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Abstract


The leaf nematode Aphelenchoides fragariae is one of the most serious pathogens of strawberries, causing significant yield losses. In search of environmentally friendly alternatives to chemical control, we evaluated the potential of vermicompost (Ve) and silver ions (Ag+) to suppress nematode populations. An experiment with four replicates was conducted to evaluate the effects of vermicompost and nanosilver on the leaf nematode A. fragariae and the yield of strawberry (Fragaria × ananassa). The study was conducted at The National Institute of Horticultural Research in Skierniewice in concrete rings (150 cm in diameter and 60 cm in depth) filled with medium sandy soil. Treatments included the application of vermicompost and Ag+, while untreated soil served as the control. Nematode population density, and total fruit yield were recorded in 2022 and 2023. The results demonstrated a significant decline in nematode populations compared with the control. Strawberry yields in 2022 and 2023 were 5.69 t/ha in the control, 6.61 t/ha with vermicompost (+0.92 t/ha), and 6.72 t/ha with silver nanoparticles (+1.03 t/ha). In the vermicompost treatment, the population of A. fragariae decreased by more than 51% in 2022 and by 79% in 2023. A similarly strong reduction was observed for nanosilver (Ag+), which lowered the nematode population by over 35% in 2022 and by 69% in 2023.
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1. Introduction


Strawberry (Fragaria × ananassa) is a widely cultivated crop with global economic relevance. Poland is one of the major strawberry-producing countries in Europe and participates actively in the international frozen fruit sector. Worldwide, close to 10% of strawberry plantations are situated in Poland [1,2].



However, as strawberry production expands, growers increasingly face challenges from insect and mite pests that reduce yields. These pressures underscore the urgent need for effective integrated pest management and sustainable cultivation practices to maintain the long-term stability of the strawberry industry [3]. In addition to pest issues, strawberry crops are also threatened by a range of biotic stresses caused by diseases and other harmful organisms. Despite notable advances in management strategies, achieving consistent and sustainable control remains difficult. Among these challenges, soil-borne diseases are particularly destructive. Caused mainly by pathogenic fungi and plant-parasitic nematodes, these infections damage the root system, leading to severe yield losses and plant decline. Diagnosis is further complicated by the non-specific nature of symptoms, making effective management and control especially challenging. Sustainable pest management strategies are therefore essential to minimize environmental impact and preserve beneficial organisms. While insecticide-based control remains common, non-chemical alternatives are gaining prominence [4].



Nematodes represent a major constraint to global strawberry production due to their wide distribution and destructive potential [5,6,7]. Among the most detrimental species are the foliar nematodes Aphelenchoides fragariae and A. ritzemabosi, which possess broad host ranges exceeding 200 and 300 plant species, respectively. Infestations by these nematodes can lead to yield reductions of up to 60–70% in strawberry crops [8]. A. fragariae is particularly pathogenic, as it causes strawberry crimp–a disease characterized by distorted leaf growth, reduced vigor, and inhibited fruit development, ultimately resulting in substantial yield losses [6,9].



Vermicompost is a nutrient-rich organic fertilizer produced by earthworms that enhances soil fertility, microbial activity, and plant growth. It also helps suppress soil-borne pathogens and plant-parasitic nematodes by promoting beneficial microorganisms [10,11]. Nanotechnology offers new tools for crop protection. Silver nanoparticles, valued for their antimicrobial and nematicidal properties, are increasingly used to combat fungal, bacterial, and nematode diseases, enhance fertilizers, and prolong the storage life of agricultural products [12,13,14,15,16,17,18,19,20].



The aim of this study is to evaluate the effects of silver nanoparticles and vermicompost on the control of the nematodes A. fragariae in F. × ananassa. In our survey we will try to answer how is ‘Grandarosa’ the type of susceptibility to the main strawberry parasite nematode as A. fragariae. It is hypothesized that the application of silver nanoparticles and vermicompost will reduce the population density and reproduction rate of A. fragariae in the rhizosphere of this plant, offering an effective biocontrol strategy for these nematode species. The ‘Grandarosa’ cultivar is characterized by reduced susceptibility to powdery mildew and Verticillium wilt; however, there are currently no data regarding nematode parasitism in this variety.



The research carried out contributes to the development of sustainable agriculture and environmental engineering, as it indicates the possibilities of using vermicompost as an element of the circular economy and an alternative to chemical plant protection methods.




2. Materials and Methods


2.1. Experiment Design


The experiment was conducted in 2022–2023 at the National Institute of Horticultural Research in Skierniewice in Poland (51 96′15″ N, 20 13′69″ E). Twelve concrete circles with a diameter of 150 cm and a depth of 60 cm were filled with medium sandy soil.



The soil used in the experiment had a pH of 6.71 and a salinity of 0.2 g·L−1 NaCl. The nitrogen content was 26.66 mg·kg−1 (N-NO3) and 453.3 mg·kg−1 (N-NH4). The concentrations of phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) were 202.66 mg·kg−1, 41.33 mg·kg−1, 2417.2 mg·kg−1, and 161 mg·kg−1, respectively. The organic carbon content (C org) was 3.84%.



The vermicompost used in the experiment was slightly alkaline, with pH values of 7.0. It contained 200 mg·kg−1 nitrate (N-NO3), 68.7 mg·kg−1 ammonium (N-NH4), 617 mg·kg−1 phosphorus (P), 1795 mg·kg−1 potassium (K), 1410 mg·kg−1 calcium (Ca), 369 mg·kg−1 magnesium (Mg), and 189 mg·kg−1 chlorine (Cl). The organic carbon content (C org) was 5.08%.



Silver nanoparticles (37 ppm) were purchased from Alter Medica (Zywiec, Poland).



The experiment was provided in four replications and had three treatments:




	(1)

	
Control (soil without any amendment applied)




	(2)

	
30 L of vermicompost (with 150–200 specimens of Eisenia fetida)




	(3)

	
1 L of solutions of Ag-NPs (dose 60 mg per 1 L soil)









Prior to the experiment, initial populations of selected plant-parasitic nematodes (PPNs) were assessed in 100 cm3 of soil. From each plot, four preliminary subsamples of 200 cm3 of soil were collected near the strawberry root system. This yielded a total of approximately 800 cm3 of soil per plot. After thorough mixing, a composite sample was taken for population density analysis. The nematodes identified were:




	-

	
Migratory endoparasites and foliar nematodes: Pratylenchus projectus (49 individuals), Pratylenchus fallax (17 individuals)




	-

	
Semi-endoparasites: Helicotylenchus digonicus, (27 individuals), Helicotylenchus pseudorobustus (19 individuals)




	-

	
Migratory ectoparasites: Geocenamus nothus (15 individuals)









Following this, five F. × ananassa of the ‘Grandosa’ cultivar were planted in each plot on 15 April 2022.



Two weeks later, within each circle, A. fragariae (180 specimens per 1 L of soil) in water solution were inoculated close to the root system as initial population (Pi). Two days prior to the experiment, using the Baermann method, A. fragariae were isolated from infected leaves and stems of strawberry seedlings from a plantation in Zduny, near Łowicz (Poland) (Table 1). The species were classified based on the Species Recognition Guide for the genus A. fragariae, Nematode diagnostics [21].



The initial population (Pi) of PPNs, across the experimental variants was calculated on 30 April 2022 (Figure 1).



The experiment was conducted using the strawberry cultivar ‘Grandarosa’, a short-day variety bred in Skierniewice, Poland. Five seedlings of Fragaria × ananassa were planted in each ring (Figure 2).




2.2. Soil Analysis


Soil chemical properties, including pH, salinity (as total dissolved salts), and the content of plant-available nutrients, were determined using a standardized universal method [22]. In the universal extraction method, readily available forms of nitrogen (N-NO3 and N-NH4), phosphorus (P), potassium (K), magnesium (Mg), and calcium (Ca) were extracted using 0.03 N acetic acid, with a substrate-to-extractant volume ratio of 1:10. In the soil extracts, nitrogen forms (N-NO3 and N-NH4) were determined potentiometrically using Thermo Scientific ion-selective electrodes (model 93-07 for NO3− and model 93-1801 for NH4+). Phosphorus (P) was quantified using a colorimetric method. The colorimetric determination of phosphorus (P) involved adding a vanadate–molybdate reagent to the extraction solution, followed by measurement of phosphorus concentration using a HELIOS OMEGA UV–VIS spectrophotometer (Thermo Scientific, Waltham, MA, USA). Quantification was performed against calibration standards at a wavelength of λ = 460 nm.



The concentration of soluble salts in the soil solution was determined conductometrically using the universal method. A 20 mL portion of moist soil was mixed with 40 mL of distilled water, and the salt concentration in the resulting suspension was measured with a CC-551 conductivity meter (Elmetron, Zabrze, Poland), using NaCl as the calibration standard.



The remaining macroelements were determined in the soil using atomic absorption spectroscopy (AAS, Thermo Electron Corp., M Series, Waltham, MA, USA). Potassium (K) was measured using a cathode (hollow) lamp at a wavelength of 766.5 nm, magnesium (Mg) at 285.2 nm, calcium (Ca) at 422.9 nm, and sodium (Na) at 589.0 nm. The content of the remaining elements was determined using an inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin-Elmer OPTIMA 2000 DV, PerkinElmer Inc., Waltham, MA, USA). Each element was measured at its characteristic wavelength [23,24,25,26,27]. Organic matter con-tent was determined by dry combustion in a muffle furnace at 550 °C. The results are ex-pressed as a percentage of dry organic matter (% DM).



Organic carbon content (C org) was calculated based on the organic matter using the conversion factor specified in [28].




2.3. Nematode Isolation and Analysis


Nematode analysis was performed according to Stefanovska et al. [29]. Populations of A. fragariae were extracted from strawberry leaves, stems, and roots using the Baermann method (Figure 3) [30,31].



Plant-parasitic nematodes were initially identified at the genus level following Brzeski [32]. For microscopic observation, nematodes embedded in glycerol were mounted on glass slides using drops of anhydrous glycerol according to the paraffin ring method. Identification was based on morphological characteristics examined under a Carl Zeiss Jena A-Scope microscope, following the diagnostic keys of Brzeski [32] and Andrássy [33]. The observed morphological traits were consistent with the original description of A. fragariae by Chałańska et al. [21]. Permanent preparations were created by mounting nematodes in glycerin using the Seinhorst method [34].



The Shannon Diversity Index (H′) was calculated to assess nematode community diversity. The index was computed using the formula H′ = −∑ Pi (ln Pi) where Pi represents the proportion of each genus relative to the total nematode abundance in the sample.




2.4. Biometric Characteristics of Plants


The physiological evaluation included the determination of the relative chlorophyll content and leaf surface area. Measurements were performed at the late fruiting stage, using fully developed and healthy leaves.



From each treatment, ten leaves were randomly selected for analysis. The chlorophyll content index (CCI) was determined with a portable chlorophyll content meter (CCM-200, Opti-Sciences, Hudson, NH, USA), and the leaf surface area was measured using a portable leaf area scanner (ADC BioScientific Ltd., Hoddesdon, UK.).




2.5. Strawberry Yield Assessment


Strawberry yield was measured in both experimental years (2022 and 2023) on the same plants used for plant-parasitic nematode assessments. Fruits were harvested by hand at full maturity, and fresh weight was recorded immediately after collection. Seven harvests were conducted each year throughout the main fruiting period. The harvest dates were as follows:




	
2022: 18 June, 22 June, 26 June, 30 June, 3 July, 7 July, 11 July



	
2023: 19 June, 23 June, 27 June, 1 July, 5 July, 9 July, 13 July








For each plant, the total yield was calculated as the cumulative fruit weight from all harvest dates. A planting density of 5 plants per m2 was assumed. Plot-level yield was then converted to tons per hectare (t·ha−1)




2.6. Statistical Analysis


Data were analyzed using Statistica 13.3 (StatSoft Inc., Hamburg, Germany). The normality of data distribution was assessed using the Shapiro–Wilk test, and the homogeneity was verified using Levene’s test. A one-way analysis of variance (ANOVA) was then performed, followed by Tukey’s post hoc tests (p < 0.05). Pearson’s correlation coefficient was calculated to assess the relationships between the selected parameters of the analyzed traits.





3. Results and Discussion


The soil pH remained relatively stable across all treatments, ranging from 6.68 to 6.80 (Figure 4A). The treatments maintained a neutral to slightly acidic pH, favorable for strawberry cultivation [35,36].



Similarly, soil salinity varied only slightly between treatments (0.20–0.26 g NaCl L−1), with no statistically significant differences observed (Figure 4B).



Clear treatment effects were observed for nitrogen forms. The vermicompost treatment significantly increased both nitrate (N–NO3) and ammonium (N–NH4) contents, reaching 32.5 mg·kg−1 and 2102.5 mg·kg−1, respectively, compared to the control (20.2 mg·kg−1 and 445 mg·kg−1) and Ag+ treatment (22.75 mg·kg−1 and 560 mg·kg−1) (Figure 4C,D). This indicates enhanced mineralization and nutrient release following organic matter addition.



Phosphorus (P) content remained stable, with average concentrations of 221.5, 237, and 235 mg·kg−1 for the control, vermicompost, and Ag+ treatments, respectively. These values indicate that both amendments maintained a balanced nutrient supply without causing nutrient accumulation or depletion (Figure 4E).



The vermicompost-amended soil contained the highest K level (130.2 mg·kg−1), nearly three times greater than the control (43 mg·kg−1) and more than twice that of the Ag+ treatment (56 mg·kg−1) (Figure 4F) This reflects the ability of vermicompost to enrich the soil with readily available nutrients through mineralization and cation exchange processes.



In the case of magnesium (Mg), only slight differences were recorded among treatments. Total Mg content ranged from 162.7 to 173.5 mg·kg−1, while available Mg varied between 11.23 and 12.5 mg·kg−1. These small variations indicate that neither vermicompost nor Ag+ significantly altered Mg availability, suggesting that the soil maintained its buffering capacity and stable cation balance (Figure 4G).



Calcium (Ca) content remained stable across treatments, ranging from 2296.75 to 2470.75 mg·kg−1, with slightly lower values in vermicompost-amended soil. These differences were not significant, indicating that both amendments maintained Ca stability in the soil environment (Figure 4H).



The organic carbon (C org) content showed a slight increase after vermicompost application (4.04%) compared with the control (3.6%) and Ag+ treatment (3.7% (Figure 4I).



The analysis of soil nematode communities offers valuable insights into their role in influencing soil quality and the health of various agricultural cropping systems and management practices, thereby serving as a critical indicator for assessing the sustainability of these systems. The final analysis (Pf) identified nematode species across the three treatment groups.



PPN populations included Paratylenchus projectus, Geocenamus nothus, Helicotylenchus digonicus, H. pseudorobustus, Pratylenchus fallax, Aphelenchoides fragariae and Cephalenchus (Figure 5A). Soil treatments with vermicompost (Ve) and silver ions (Ag+) significantly affected the population density of plant-parasitic nematodes compared with the untreated control. Both treatments reduced the abundance of most nematode taxa, although the magnitude of reduction varied among species. Application of vermicompost resulted in an average population decrease of 45.8% across all taxa, while Ag+ treatment caused an average reduction of 42.3% relative to the control. The highest reductions under the vermicompost treatment were observed for H. pseudorobustus (−58.0%), G. nothus (−55.6%), and P. fallax (−55.0%). In contrast, A. fragariae and P. projectus were most strongly affected by Ag+ application, with reductions of 55.9% and 47.8%, respectively. The population of H. digonicus showed the lowest response to either treatment, with decreases below 21%.



Soil treatments also affected the abundance of Bacteriavores, including Acrobeles, and Plectus. Populations of Acrobeles and Plectus rose substantially (+121% and +105%, respectively) (Figure 5B).



The applied treatments significantly influenced the abundance of fungivorous nematodes in the soil (Figure 5C). The vermicompost (Ve) treatment markedly increased the populations of Aphelenchus, Aphelenchoides, and Filenchus, reaching 171.5, 185, and 117.5 individuals/100 mL of soil, respectively, compared with the control (62.25, 75, and 94 individuals/100 mL of soil). This increase indicates that the addition of organic matter stimulated microbial and fungal growth, thereby enhancing food availability for fungivorous nematodes. In contrast, the Ag+ treatment caused a sharp decline in fungivore abundance, with populations dropping to 44.5, 41, and 43.75 individuals/100 mL of soil, respectively. This strong reduction suggests that silver nanoparticles exerted a toxic effect on soil microfauna and potentially suppressed fungal biomass, limiting resources for fungivores.



The abundance of omnivorous nematodes varied markedly among treatments (Figure 5D). The vermicompost (Ve) treatment resulted in a strong increase in populations of Dorylaimus, Mesodorylaimus, and Eudorylaimus, which reached 70.5, 76, and 62.5 individuals/100 mL of soil, respectively, compared to the control (20.5, 22.5, and 10.75 individuals/100 mL of soil). This reflects the positive influence of organic matter on soil trophic complexity and habitat conditions favorable for higher trophic-level nematodes.



Predatory nematodes responded strongly to the applied treatments. Their abundance was highest in the vermicompost (Ve) soil, reaching 89, 48.5, and 78.25 individuals for Mylonchulus, Iotonchus, and Prionchulus, respectively, compared with much lower numbers in the control and especially in the Ag+ treatment (7.5–9.5 individuals/100 mL of soil). The increase under vermicompost indicates enhanced soil biological activity and food web structure, while the sharp decline under Ag+ confirms its suppressive and toxic effect on soil predators.



The Shannon Diversity Index (H′) was used to evaluate nematode community diversity across treatments and years. In the control plots, H′ increased from 2.25 ± 0.05 in 2022 to 2.65 ± 0.08 in 2023, indicating a moderate rise in diversity over time. Similarly, in the Ve treatment, H′ increased from 2.30 ± 0.03 in 2022 to 2.71 ± 0.04 in 2023, while in the Ag+ treatment, H′ rose from 2.30 ± 0.04 to 2.65 ± 0.02 between 2022 and 2023. These results demonstrate that all treatments supported relatively similar nematode diversity, with a slight increase observed in the second year, potentially reflecting temporal changes in soil conditions or resource availability.



Proper plant nutrition is essential for achieving high strawberry yields and superior fruit quality [37,38]. Adequate and balanced nutrient supply supports vigorous vegetative growth, efficient flowering, and fruit set. Moreover, optimal nutrient management enhances plant resilience to environmental stress and reduces susceptibility to pests and diseases, ultimately contributing to more stable and sustainable production.



In our study, A. fragariae was identified as the target nematode species. The results presented in Figure 6 illustrate the effects of vermicompost (Ve) and silver nanoparticles (Ag+) on the final population densities of A. fragariae. Both treatments proved effective in significantly reducing nematode populations compared with the control. In the vermicompost treatment, the population of A. fragariae decreased by more than 51% in 2022 and by 79% in 2023. A similarly strong reduction was observed for nanosilver (Ag+), which lowered the nematode population by over 35% in 2022 and by 69% in 2023.



These results demonstrate that silver nanoparticles possess nematicidal effect, likely due to their antimicrobial properties, which could impact nematode survival, reproduction, or development [39,40].



A. fragariae exhibited strong negative correlations with several chemical parameters. Phosphorus (P) showed the strongest negative association (r = −0.751), indicating that higher phosphorus concentrations are linked to lower abundances of the species. Potassium (K; r = −0.640), ammonium nitrogen (N-NH4; r = −0.620), and nitrate nitrogen (N-NO3; r = −0.609) were similarly negatively correlated, suggesting that elevated nutrient levels may inhibit the occurrence of A. fragariae. Additionally, pH (r = −0.591) and salinity (r = −0.550) were negatively associated with species abundance, reflecting a preference for slightly acidic to neutral, low-salinity habitats. In contrast, Ca was strongly positively correlated with A. fragariae abundance (r = 0.705). Organic carbon (Corg) showed a moderate negative correlation with A. fragariae abundance (r = –0.455) (Figure 7).



There are several thousand known strawberry varieties worldwide, and new ones are introduced every year. In Poland, a few dozen varieties are grown commercially, differing in fruit ripening time, size, shape, color, firmness, taste, and content of health-promoting compounds. These quality traits determine the suitability of the fruits for different purposes-some are intended primarily for fresh consumption, while others are better suited for processing or freezing. Fruits intended for processing should detach easily from the stem, be medium-sized, round or heart-shaped, dark red in color, and have a high content of anthocyanins and vitamin C. Dessert strawberries, on the other hand, should be primarily tasty and visually appealing- large, orange-red or bright red, glossy, and rich in nutrients [41,42].



The level of yields is one of the most important determinants of fruit production profitability [43,44,45,46]. It is often of key importance in establishing the profitability of farms and it is taken into consideration by producers when choosing new varieties for cultivation [47]. Therefore, it largely determines the functioning, development and competitiveness of farms [46]. Studies [48,49] have consistently shown that organic farms are generally characterized by lower production efficiency.



According to Zmarlicki and Brzozowski [49] strawberry production in Poland in recent years has undergone substantial changes and is becoming increasingly intensive. These changes include the adoption of modern cultivation techniques, improved varieties with higher yield potential, more precise fertilization and irrigation practices, and greater use of integrated pest and disease management. As a result, overall productivity per hectare has increased, and the gap between conventional and organic production has become more pronounced. Despite these advances, yields in organic systems still lag behind conventional farms, highlighting the need for effective soil amendments and innovative crop management strategies to enhance fruit quality and yield.



In our experiment, strawberries were harvested across seven collection periods during the growing season in 2022: (I) 18 June, (II) 22 June, (III) 26 June, (IV) 30 June, (V) 3 July, (VI) 7 July, (VII) 11 July and in 2023 (I) 19 June, (II) 23 June, (III) 27 June, and (IV) 1 July,(V) 5 July, (VI) 10 July, (VII) 14 July, allowing for a detailed assessment of yield dynamics throughout the growing season. The greatest positive effects of both treatments were recorded during the fourth and fifth harvests, while the seventh harvest consistently produced the lowest yields across all treatments (Figure 8 and Figure 9).



In 2022, strawberry yields varied across treatments and collection periods. In the control (0), the highest yield was recorded in the fourth harvest (250 g/plant), while the lowest occurred in the seventh harvest (23 g/plant). Vermicompost (Ve) treatment increased yields across most harvests, with the highest yield of 298 in the fourth harvest (+48 g/plant compared with the control) and the lowest the seventh harvest (+8 g/plant compared with the control). Similarly, silver nanoparticles (Ag+) improved yields relative to the control, reaching a maximum of 279 g/plant in the fourth harvest (+29 g/plant) and a minimum in the seventh harvest (+7 g/plant).



In 2023, strawberry yields showed similar patterns. In the control treatment (0), the highest yield was recorded during the fourth collection period (250 g/plant), while the lowest yield occurred in the seventh harvest (23 g/plant). Vermicompost (Ve) increased yields, with the highest yield of 298 g/plant in the fourth harvest (+48 g/plant compared with control) and the lowest of 31 g/plant in the seventh harvest (+8 g/plant). Silver nanoparticles (Ag+) reached a maximum of 279 g/plant in the fourth harvest (+29 g/plant) and a minimum of 30 in the seventh harvest (+7 g/plant). As in 2022, the fourth and fifth harvests showed the largest positive effects of both treatments, while the seventh harvest consistently had the lowest yields.



Both treatments showed the most pronounced positive effects in the fourth and fifth harvests, indicating that vermicompost and silver applications were particularly effective during the peak production period. Conversely, the first and seventh harvests consistently produced the lowest yields, reflecting either early- season limitations or late-season decline. Overall, vermicompost slightly outperformed Ag+ in terms of maximum yield, while both treatments provided clear benefits over the untreated control throughout the growing season.



The cumulative fruit yields in the control were 5.5 t/ha (110.1 g/plant) in 2022 and 5.69 t/ha (113.7 g/plant) in 2023. With vermicompost, yields increased to 6.1 t/ha (123 g/plant) in 2022 and 6.61 t/ha (132.1 g/plant) in 2023. Similarly, with silver nanoparticles, yields were 6.25 t/ha (125.08 g/plant) in 2022 and 6.72 t/ha (134.4 g/plant) in 2023.



The highest yields occurred in the fourth and fifth harvests, and the lowest in the seventh. Compared with historical data from organic farms between 2009 and 2013, which averaged 7.85 t/ha (ranging from 5.2 to 10.2 t/ha), the control yields were slightly lower, while vermicompost and Ag+ treatments partially narrowed this gap. Conventional farms during the same period averaged 9.1 t/ha, approximately 15.9% higher than organic production, consistent with the generally lower production efficiency observed in organic systems [48,50].



Across both 2022 and 2023, treatments with Ag+ and vermicompost (Ve) consistently increased the proportion of large fruits compared to the control. In 2022, the control produced 42% large fruits, while vermicompost and Ag+ increased this share to 65% and 57%, respectively. A similar trend was observed in 2023, with the control yielding 44.5% large fruits, vermicompost 67.5%, and Ag+ 59.5%, In both years, medium and small fruit proportions decreased under the treatments, with vermicompost having the most pronounced effect. Overall, both Ag+ and vermicompost improved fruit size distribution, with vermicompost consistently producing the highest proportion of large fruits (Figure 10A–D).



In 2022, the Chlorophyll Concentration Index (CCI) of control plants was 12.66 while vermicompost (Ve) and Ag+ treatments showed slightly lower values of 12.1 and 10.6, respectively. In 2023, CCI values increased across all treatments, with the control at 36.69 vermicompost reaching 42.36 and Ag+ remaining comparable to the control at 36.35. These results indicate that vermicompost consistently enhanced chlorophyll content, particularly in the second year, whereas Ag+ had minimal effect. Overall, the application of vermicompost can be considered an effective strategy to improve plant chlorophyll status and potentially support better growth and productivity (Figure 11).



Leaf length increased from 7.11 cm in the control to 9.1 cm under vermicompost and 9.49 cm under Ag+, (Figure 12A) while leaf width expanded from 6.72 cm to 8.66 cm and 8.84 cm, respectively (Figure 12B). Leaf area followed the same pattern, increasing from 38.5 cm2 in the control to 42.8 cm2 with vermicompost and 46.6 cm2 with Ag+ (Figure 12C). Photographs of strawberry leaves (Figure 12D) confirmed the observed differences among the experimental treatments. Leaves of plants treated with vermicompost and Ag+ were distinctly larger and darker green compared to those of the control. These visual observations are consistent with the measured values of leaf length, width, and area, indicating that both treatments stimulated vegetative growth and increased chlorophyll content in strawberry leaves.




4. Conclusions


This study demonstrates that vermicompost and silver nanoparticles (Ag+) can influence strawberry cultivation outcomes. Vermicompost improved plant performance, likely through enhanced soil fertility and structure, contributing to better growth and yield. Ag+ application was associated with suppression of A. fragariae populations, suggesting its potential role in nematode management.



Over the two-year experiment, A. fragariae densities in control treatments increased only slightly, indicating that the ‘Grandarosa’ variety may be less susceptible to this nematode species. However, further studies are needed to confirm this host status and to evaluate the consistency of these effects under varying environmental conditions.



Although Ag+ appeared to benefit plant growth, this study did not assess plant nutrient content, so any claims regarding improved nutrient uptake remain unverified. Future research should include measurements of plant nutritional status, as well as longer-term assessments of soil health and nematode populations, to fully evaluate the potential of vermicompost and Ag+ as sustainable strategies for strawberry cultivation.
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Figure 1. Initial population (Pi) of plant-parasitic nematodes (PPNs) (Paratylenchus projectus, Geocenamus nothus, Helioctylenchus digonicus, Helicotylenchus pseudorobustus, Pratylenchus fallax, Aphelenchoides fragarie) across the experimental variants (0- control, Ve-vermicompost, Ag+- silver nanoparticles) in 2022. Different letters indicate significant differences (p < 0.05) within the same species across the three variants (n = 4). Bars represent standard deviation (SD). 
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Figure 2. The concrete circle with Fragaria × ananassa. 
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Figure 3. Extraction of nematodes. 
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Figure 4. Chemical properties of three experimental treatments (0-control, Ve- vermicompost, Ag+-silver nanoparticles): pH (A), salinity (B), nitrate (C), ammonium (D), phosphorus (E), potassium (F), magnesium (G), calcium (H), organic carbon (I). Different letters indicate significant differences (p < 0.05), (n = 4). Bars represent standard deviation (SD). 
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Figure 5. Abundance of five nematode trophic groups—plant-parasitic nematodes (PPN) (A), bacterivores (B), fungivores (C), omnivores (D), and predators (E)—across three treatment variants (0: control; Ve: vermicompost; Ag+: silver nanoparticles). Diagram (F) shows the trophic group distribution as a function of treatments on the final day of the experiment (Pf). Sample size: n = 4. Different letters indicate significant differences (p < 0.05) within the same species across the three variants (n = 4). Bars represent standard deviation (SD). 
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Figure 6. Population (Pf1) in (2022) and final population Pf2 in (2023) of A. fragarie across the experimental variants (0- control, Ve-vermicompost, Ag+- silver application). Different letters indicate significant differences (p < 0.05), (n = 4). Bars represent standard deviation (SD). 






Figure 6. Population (Pf1) in (2022) and final population Pf2 in (2023) of A. fragarie across the experimental variants (0- control, Ve-vermicompost, Ag+- silver application). Different letters indicate significant differences (p < 0.05), (n = 4). Bars represent standard deviation (SD).



[image: Agronomy 15 02900 g006]







[image: Agronomy 15 02900 g007] 





Figure 7. Pearson correlation between the selected parameters of the analyzed traits. Correlation coefficient (r) scale: −1.0: perfect negative correlation; −0.80 to −0.60: strong negative correlation; −0.40 to −0.20: moderate negative correlation; 0: no correlation; 0.20 to 0.40: moderate positive correlation; 0.60 to 0.80: strong positive correlation; 1.0: perfect positive correlation. 
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Figure 8. Strawberry yields [g/plant] recorded over seven harvests in 2022. Different letters indicate statistically significant differences across treatments. Different letters indicate significant differences (p < 0.05), (n = 4). Bars represent standard deviation (SD). 
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Figure 9. Strawberry yields [g/plant] recorded over seven harvests in 2022 and in 2023. Different letters indicate significant differences (p < 0.05), (n = 4). Bars represent standard deviation (SD). 
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Figure 10. Percentage of fruits by size (Small: 6–7 g; Medium: 8–14 g; Large: 15–20 g) (A,C) and number of fruits (pcs) (B,D) in the 2022 and 2023 seasons. Different letters indicate significant differences (p < 0.05), (n = 4). 
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Figure 11. CCI in 2022 and 2023. Means with the same letter are not significantly different based on Tukey’s multiple comparison test (p = 0.05), presented as ± SD. 
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Figure 12. Leaf length (cm) (A), leaf width (cm) (B), and leaf area (cm2) (C) for 0, Ve, and Ag+ treatments (D). Values sharing the same letter are not significantly different (Tukey’s test, p = 0.05) and are presented as ± SD. 
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Table 1. Morphometrics of the A. fragariae population used in the experiment. Range of values (X1–X10) of individual traits, mean ± SD, n = 10. Measurements were conducted in μm.
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Location: Skierniewice, Poland (51°96′15″ N, 20°13′69″ E)

Host Plant: Fragaria × ananassa




	
Character

	
(X1–X10)

	
Mean ± SD






	
Body length L

	
568.5–876.8

	
764.0 ± 94.7




	
Stylet length

	
9.7–11.0

	
10.2 ± 0.4




	
Tail length

	
36.3–55.4

	
46.4 ± 6.6




	
PUS%

	
31.7–69.8

	
54.8 ± 0.1




	
a

	
45.8–61.5

	
55.8 ± 3.1




	
b’

	
4.6–6.6

	
6.5 ± 0.6




	
c

	
11.9–18.3

	
16.3 ± 1.8




	
c’

	
4.1–6.2

	
5.1 ± 0.4




	
V/AT

	
3.0–5.4

	
4.4 ± 0.7




	
V%

	
58.0–76.4

	
70.0 ± 3.5








L = body length; in millimeters; a = ratio of body length to largest body width; PUS (%) = ratio of postvulval sac to the vulva anus distance (V/A × 100%); b′ = ratio of body length to pharynx length from head to pharyngeal-intestinal junction; c = ratio of body length to tail length; c′ = ratio of tail length to body width at anus level; V/AT = ratio of vulva-anus distance to tail length; V% = distance from anterior end to vulva, expressed in percentage of body length × 100%.
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