fitness of some EPN species by reducing the motility and virulence of 
IJs (El-Borai et al., 2005; Enright and Griffin, 2005). 

Despite the enormous potential of native EPNs in agroecosystems to 
control large host ranges, little is known about plausible soil-dwelling 
target pests in vineyards yet (Campos-Herrera et al., 2021; Marín 
et al., 2021). However, we should not underestimate the importance of 
conserving natural enemies of arthropod pests such as EPNs, particularly 
in the context of a changing climate that may vary the spectrum of pests 
and diseases affecting vineyards in warmer regions since, for example, 
they increasingly survive during warmer winters (Santos et al., 2020). 
Recognizing the factors that drive the activity and abundance of EPNs in 
the vineyard should allow the establishment of best practices to favor 
suitable ecological scenarios to enhance their functionality and 
long-term persistence in the agroecosystems. Additionally, soil nema-
tode community members, involved in primary roles in soil food webs 
(Eisenhauer and Guerra, 2019), are good bio-indicators of soil health 
(Ferris et al., 2001). Moreover, recent studies provided evidence that 
linked high occurrences and activities of EPN species with sustainable 
agricultural practices (Campos-Herrera et al., 2008, 2014; Blanco-Pérez 
et al., 2020). However, limited to a few vineyards, these results can not 
define a whole wine-production area. Comprising 80 vineyards distrib-
uted throughout the DOCa Rioja region, our study aimed to explore the 
impact of differentiating management on the EPN community and 
associated soil organisms and if their assemblage will provide indicators 
of better practices for sustainable viticulture. We speculated that organic 
viticulture and the implementation of alternative strategies to regular 
tillage might enhance the abundance and the activity of naturally 
occurring EPN species compared to conventional practices. The main 
objectives of this study were to (i) quantify EPN abundance and activity, 
(ii) quantify the abundance of target soil organisms associated with 
EPNs (NF, FLNs, and EcPB), and (iii) contribute to discriminate the 
abiotic factors that drive them. 

2. Material and methods 

2.1. Survey scheme, sampling methods, and soil properties analyses 

During early autumn 2019, we surveyed 80 vineyards distributed 
crosswise the DOCa Rioja region (Fig. 1; Supplementary data 1, 
Table S1), located in a warm-summer Mediterranean climate (classified 
as Csb by the Köppen-Geiger system) with a continental influence. We 
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studied the effect of soil management (regular tillage versus cover 
cropping, 48 and 32 sites, respectively) and pest and diseases manage-
ment (integrated versus organic, 40 locations each) on the EPN com-
munity and associated soil food web. Thus, each vineyard was 
characterized for one of the levels of the evaluated treatments, resulting 
in four possible combinations: tilled IMP, no-tilled IMP, tilled organic 
farming, and no-tilled organic farming (Table S1). Conventional soil 
management of DOCa Rioja vineyards consists of secondary tillage (not 
less than four times a year), mainly to provide weed control in inter-rows 
throughout the growing season during the maturation of the vine, 
generally using row crop cultivators (11 arms) with teeth that work at 
least 10–15 cm depth in the surface (Fernández Alcázar, 2011). We 
selected different types of cover cropping (a few of them combined with 
organic mulching) as alternative strategies to tillage that need no or 
minimum mechanization of soil crops (Table S1). The pest management 
of vineyards was adjusted to the current Spanish and regional regula-
tions of sustainable use of agrochemical products (RD, 2012; Table S2) 
and organic farming (RD, 2014; DRioja, 2019), depending on the 
treatment. 

We randomly collected two independent composited samples per 
vineyard, each consisting of 20 single soil cores (2.5 cm ⌀ x ~20 cm 
DP.), taken with auger soil samplers under the crop canopy of middle 
rows to avoid possible border effects. The 20 cores per sample were 
combined in individual plastic bags (~1800 cm3 of soil) and stored in a 
chamber (4 ◦C in the dark) until processed (within 2–4 days). Following 
the protocol described by Campos-Herrera et al. (2019a), each sample 
was manually homogenized and divided into three subsamples of 200 g 
of fresh soil (Wiesel et al., 2015). Two of the subsamples were employed 
(i) to characterize the abundance of EPN community and associated 
organisms through sucrose-gradient centrifugation procedure and qPCR 
analysis, and (ii) determinate the soil suppressive capacity by using the 
traditional insect-bait method. The third soil set was dried at 40 ◦C for 

one week to measure the water content to express the number of iden-
tified organisms per 100 g of dry soil. Finally, we combined 100 g of 
oven-dried soil of both replicates of each vineyard to analyze the 
following soil properties (performed by Laboratorio Regional del 
Gobierno de La Rioja, La Grajera, Logroño, Spain): texture (sand, silt, 
and clay percentages) (Bouyoucos, 1936), pH (Millennia and Markewitz, 
2004), electric conductivity, organic matter (Walkley and Black, 1934), 
macro-nutrients (P, K, and nitrates), oligo-nutrients (Mg, Ca, and SO4), 
micro-nutrients (Fe, Mn, Zn, Cu, Al, and B), and other elements (Na and 
Pb) (Mehlich, 1978, 1984). Monthly precipitations in the DOCa Rioja 
region in 2019 were also recorded by the Agro-climatic Information 
Service in La Rioja (SIAR; Fig. S1). 

2.2. Soil mesofauna isolation and estimation of soil activities against 
insect larvae 

Following the procedure described by Blanco-Pérez et al. (2020), 
nematodes and other soil organisms were co-extracted through 
sucrose-gradient centrifugation (Jenkins, 1964) from sieved (aperture 
width of 25 µm) 200 g of fresh soil of each sample (Wiesel et al., 2015). 
Besides, we employed the traditional insect-bait method to estimate the 
soil activity ratios following a protocol adapted from Bedding and 
Akhurst (1975). Specifically, we calculated differentiated mortality 
percentages of final instars of Galleria mellonella (Lepidoptera: Pyr-
alidae) larvae (reared at ICVV): total mortality (total-act), mortality 
associated with nematode emergences (nem-act), and percentage of 
larvae for which Koch’s postulates were confirmed (EPN-act). Addi-
tionally, we maintained some of the nematode emergences, from first 
and Koch’s postulates test rounds (VO and VM aliquots, respectively), to 
establish laboratory cultures following the procedure described by 
Woodring and Kaya (1988). Both suspensions of soil organisms obtained 
through sucrose-gradient centrifugation and RO/RM aliquots were 

Fig. 1. Distribution of the sampled DOCa Rioja vineyards.  

R. Blanco-Pérez et al.                                                                                                                                                                                                                          



Agriculture, Ecosystems and Environment 332 (2022) 107931

4

stored at − 20 ◦C in the dark until used for DNA extraction procedures 
(see Blanco-Pérez et al., 2020 for a more detailed protocol). 

2.3. Identification and quantification of soil organisms by real-time qPCR 

For the DNA extraction procedure, we first mechanically dis-
aggregated all samples with sterile blue pestles (15 seg) assembled to a 
Kontes™ Pellet Pestle™ motor (DWK Life Sciences GmbH, Mainz, Ger-
many). We used the DNA extraction kits DNeasy PowerSoil Kit (QIAGEN 
GmbH Co., Hilden, Germany) and Speedtools tissue (Biotools, B&M Labs 
S.A., Madrid, Spain) for the samples obtained by sucrose-gradient 
centrifugation and RO/RM aliquots, respectively. DNA extractions 
were stored at − 20 ◦C until used. We screened for 22 soil organisms 
using species-specific primers and probes in qPCR tests (Table 1; Sup-
plementary data 2, Table S3). Previous studies reported the presence in 
La Rioja of most of the evaluated species: the EPNs Steinernema carpo-
capsae, S. feltiae. S. kraussei, S. riojaense, S. affine, Heterorhabditis bac-
teriophora, and H. indica, the FLNs Pristionchus maupasi and Acrobeloides- 
group, the NF Arthrobotrys oligospora, A. dactyloides, Purpureocillium 

lilacinum, Hirsutella rhossiliensis, and Catenaria sp., and the EcPB Paeni-
bacillus sp. (Campos-Herrera et al., 2007, 2008; Blanco-Pérez et al., 
2020). Also, the EPN S. intermedium, the FLNs Oscheius tipulae and 
O. onirici, the NF Arthrobotrys musiformis, and the EcPB Paenibacillus 
nematophilus had been identified in the Iberian Peninsula (García del 
Pino, 2005; Campos-Herrera et al., 2011a, 2016, 2019a). On the other 
hand, there is still no record for Heterorhabditis megidis in Southwest 
Europe but Northern and Eastern European countries (Hominick, 2002). 
Besides, we designed a species-specific primers/probe set (Supplemen-
tary data 2) for the EPN species Steinernema sp. affine-group (recorded 
by Valadas et al., 2014 in continental Portugal, but misidentified as 
S. intermedium according to Dr. Vladimir Půža, Czech Academy of Sci-
ences, Czech Republic), isolated from aliquots of insect-baits conducted 
in this study. Moreover, we included additional nematode species (13 
EPNs and 5 FLNs) to validate the qPCR tools, avoiding 
cross-amplification and adapting previously published protocols to our 
experimental conditions (Table S4). Pure cultures of most evaluated soil 
organisms were preserved as described by Blanco-Pérez et al. (2020) 
(Supplementary data 2). 

Final concentrations of species-specific primers and probes, synthe-
sized by Biotools (Madrid, Spain), were 400 and 200 nM, respectively, 
except for Steinernema sp. affine-group, which was 100 and 40 nM. 
Probes were labeled at the 5′ and 3′ ends with the fluorogenic reporter 
dye FAM and the quencher BQH-1, respectively. The qPCR tests and 
quantifications were performed with the Quantimix Easy Probe mix 
(Biotools, Madrid, Spain) in Bio-Rad iCycler iQ® 96-well PCR plates, 
covered with Bio-Rad iCycler iQ® Optical tape, on the Bio-Rad CFX 
Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). We run 38 cycles for nematodes species and 50 for 
NF and EcPB species. Before qPCR runs, all DNA samples were analyzed 
for quality and quantity in a Nanodrop system (Thermo Scientific 
2000 C spectrophotometer) and adjusted to 1 ng/μl for all the organisms 
except NF, adjusted to 10 ng/μl. We optimized protocols and established 
positive controls described by Blanco-Pérez et al. (2020) (Supplemen-
tary data 2). 

2.4. Statistical analyses 

We ran generalized mixed models (GLMMs), executed with SPSS 
25.0 (SPSS Statistics, SPSS Inc., Chicago, IL, USA), testing the effect of 
differentiated farming practices of DOCa Rioja vineyards, pest man-
agement (two levels: integrated versus organic), soil management (two 
levels: regular tillage versus cover cropping), and their interactions on 
DNA quantifications and abundance/frequencies of occurrence of EPNs, 
FLNs, NF, EcPB, and soil activity measures. The quantifications obtained 
by sucrose-gradient centrifugation were expressed per 100 g of dry soil: 
EPNs as number of IJs, EcPB as copies of plasmids, and FLNs and NF as 
standardized 0–1 range of the values recorded for each species (see 
Blanco-Pérez et al., 2020 for further details). The soil activities (total--
act, nem-act, and EPN-act) recorded in the insect baits were represented 
as larval percentages and frequencies of occurrence. Before running the 
statistical analysis, quantitative variables were log(x + 1) transformed. 
We ran GLMMs with a gamma distribution (log-link function) for 
quantifying soil organisms and binomial distribution (logit-link func-
tion) for soil activities and frequencies of occurrence. We initially 
considered covariates in exploratory GLMM tests of all the abiotic var-
iables that showed significant differences between treatments for gen-
eral linear model (GLM) tests (Fig. 2; Supplementary data 3, Table S5). 
Subsequently, we included soil organic matter to test for differences in 
soil activities and quantifications of DNA, total FLNs, and specific target 
organisms. We used the Least-Squares Means ± standard error of the 
mean (SEM) as descriptive statistics. We employed Microsoft Excel 2016 
(3D Maps) for visualizing the sample sites and species distributions. 

For the multivariate analyses of selected soil organisms and abiotic 
factors, performed with CANOCO 5 (ter Braak and Šmilauer, 2002; 
Šmilauer and Lepš, 2014), we first chose some of the abiotic factors as 

Table 1 
Soil organisms tested.  

Type of organism / 
species 

Population GenBank 
ACNO ITS 
Region 

Reference for primers 
and probes sequences 

Entomopathogenic 
nematodes    

Heterorhabditis 
bacteriophora 

(commercial) KJ938576 Campos-Herrera et al. 
(2011a) 

Heterorhabditis indica Btw KJ938571 Campos-Herrera et al. 
(2011b) 

Heterorhabditis 
megidis 

(commercial) KJ938577 Campos-Herrera et al. 
(2015b) 

Steinernema affine CH KJ938567 Torr et al. (2007) 
Steinernema 

carpocapsae 
DOK-83 KJ818295 Campos-Herrera et al. 

(2011a) 
Steinernema feltiae RS-5 KJ938569 Campos-Herrera et al. 

(2011a) 
Steinernema 

intermedium 
82 AF171290 Campos-Herrera et al. 

(2015b) 
Steinernema kraussei OS KJ696686 Campos-Herrera et al. 

(2015b) 
Steinernema riojaense RM-30 MK503133 Blanco-Pérez et al. 

(2020) 
Steinernema sp. affine- 

group 
VO-53 MW480137 (current study) 

Free-living 
nematodes    

Acrobeloides-group RT1-R15C JQ237849 Campos-Herrera et al. 
(2012) 

Oscheius tipulae MG68 P29 KJ938579 Campos-Herrera et al. 
(2015a) 

Oscheius onirici MG67 P20 KJ938578 Campos-Herrera et al. 
(2015a) 

Pristionchus maupasi AM-3 MG551681 Campos-Herrera et al., 
2019a 

Nematophagous 
fungi    

Catenaria sp. 1D JN585805 Pathak et al. (2012) 
Arthrobotrys 

dactyloides 
H55 KJ938574 Pathak et al. (2012) 

Arthrobotrys 
musiformis 

11 KJ938572 Pathak et al. (2012) 

Arthrobotrys 
oligospora 

8 KJ938573 Pathak et al. (2012) 

Hirsutella rhossiliensis 2931 KM652168 Zhang et al. (2006) 
Purpureocillium 

lilacinum 
9357 KJ938575 Atkins et al. (2005) 

Ectoparasitic bacteria    
Paenibacillus 

nematophilus 
NEM2 AF480936 Campos-Herrera et al. 

(2011a) 
Paenibacillus sp. SdTc1FEE1 JF317562 Campos-Herrera et al. 

(2011a)  
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exploratory predictors after avoiding strong co-linearities (Table S6). 
Then, both biotic and abiotic variables were standardized by dividing by 
the highest values, ranking all values 0–1 (Šmilauer and Lepš, 2014). 
Values over 3.0 maximum length (SD units) for detrended canonical 
correspondence analysis (DCCA) indicate heterogeneous communities, 
and canonical correspondence analysis (CCA, constrained axes) is rec-
ommended (ter Braak and Šmilauer, 2002). We run CCA (interspecies 
correlations) with a Monte Carlo permutation (n = 499) and automatic 
forward selection for the assignment of significant (P < 0.05) abiotic 
factors (using the Bonferroni correction for P values). The final results 
were visualized with bi–plot scaling (CANOCO 5). 

3. Results 

3.1. Soil properties and DNA quantification 

We did not find differences for the evaluated abiotic factors between 
integrated and organic pest management but between regular tilling and 
cover cropping (Fig. 2; Supplementary data 3, Table S5). Overall, we 
recorded lower values for soil organic matter, N, P, K, Zn, Cu, and B in 
tilled soils but higher for carbonates (Fig. 2; Table S5). Among all these 
variables, only the soil organic matter was included in GLMMs testing 
the effect of our treatments on DNA quantifications and the abundances 
and occurrence of the target species S. feltiae, O. tipulae, A. oligospora, 
H. rhossiliensis, Catenaria sp., and Peanibacillus sp. Contrary, soil 

Fig. 2. General linear model testing for differences of soil properties between tilled and no-tilled soils. Asterisks indicate significant differences at *P < 0.05, 
**P < 0.01, and ***P < 0.001. Values are least-square means±SE (see Table S5 for complete statistics). 
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management did not affect the quantities of DNA obtained through 
sucrose-gradient centrifugation but pest management, higher in organic 
viticulture than IPM, although mediated by high values of soil organic 
matter (Fig. S2). 

3.2. Abundance and frequency of occurrence of the soil organisms 

We detected species of all the groups of soil organisms evaluated all 
across the DOCa Rioja region (Fig. 3), with no significant differences 
among treatments for the total EPN abundance and frequency of 
occurrence (Fig. 4A; Table 2). We detected four out of the ten EPN 
species screened: S. feltiae, S. riojaense, and H. bacteriophora recorded in 
all treatments, and Steinernema sp. affine-group only missed in tilled IMP 
vineyards (Fig. 4A; Table 2). Only for S. feltiae we reported statistical 
differences among treatments: higher abundance in organic viticulture 
and lightly higher frequency of occurrence (P < 0.1) in tilled soils, both 
mediated by soil organic content (Table 2; Table S7). Regarding FLNs, 
we reported higher abundance in organic vineyards than IPM, specif-
ically for Acrobeloides-group and O. tipulae, both mediated by high 
values of soil organic matter (Table 2; Table S7), but not for soil man-
agement (Fig. 4B). In addition, we noticed the presence of the other two 
screened species, O. onirici and P. maupasi. The species O. tipulae was 
also detected in higher numbers in no-tilled soils, while O. onirici and 
P. maupasi were more abundant in bare soils (Table 2; Table S7). On the 
other hand, we detected five out of the six screened NF species: 
A. dactyloides, A. oligospora, Catenaria sp., H. rhossiliensis, and 

P. lilacinum (Fig. 4C). The viticulture practices evaluated did not affect 
the NF identified (Fig. 4C), except A. dactyloides, recorded in higher 
numbers and frequencies in organic viticulture, again mediated by high 
values of soil organic matter (Table 2; Table S7). Finally, we found one 
out of the two screened EcPB species, Paenibacillus sp., in higher abun-
dance in organic vineyards than IPM, also mediated by high values of 
soil organic, while not for soil management (Fig. 4D; Table S7). 

3.3. Soil activities rates 

For all the soil activities evaluated, we recorded significantly higher 
values in organic viticulture than IPM, also registered in a higher fre-
quency of organic vineyards for total-act and nem-act, but not for soil 
management (Fig. 5, Fig S4 and S5; Table S8). The same nematode 
species identified through sucrose gradient centrifugation emerged from 
insect baits plus the steinernematid species S. carpocapsae and 
S. kraussei. The species S. feltiae, O. tipulae, P. maupasi, and Abrobeloides- 
group occurred in all treatments except no-tilled IPM, for which no 
nematodes were found. The EPNs Steinernema sp. affine-group and 
S. riojaense happened in organic viticulture and H. bacteriophora in IPM. 
Finally, S. kraussei and O. onirici emerged from tilled IMP and 
S. carpocapsae from no-tilled organic vineyards only (Fig. 5A), none of 
them detected in the Koch’s postulates tests (Fig. 5B). Nevertheless, we 
recorded no significant differences among treatments for any nematode 
species identified, neither from VO nor VM aliquots. 

Fig. 3. Distribution in the DOCa Rioja region of the cumulative abundance of the soil organisms extracted through sucrose-gradient centrifugation: entomopa-
thogenic nematodes (EPNs), free-living nematodes (FLNs), nematophagous fungi (NF), and ectoparasitic bacteria (EcPB). 
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3.4. Multivariate analysis of abiotic factors and target soil organisms 

Since the DCCA gradient was 3.1 SD units long, we performed CCA 
with the selected abiotic factors (Table S5) as exploratory variables, and 
the soil organisms isolated through sucrose-gradient centrifugation as 
response variables except for the NF species Catenaria sp. and the FLN 
species O. tipulae and O. onirici, present in less than 10% of the vineyards 
(Lepš and Hadincová, 1992). Four soil properties (pH and clay, organic 
matter, and Cu content) significantly (P < 0.1) contributed to explaining 
the soil composition and target species assemblage. The explained fitted 
variation of the two first axes reached 65%, Axis 1 primarily influenced 
by Cu and clay content, and Axis 2 by pH and soil organic matter (Fig. 6). 
Regarding the EPN species, S. feltiae was linked to high soil organic 
matter content and low pH and S. riojaense to high Cu and clay content, 
an opposite trend that observed for Steinernema sp. affine-group. The 
heterorhabditid H. bacteriophora, located near the origin axes, was un-
related to the predictor factors. The FLNs in the genus Acrobeloides 
correlated with low clay and organic matter contents and high pH, while 
the NF species H. rhossiliensis and P. lilacinum were located in the 
opposite quadrant. The NF species in the genus Arthrobotrys were asso-
ciated with low organic matter content and high pH, particularly 
A. dactyloides. The FLN P. maupasi and the EcPB Paenibacillus sp. were 

widespread with no apparent association with the independent 
variables. 

4. Discussion 

4.1. Impact of pest management 

The literature provides not many examples of the effect of different 
agronomic management systems on the EPN community. For instance, 
Ellers-Kirk et al. (2000) observed that the inundative release of 
S. riobravis IJs successfully controls Acalymma vittatum (Coleoptera: 
Chrysomelidae) populations in organic cucumber crops, in relative 
terms better than IMP. Contrary, no differences were found for the 
abundance and activity of EPNs and associated organisms in an ambi-
tious study comprising four farming systems applied on three different 
crops (Jaffuel et al., 2016). However, and in agreement with our hy-
pothesis, we observed higher soil activity rates for organic farming than 
IPM, also for those associated with nematode emergences, including 
EPNs. Conversely, we did not find significant differences for the total 
abundance of EPN species between the evaluated pest management 
treatments, probably due to the high numbers detected for S. riojaense 
also in IPM vineyards. Up to now, S. riojaense, the prevalent EPN species 

Fig. 4. Effect of different management practices in DOCa Rioja vineyards on abundance of (A) infective juveniles (IJ) of the entomopathogenic nematode species 
Heterorhabditis bacteriophora (Hbac), Steinernema sp. affine-group (Ssp.), S. feltiae (Sfel), and S. riojaense (Srij), (B) the free-living nematodes (FLNs) Oscheius tipulae 
(Otip), O. onirici (Ooni), Pristionchus maupasi (Pmau), and Acrobeloides-group (Aspp.), (C) nematophagous fungi (NF) infection ratio (IR) of the species Arthrobotrys 
oligospora (Aoli), A. dactyloides (Adac), Purpureocillium lilacinum (Plil), Hirsutella rhossiliensis (Hrhos), and Catenaria sp. (Csp.), and (D) the ectoparasitic bacterial 
species Paenibacillus sp. Asterisks indicate significant differences from generalized linear mixed model tests at ***P < 0.001 and **P < 0.01 (n.s., not significant). 
Values are least-square means±SE. Soil species averages are represented in pies. 
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in this study, has been only identified by Blanco-Pérez et al. (2020) in an 
experimental DOCa Rioja vineyard but in lower numbers. However, the 
high abundance recorded through sucrose-gradient centrifugation con-
trasted with the poor presence of S. riojaense obtained in insect baits and 
only from organic vineyards. Although the biology and ecology of this 
newly described species are still mostly unknown (Půža et al., 2020), this 
discrepancy might be due to the possible underperformance of 
S. riojaense for the host chosen in our bio-test (G. mellonella larvae). 
Indeed, Adams and Nguyen (2002) illustrated similar issues for EPNs of 
a narrow host range as S. scarabaei or S. scapterisci. Considering the rest 
of the identified EPN species, we only reported significant differences for 
higher abundance in organic viticulture of S. feltiae, the prevalent stei-
nernematid species in Europe (Hominick, 2002; Bhat et al., 2020), and 
surveys completed in the Iberian Peninsula in the last decades (García 
del Pino and Palomo, 1996; Campos-Herrera et al., 2007, 2019a, 2019b; 
Valadas et al., 2014; Blanco-Pérez et al., 2020). Although these findings 
over mainland Spain and Portugal reported evidence of S. feltiae in a 
wide variety of habitats, studies performed in La Rioja found higher 
activity rates and abundance for this particular EPN species in less 
disturbed ecosystems like natural habitats, organic crops, and no-tilled 
vineyards (Campos-Herrera et al., 2007, 2010; Blanco-Pérez et al., 
2020). The common practice of organic fertilizer applications in organic 
farming often enhances soil organic matter content (Leifeld and Fuhrer, 

2010). Even if this assertion was not fully satisfied in our study, we 
established a correlation between organic matter and S. feltiae abun-
dance in the overall soil community assemblage analysis (CCA). Lin-
ford’s hypothesis proposed that organic matter inputs to soil generate 
rapid FLN population growth followed by their natural enemies (Lin-
ford, 1937; Cooke, 1962). Possibly, the higher soil organic matter con-
tents that characterize organic vineyards favor the development of 
sustainable hosts for nematodes as S. feltiae to allow their long-term 
persistence. Other EPN species (H. bacteriophora, Steinernema sp. affi-
ne-group, S. carpocapsae, and S. kraussei) occurred at lower numbers, 
with no significant differences between the evaluated pest management 
practices. It is important to note that these three steinernematid species 
occurred only in organic viticulture, perhaps indicating the importance 
of this type of management to support the biodiversity within EPN 
communities. 

The total abundance of our target FLN species was significantly 
higher in organic viticulture than IPM, particularly for bacterivores 
species in the genus Oscheius and Acrobeloides and, in agreement with 
Linford’s hypothesis, enhanced by high soil organic matter contents. 
Bacterial feeder nematodes are good predictors of soil health in terms of 
soil structure, pH, and organic matter content (van den Hoogen et al., 
2019). However, the few existing reports approaching the effects of 
organic farming on the nematode community suggested no clear 

Table 2 
Descriptive (x‾±SEM) by treatments of abundances and frequencies of occurrence of the evaluated soil organisms. Asterisks indicate significant differences from 
generalized linear mixed models tests at *** P<0.001, **P<0.01, and *P<0.05 (+P<0.1; n.s., not significant). Abundances (per 100 g of dry soil) measured as infective 
juveniles for entomopathogenic nematodes (EPNs), and ng/μl of pure culture for free-living nematodes (FLNs), and nematophagous fungi (NF). Codes: PM, pest 
management; SM, soil management; IPM, integrated pest management; OPM, organic pest management; Till, tillage; OM, soil organic matter.   

Abundances Frequencies of occurrence  

Treatments Factors and covariables Treatments Factors and covariables  

IPM-Till IPM- 
NoTill 

OPM- 
Till 

OPM- 
NoTill 

PM SM PM*SM OM 
(%) 

IPM- 
Till 

IPM- 
NoTill 

OPM- 
Till 

OPM- 
NoTill 

PM SM PM*SM OM 
(%) 

EPN species                 
Heterorhabditis 

bacteriophora 
0.11 
±0.11 

0.23 
±0.23 

3.73 
±1.79 

0.60 
±0.60 

n. 
s. 

n. 
s. 

n.s. - 0.02 
±0.02 

0.03 
±0.03 

0.15 
±0.05 

0.04 
±0.04 

n. 
s. 

n. 
s. 

n.s. - 

Steinernema 
feltiae 

0.62 
±0.24 

0.37 
±0.24 

3.82 
±2.34 

2.51 
±0.94 

** n. 
s. 

n.s. *** 0.23 
±0.06 

0.14 
±0.06 

0.44 
±0.07 

0.32 
±0.09 

n. 
s. 

+ n.s. * 

Steinernema 
riojaense 

32.13 
±11.10 

20.11 
±9.57 

29.77 
±13.92 

6.98 
±2.90 

n. 
s. 

n. 
s. 

n.s. - 0.30 
±0.07 

0.39 
±0.08 

0.40 
±0.07 

0.32 
±0.09 

n. 
s. 

n. 
s. 

n.s. - 

Steinernema sp. 
affine-group 

0.33 
±0.24 

0 0.77 
±0.39 

4.49 
±4.25 

n. 
s. 

n. 
s. 

n.s. - 0.07 
±0.04 

0 0.12 
±0.04 

0.07 
±0.05 

n. 
s. 

n. 
s. 

n.s. - 

FLN species                 
Acrobeloides- 

group 
6,5E-03 
±1,8E- 
03 

8,2E-03 
±2,6E- 
03 

4,5E-02 
±1,7E- 
02 

5,3E-02 
±3,6E- 
02 

* n. 
s. 

n.s. ** 0.82 
±0.06 

0.83 
±0.06 

0.98 
±0.02 

0.96 
±0.04 

n. 
s. 

n. 
s. 

n.s. - 

Oscheius tipulae 0 0 3,4E-03 
±2,4E- 
03 

8,7E-02 
±4,3E- 
02 

*** *** ** *** 0 0 0.04 
±0.03 

0.25 
±0.08 

+ n. 
s. 

n.s. * 

Oscheius onirici 0 0 2,3E-02 
±1,9E- 
02 

0 n. 
s. 

** * - 0 0 0.04 
±0.03 

0 n. 
s. 

n. 
s. 

n.s. - 

Pristionchus 
maupasi 

4,8E-02 
±2,4E- 
02 

5,9E-03 
±5,9E- 
03 

1,2E-01 
±3,4E- 
02 

3,3E-02 
±2,3E- 
02 

n. 
s. 

* n.s. - 0.16 
±0.06 

0.03 
±0.03 

0.35 
±0.07 

0.18 
±0.07 

+ n. 
s. 

n.s. - 

NF species                 
Arthrobotrys 

dactyloides 
4,1E-04 
±4,0E- 
04 

3,7E-02 
±2,8E- 
02 

7,4E-03 
±3,7E- 
03 

4,8E-02 
±1,9E- 
02 

n. 
s. 

** n.s. ** 0.05 
±0.03 

0.17 
±0.06 

0.10 
±0.04 

0.29 
±0.09 

+ ** n.s. * 

Arthrobotrys 
oligospora 

2,1E-02 
±1,1E- 
02 

1,7E-02 
±1,0E- 
02 

6,3E-02 
±2,7E- 
02 

2,2E-02 
±1,6E- 
02 

n. 
s. 

n. 
s. 

n.s. - 0.11 
±0.05 

0.08 
±0.05 

0.15 
±0.05 

0.07 
±0.05 

n. 
s. 

n. 
s. 

n.s. - 

Catenaria sp. 3,2E-02 
±2,4E- 
02 

1,0E-02 
±1,0E- 
02 

1,1E-03 
±1,1E- 
03 

1,1E-02 
±1,0E- 
02 

n. 
s. 

n. 
s. 

n.s. *** 0.07 
±0.04 

0.03 
±0.03 

0.02 
±0.02 

0.07 
±0.05 

n. 
s. 

n. 
s. 

n.s. * 

Hirsutella 
rhossiliensis 

2,3E-02 
±8,3E- 
03 

1,8E-02 
±1,7E- 
02 

9,7E-02 
±3,5E- 
02 

6,5E-02 
±4,1E- 
02 

n. 
s. 

n. 
s. 

n.s. - 0.20 
±0.06 

0.14 
±0.06 

0.23 
±0.06 

0.14 
±0.07 

n. 
s. 

n. 
s. 

n.s. - 

Purpureocillium 
lilacinum 

1,7E-02 
±4,3E- 
03 

6,5E-02 
±2,3E- 
02 

3,1E-02 
±6,7E- 
03 

1,0E-01 
±4,0E- 
02 

n. 
s. 

*** *** - 0.70 
±0.07 

0.67 
±0.08 

0.79 
±0.06 

0.71 
±0.09 

n. 
s. 

n. 
s. 

n.s. -  
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benefits. For example, the study of soil fertility and soil food web 
structure in semiarid vineyards and olive orchards in South-Central 
Spain did not distinguish between conventional and organic manage-
ment but between crop systems (Sánchez-Moreno et al., 2018). On the 
other hand, other studies reported higher nematode abundance in 
organic viticulture compared to conventional practices but only con-
cerning specific trophic groups: fungal-feeding nematodes in Southern 
French vineyards (Coll et al., 2012), and omnivore-predator species 
occurring in inter-rows in Northern Israel (Schlüter et al., 2022). 
Anyhow, our study did not intend to characterize the free-living com-
munity but fit its co-occurrence within the EPN soil food web. Various 
studies have observed declines in the fitness of some EPN species in the 
presence of FLNs in the genus Pellioditis (Duncan et al., 2003), Acrobe-
loides (Campos-Herrera et al., 2012), and Oscheius (Blanco-Pérez et al., 
2019). As highlighted by Blanco-Pérez et al. (2020), the relative abun-
dance of diverse soil organisms associated with the EPN soil food web 
could partially explain the numbers we reported for EPN species. Our 
results showed that organic viticulture did not favor the proliferation of 
the NF species evaluated but the EcPB Paenibacillus sp. This bacterium, 
initially linked with Steinernema diaprepesi (Nguyen et al., 2007), has 
been detected in the Iberian Peninsula, putatively associated with other 
steinernematids close related to S. diaprepesi in the Clade V (Cam-
pos-Herrera et al., 2019a; Blanco-Pérez et al., 2020), especially 
S. riojaense (Půža et al., 2020). Whether a possible association 
S. riojaense-Paenibacillus sp. limit the nematode movement is a matter of 
speculation that deserves further attention. In any case, it could explain, 
partially at least, the high abundance in the soil but the low activity of 
S. riojaense in organic vineyards. Overall, organic farming could enhance 
the occurrence and biodiversity in vine rows of certain soil mesofauna 
groups, nematofauna included, so probably EPNs have to deal with more 
potential competitors. 

4.2. Impact of soil management 

Although several studies revealed that inter-row tillage favors soil 
biota degradation in vineyards (Karimi et al., 2020), its impact on the 
nematofauna is still mostly unknown. Shapiro-Ilan et al. (1999) 
observed significantly higher persistence for the EPN S. carpocapsae in 
corn-soybean rotation ecosystems treated with crop residues based on 
soybean stubble than in bare soils. In the same direction, Susurluk and 

Fig. 5. Effect of different management practices in DOCa Rioja vineyards on soil activities measured as percentages of Galleria mellonella larvae (A) that showed 
nematode emergences and (B) positive for the Koch’s postulates. Asterisks indicate significant differences from generalized linear mixed model tests at **P < 0.01 
and *P < 0.05 (n.s., not significant). Values are least-square means±SE (see Table S8 for complete statistics). Averages of the nematodes identified are represented in 
pies: the entomopathogenic nematode species Heterorhabditis bacteriophora (Hbac), Steinernema sp. affine-group (Ssp.), S. carpocapsae (Scar), S. feltiae (Sfel), 
S. kraussei (Skra), and S. riojaense (Srij); and the free-living nematode species Oscheius tipulae (Otip), O. onirici (Ooni), Pristionchus maupasi (Pmau), and Acrobeloides- 
group (Aspp.). 

Fig. 6. Canonical correspondence analysis among significant (P < 0.1) abiotic 
factors (arrows) and soil organisms (triangles) isolated through sucrose gradient 
centrifugation from DOCa Rioja vineyards. Codes: entomopathogenic nematode 
species (orange triangles) Heterorhabditis bacteriophora (Hbac), Steinernema sp. 
affine-group (Ssp.), S. feltiae (Sfel), and S. riojaense (Srij); free-living nematode 
species (blue triangles) Pristionchus maupasi (Pmau) and Acrobeloides-group 
(Aspp.); nematophagous fungi species (green triangles) Arthrobotrys oligospora 
(Aoli), A. dactyloides (Adac), Purpureocillium lilacinum (Plil), and Hirsutella 
rhossiliensis (Hrhos), and the ectoparasitic bacterium (grey triangle) Paeniba-
cillus sp. (Psp.); OM, soil organic matter content. The P values were adjusted 
with the Bonferroni correction. 
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Ehlers (2008) noted that no-tilled managements of different crops in-
crease the persistence of H. bacteriophora, probably by maintaining host 
occurrence, improving soil health conditions, and reducing temperature 
fluctuations. Moreover, Blanco-Pérez et al. (2020) remarked a correla-
tion between EPN abundance and activity and physical disturbance of 
inter-rows, recording higher EPN values for cover cropping than tilling, 
especially in the absence of mechanization in spontaneous cover crops. 
In disagreement with these results and our hypothesis, we observed that 
neither abundance nor activity of EPNs significantly varied among 
vineyards that differed in the inter-row soil management. Our obser-
vations also contrast with the results of several studies based on baiting 
methods and conducted in other crop systems, although with reserva-
tions. For example, no-tillage or strip-till significantly increased the 
infection of G. mellonella larvae by EPNs compared with traditional 
tillage in North Carolina, while other factors, such as soil properties, 
pesticide inputs, or type and quality of cover cropping, could similarly 
affect EPNs or the availability of target hosts (Brust, 1991; Hummel 
et al., 2002). Besides, Millar and Barbercheck (2002) suggested opposite 
sensitivities for different EPN species to the conditions created in tilled 
soils. Even if conventional tillage in viticulture rarely is intensive and 
does not directly affect rows (the sampling area in this study), we found 
several differences in the abiotic factors between till and no-till treat-
ments that could modulate the occurrence of EPNs in a species-specific 
manner. For instance, metal ions like Zn and Cu, recorded at higher rates 
in our no-tilled vineyards, can exhibit very high toxicity on steinerne-
matids but much less on heterorhabditids (Jaworska et al., 1996, 1997). 
This presumption seems to agree with our observations for Steinernema 
sp. affine-group and S. feltiae, both negatively affected by high Cu con-
tents, while an opposite trend was noted for S. riojaense, closely asso-
ciated with Cu in our CCA analysis. This example gives us an idea of the 
difficulty of determining the relative importance of different abiotic 
factors when evaluating their impact on the EPN community in complex 
soil environments. 

In addition to soil properties, biotic factors can also affect the sur-
vival and reproduction of EPNs (Stuart et al., 2015). We found no dif-
ferences between tilled and no-tilled vineyards for the total 
quantification of any other group of the soil organisms evaluated but for 
specific species. Alternative strategies to tillage and herbicide applica-
tions like cover cropping may enhance the nematode community by 
affecting trophic links associated with their soil food web 
(Sánchez-Moreno et al., 2015). However, in our study, no-tilled vine-
yards only appeared to favor the occurrence of the FLN O. tipulae and the 
NF A. dactyloides and P. lilacinum, while the nematode species P. maupasi 
and O. onirici were more abundant in tilled soils. The complex in-
teractions that these soil organisms could establish with EPNs are not 
easy to interpret. For instance, the versatility of roles attributed to 
nematodes in the genus Pristionchus in natural conditions can serve as an 
illustration. The wide-spread hermaphroditic species P. maupasi is 
commonly present in rotting vegetal substrates (Félix et al., 2018), 
closely associated with scarabaeoid beetles in the genus Melolontha 
(Herrmann et al., 2006). The type of relationship with its hosts is 
controversial. According to Félix et al. (2018), P. maupasi displays a 
phoretic association with cockchafers to disperse the dauer juveniles 
(the stress-resistant, alternative third juvenile stage) and colonize new 
food sources. Certainly, Hong et al. (2008) concluded that P. maupasi is 
attracted to the most dispersive forms of cockchafers. But Herrmann 
et al. (2006) considered that the nematodes in the genus Pristionchus 
follow a necromeny behavior, an association much more specific with 
their hosts that is suggested, in evolutionary terms, as an intermediate 
step preceding true parasitism (Dillman et al., 2012). Although there is 
no evidence for considering P. maupasi a parasite of insects or a 
competitor of EPNs for hosts (Herrmann et al., 2006; Blanco-Pérez et al., 
2019), the living and feeding habits of soil nematodes under natural 
conditions is still mostly unknown. Indeed, the specialized buccal cavity 
of Pristionchus and other diplogastrid nematodes allow them to feed on 
bacteria, fungi, and other nematodes (von Lieven, 2003), so they could 

also behave as predators if conditions require it. On the other hand, in 
vitro experiments showed that O. onirici could compromise S. feltiae 
virulence when acting as scavengers, a plausible strategy for EPNs to 
survive (Blanco-Pérez et al., 2019). 

As mentioned, some FLN species can compete with EPNs for re-
sources, but the nature of their interaction is still uncertain (Blan-
co-Pérez et al., 2017). We expected to notice a more straightforward 
relationship between NF and EPNs. Based on their observations, Blan-
co-Pérez et al. (2020) suggested that endoparasitic NF (H. rhossilliensis 
and Catenaria sp.) could be more efficient in killing EPNs than trapping 
NF (Arthrobotrys spp.). Since we obtained higher quantifications for 
A. dactyloides in no-tilled vineyards and no differences for H. rhossilliensis 
and Catenaria sp. between soil management treatments, our results did 
not ratify this premise. On the opposite, as also highlighted by Blan-
co-Pérez et al. (2020), the higher numbers reported for the eggs-trapping 
fungal species P. lilacinum on no-tilled vineyards could be due to an 
underestimation of the FLN abundance. 

5. Conclusions 

Our study supported the hypothesis that organic viticulture can favor 
the EPN activity and the abundance, at least, of the EPN S. feltiae, the 
predominant steinernematid species in Europe (Hominick, 2002; Bhat 
et al., 2020). In addition, we also observed evidence of higher quantities 
of FLNs and identified more nematode species (EPNs and FLNs) in 
organic agriculture. Nonetheless, we found no differences for the total 
EPN abundance between organic and integrated pest management, 
perhaps due to complex interactions among soil members assemblage to 
their soil food web. Conjointly, these results could indicate a higher 
resilience against pests and the healthiness of organic vineyard soils. 
Contrary, alternative strategies to tillage affected only a few of the 
evaluated soil species, without general distinctions on the EPN com-
munity or associated soil organisms. The vineyards selected for this 
study comprised, actually, multi-faceted management practices that 
could disturb soil biotic and abiotic characteristics differently. Since the 
nematode community could react to these singular disturbances even in 
a species-specific manner, our objective of establishing the causal effects 
of differentiated viticulture practices on the activity and abundance of 
native EPN species is considerably complex (Fiscus and Neher, 2002; 
Stuart et al., 2015). Proper viticulture practices will maximize profits 
and reduce potential problems (Provost and Pedneault, 2016), for 
instance, promoting optimal conditions for the occurrence of natural 
enemies of possible pests and pathogens in soil vineyards. Here we 
provide evidence on the support of organic viticulture to the activity of 
beneficial soil organisms, the EPNs. Future implementation of advanced 
molecular tools based on Next-Generation Sequencing (NGS) analysis 
(Geisen et al., 2018; Dritsoulas et al., 2020) will allow expanding the 
number of soil species investigated and hence, will contribute to a better 
understanding of the assemblages of EPNs and other soil organisms in 
natural conditions, and how abiotic factors affect them in the agro-
ecosystems. These baseline data will provide objective assessments to 
add value to organic management strategies in sustainable viticulture. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors thank to all the DOCa Rioja wineries and winegrowers 
involved in this study for sharing their vineyards. We appreciate the help 
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2020. A meta-analysis of the ecotoxicological impact of viticultural practices on soil 
biodiversity. Environ. Chem. Lett. 18, 1947–1966. https://doi.org/10.1007/s10311- 
020-01050-5. 

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural systems. Philos. 
Trans. R. Soc. B 363, 685–701. https://doi.org/10.1098/rstb.2007.2178. 
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