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Abstract 
Areas designated for cultivating wheat [Triticum aestivum] are the most ex-
tensive of all terrestrial crops. Due to its importance T. aestivum, has been the 
subject of numerous studies. In the present study, we investigated the effects 
of phenological stages of the wheat plant rhizosphere on the composition of 
soil free-living nematode communities. During the growth period [November 
2020-August 2021], soil samples were collected at various intervals, corre-
sponding to distinct phenological stages. Soil samples were obtained from the 
top layer [0 - 10 cm] for both biotic and abiotic analysis. The soil free-living 
nematode community was assessed using high-throughput sequencing of the 
18S rRNA and its ITS gene regions. Our findings reveal that soil water content 
was significantly [p < 0.05] influenced by both the rainy season and the varia-
tions in plant cover. Soil organic matter content and salinity levels [EC] were 
also significantly [p < 0.05] affected by the sampling area [control versus plant 
cover]. Notably, plant cover was positively associated with specific dominant 
nematode taxa, including Dorylaimida and Ditylenchus. These populations 
exhibit increased relative abundance and dominance within the soil as pheno-
logical stages progressed and root system biomass expanded. The strongest 
significant association, specifically seen in the wheat field [WF], showed a neg-
ative correlation between Rhabditis and nematode diversity [H’], with a sig-
nificance level of p < 0.0001. Throughout the study period, bacterivores re-
mained the most common trophic group in both the wheat field and control 
area, making up 54.5% of all identified nematodes. These results strongly in-
dicate that nematode populations were significantly affected by the factors ex-
amined in this study. 
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1. Introduction 

Healthy soils are fundamental for sustainable agricultural development, reflect-
ing the capacity of soil to function within ecological boundaries to sustain produc-
tivity, maintain environmental quality, and promote plant and animal health 
[1]. Biological indicators, particularly soil nematodes—are commonly used in 
soil health assessments. These metazoans are among the most abundant multi-
cellular organisms in soil and are considered sensitive bioindicators due to their 
presence across multiple trophic levels in the soil food web [2]. Their diverse 
feeding habits, rapid response to disturbances, and role in energy flow and eco-
system functioning make them powerful biological tools for monitoring soil eco-
system health and environmental changes [3], closely reflecting underlying soil 
conditions. 

Land management practices such as tillage intensity, crop rotation, and nutri-
ent management markedly influence nematode communities in the rhizosphere, 
the soil region directly influenced by root activity. Root exudates, a variety of chem-
ical compounds released by plant roots [4], play a key role in shaping the soil food 
web, including rhizosphere nematodes. For example, continuous monocropping 
can reduce nematode diversity and disrupt decomposition pathways, ultimately 
impairing soil function. In contrast, crop rotations tend to enhance the abundance 
and metabolic footprint of beneficial bacterivorous and fungivorous nematodes. 
Conservation tillage methods [no-till, ridge-till] generally support higher nema-
tode diversity and abundance compared to conventional plowing. Additionally, 
organic manure applications can stimulate nematode metabolic activity and sup-
press plant-parasitic groups, thereby promoting healthier plant growth [5]. Alt-
hough few studies directly link rhizosphere nematode dynamics to plant phenol-
ogy, management-induced changes in nematode communities can indirectly af-
fect plant development. Healthy nematode assemblages, supported by sustainable 
practices, enhance nutrient availability and increase resilience to pests and dis-
eases, potentially advancing key phenological stages [6] [7]. In contrast, practices 
that reduce nematode diversity may weaken plant vigor and disrupt developmen-
tal timing. Overall, nematodes are integral to soil ecosystem functioning—facili-
tating nutrient cycling and supporting plant health—while simultaneously serving 
as indicators of how plant phenology and agricultural practices shape soil biodi-
versity. 

Since the dawn of human history, wheat [Triticum aestivum] has been one of 
the most important staple grains for human consumption. The “Green Revolu-
tion” has changed the face of global agriculture, significantly increasing the pro-
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duction of major food crops, particularly wheat and rice [8] [9]. Today, areas des-
ignated for growing wheat are the largest among all terrestrial crops, amounting 
to approximately 240 million dunams worldwide [10]-[12]. Since the 19th cen-
tury, wheat has predominantly been grown worldwide using the “rainfed farming” 
method, which relies on natural precipitation without control over the amount, 
distribution, and intensity of the water supply. Sowing typically begins in early 
autumn with the onset of the first rain [13]. Considering wheat as a primary food 
for humans, many studies have investigated the aboveground part of the wheat 
plant. Studies on the belowground part have primarily addressed root responses 
to various parasites and plant diseases to improve yields and protect the above-
ground part of the wheat plant [14]-[18]. In recent years, increasing attention has 
been directed toward soil health, recognizing that it is the basis for successful crop 
production [19]-[21]. 

The soil is one of the most diverse habitats on earth, combining physical, chem-
ical, and biological processes whose composition is not constant [22]. The biotic 
component that inhabits the soil rhizosphere depends on many abiotic factors 
that affect the populations’ size, composition, and activity [23] [24]. The trophic 
structure and the dynamics dictated by the different food varieties are essential 
factors in the nutrient-recycling cycles of terrestrial soil systems [25]. In the up-
per horizon [0 - 10 cm], a high organic matter content, considering the presence 
of crop roots, the biomass of the soil biota affects the soil’s physicochemical 
properties and biological parameters [26]-[28]. The composition of the biotic 
communities of the rhizosphere varies concerning function, taxon, and genetics 
between developmental stages of a given plant [29]. Functional diversity indi-
cates the ability of the soil biota population to utilize different carbon sources. 
Therefore, physicochemical measurements of the soil are effective tools for eval-
uating the activity of the soil’s biotic composition, the functional diversity, and 
the interrelationships between different populations, such as bacteria, fungi, and 
nematodes.  

As the plant reaches different phenological stages, the release of organic matter 
through the roots increases, leading to changes in both the abiotic and biotic com-
ponents of the rhizosphere system [30]-[32]. In addition, when the water content 
in the soil decreases, the ratio between the population of fungi and the population 
of bacteria increases due to fungi’s greater resistance to osmotic stress [33]. Soil 
free-living nematodes are among the most diverse in the Metazoan subkingdom 
[34], constituting a significant part of the food web in nature, classified as bacter-
ivores [BF], fungivores [FF], plant parasites [PP], and omnivores-predators [OP]. 
The nematodes live in the water layer that surrounds the soil particles, in areas 
where the concentration of organic matter is high, and their movement is carried 
out through the soil pores [2] [35] [36]. Due to the multi-trophic level of fungus-
feeding capability, they regulate the rate of organic compound decomposition [37] 
[38]. Hence, understanding the relationship between the changing phenological 
stages of wheat and its effect on the diversity and dynamics of the soil free-living 
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nematode populations, density, diversity, and functionality in the rhizosphere 
area of the soil milieu is critical.  

This study investigated the response of the soil free-living nematode commu-
nity density, trophic diversity, and taxonomic composition to wheat plant pheno-
logical stages. Specifically, we aimed to characterize changes in the soil free-living 
nematode population trophic groups, diversity, and composition within the rhi-
zosphere as the wheat plant progressed through its phenological stages, particu-
larly during maturation and ripening. These changes were examined in relation 
to shifts in key soil abiotic parameters throughout the growing season. The above 
studies offer several insights into how nematodes interact directly with plant “di-
rect universal link” development, little attention has been given to how these in-
teractions might indirectly influence plant phenology. We hypothesized that the 
percentage of organic matter in the soil would increase with the phenological 
stages of the wheat, and [2] the nematode population composition and density in 
the soil rhizosphere would increase in diversity and trophic composition along the 
phenological stages of the wheat plant in response to the increase in belowground 
plant biomass and associated with changes in the soil abiotic components along 
the phenological stages during plant development. 

2. Materials and Methods 
2.1. Study Site 

This study was conducted at Kibbutz Be’erot Itzhak, Israel [32˚02'05.1''N 34˚54' 
48.2''E], a wheat field 52 m above sea level with a multi-annual mean rainfall of 
489 mm. It features a Mediterranean climate with an average minimum tempera-
ture of 2.8˚C and an average maximum temperature of 36.5˚C. 

The soil composition is 77% sand, 6% clay, and 17% silt in the wheat field [WF], 
and 58% sand, 12%, and 29% silt in the control [CO] site. Both study areas pri-
marily exhibit a sandy texture with relatively low clay content. The wheat agricul-
ture in this region spans an area of approximately 80 dunams. 

Soil Sampling 
Soil samples were collected randomly from each area [WF and CO] at a 0 - 10 

cm depth along each phenological stage of the wheat plant. A total of 8 sampling 
periods were conducted (Figure 1), covering the entire timeline from pre-sow-
ing [t1] to post-plowing time [t294]. At each stage, soil samples were collected 
from the plant rhizosphere [WF] and open space [CO]. Each sampling event 
consisted of four replicates [individual samples], comprising five pooled ran-
domly distributed samples as one replicate. The soil sampling process began in 
November 2020 before wheat sowing and continued through August 2021, after 
the harvest. 

The soil sampling process took place in the early morning. Each replicate from 
each sampling site was carefully placed into an individual plastic bag. The bags 
were then transported to the laboratory in an insulated container to prevent any 
temperature-related effects. 
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Figure 1. Soil sampling period according to wheat plant phenology:  pre-sowing, germination, 
tillering, heading and flowering, grain filling, maturity, stubble field, and post-plowing.  
 

Upon reaching the laboratory, each soil sample underwent sieving with a 2 mm 
mesh size to eliminate root particles and other organic matter. The sieved soil 
samples were subsequently stored at 4˚C until both abiotic and biotic analyses 
were conducted.  

2.2. Soil Analysis 

Soil moisture [SM] was determined gravimetrically  [39], organic matter [OM] 
content and pH were determined according to Applebaum et al. [2023 [40], and 
soil conductivity [EC] was determined according to Corwin and Rhoades 1982 
[41]]. 

2.3. Soil Free-Living Nematodes 

Soil free-living nematode extraction: 200 g of a soil sample obtained from the field 
was used in the Baermann Funnel extraction method [42] [43] for 48 h, after which 
the nematodes were collected and counted under binoculars. All soil free-living 
nematodes [Tnem] data are expressed as the total number per 100 g of dry soil: 

[ ]Tnem 100 g dry soil #nem 100  % 100SM= − ×  

DNA extraction: After the nematodes were quantified, they were transferred 
to ephedrops for DNA extraction using the PureLink™ Genomic DNA Mini Kit 
from Invitrogen. 

Gene amplification: 18S rRNA 
Forward primer: 
NF1: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTGGTGCAT 

GGCCGTTCTTTAGTT 
Reverse primer: 
18sr2b: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACAAAGG 

GCAGGGACGTAAT 
The amplification results were sent for sequencing using the Illumina sequenc-

ing method [19] [44], and a taxonomic analysis was obtained. According to the 
family and genus level, the nematodes were classified into trophic groups using 
the Nemaplex website [40]. 

Indexes determination 
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Nematode-based indices serve as essential indicators of the structure and func-
tion of soil ecosystems, reflecting the life history traits of nematode communities. 
These organisms, present in various soil types, signify soil health and biological 
activity, playing a vital role in nutrient cycling and overall ecosystem dynamics. 
a) Shannon Weaver Index [H’]—an index used to measure species diversity in 

the sample according to the number of individuals observed of each species 
and their level of uniformity in the sample according to the formula [45]: 

1
ln

S

i i
j

H p p
=

= −∑  

H' = -where pi = the relative share of each species in the society in relation to all 
individuals in the sample ni/N. 

A higher index value indicates greater diversity, showcasing a wider range of 
species and a more balanced distribution of individuals among them. This diver-
sity is crucial for ecosystem stability and resilience, enabling communities to adapt 
to environmental changes. 
b) Fungal and bacterial-feeding nematodes [FF/BF]—are vital regulators of soil 

food webs and nutrient cycling. As a key trophic group in the soil ecosystem, 
they significantly influence the abundance and composition of microbial com-
munities, directly affecting plant growth and enhancing soil health through 
nutrient release. It is well-established that different soil management practices, 
such as tillage and fertilization, can markedly alter nematode community struc-
tures, thereby shaping their essential roles within the soil food web [46]. 

c) Maturity Index [MI] is based on the c-p index and is proposed as a measure 
of the state of the ecosystem in the soil. Organized and undisturbed soils con-
sistently exhibit higher MI values, while disturbed or enriched conditions re-
sult in significantly lower values [47]. 

d)  Nematodes Chanel Ratio [NCR]—nematode channel ratio [NCR = BF/[BF 
+ FF]], is the relative abundance of bacterial-feeding [BF] nematodes and fun-
gal-feeding [FF] nematodes in the total number of nematodes, respectively. The 
value of NCR is between 0 and 1. When the value is 0, it means that it is com-
pletely controlled by fungi, and when the value is 1, it means that it is com-
pletely controlled by bacteria, with higher values in organic systems.  

e) Pp/[BF + FF] describes the differences between detritus and grazing food 
webs, yielding the matter and energy transfer rates from autotrophs to hetero-
trophs. High values “indicate the consumption of living plant tissue by herbi-
vores and the dominance of the grazing food web”, and low values “indicate 
the predominance of the detritus food web associated with the decomposition 
of dead tissue by bacteria and fungi ” [48]. 

2.4. Data Analysis 

The sequencing data were demultiplexed using the Illumina BaseSpace Cloud to 
generate two FASTQ files per sample. The FASTQ files were imported into the CLC 
bio–Genomics Workbench and analyzed with the Data QC, OTU clustering, and 
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Taxonomic Profiling workflows [Qiagen, CLC Bio, Aarthas, Denmark]. After re-
moving all reads of taxa that did not belong to nematodes, each replicate was nor-
malized to 100%. Taxa registered as nematodes but not identified to the level of 
phyla or genera were included as part of the total reads but not analyzed statistically 
as genera. Repeated measure ANOVAs were used to test phenological effects on soil 
abiotic and soil free-living nematode community composition at the different lev-
els. Significant differences were evaluated at the p < 0.05 level. Duncan’s method 
was used to compare the phenological stages. Data were analyzed using XLSTAT 
[Addinsoft, New York, USA] statistical software for Excel. An ANOVA was used to 
determine whether significant differences existed between the phenological stages 
and the biotic parameters observed in the wheat field and control soils. The signifi-
cance level for the variables and their interactions was set at 0.05. 

3. Results 

During the study period, soil moisture levels exhibited significant changes along 
the phenological stages (Table 1) between November 2020 and August 2021. A 
total of 594.2 millimeters of rainfall was recorded over the above period. Based on 
the rainfall dispersal, 38% of the rainfall was obtained before the pre-sowing stage. 
The most significant rainfall occurred at the grain-filling stage, with 558.5 mm. 
No rainfall occurred following this stage until the end of the growing season. 

The OM (organic matter) content in the soil exhibited a significant difference 
(p < 0.05) during the wheat growing period compared to the control sampling site 
(Table 1). OM levels at the pre-sowing stage (t0) were similar to those measured 
at the end of the harvesting stage, indicating a net balance in organic matter for 
the growing cycle. However, a significant decrease in OM was observed during 
the growing season, likely related to the accelerated organic matter decomposi-
tion, plant nutrient uptake, and nutrient vertical loss.  

The pH levels within the two sampling sites ranged from a minimum of 7.6 to 
a maximum of 8.1, with the wheat growing area (WF) consistently displaying 
slightly higher pH values than the control area (CO) over the entire study dura-
tion. However, no statistically significant differences were observed between the 
two sampling sites (p > 0.05) over the entire study period (Figure 2).  

The total nematode population (Table 1) displays a significant difference in the 
presence of free-soil nematodes between the wheat field and the soil collected from 
the control area. In the wheat field, the total nematode population was found to be 
over 5-fold higher in comparison to the control sites, significantly greater (p < 0.05). 
Looking at the different phenological stages, t65 in the wheat field is the time point 
when the nematode population is the largest and stands at 765.2, whereas t294 is the 
lowest and stands at 31.6 (the numbers express the number of nematodes in 100 g 
of dry soil). At these two time points in the control field, the nematode population 
was the highest and lowest, as found in the wheat field. At each phenological stage 
tested throughout the study period (t0-t294), the nematode population in the wheat 
field was significantly greater than in the control area (p < 0.05). 
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Figure 2. Changes in mean values of soil moisture (SM%), organic matter (OM%), pH, electric conductivity (ECµS cm−1) along the 
phenological stages of wheat plants in the wheat field (WF) and control (CO) study sites. The small letters following the mean values 
represent significance (p < 0.05). 

 
Table 1. The average number of free-living nematodes per 100 g of dry soil in the two 
sampling areas: WF (wheat field) and CO (control) soil, throughout the wheat growing 
period. 

 WF CO 

t0 262.1 a 6.2 d 

t30 448.4 b 187.5 c 

t65 765.2 a 53.7 d 

t101 508.3 b 29.8 d 

t135 336.2 c 34.5 d 

t174 461.4 b 27.3 d 

t199 570.6 b 3.1 d 

t294 31.6 d 2.7 d 
 

A regression analysis was conducted to evaluate whether differences in soil bi-
otic parameters between time paired WF and CO samples correspond to variabil-
ity in abiotic parameters. The results (Figure 3) indicate that total nematode abun-
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dance was strongly associated with relatively small differences in soil moisture 
(SM) between WF and CO (slope = 0.0041 ± 0.0015, R2 = 0.61, p = 0.039). The 
FF/BF ratio varied significantly with pH (slope = 0.58 ± 0.16, R2 = 0.73, p = 0.015), 
while c–p values were inversely related to electrical conductivity (EC) [slope = 
−11.56 ± 0.16, R2 = 0.56, p = 0.023] (Figure 3). 

Notably, only the FF/BF ratio time series showed a strong correlation between 
WF and CO (R2 = 0.93), whereas the time series for the other two indicators were 
not correlated (R2 < 0.01). 
 

 

Figure 3. Effect of treatment-associated changes (i.e., WF-CO) in abiotic parameters on changes in the nematode indicators. 
 

2A total of 13 nematode phyla were identified along the phenological axis of 
wheat, where only the family Triplonchida was present in a relative abundance of 
less than 1% throughout the study period. Nematodes from the Rhabditis family 
were the most common (Table 2, Table 3), showing a significant difference (p < 
0.0001) between the minimum point of 4.5% at time t0 in the control area versus 
the maximum point of 88.1% at time t174 in the wheat field. The next most com-
mon family in this study was Dorylaimida, which presented a presence in the 
range of 0% (t135) to 48.8% (t30), with both results obtained in the control area, 
also with a significant difference (p < 0.01). The Pearson test showed that the 
strongest significant relationship exists in the wheat field [a negative correlation], 
and it exists between Rhabditis and the variety of nematodes described by the 
Shannon Weaver Index [H’], where the significance level is p < 0.0001. The pH 
level has a significant negative effect on the variety of nematodes (p < 0.01). Soil 
conductivity (EC) was found to have a negative effect on the number of nematodes 
found in 100 g of dry soil, meaning that when soil conductivity increases, fewer 
nematodes are found. In the soil in the wheat field, the Dorylaimida family was 
found in a negative correlation with the abiotic factors, organic matter, pH and 
EC, and also in a negative correlation with the Rhabditis family, so that when their 
number increases, the number of free nematodes from the family Dorylaimida 
decreases. Considering the differences in soil moisture (%SM)in the wheat field 
and the control field, the %SM in the control field is influenced by various factors, 
such as EC, ‘H, and the number of free-living nematodes (r = −0.61, 0.6, 0.57, 
respectively). By contrast, only a negative effect of soil moisture on soil conduc-
tivity was found in the wheat field, with a weaker correlation compared to the 
control field (Table 3).  
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Table 2. Pearson correlation of abiotic factors and relative abundance of the most common nematode families in the soil: Rhabditis, 
Dorylaimida, Panagrolaimus, Ditylenchus from the two sampling areas: Wheat Field and Control. 

Wheat Field   

Variables SM (%) OM (%) pH EC (µS*cm−1) H’ Num of nematodes Rha Dor Pan Dit 

SM (%) 1          

OM (%) NS 1         

pH NS 0.46 1        

EC −0.45 NS NS 1       

H’ NS NS −0.58* NS 1      

Num of nematodes NS NS NS −0.51 NS 1     

Rha NS NS 0.48 NS −0.72*** NS 1    

Dor NS −0.45 −0.5 −0.19 NS NS −0.41 1   

Pan NS NS NS NS NS NS NS NS 1  

Dit NS NS NS NS NS NS NS NS NS 1 

Control   

Variables SM (%) OM (%) pH EC (Sµ*cm−1) H’ Num of nematodes Rha Dor Pan Dit 

SM [%] 1          

OM [%] NS 1         

pH NS NS 1        

EC [Sµ*cm−1] −0.61* NS 0.48 1       

H’ 0.6* NS NS −0.43 1      

Num of nematodes 0.57* NS NS NS NS 1     

Rha NS NS NS NS −0.41 NS 1    

Dor NS NS NS NS NS NS NS 1   

Pan NS NS 0.44 NS NS NS NS NS 1  

Dit NS NS NS NS NS NS NS NS NS 1 

Values in bold are different from 0 with a significance level alpha = 0.05; NS- non-significant, * p < 0.01, ** p < 0.001, *** p < 0.0001; 
Rha—Rhabditis, Dor—Dorylaimida, Pan—Panagrolaimus, Dit—Ditylenchus. 

 

The relationships (CCorA) (Figure 2) between the variables in the wheat field 
in the presence of aboveground plant material between t30 and t174 were as fol-
lows. The nematode family Dorylaimida positively correlated with aboveground 
and belowground plant biomass, where these variables showed a strong depend-
ence. The Ditylenchus family was also positively related to the plant biomass, but 
not in the same order of magnitude, there species are known to occur in cooler as 
well as warmer regions of the world [49]. According to division into trophic levels, 
Dorylaimida and Ditylenchus are families characterized as parasites on plant roots 
and are known to cause annual yield losses of 7% in Egypt alone [50] and globally 
is estimated as 2.3%. Unlike these nematodes, the Rhabditis and Panagrolaimus 
families showed a negative relationship with the plant component of wheat, mean-
ing that when wheat is established in the soil, their relative presence decreases. 
Furthermore, looking at the wheat growing period, the Panagrolaimus family ex-
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hibited a strong positive relationship with the abiotic factors and %SM, represent-
ing a bacterivore trophic group. 
 

 

Figure 4. CCorA biplot testing the relationship between abiotic variables, plant biomass, 
root biomass per plant, and number and families of nematodes. The most frequent nema-
todes identified in the wheat field were Rhabditis, Dorylaimida, Panagrolaimus, and 
Ditylenchus at the sampling times t30-t174. TNem-number of nematodes per 100 g dry 
soil, AGB-aboveground biomass, BGB-belowground biomass (root biomass per plant). 
 

The bacterivores (BF) are the dominant population throughout the research 
phases in the wheat field and the control area along the wheat phenological 
stages (Figure 4). The BF nematodes accounted for 54.5% of all nematodes iden-
tified throughout the study period. The bacterivore nematode population showed 
different trends in the two study sites, where a high presence of these fungi was 
observed in the wheat field in the early stages (t0-t135) along the phenological 
axis, and starting from t174 (full ripening stage), their relative abundance de-
creased. At the control study site, the relative abundance of BF was low in the 
first two stages, e.g., pre-sowing and germination (t0-t30), after which non-
trendy fluctuations were observed in their relative presence in the area. The sec-
ond largest tropical group was omnivores-predators (OP), which accounted for 
18.8%. Their relative presence in the wheat field was small compared to the con-
trol area, where we saw an increase in presence along the studied phenological 
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axis. The sampling point with the highest relative presence was identified at t30. 
In the control area, their level was maintained throughout the study period in 
relatively high numbers in the range of 15.2% - 48.9%, apart from the sampling 
point at t135, the beginning of seed ripening, where the detection level was 0%. 
Another population observed throughout the stages of the study is plant para-
sites, whose relative abundance was 15.2% in the general summary of all pheno-
logical stages in both study areas. The free-living nematodes feeding on plant 
material in the wheat field showed numerical stability in stages t0-t101 with a 
relative presence in the range of 2.7% - 14.8%. This trophic level also showed a 
change starting from stage t135 so that their relative presence increased to 7.2% 
- 23.9%. No trend was observed in the control field since their relative number 
varied from stage to stage in the range of 2.6% - 29.7% between minimum and 
maximum along the entire phenological axis. The smallest population in this 
study was the population of fungivore free-living nematodes, which comprised 
11.5%. Overall, their relative presence was lowest compared to the different 
feeding routes throughout the different study phases in both sampling areas. In 
the wheat field, their relative number was constant, with a range of 7.9% - 11%, 
except for increases in t65 (16.6%) and t174 (22%), where the highest yield was 
also obtained throughout the study period. Their relative number at t0, the be-
ginning of the study, was similar to the last sampling points along the pheno-
logical axis (t199-t294), where the average between them was 10.2% with a var-
iation of 0.7%. In the control field, their number remained stable between t0-
t65 (10.2% - 12.7%), after which a high peak was observed, where their relative 
abundance reached 28%. Finally, a decrease was observed from t174 to the last 
sampling stage t294 (0% - 3%) (Figure 5). 
 

 

Figure 5. Changes in the relative abundance in the division into trophic levels of the nematode population according to plant parasites 
(PP), fungivores (FF), bacterivores (BF), omnivores-predators (OP) in the WF (wheat field) and CO (control) area along the phenological 
axis. 
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Table 3. The presence of 13 phyla at each one of the seven phenological stages in soil samples obtained at WF—wheat field and 
CO—control. 

   
Pre-sowing 

(to)-1 
Germination  

(t30)-2 
Tillering  
(t65)-3 

Heading and 
flowering (t101)-4 

Grain filling 
(t135)-5 

Maturity  
(t174)-6 

Stubble field 
(t199)-7 

Trophic  
group 

c/p value Phyla WF CO WF CO WF CO WF CO WF CO WF CO WF CO 

Fungi  
feeders  

(FF) 

4 Dorylaimida XX  XX  XX  XX  XX      

3 Araeolaimida       XX      XX  

2 Ditylenchus XX  XX  XX  XX  XX  XX    

2 Par aphelenchus       XX  XX      

  Total FF 2 0 3 0 2 0 4 0 3 0 1 0 1 0 

Bacteria  
feeders 

(BF) 

2 Hetero ce phaio bus XX XX XX XX XX XX XX XX XX XX XX  XX  

2 Drilocephalobus   XX XX XX  XX XX  XX  XX XX  

2 Monhysterida     XX   XX  XX     

1 Rhabditis XX XX XX XX XX XX XX XX XX XX XX XX XX XX 

3 Triplonchida     XX          

1 Panagrolaimus XX XX XX XX XX XX XX XX XX XX XX XX XX XX 

  Total BF 3 3 4 6 4 3 4 5 3 5 3 3 4 2 

Plant  
parazites 

(PP) 

2 Tylenchida XX XX XX XX XX XX XX XX XX XX XX XX XX XX 

2 Paratylenchus XX  XX XX XX XX XX XX XX XX XX XX XX XX 

  Total PP 2 1 2 2 2 2 2 2 2 2 2 2 2 2 

OP 4 Doryllium    XX      XX  XX   

      1      1  1   

  Total present (13) 7 4 9 9 8 5 10 7 8 8 6 6 7 4 

 

Fungal-feeding nematodes, including Dorylaimida and Ditylenchus, were con-
sistently detected across all wheat phenological stages but were absent in the con-
trol treatment (Table 4). No fungal-feeding nematodes were observed at the con-
trol site at any stage. In contrast, the bacterial-feeding nematodes Heterocephalo-
bus, Rhabditis, and Paratylenchus were present in both wheat field (FW) and con-
trol (CO) samples throughout all phenological stages. Monhysterida and Trip-
lonchida were exclusive to the control soil samples and were not detected at any 
phenological stage in the wheat field. Additionally, the plant-parasitic nematode 
groups Tylenchida and Paratylenchus were consistently observed across all phe-
nological stages in both control and wheat field sites (Table 4). 

Indices values 
FF/BF 
Our analysis of the OTU number and the relative abundance calculation re-

vealed that FF/BF values were less than 1 (BF values are greater than FF values) in 
both study areas and along the entire phenological axis under study (Table 4). 
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This index indicates that the dominant feeding pathway in the studied soil is the 
bacterial pathway of the free-living nematode population in the soil. The ratio 
helps to understand the importance of BF abundance and the changes in the main 
decomposition pathways.  

Maturity index (C-P values) 
The mean c-p values (Table 4) show that the total average c-p value of the con-

trol field (1.94) was higher compared to the wheat field (1.84). c-p value close to 
1 indicates that the studied population is characterized as colonizers. In the con-
trol field, the highest c-p value was 2.63 at t294, while the lowest value (1.34) was 
recorded at t0. The highest value, approximately 3, was found at t135, indicating 
that the population is not characterized only as colonizers or persisters. The lowest 
value, 1.26, was obtained in the following sampling at t174. 

PP/(BF + FF), the ratio of obligatory plant parasites to bacterivores and fun-
givorous in the present study (Table 4), shows differences in the soil nematode 
communities in WF and CO. These values in the WE are increasing significantly 
relative to CO, starting at germination to heading & flowering, following a de-
crease at the maturity stage. The breakdown of dead tissues by bacteria and fungi 
provides a slow release of unstable protein molecules once thought to be essential 
for biological processes. 
 

Table 4. Changes in soil free-living nematode indices throughout the phenological development stages of wheat. 

Wheat plant  Maturity index Nematod chanel Shanon index  

Phenological stage FF/BF c-p values ratio(CNR）  PP/(B + F) 

 WF CO WF CO WF CO WF CO WF CO 

Pre-sowing 0.08 0.13 1.30 2.03 0.87 0.65 1.23 1.62 0.15 0.63 

Germination 0.15 0.02 1.70 1.73 0.88 0.72 1.27 1.24 0.65 0.22 

Tillering 0.06 0.15 1.80 1.27 0.81 0.84 1.64 1.82 0.37 0.04 

Heading & flowering 0.08 0.01 1.30 1.62 0.90 0.58 1.40 0.53 0.82 0.24 

Grain filling 0.25 0.18 1.90 2.99 0.88 0.72 1.22 1.63 0.16 0.26 

Maturity 0.40 0.04 2.10 1.26 0.71 1.00 1.12 1.00 0.03 0.49 

Stubble field 0.35 0.00 1.90 2.33 0.84 0.95 1.90 1.71 0.85 0.54 

Post plowing 0.04 0.00 2.60 2.31 0.88 0.99 1.25 0.77 0.04 0.33 

 

Nematode channel ratio (NCR) 
The nematode channel ratio [NCR] is a crucial metric for evaluating soil health 

and the efficiency of decomposition concerning microbial carbon content in or-
ganic soils and overall soil quality. The NCR is significantly shaped by land use 
and cropping practices, ensuring optimal results. NCR values reach a maximum 
of 0.90 during the heading and flowering stages, while a minimum of 0.71 is ob-
served at the maturity stage (Table 4). The high NCR values indicate that fungi 
feeders are the dominant regulators of the system. 

Shannon index 
In analyzing the number of taxa and population density, it is evident that the 
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Shannon index values for both WF and CO are significantly higher at the stubble 
field stage, with WF reaching a value of 1.90. This indicates a relatively low level 
of diversity, underscoring the limited number of species present. 

4. Discussion  

The findings indicate a non-significant negative correlation between aboveground 
and belowground plant biomass and the number of free-living nematodes in the 
soil. These results contrast with previous studies that reported a positive relation-
ship between these factors [51] [52]. The observed discrepancy may be due to the 
limited sampling period, which focused on the time when wheat plants were pre-
sent in the soil, specifically from t30 to t174. However, when considering the entire 
phenological timeline of the study, a non-significant positive correlation was ob-
served. Similarly, Esnard et al. (1998) [53] reported a positive effect of wheat plant 
biomass on free-living nematode abundance in the soil. However, they noted that 
this effect declined after 12 weeks, attributing it, among other factors, to the accu-
mulation of bacteria and fungi in the soil. 
 

 

Figure 6. CCorA biplot testing the relationship between abiotic variables, plant biomass, 
root biomass per plant, and number and families of nematodes. The most common nema-
todes were Rhabditis, Dorylaimida, Panagrolaimus, and Ditylenchus, identified in the 
wheat field at the t30-t294 sampling times. 
 

Dorylaimida, Panagrolaimus, Ditylenchus, and Rhabditis emerged as the four 
most prevalent families throughout the studied phenological axis. Rhabditis stood 
out as the most dominant across the entire phenological axis (Figure 6). This is in 
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line with studies that substantiated the prevalence of this type, belonging to the 
bacterivore trophic group, in crops in general and in wheat cultivation in partic-
ular [54]-[57]. Dorylaimida, categorized as omnivore-predators, represents the 
second most significant dominant family. This observation gains support from a 
barley study where these two families emerged as the most extensive and preva-
lent, with Rhabditis consistently exhibiting dominance and control over nema-
todes belonging to Dorylaimida throughout the sampling duration [58].  

Moreover, in dedicated wheat agricultural systems, Dorylaimida exhibited dom-
inance compared to wheat crops grown in intercropping setups [59]. Our study 
established a non-significant positive correlation between Rhabditis and the soil 
organic matter content [%OM], whereas it revealed a correlation with pH, display-
ing a behavioral pattern that is more independent than initially anticipated. This 
does not agree with a study attributing the sudden surge in the Rhabditis nema-
tode population in the soil to an increase in the presence of organic matter, leading 
to an increase in the bacterial population and subsequently to a rise in nematodes 
that feed on them [60]. 

The fluctuations in the relative abundance among trophic groups of free-living 
soil nematodes vary across distinct stages of agricultural growth [38] [61]. In our 
ongoing investigation, based on nematode DNA sequencing and OTU outcomes, 
we observed that the prevailing trophic group in both the wheat field and the con-
trol field inclined toward bacterivores. Additionally, the FF/BF ratios illustrate con-
sistent nematode control at the trophic level that feeds on bacteria across all phe-
nological stages, observed in both the study and control areas. This finding aligns 
with studies that identified this group as the largest and most dominant among the 
various trophic groups in cultivated agricultural soils [60]. The NCR in the present 
study had lower values than those found by van Eekeren et al. (2008) [62] in mead-
ows and conifer forests, emphasizing the strong preference for fungal pathways in 
the soil food web [61] [63].  

The functional guilds, described as the MI index, are divided into five c-p groups 
from 1 to 5. We found that the average c-p value in the wheat field throughout the 
phenological stages is cp-1.8, that is, approximately cp-2, which characterizes a 
population of colonizers, an r-strategy, similar to the results of [64]. This group is 
characterized by a high reproduction rate, a short life cycle, and tolerance to var-
ious disturbances in the soil [65]. In the group of colonizers, the dominant nem-
atodes are those based on bacterial nutrition, which have high metabolic activity 
[47]. The nematode family Rhabditis, with an r-strategy and cp-1, as shown in 
another study [66] [67], and Dorylaimida, with a k-strategy and cp-4, are the two 
most dominant families in this study and exhibit different life cycles. 

Ecological indices decisively reflect both the consequences of anthropogenic in-
tervention—such as environmental effects and agricultural practices and, in the 
present case, the critical feature of the phenological developmental stages of the 
wheat plant. The indices proposed by Ferris et al. (2001) [61], Bongers (1990, 1999) 
[47] [66], Ingham et al. (1985) [52], Yeats et al., (1993) [2] and Freckman and Coswell 
(1995) [51] are particularly informative due to their integration of qualitative char-
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acteristics (including trophic groups and c-p classes) and quantitative measures 
(such as abundance) of nematode communities providing a comprehensive and 
insightful overview of the soil ecosystem conditions, in tandem with plant devel-
opmental stages, and effectively enabling the reliable detection of ecosystem re-
sponses to external influences.  

In conclusion, this study demonstrates significant variation across multiple tax-
onomic levels, functional groups, trophic-level compositions, and population di-
versities between the phenological and control axes. This study highlights the crit-
ical role of the wheat plant’s phenological stages in shaping the dynamics of soil-
biotic populations. Specifically, in Baal agriculture, winter wheat (T. aestivum) plays 
a pivotal role in shaping the composition and shifts in the soil’s bacterial, fungal, 
and nematode communities through plant-soil interactions. Moreover, this study 
offers valuable insights for predicting the broader effects of abiotic environmental 
factors on soil biotic communities. Further research across additional sites is 
needed to corroborate and extend our findings. 
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