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—Pinhal de Marrocos, Coimbra, 3030-790, Portugal
c GREEN-IT Bioresources for Sustainability, ITQB NOVA, Av. da República, Oeiras, 2780-157, Portugal
d CBMA—Centre of Molecular and Environmental Biology, Department of Biology, University of Minho, Campus de Gualtar, Braga, 4710-057, Portugal
e MED Mediterranean Institute for Agriculture, Environment and Development, CHANGE Global Change and Sustainability Institute, Institute for Advanced Studies and 
Research, University of Évora, Portugal
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A B S T R A C T

Nematodes are essential contributors to soil food web, playing a crucial role in maintaining ecosystem functions 
and providing vital services. This study assessed the nematode diversity and food web structure in flooded rice 
fields in the main rice producing regions in Portugal. Soil samples were collected from rice fields along the basin 
of rivers Tagus, Mondego, and Sado in Portugal. Nematodes were extracted and identified to genus level to 
perform community analyses. Plant-parasitic nematodes (PPN) were identified to species level using 28S rDNA, 
18S rDNA and COI markers. The study found 18 nematode genera associated to rice, including bacterivores, 
fungivores, omnivores, predators and PPN. Based on prominence value, the genus Rhabditis was found to be the 
most frequent followed by Panagrolaimus and Helicotylenchus. Nematode community composition differed 
significantly among regions, with small temporal shifts. Diversity patterns were also region specific; the Mondego 
basin showed the highest diversity index, while richness and evenness across basins remain stable. Functional 
diagnostics indicated enrichment-dominated food webs across regions, with Tagus and Mondego showing higher 
food-web structure than Sado. Molecular analysis identified eight PPN species, among which H. dihystera and 
Pratylenchus crenatus were widespread across the three regions, while Aphelenchoides parietinus, Meloidogyne 
incognita and Paratrichodorus minor were confined to Mondego, Merlinius joctus to Tagus and Xiphinema citricolum 
to Sado. Meloidogyne graminicola, the most serious pest of rice worldwide, was not found in Portuguese rice fields. 
These results provide the first baseline for nematode diversity and food-web condition in Portuguese rice 
agroecosystems and represent one of the first ecological characterisations of nematode communities in Europe, 
offering vital information for monitoring and management programmes.

1. Introduction

Nematode assemblages are widely used in soil ecological studies 
because changes in community composition and trophic structure reflect 
soil food web organisation and ecosystem functioning (Bongers and 
Ferris, 1999; Ferris et al., 2001). Soil biota contribute to nutrient 
cycling, organic matter decomposition, and the regulation of plant pests 
and pathogens, thereby supporting essential ecosystem services 
(Bardgett and van der Putten, 2014; Orgiazzi et al., 2016). On this basis, 
nematode ecological indices and metabolic footprints are often being 
applied in soil monitoring and biomonitoring programmes (Ferris, 2010; 

Sánchez-Moreno and Ferris, 2018).
In Europe, attention has been given to the development of soil health 

monitoring frameworks to evaluate soil biodiversity. Recent initiatives 
associated with the European Union Soil Strategy aim to integrate bio
logical indicators into large scale assessments of soil condition across 
different land uses and climatic regions (European Commission, 2021; 
Guerra et al., 2021). Within this context and despite the limited avail
ability of comprehensive datasets, the nematode community analysis is 
recognised as a valuable tool for assessing soil biodiversity and 
ecosystem functions in agricultural systems (Furmanczyk et al., 2025).

Rice agroecosystems represent unique environments where periodic 

* Corresponding author. Instituto Nacional de Investigação Agrária e Veterinária (INIAV, I.P.), Oeiras, 2780-159, Portugal.
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flooding and agricultural management practices influence soil biological 
communities (Ferris et al., 2001; Okada et al., 2011). Studies conducted 
in rice growing regions worldwide have shown that nematode assem
blages respond to environmental conditions and cropping systems, 
making them useful indicators of soil ecological processes in paddy 
systems (Ferris et al., 2001; Neher, 2010; Korobushkin et al., 2019; 
Mokuah et al., 2023). However, compared with major rice producing 
regions in Asia, research on nematode community composition and 
trophic structure in the Mediterranean rice agroecosystems is still 
limited, leaving a significant gap in the current knowledge (Korobushkin 
et al., 2019; Du Preez et al., 2022).

In Portugal, rice is cultivated primarily in Mondego, Tagus, and Sado 
Valleys, in lowland areas and coastal wetlands, with a particular role in 
the preservation of biodiversity and soil conservation and significant 
socioeconomic importance (Gonçalves et al., 2022). However, while the 
diversity of aboveground organisms is well-documented, the overall 
diversity and ecological functions of soil biota, particularly nem
atofauna, remain largely unexplored. Hence, the establishment of 
baseline data on nematode diversity and trophic structure across rice 
growing areas is essential to support soil biodiversity assessments and 
future biomonitoring efforts.

Therefore, this study aimed to assess nematode diversity, soil food 
web indices, and metabolic footprints in irrigated rice fields in Portugal, 
to characterise nematode community structure and evaluate their po
tential as indicator of soil ecological condition, and plant-parasitic 
nematode (PPN) occurrence.

2. Materials and methods

2.1. Area of study and sampling

A survey in the main rice production areas (basins of rivers Tagus, 
Mondego, and Sado) was carried out from 2021 to 2023, collecting a 
total of 90 samples (Fig. 1). Sampling was conducted between July and 
September, corresponding to the reproductive to early ripening stages of 
the rice crop. All the sampled fields had rice as monoculture with 
comparable conventional management. Soil, root, and leaves samples 
were collected by the National Institute of Agrarian and Veterinarian 
Research (INIAV, I.P) and by inspectors of the National Plant Protection 
Organization (DGAV-Portugal) and Regional Directorate of Agriculture 
and Fisheries from the Central region (DRAPC-Portugal). Each soil 
sample, with an approximate volume of 1 dm3, consisted of a composite 
of 15 subsamples collected at roughly equal intervals from the root- 
colonised soil at about 15-20 cm depth. Samples were individually 
coded and stored in polyethylene bags.

The regions surveyed in this study are represented by a Mediterra
nean climate, Csb and Csa of Köppen classification, characterised with 
mild and temperate summers, with almost no rainfall, while winters are 
rainy with mild temperatures (IPMA - Instituto Português do Mar e da 
Atmosfera, 2025). Soils are mainly alluvial with high agricultural 
quality, some of which are poorly drained, with waterlogging and sali
nization risks (Gonçalves et al., 2020).

Sample collection and species detection maps were made using the 
ArcMap 10.8 software (ESRI, United States), CAOP2022_PORTUGAL 
and CAOPP2022_DISTRITOS shapefiles (DGT, 2022).

2.2. Nematode extraction

Nematodes were extracted for 24 h from soil, leaves and roots using 
the modified Baermann's Funnel (tray method) from a 100 mL soil 
subsample or 100 g leaves/roots according to the standard protocol PM 
7/119 (1) (EPPO - European Plant Protection Organisation, 2013). The 
obtained nematode suspension was concentrated by sieving through a 
20 μm sieve. The suspensions were observed using a stereomicroscope 
(Nikon SMZ1500, Tokyo, Japan). In samples with a high number of 
nematodes an aliquot containing at least 100 nematodes was used for 

counting, in samples with fewer nematodes than 100 all specimens were 
counted. Direct examination of roots under a stereomicroscope was also 
performed to look for root-knot nematodes (RKN).

2.3. Morphological characterisation and trophic analysis

Nematodes were identified using a brightfield light microscope 
(Olympus BX-51, Hamburg, Germany) and classified in trophic groups 
through their mouth and upper digestive tract anatomy (Bongers and 
Bongers, 1998; Yeates et al., 1993). Identification to genus level was 
performed using simplified keys (Goodey, 1963; Hunt, 1993; Jairajpuri 
and Ahmad, 1992; Mai and Mullin, 1996; Siddiqi, 2000). Individuals 
belonging to the genus Aphelenchus were considered fungivores in this 
survey though some of them may also feed on roots, moss, and algae 
(Yeates et al., 1993; Siddiqi, 2000; Sohlenius et al., 1977). Specimens 
belonging to the genus Aphelenchoides were considered fungivores by 
Yeates et al. (1993), however, in this survey they were considered PPN 
due to the importance that some of them have as pathogens in rice.

Nematodes were grouped into five trophic groups based on their 
feeding habits: bacterivores (BF), fungivores (FF), PPN, omnivores 
(OM), and predators (PD) according to Yeates et al. (1993).

To assess the frequency and dominance of nematode genera in rice 
agroecosystems absolute frequency, absolute density, prominence value 
and relative prominence values (Norton, 1978) were calculated. 

Fig. 1. Location of the main rice producing regions in Portugal, surveyed be
tween 2021 and 2023. Sampling was conducted in the Mondego, Tagus, and 
Sado river basins (highlighted in green).
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1) Absolute frequency = Number of samples containing genus/species
Total number of samples collected X100

2) Absolute density = Number of individuals of species per unit volume 
of soil

3) Prominence value (pv) = Absolute density
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Absolute

√
frequency

4) Relative prominence value = Prominence value
Total prominence value X 100

To characterise nematode diversity, a set of taxonomic indices that 
included Shannon's diversity, Margalef's richness and Pielou's evenness 
were estimated (Magurran, 2021).

2.4. Functional diversity and soil food web

The genera identified were categorised into life strategy groups 
based on colonizer/persister values (c-p 1 to c-p 5 and p-p 2 to p-p 5), 
using the NINJA software (Sieriebriennikov et al., 2014). From these 
data, functional diversity indices were calculated, including the matu
rity index of free-living nematodes belonging to colonizer-persister 
group 1–5 (MI), maturity index excluding c-p 1 nematodes (MI 2–5) 
(Bongers, 1990), basal index (BI), channel index (CI), enrichment index 
(EI), structure index (SI) (Ferris et al., 2001) and metabolic footprints 
(Ferris, 2010) using the VEGAN package in R (Oksanen et al., 2019). The 
MI, MI 2–5, BI and CI provide information on the level of disturbance in 
the ecosystem and the condition of the soil food web, EI indicates the 
availability of food and nutrient enrichment, SI infers the food web 
structure and its complexity, and the metabolic footprints indicate the 
ecosystem services provided by the soil food web (Du Preez et al., 2022; 
Sánchez-Moreno and Ferris, 2018).

2.5. Molecular characterisation

Various genomic regions were used to provide the molecular iden
tification of the PPN species detected in the surveyed rice fields. Total 
DNA was extracted from a single second-stage juvenile (J2) using the 
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) following the 
manufacturer's instructions. Polymerase Chain Reactions (PCR) were 
performed using primers D2A/D3B (Nunn, 1992) to amplify the D2–D3 
expansion segments of the 28S rDNA; 18S-CL-F3/1912R (Carta and Li, 
2018; Holterman et al., 2006) to amplify the 18S rDNA region; and 
JB3/JB5 (Hu et al., 2002) to amplify the mitochondrial cytochrome 
oxidase subunit I (COI). PCR reactions were performed in a 25 μL final 
volume mixture containing 12.5 μL Supreme NZYTaq II Green Master 
Mix (NZYTech, Lisbon Portugal), 2 μL of isolated DNA, and 0.4 μM of 
each primer in a Biometra TGradient thermocycler (Biometra, 
Göttingen, Germany). Thermal cycling conditions consisted of an initial 
step at 95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 
30 s, annealing at 43 ◦C (COI), 54 ◦C (18S) or 51 ◦C (28S) for 30 s, and 
elongation at 72 ◦C for 1 min. The thermal cycle was concluded with a 
5 min elongation step at 72 ◦C for all genomic regions. PCR products 
were resolved by electrophoresis at 5 V.cm− 1 in agarose gel (1.5%) 
containing 0.5 μg/mL ethidium bromide and 0.5x Tris-Borate-EDTA 
(TBE) running buffer. Amplifications were visualized using the Versa
Doc Imaging System (BioRad Laboratories, Hercules, California, USA). 
PCR products were purified using the DNA clean and concentrator kit 
(Zymo Research Corp, California, USA), according to the manufacturer's 
instructions. Amplicons were sequenced in both directions at STABVida 
Sequencing Laboratory (Lisbon, Portugal) on a DNA analyser ABI PRISM 
3730xl (Applied Biosystems). The newly obtained sequences were 
manually checked, edited, and assembled using MEGA 7 (Kumar et al., 
2016). Sequence identity was carried out by comparison with references 
deposited in GenBank using BLAST. Sequences generated in this study 
were deposited in GenBank.

2.6. Data analysis

To assess differences in overall nematode community composition, a 

permutational multivariate analysis of variance (PERMANOVA) was 
performed using Bray-Curtis dissimilarities (9999 permutations), sig
nificance level of α = 0.05. Homogeneity of multivariate dispersion was 
evaluated with betadisper and a permutation test (9999 permutations) 
using the VEGAN package in software R (Version 4.5). When Region was 
significant, pooled pairwise comparisons among regions were per
formed to estimate the average regional effect across years (permutation 
tests; Bonferroni adjustment) (Anderson, 2017; Oksanen et al., 2019).

Nematode abundance was analysed using a Generalised Linear 
Model with a negative binomial distribution and a log link (GLM-NB) to 
account for overdispersion (Ver Hoef and Boveng, 2007). Over
dispersion was evaluated via Pearson residual tests for each genus. The 
response variable in each model was the abundance of individual 
nematode genus. Models were fitted using the MASS package in software 
R (Version 4.5) (Venables and Ripley, 2002). The models included Re
gion, Year, and their interaction (Region x Year) as fixed factors but, due 
to the unbalanced distribution of samples among Region - Year combi
nations, interaction effects were interpreted with caution and consid
ered exploratory.

To evaluate nematode diversity, indices were calculated for each 
individual sample using the VEGAN package in R (Version 4.5), this 
approach allowed for a more robust statistical comparison, as it 
accounted for within region variation (Neher and Darby, 2006; Oksanen 
et al., 2019). Modelling was carried out with Generalised Linear Models 
(GLMs), Shannon diversity and Margalef richness via Gamma (log), 
Pielou's evenness via beta (logit). Functional indices were analysed 
similarly: EI, SI, BI, CI with beta (logit) models, and MI, MI2-5 and 
metabolic footprints with Gamma (log) models. Main effects in Gamma 
GLMs, were analysed using Type-III tests with CAR package in R 
(Version 4.5), whereas Beta regression models were evaluated using 
likelihood-ratio (drop-term) tests. When main effects were significant, 
estimated marginal means (EMMs) were calculated and Tukey-adjusted 
pairwise comparisons performed using the EMMEANS package in R 
(Version 4.5) (Lenth, 2024). The Region × Year interaction was tested 
initially for diversity and functional indices but excluded from final 
models due to unbalanced sampling across Region - Year combinations, 
which led to non-estimable or unstable contrasts.

3. Results

3.1. Nematode communities in rice agroecosystems

Nematodes were recovered only from soil samples. A total of 18 
different nematode genera representing different trophic groups were 
identified. Among trophic groups, PPN showed the highest genus rich
ness (n = 12 genera) followed by bacterivores (n = 3 genera) and fun
givores, omnivorous and predatory nematodes (n = 1 genera). Within 
bacterivores, the genus Rhabditis was particularly prominent, showing 
the highest frequency (76.7%) and density (21/100 mL). Other genera 
within this group, such as Panagrolaimus (53.3%) and Eucephalobus 
(10%) were also frequent but less abundant. Fungivores were repre
sented by the genus Aphelenchus (26.7%), which displays high frequency 
but low abundance. Nematodes belonging to the omnivores group 
Dorylaimus (36.7%) and predators Mononchus (24.4%) were commonly 
found, though at low densities. Many genera of PPN were present in the 
soil samples, being the genus Helicotylenchus the most frequently found 
(46.7%) and more abundant within this group (11/100 mL), followed by 
Aphelenchoides (20%) and Pratylenchus (16.7%). Other genera were 
detected at low frequencies and densities. Based on relative frequency, 
absolute density and relative prominence value, the genus Rhabditis was 
found to be the most prominent followed by Helicotylenchus, and Pana
grolaimus (Fig. 2; Table S1).

Table S2 contextualizes these patterns regionally by showing the 
distribution of mean abundances across regions. Free-living nematodes 
such as bacterivores and fungivores occurred at moderate levels and 
revealed little regional variation, whereas several PPN, including 
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Helicotylenchus, Aphelenchoides, and Xiphinema, displayed differences in 
abundance among regions.

3.2. Community composition

The PERMANOVA based on Bray-Curtis distances showed significant 
differences in nematode community composition among regions 
(F = 6.31, R2 = 0.125, p = 0.001), while the main effect year (F = 1.34, 
R2 = 0.026, p = 0.18) and the Region × Year interaction (F = 1.78, 
R2 = 0.03, p = 0.053) were not significant. Dispersions were homoge
neous among regions (Region: F = 1.84, permutation p = 0.163) but 
differed among years (Year: F = 10.51, permutation p < 0.001). Given 
the non-significant Region × Year interaction, pooled permutation- 
based pairwise among regions was performed, indicating that all re
gions differed significantly (Mondego vs Sado, p = 0.003; Mondego vs 
Tagus, p = 0.012; Sado vs Tagus, p = 0.003; Bonferroni adjusted).

At genus level, negative binomial GLM indicated that spatial varia
tion (Region) was significant for many genera including: Aphelenchoides 
(p = 1,008e-10), Hemicriconemoides (p = 2.025e-04), Helicotylenchus 
(p = 1.063e-05), Hemicycliophora (p = 9.628e-08), Meloidogyne 
(p = 1.795e-02), Merlinius (p = 4.281e-05), Panagrolaimus (p = 1.792e- 
02), Paratrichodorus (p = 5.043e-09), Telotylenchus (p = 5.680e-19), 
Tylenchus (p = 6.501e-04) and Xiphinema (p = 8.814e-245). Regarding 
temporal changes, while Year did not affect overall community 
composition (PERMANOVA), genus-wise GLM-NB indicated year-to- 
year changes in a subset of taxa Hemicriconemoides (p = 4.05e-03) and 
Telotylenchus (p = 4.7e-15), consistent with taxon-specific responses that 
do not shift the multivariate centroid. On the other hand, significant 
Region × Year interactions were found for Dorylaimus (p = 2.030e-03), 
Panagrolaimus (p = 1.792e-02), Tylenchorhynchus (p = 3.960e-03), and 
Tylenchus (p = 1.792e-02), suggesting that for these genera temporal 
dynamics changed among regions. The estimated marginal means 
(EMMs) supported the overall PERMANOVA and GLM-NB results, 
revealing strong regional differences in most of the genera identified, 
decline in abundance in two genera over the years and non-uniform 
changes in abundance for only four genera across regions.

3.3. Diversity indices

Due to the unbalanced Region x Year replication, the interaction for 
diversity indices was not possible to estimate with precision and so it 
was excluded. In terms of diversity, the Shannon index differed among 
regions (χ2 = 6.43, p = 0.040) (Fig. 3) but did not differ among years. 
Post-hoc Tukey comparisons showed significant differences between 
Mondego and Tagus (p = 0.042), whereas Sado did not differ from either 
basin. Margalef richness also showed a marginal regional effect 
(χ2 = 6.20, p = 0.046) but no significant differences among years, 
moreover, pairwise comparisons did not reveal significant differences 
after Tukey adjustment. Pielou evenness index had no effect of region or 
year.

3.4. Functional diversity

The nematode classification into different life strategy groups 
revealed the presence of higher PPN classes (p-p 4 and p-p 5), repre
sented by the genera Paratrichodorus and Xiphinema, being of particular 
interest the genus Xiphinema (p-p 5), which was found exclusively and 
abundantly in the Sado Basin. Otherwise, assemblages were dominated 
by c-p 1-2, enrichment opportunists with short life cycles and a prefer
ence for disturbed environments. This group includes bacterivores and 
fungivores, being the genera Rhabditis and Panagrolaimus the most 
found. Nematodes from higher c-p classes, such as Dorylaimus and 
Mononchus (c-p 4), typically associated with stable, mature ecosystems, 
were also detected across all regions. PPN were predominantly assigned 
to p-p class 3, with Helicotylenchus, Pratylenchus, and Tylenchorhynchus 
occurring in all three basins.

The generalised linear models (GLMs) revealed significant regional 
differences, mainly in the soil food-web index MI2-5 (X2= 6.31, 
p = 0,042), whereas no differences were detected among years 
(2021–2023). Therefore, a summary by region is presented in Table 1. 
The MI was very low (1.30 and 1.50) and did not differ significantly 
among regions, a pattern consistent with enrichment/disturbance 
dominated by opportunistic taxa. In contrast, MI2-5 displayed signifi
cant differences between Sado and Tagus (p = 0.037). Higher MI2-5 
values in Tagus and Mondego basins (>3) imply a greater contribution 

Fig. 2. Relative frequency (%), absolute density ((#/100 mL) and relative prominence value (%) of nematode genera found in Portuguese rice agroecosystems.
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and persistence of higher c-p 2–5 taxa and a more developed food web, 
while in Sado, the low MI2–5 suggests that additional stressors beyond 
simple nutrient enrichment are affecting food web development. In
dicators of ecosystem function, such BI and CI, were variable in all three 
regions but below 10%, and EI was above 90% across the three basins, 
showing a pattern consistent with bacterial dominated decomposition. 
SI and EFP were higher in Mondego and Tagus basins than in Sado, but 
the differences were not statistically significant. SFP were lowest in 
Sado, matching its lower SI.

Nematode communities in all regions are strongly enriched, with 
Tagus supporting more higher c–p taxa and Sado displaying the lowest 
food web structure. When genera were grouped by feeding habits, 
regional patterns were found (Fig. S1). The Sado basin was dominated 
by PPN, suggesting disturbance prone environments where nutrient 
inputs or stressors favour these nematodes. This pattern aligns with the 

low MI2–5 and SI observed, indicating a simplified, less structured food 
web with limited higher trophic activity and weaker top-down control. 
The Tagus basin was dominated by bacterivores, consistent with high 
enrichment and active bacterial decomposition pathways, supported by 
the high EI and enrichment footprint values. This indicates that bacterial 
decomposition dominates organic matter processing, a typical response 
to elevated productivity or organic inputs. In contrast, the Mondego 
basin showed a mixed containing both bacterivores and PPN, suggesting 
an intermediate system, where energy channels from both bacteria and 
plants contribute to nematode communities. This trend is supported 
with the relatively high MI2–5 and EI values, implying a moderately 
enriched system where both bottom-up resource availability and food- 
web structure are sustained.

To further evaluate the nematode community, a food web analysis 
was conducted using EI against SI (Fig. 4). This approach provided a 
complementary view of food-web status, highlighting the balance be
tween enrichment responses and the degree of trophic complexity across 
regions.

The food web analysis shows that most samples from all three regions 
are represented in quadrants A and B, indicating nutrient-enriched, 
maturing and regulated communities. This suggests that nematode 
communities have large numbers of enrichment opportunists but still 
contain higher c–p taxa that contribute to food-web complexity. Samples 
from the Tagus region display the greatest spread, with some extending 
toward lower SI or EI values, pointing to greater heterogeneity in 
functional community structure. Mondego samples group more tightly 
in quadrant B, whereas several Sado samples fall in quadrant A, indi
cating nutrient-enrichment, disturbed communities and conducive to 
pests and diseases (Ferris et al., 2001).

Fig. 3. Boxplots of Shannon diversity index, Margalef richness index, and Pielou's evenness index for nematode communities across the Mondego, Sado, and Tagus 
River Basins. Different letters indicate statistically significant differences among regions (p < 0.05). The horizontal line within each box represents the median of the 
index values. The box limits denote the interquartile range (IQR) from the 25th to the 75th percentile indicating the central 50% of the data. The "whiskers" extend to 
the most extreme values within 1.5 × IQR from the quartiles, they help indicate the spread and variability of the data. Dots outside the whiskers represent outliers, 
indicating individual values that deviate substantially from the rest of the data.

Table 1 
Soil food web indices and metabolic footprints (mean ± SD)/region.

Index Mondego Tagus Sado p- 
value

Maturity Index 1.37 ± 0.41 1.51 ± 0.62 1.32 ± 0.38 0.199
Maturity Index 2- 

5
3.51 ± 0.76a 3.42 ± 0.82a 2.64 ± 0.83b 0.037*

Basal Index 2.69 ± 9.49 4.46 ± 12.13 5.86 ± 11.91 0.637
Channel Index 4.61 ± 18.89 8.51 ± 27.57 9.18 ± 23.00 0.881
Enrichment Index 97.08 ± 9.58 94.64 ± 13.85 93.84 ± 11.94 0.661
Structure Index 81.01 ± 36.74 75.99 ± 39.93 38.20 ± 47.49 0.148
Enrichment 

footprint
52.69 ± 60.57 46.35 ± 83.95 18.92 ± 15.91 0.085

Structure 
footprint

16.00 ± 30.11 18.69 ± 55.14 5.49 ± 12.66 0.847

*Significant differences at p ≤ 0.05, different letters indicate significant differ
ences between regions (Tukey-adjusted pairwise comparisons).
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3.5. Molecular identification of PPN species

Sequence identity was consistently high (>98%), supporting reliable 

identification of eight PPN species in Portuguese rice fields (Table S3). 
These include Aphelenchoides parietinus, Helicotylenchus dihystera, Hem
icriconemoides ortonwilliamsi, Meloidogyne incognita, Merlinius joctus, 

Fig. 4. Food web analysis showing the relationship between Enrichment Index (EI) and Structure Index (SI). Each point represents a sample, overlapping points 
appear as a single dot. Dashed lines indicate quadrants used to characterise food web condition. Quadrant A – Disturbed: N-enriched, low C:N, bacterial 
decomposition channel (high disturbance); Quadrant B – Maturing: N-enriched, low C:N, balanced decomposition channels (low to moderate disturbance); 
Quadrant C – Structured: moderate enrichment, moderate C:N, fungal decomposition channel (undisturbed); Quadrant D – Degraded: nutrient depleted, high C:N, 
fungal decomposition channel (Stressed).

Fig. 5. Distribution maps of plant-parasitic nematode species identified in the three rice-producing regions of Portugal. From left to right the panels show the 
Mondego, Tagus, and Sado regions.
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Paratrichodorus minor, Pratylenchus crenatus, and Xiphinema citricolum. 
Fig. 5 summarizes where each species was detected within Portugal's 
three main rice-producing regions.

The distribution maps clearly show regional patterns, some species, 
such as H. dihystera and P. crenatus, were widely distributed across re
gions, whereas others showed a more restricted occurrence, such is the 
case of A. parietinus, M. incognita and P. minor present only in the 
Mondego region, M. joctus in the Tagus region and X. citricolum in the 
Sado region. Despite the limited number of species identified molecu
larly, these results support the community level patterns described 
above, where Sado exhibited stronger dominance by PPN and reduced 
structural complexity, while Tagus supported a more heterogeneous 
assemblage. Meloidogyne graminicola, considered the most damaging rice 
nematode worldwide, was not detected in any of the surveyed fields.

4. Discussion

Environmental variability in flooded rice fields drives contrasting 
patterns in soil community composition (Bai et al., 2017). In this study, 
eighteen nematode genera were recorded across bacterivores, fungi
vores, omnivores, predators and PPN, with bacterivores, especially the 
genus Rhabditis, being the most frequent in Portuguese paddy fields. In 
rice production, this pattern is typical due to the frequent inputs (min
eral N–P fertiliser, low C:N organic amendments) and their water regime 
(flooded and drained periods), which favours fast bacterial pathways 
and early successional opportunistic taxa (Ferris, 2001). This bacter
ivore prominence has also been reported in rice systems across Africa 
and Asia, indicating that the water level management drives this 
dominance more than local conditions (Liu et al., 2008; Mokuah et al., 
2023; Okada et al., 2011). PPN Helicotylenchus, Pratylenchus, Tylencho
rhynchus were abundant across the three basins under study, reflecting 
the host driven selection pressure imposed by continuous rice mono
culture. Similar dominance has been documented in other rice systems: 
Pratylenchus, Tylenchorhynchus, and Helicotylenchus were among the 
most prevalent PPN in Chinese rice agroecosystems (Mo et al., 2021), 
while Eche et al. (2021) also reported their presence in Nigerian rice 
fields, highlighting the role of PPN as key components of rice nem
atofauna across different geographic regions. In this study, the genus 
Tylenchus was classified as a PPN despite of some species being 
considered facultative fungivores, this was based on its morphology, 
feeding structure, and ecological role. Moreover, several Tylenchus 
species are known to parasitize cereals and grasses, including rice, and 
are commonly grouped with PPN in similar agroecosystems (Mo et al., 
2021; Okada et al., 2011; Siddiqi, 2000; Yeates et al., 1993).

Region was the primary driver of nematode assemblage, with com
munities separating clearly among Mondego, Tagus and Sado. Although 
not addressed in this study, the pronounced regional structuring has 
been associated with differences in water scheduling (flooding, mid- 
season drainage, reflooding), residue and fertiliser handling, soil 
texture and, in some cases, salinity. These drivers alter oxygen supply 
and the delivery of fresh carbon and nitrogen into the system, thereby 
shifting the balance among trophic groups (Du Preez et al., 2022; Kor
obushkin et al., 2019; Lv et al., 2014; Wu et al., 2008). GLM-NB at genus 
level reinforced this interpretation by showing spatial filtering across 
functional guilds. Rapid colonisers like Panagrolaimus are also prevalent 
in Portuguese rice fields, suggesting there are frequent inputs of fresh, 
easily decomposed organic matter as mentioned in previous studies 
(Ferris, 2001; Ferris et al., 2004; Ferris and Bongers, 2006). As reported 
in recent surveys on rice fields in Thailand and Kenya, PPN composition 
had regional patterns (Nimnoi et al., 2024; Ndirangu et al., 2024). For 
instance, Paratrichodorus and Xiphinema displayed strong spatial differ
ences, in other studies, these genera have been linked often to coarser or 
better drained microsites and along field margins, whereas Hemi
criconemoides and Hemicycliophora (ectoparasites with protective cuti
cles) tend to persist where disturbance is recurrent, but soils are not 
persistently reduced (Ndirangu et al., 2024). High prevalence of genus 

Helicotylenchus has also been described from Kenya and the Philippines 
(Coyne and Plowright, 2000; Mokuah et al., 2023). Moreover, Coyne 
et al. (2001) reported there is a positive correlation between flooded rice 
and the genus Helicotylenchus. Notably, the genus Xiphinema was 
detected at high abundance only in the Sado basin; however, model 
diagnostics indicated poor fit due to extreme sparsity/zero inflation, so 
differences for Xiphinema should be interpreted with caution.

Although all three river basins share similar rice-cropping practices 
involving continuous flooding and regular fertiliser inputs, differences 
in nematode diversity and food-web structure reflect contrasts in hy
drology, soil properties, and management intensity. In the Mondego 
basin, rice cultivation is concentrated in the Lower Mondego Valley, 
within the Baixo Mondego Irrigation Scheme, a gravity-fed network 
with limited automation and collective management (Cunha et al., 
2021; Gonçalves et al., 2022). This traditional water regime produces 
small temporal and spatial variation in flooding depth and drainage, 
generating hydrological heterogeneity that favours the coexistence of 
nematodes with different life-strategy groups. Consequently, both 
opportunistic (c-p 1/2) and more persistent taxa (c-p 3/4) coexist, 
maintaining moderate food-web structure. In contrast, the Tagus basin, 
Portugal's largest and most intensively managed rice-growing area relies 
on fully regulated irrigation and higher agrochemical use, which 
homogenise soil conditions and increase chemical stress (Almeida et al., 
2018; Calha et al., 2023). These practices reduce habitat heterogeneity 
and the abundance of sensitive taxa, leading to lower Shannon diversity 
and dominance of opportunistic nematodes. Nevertheless, the relatively 
high MI2-5 values in Tagus suggest that field margins and drainage 
canals still support higher c-p taxa where organic residues and variable 
moisture maintain microhabitat diversity. The Sado basin, with inter
mediate rice-field density but fine-textured, poorly drained floodplain 
soils and a strong estuarine influence, exhibited the lowest MI2-5 and SI 
values, indicating a simplified and stress-prone food web. Long-term 
chemical inputs and periodic salinity intrusions from the estuary 
intensify anaerobic and osmotic stress, favouring tolerant and oppor
tunistic taxa while excluding higher c-p groups (Biguino et al., 2024). 
The strong PPN pressure observed in Sado likely results from the com
bined effects of monoculture, reduced biological regulation, and envi
ronmental stress. Flooded and saline soils suppress nematode predators 
and microbial antagonists, allowing root-feeding PPN to persist and 
reproduce, while pesticide residues further weaken top-down control 
(Coyne and Plowright, 2000; Mokuah et al., 2023; Sánchez-Moreno and 
Ferris, 2018).

The EI - SI analysis supports these interpretations as samples mainly 
fall within Quadrants A and B, representing nutrient-enriched environ
ments where bacterial-feeding, fast-reproducing nematodes (c-p 1/2) 
dominate, as expected in flooded rice soils that receive continuous 
nutrient inputs (Ferris et al., 2001, 2004). This pattern agrees with the 
consistently high EI (>90%) across all regions, confirming that rapid 
organic matter turnover through bacterial pathways is a common 
feature of Portuguese rice systems. However, regional contrasts in SI and 
MI2-5 revealed differences in the degree of food-web maturity. Sado 
samples, clustering mainly in Quadrant A, show high EI but low SI, 
characteristic of communities experiencing chronic disturbance and 
limited structural recovery. In contrast, Mondego and Tagus samples, 
grouped mainly in Quadrant B, displaying higher SI and MI2-5, consis
tent with more balanced systems where both enrichment and structure 
coexist. Similar EI–SI patterns, enriched yet structurally resilient nem
atode communities have been reported in Chinese and Japanese rice 
paddies and in Kenyan irrigated systems, where controlled flooding and 
moderate disturbance maintain functional stability (Liu et al., 2008; 
Mokuah et al., 2023; Okada et al., 2011).

Molecular identification confirmed the presence of eight PPN species 
in Portuguese rice fields. The distribution of these species was not uni
form across regions, reinforcing the regional differences in nematode 
community structure described earlier. For instance, the wide distribu
tion of Helicotylenchus dihystera and Pratylenchus crenatus is consistent 
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with their generalist feeding strategies and wide host ranges (Sikora 
et al., 2018). These restricted distributions emphasize the importance of 
local soil and management conditions in shaping PPN assemblages, a 
pattern that has also been reported in other rice systems (Coyne and 
Plowright, 2000; Mokuah et al., 2023; Okada et al., 2011).

Although Aphelenchoides besseyi has been recently reported in Por
tuguese rice fields (Inácio et al., 2025), it was not detected in our survey. 
This is consistent with its biology, since the species survives mainly in 
seeds and is rarely found in soil. In this study seed samples were not 
included because they represent a different epidemiological pathway 
linked to post-harvest survival and international trade.

Interestingly, Meloidogyne graminicola, considered the most 
damaging PPN of rice worldwide (Mantelin et al., 2017; Rusinque et al., 
2021), was not detected in any of the surveyed fields. This absence di
verges from reports from South America, Asia and Africa, where 
M. graminicola is prevalent and causes severe rice yield losses (De Waele 
and Elsen, 2007; Win et al., 2015). The apparent absence of 
M. graminicola in Portugal may be due to climatic limitations, differences 
in irrigation management, or absence of introduction pathways. How
ever, the detection of M. incognita indicates that Portuguese rice fields 
remain vulnerable to significant PPN impacts.

5. Conclusion

This survey provides the first baseline of soil nematode communities 
associated to Portuguese rice agroecosystems. The communities across 
the studied basins were enrichment-dominated and region-structured, 
with higher trophic structure in Tagus and simplified food webs in 
Sado basin. Eight PPN species were found, however, the most damaging 
root nematode of rice, M. graminicola was not detected. These findings 
support regular nematode monitoring and targeted surveillance to 
maintain soil function and pest risks reduction.
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