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Abstract 

Background  Tomato (Solanum lycopersicum L.) production faces increasing challenges related to water scarcity, 
intensive input use, and environmental contamination. In this context, biostimulants combined with water- and fer-
tilizer-saving strategies have been proposed to enhance crop performance while reducing environmental impacts. 
However, their integrated effects on soil contamination and potential health hazards remain insufficiently understood. 
This study, conducted within the Horizon 2020 TOMRES project, provides a multidisciplinary evaluation of these 
aspects across different European agroecosystems.

Results  Results showed that pseudo-total potentially toxic elements (PTE) concentrations varied among sites, 
occasionally exceeding reference thresholds. However, bioaccessible PTEs generally remained low and below toxic-
ity levels. Biostimulant application and reduced water and nutrient inputs had limited effects on PTE bioaccessibility, 
although localized increases were observed in soils with higher baseline contamination. Microbiological analyses 
revealed high variability across sites, with total plate counts (TPCs) influenced more by environmental conditions 
than by agronomic treatments. Faecal indicators were generally low, and Salmonella spp. was detected only by molec-
ular methods, without clear association with other microbial parameters. Ecotoxicological assays indicated low 
to moderate toxicity overall, with algae showing the highest sensitivity; biostimulants occasionally mitigated toxic 
effects, particularly under well-watered conditions. Multivariate analysis confirmed that site-specific factors, includ-
ing soil properties and baseline conditions, were the primary determinants of chemical, microbiological, and ecotoxi-
cological variability, exceeding the influence of agronomic treatments.

Conclusions  Despite some methodological limitations inherent in this multidisciplinary study, the results sug-
gest that the integration of biostimulants with water- and fertilizer-saving practices did not result in significant 
environmental or health hazards under the studied conditions. However, the outcomes highlight the importance 
of site-specific assessments, particularly in soils with elevated contaminant levels. These findings support the poten-
tial of sustainable agronomic strategies in tomato production while emphasizing the need for context-dependent 
management and further research on long-term impacts and food safety implications. Future research on this topic 
should be expanded by developing integrated risk assessment frameworks that combine chemical, microbiological, 
and ecotoxicological factors to support sustainable agriculture and protect public health.
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Background
Tomato (Solanum lycopersicum L., 1753) is among the 
most widely cultivated crops globally and represents a key 
agricultural product in the European Union, grown both 
in open fields and greenhouses. It plays an important role 
in global food security and trade, being consumed both 
fresh and as a raw material for processed products such 
as sauces, purees, and canned goods. Tomatoes are rich 
in vitamins (A, C, and E), essential micronutrients, and 
bioactive compounds such as lycopene, which contrib-
ute to their nutritional and health-promoting value [1, 2]. 
Globally, fresh tomato production reached 188.5 million 
tons in 2024 [3]. The main tomato producers in the world 
are China (61.7 million tons), India (21.3 million tons), 
Turkey (14.6), USA (10.7), Egypt (7.5) and Italy, with an 
annual output of 6.0 million tons. In Europe, tomato pro-
duction reached 22.5 million tons [3]. The sustainability 
of tomato production is increasingly challenged by the 
dual pressures of climate change and resource deple-
tion. Agriculture consumes approximately 70% of global 
freshwater and contributes significantly to soil degrada-
tion due to agricultural pollutants (i.e. pesticides, ferti-
lizers, heavy metals) and nutrient loss [4, 5]. The water 
footprint applied to tomato production systems has vari-
able impacts based on the cultivation method, the area, 
its physical and climatic characteristics, in addition to 

the local water supply situation [6–8]. Improving water-
use efficiency and nutrient management is therefore 
crucial for the long-term sustainability of agricultural 
systems [9]. Excessive fertilizer use has historically sus-
tained high crop yields, but has also caused imbalances 
in soil micronutrients, increased heavy metal accumula-
tion, and nutrient leaching into water bodies, contrib-
uting to eutrophication and pollution [10]. In response, 
plant biostimulants have emerged as promising tools to 
improve nutrient uptake, plant resilience, and soil health, 
acting through biological mechanisms rather than direct 
nutrient addition [11–13]. These substances include inor-
ganic compounds, chitosan derivatives, seaweed extracts, 
humic acids, proteins and protein hydrolysates, bacteria 
and fungi that stimulate physiological processes in plants 
[14, 15]. Despite their agronomic benefits, the environ-
mental and public health implications of biostimulant 
use remain poorly understood. In fact, their influence 
on soil contaminant dynamics, microbiological safety, 
and potential toxic element (PTE) mobility is largely 
unexplored. Moreover, the combination of biostimulants 
with water- and fertilizer-saving techniques may intro-
duce complex interactions that affect both productiv-
ity and environmental quality. Additionally, agricultural 
practices, such as using contaminated irrigation water 
[16], reusing wastewater [17, 18], and applying organic 
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fertilizers can spread pathogenic and antibiotic-resistant 
microorganisms, increasing the risk of faecal–oral dis-
ease transmission [19].

The present study, conducted under the Horizon 
2020 TOMRES project (Grant Agreement No. 727929), 
investigates how integrated sustainable agronomic prac-
tices influence soil contamination and health hazard in 
tomato cultivation. Specifically, it evaluates the impacts 
of biostimulant application and optimized irrigation-
fertilization regimes on PTE, microbiological contamina-
tion parameters, and ecotoxicological responses in soil 
samples collected in experimental sites located in Spain, 
Italy, and Romania. This multidisciplinary approach aims 
to link agronomic innovation with environmental protec-
tion and public health within a One Health framework.

Methods
The study adopted a multidisciplinary approach com-
bining chemical, microbiological, and ecotoxicological 
analyses to provide complementary lines of evidence 
on soil quality and potential environmental and health 
implications.

The study was conducted over two cropping seasons 
(April–October). The health hazards related to the envi-
ronmental pollution associated with various cultivation 
techniques were assessed using soil samples collected 
both before (pre-cultivation) and after (post-cultivation) 
tomato growth at each site. Comparisons were also made 
among post-cultivation samples subjected to different 
combinations of water and nutrient treatments.

Experimental trials
Five experimental trials were established in Spain, Italy 
(Italy 1, Italy 2), and Romania (Romania 1, Romania 
2) using comparable cultivation techniques. The soils 
ranged from low-fertility arid soils in Spain to highly fer-
tile volcanic soils in Italy and very fertile chernozemic 
soils in Romania. They differed primarily in texture 
(ranging from sandy silt to loamy). The pH was around 
neutrality in the Italian Andisol, whereas the other soils 
were alkaline. The Total Organic Carbon (TOC) con-
tent varied from 1.98 to 23.4 g kg⁻1, but TOC/TN (Total 
Nitrogen)  was always below 10, indicating a consistent 
mineralization of organic matter, except for the Roma-
nian Mollisol, which showed a value of 14.3. Cation 
exchange capacity varied from 8.5 to 31.3 cmol(+) kg−1. A 
detailed description of the sites, soil types and main soil 
properties is reported in Table 1.

Selected tomato genotypes were cultivated under vary-
ing water and nutrient regimes, both with and without 
the application of biostimulants. The description of each 
experimental design is reported in Table 1. Pesticides and 
herbicides were applied following crop needs (Table 1).

Experimental design and site‑specific treatments
The experimental conditions adopted at each site were 
defined on the basis of the results obtained from previ-
ous trials conducted within the TOMRES project, par-
ticularly in the framework of four complementary Work 
Packages, which identified the most relevant agronomic 
practices, stress conditions, and biostimulant strategies 
to be validated under field conditions.

Spain
The Spanish trial was conducted under greenhouse con-
ditions using TOMRES (T) tomato genotypes under well-
watered (WW) and combined stress (CS) conditions, 
with and without biostimulants (e.g., TWW, TWWB, 
TCS, TCSB). Two commercial biostimulants produced 
by Edypro (Coupé Regeneración and Procuaje Radicular) 
were applied in combination via irrigation or fertigation. 
Coupé Regeneración, based on amino acids derived from 
enzymatic hydrolysis and fermentation processes, was 
applied at transplanting (80 L  ha−1) and after 14  days, 
whereas Procuaje Radicular, containing micronutrients 
and fertilization precursors, was applied at the onset of 
flowering (15 L ha−1) and weekly thereafter. No pesticides 
were applied during the experimental period.

Italy
The Italian trials (Italy 1 and Italy 2) were carried out 
under open-field conditions. In Italy 1, a factorial design 
combined TOMRES genotypes (T) with optimal (WW) 
and suboptimal (CS) fertigation regimes and biostim-
ulant treatments (e.g., TWW, TWWB1, TWWB2, 
TCS, TCSB1, TCSB2). Biostimulants included Black-
Jack + HP400 (B1), applied at 2 L  ha−1 and 100  g  ha−1 
respectively, and Redcal (B2, 4 L  ha−1), applied as foliar 
sprays every 15 days starting at 33 days after transplant.

In Italy 2, a different biostimulant (B3, Strigolab, 
Torino, Italy) was applied as foliar treatment. The prod-
uct was prepared by dilution in water and applied by 
spraying 15–20  mL per plant at two growth stages 
(seedling stage and flowering stage). This treatment was 
associated with earlier fruit ripening and potential yield 
improvements under both optimal (WW) and reduced 
(CS) fertigation conditions.

Romania
Two trials (Romania 1 and Romania 2) were conducted 
under greenhouse and open-field conditions using com-
mercial tomato varieties (C). Treatments included 
combined stress conditions (CCS), with and without 
biostimulants (e.g., CCSA, CCSS, CCSTh). Biostimulants 
included Trichoderma harzianum T22 (Th), Azotobacter 
vinelandii (A), and shungite (S).
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Azotobacter vinelandii (1–2 L  ha−1) is a free-living 
nitrogen-fixing bacterium that enhances soil nitrogen 
availability and microbial activity. Trichoderma harzi-
anum T22 was used as a microbial biostimulant to pro-
mote plant growth under stress conditions. Shungite, a 
mineral amendment rich in macro- and micronutrients, 
was applied as granules (300–600 g m⁻2) to improve soil 
fertility, water retention, and plant tolerance to abiotic 
stress. Reduced treatments involved a decrease in irriga-
tion (− 20%) and fertilization (− 30%) compared to stand-
ard practices. Treatments were arranged in randomized 
blocks with three replicates.

Experimental design considerations and limitations
Due to the multi-site nature of the study and the need to 
adapt experimental conditions to local agronomic prac-
tices, the experimental design was not fully factorial or 
completely balanced across all sites. Consequently, treat-
ment comparisons are primarily interpreted within each 
site and agronomic system, and caution is required when 
comparing results across different locations or manage-
ment conditions. The study should therefore be consid-
ered as a multidisciplinary and comparative evaluation of 
agronomic strategies under real-field conditions, rather 
than a strictly controlled experimental design aimed at 
isolating individual factors.

Soil sampling and preparation
Since one of the project’s main objectives was to max-
imise water use efficiency (WUE), and given the chal-
lenges associated with collecting irrigation water samples 
using lysimeters, the evaluation of health hazards related 
to environmental pollution from the agronomic tech-
niques tested in the experimental trials was conducted 
through soil analysis. Chemical analyses of the soil were 
performed to detect the presence of pesticides applied 
during the trials and to assess the impact of the adopted 
practices on the bioaccessible fraction of naturally occur-
ring or anthropogenically introduced heavy metals. 
Additionally, a series of ecotoxicological tests (using Ali-
ivibrio fischeri, Daphnia magna, and Raphidocelis sub-
capitata) were carried out on soil samples to evaluate the 
overall environmental impact of the TOMRES agronomic 
practices. From a One Health perspective, microbiologi-
cal analyses were also conducted to assess the potential 
spread of microbial parameters and human pathogens. 
These included total coliforms, Escherichia coli, Entero-
cocci, total plate counts (TPC) at 22 °C, 28 °C, and 37 °C, 
Clostridium spp. spores, and Salmonella spp.

Soil samples collected before and after tomato culti-
vation were analysed to assess potential health hazards 
associated with the agronomic techniques proposed 

within the TOMRES project. Sampling was carried out 
in triplicate for each treatment plot using a randomized 
split-plot design. Within each plot, multiple subsamples 
were collected at regular intervals (Figure S1), pooled, 
and homogenized to reduce spatial variability. Soil sam-
ples for the analysis of pseudo-total and bioaccessible 
potentially toxic elements (PTEs), pesticide residues, 
microbiological parameters, and ecotoxicological assays 
were collected at a depth of 5–30  cm, stored at + 4  °C, 
and transported to the laboratory in accordance with 
Iso 18400–206:2018 [20]. Upon arrival at the laboratory, 
samples were divided into five aliquots for dry weight 
determination, toxicological, microbiological, and chemi-
cal analyses. Before analysis, samples were sieved through 
a 2  mm mesh and air-dried for 12  h at room tempera-
ture, following the preparation method outlined in Ital-
ian Decree No. 010175/2002 [21]. Dry weight (DW) was 
determined by drying 20 g of each soil sample at 105 °C 
for 24 h, according to Iso 11465:1993 [22].

Analysis of potential toxic elements (Cu, Mn, Zn, Ni, Cd, Pb, 
As)
Pseudo-total concentrations of potential toxical elements 
(PTEs) were determined in pre-cultivation soil samples 
collected at depths of 0–5 cm, 5–15 cm, and 15–30 cm, 
using extraction with concentrated HCl and HNO₃ (3:1 
v/v) in accordance with Iso 11466:1995 [23]. The extrac-
tion was carried out by heating 1  g of soil sieved at 
0.5 mm and 8 mL of “aqua regia” at 300  °C until diges-
tion was complete. The concentration of all pseudo-total 
heavy metals was determined using inductively coupled 
plasma–mass spectrometry (ICP–MS; PerkinElmer Nex-
ION 350X), except for arsenic, which was analysed by 
flame atomic absorption spectrometry [24].

All pre- and post-cultivation soils were analysed for the 
determination of pH in water (1:2.5, soil:water). Based on 
pH, the bioaccessible PTE pool was determined in post-
cultivation soil samples at all three depths by extraction 
with sodium ethylendiamine tetraacetate (Na EDTA) by 
shaking 20 g of air-dried 2 mm sieved soil samples with 
40 mL of Na EDTA solution adjusted to pH 7.3 for 2 h. 
Arsenic was extracted using the P-Olsen method with 0.5 
N NaHCO3 solution adjusted to pH 8.5 [25]. The amount 
of bioaccessible PTE was determined on the extracts as 
described above.

Analysis of pesticides/herbicides
Pesticide analyses were carried out by a certified labo-
ratory (Tentamus Agriparadigma S.r.l., Ravenna, Italy) 
accredited according to ISO/IEC 17025:2017 [26]. Analy-
ses employed LC/MS/MS, GC/MS/MS, and FPD on elu-
ates from soil samples used as proxies for leaching water 
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[27, 28]. The pesticides used in the different trials are 
reported in Table 1.

Microbiological analyses
Soil samples (30 g) were placed in stomacher bags con-
taining 270 mL of sterile sodium pyrophosphate solution 
(1 g L−1, pH 7). The samples were shaken at 100 rpm for 
2  min. The resulting suspensions were then subjected 
to serial tenfold dilutions (from 10⁻1 to 10⁻⁷), and each 
dilution was tested in triplicate according to EN Iso 
17155:2020 [29].

Total Plate Counts (TPCs) were determined by incor-
porating 1  mL of the sample into Soil Extract Agar 
(HiMedia Laboratories, Einhausen, Germany) sup-
plemented with sterile cycloheximide solution (1%, 
VWR International Srl, Milan, Italy). Petri dishes were 
incubated at 22  °C, 28  °C, and 37  °C for 10, 30, and 
7  days, respectively, in accordance with Italian Decree 
010175/2002 [21]. Results were expressed as Log CFU 
g−1 DW.

Total coliforms, Escherichia coli, and Enterococci were 
quantified using Colilert 18™ and Enterolert™ (Quanti-
Tray/2000, IDEXX Water, Milan, Italy) following the 
manufacturer’s instructions. Results were expressed as 
Log MPN g−1 DW [30].

Clostridium spp. spores were quantified by heat-
treating liquid samples at 80  °C for 15  min to eliminate 
vegetative cells. Subsequently, 1  mL of each dilution 
was plated on TSC Agar supplemented with MUP and 
D-cycloserine (Biolife, Milan, Italy). The plates were 
incubated anaerobically at 44 °C for 24 h. Anaerobic con-
ditions were achieved using anaerobic jars with gas-gen-
erating systems, as recommended by Iso 14189:2013 [31]. 
Black, phosphorescent colonies were further confirmed 
on Nutrient Agar (Merck, Milan, Italy). Results were 
expressed as Log CFU g−1 DW.

The detection of Salmonella spp. was performed using 
a combination of molecular PCR and culture-based 
methods. Briefly, 25 g of soil were pre-enriched in sterile 
buffered peptone water (APT, Oxoid, Thermo Scientific, 
Rodano, MI, Italy) and incubated at 37 °C for 24 h. Sub-
sequently, 100 µL of the pre-enriched sample was trans-
ferred into 10  mL of Rappaport Vassiliadis (RV) broth 
(Biogenetics Diagnostics, Ponte San Nicolò, PD, Italy) 
and incubated at 42 °C for 24 h. After incubation, 10 µL 
of the RV culture were plated onto XLD agar (Sigma-
Aldrich, Milan, Italy) and incubated at 37  °C for 24  h. 
Colonies exhibiting a red color with black or green cent-
ers were subjected to biochemical confirmation using the 
API 20E system (BioMérieux Italia S.p.A., Bagno a Ripoli, 
FI, Italy).

For molecular detection, DNA was extracted from 
1.8 mL of the APT enrichment broth using the PowerSoil 
DNA Isolation Kit (Qiagen Italia, Milan, Italy), followed 
by PCR analysis as described by Bonetta et al. (2021) [30].

Ecotoxicological analyses
Soil samples (250 g) were extracted with 750 mL of dem-
ineralised ultrapure water (1:4 v/v) according to APAT 
(2002) [27] and Iso 21268–2:2019 [28], by shaking at 
room temperature for 24 h. Elutriates were separated by 
overnight settling followed by centrifugation at 3750  g. 
The pH of the elutriates was measured prior to ecotoxi-
cological testing with Aliivibrio fischeri, Daphnia magna, 
and Raphidocelis subcapitata.

The acute toxicity test with A. fischeri, based on the 
reduction of the bacterium’s natural bioluminescence, 
was performed using the Microtox Model 500 (Azur 
Environmental, Carlsbad, California, USA) following 
UNI EN Iso 11348–3:2019 [32]. Results were expressed 
as bioluminescence inhibition percentage (I%).

The acute toxicity test with D. magna, based on the 
immobilization of crustaceans after 24  h of exposure, 
was conducted using the DaphToxKit F™ magna (Ecotox 
LDS, Milan, Italy) in accordance with Iso 6341:2012 [33]. 
Results were expressed as immobilization percentage 
(I%).

The toxicity test with R. subcapitata, based on growth 
inhibition after 72  h of exposure, was conducted using 
the AlgalToxKit F™ (Ecotox LDS, Milan, Italy) in accord-
ance with Iso 8692:2012 [34]. Results were expressed as 
growth inhibition percentage (GI%) that derived from 
growth rate comparisons with controls. Quality con-
trol tests were performed for all ecotoxicological assays 
in accordance with the relevant ISO standards [32–34], 
using potassium dichromate (K₂Cr₂O₇) as a reference 
toxicant (positive control) to verify the sensitivity and 
health status of the test organisms. All tests met the 
acceptability criteria specified by the respective stand-
ards. It should be noted that the ecotoxicological assays 
were performed on soil elutriates and therefore pri-
marily reflect the soluble fraction of contaminants and 
biostimulants, representing a partial estimation of overall 
soil toxicity. In addition, sample preparation procedures 
(sieving to 2  mm and air-drying at room temperature) 
may reduce the contribution of labile and volatile organic 
compounds, potentially leading to an underestimation of 
actual ecotoxicological effects. Consequently, the results 
should be interpreted with these methodological limita-
tions, particularly with respect to hydrophobic contami-
nants associated with the solid soil matrix.
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Statistical analysis
Statistical analyses were performed using IBM SPSS 
Statistics v26.0 (IBM Corp., Armonk, NY, USA). Dif-
ferences between pre- and post-cultivation conditions 
were evaluated using paired t-tests. The effects of agro-
nomic treatments were assessed by paired t-test and one-
way ANOVA followed by Tukey’s post-hoc test. Binary 
logistic regression was used to examine the relationship 
between microbial counts and the presence of Salmo-
nella spp. Multivariate patterns were explored using 
Principal Component Analysis (PCA) on standardized 
variables, after removal of highly correlated variables 
(Pearson r > 0.9). The suitability of the dataset for PCA 
was confirmed for the global dataset (KMO = 0.68; Bar-
tlett’s test p < 0.001).

Results and discussion
Pseudo‑total PTE content in the soils used for tomato 
cultivation
Pseudo-total concentrations of potentially toxic ele-
ments (PTEs) in the soils selected for tomato cultivation 
showed substantial variability, reflecting differences in 
lithology, pedogenesis, and anthropogenic inputs associ-
ated with agricultural practices (Table 2). Although many 
heavy metals occur naturally in soils, there are no spe-
cific regulatory thresholds for their natural background 
levels. Existing EU directives primarily address limits for 
heavy metals introduced through sewage sludge or other 

anthropogenic sources [35, 42]. In this regard, a proposal 
for a European Directive on a Soil Monitoring Law was 
put forward in 2023 and is currently under review [43]. 
Moreover, at low concentrations, heavy metals such as 
Cu, Ni, and Zn act as essential trace elements for plants 
and represent important nutraceutical components in 
foods [44]. However, their accumulation and/or excessive 
bioaccessibility can adversely affect soil and plant health, 
as agronomic practices and soil management may alter 
their speciation and increase the bioaccessible fraction 
beyond toxicity thresholds [45].

To evaluate the potential toxicity of soils selected 
for tomato cultivation, PTE concentrations were com-
pared with the limit values for heavy metals established 
by Directive 86/278/EEC [35], which regulates the use 
of sewage sludge in agriculture providing ranges of per-
missible concentrations in soils; within these ranges, 
Member States may set specific limit values, taking into 
account soil characteristics such as pH, with stricter lim-
its generally applied to more sensitive (e.g. acidic) soils. 
In addition, recent studies based on the LUCAS top-
soil database have proposed EU-wide reference ranges 
for heavy metals (EU lower and upper limits, EU_LL 
and EU_UL), derived from soil properties such as pH 
and texture [42, 46, 47]. The comparison was further 
extended to the relevant national implementing regula-
tions in the countries where the agronomic trials were 
conducted [36–41]. Collectively, these regulations aim 

Table 2  Pseudo-total concentrations of PTEs (mg kg⁻1 dry weight) in pre-cultivation soil samples, compared with the limit values set 
by Directive 86/278/EEC for the agricultural use of sewage sludge and by the corresponding national implementing regulations

§ The “range” of limits defined in Directive 86/278/EEC refers to the minimum and maximum permissible concentrations of heavy metals in sludge and soil, as well as 
to the permitted annual accumulation rates

The Directive allows Member States, depending on soil sensitivity, to establish either a single limit or both lower and upper limits, and to link sludge application rates 
to soil pH classes

Site Cu Pb Zn Mn Ni Cd As

Spain 21.67 ± 6.25 57.88 ± 3.47 58.92 ± 14.56 752.34 ± 47.05 18.11 ± 1.78 0.21 ± 0.03 25.79 ± 2.35

Italy 1 and 2 32.55 ± 0.48 72.66 ± 2.43 47.72 ± 2.57 3619.79 ± 303.68 19.10 ± 0.45 0.42 ± 0.01 36.15 ± 0.80

România 1 33.39 ± 2.57 34.65 ± 2.18 69.44 ± 9.89 767.86 ± 34.46 44.16 ± 1.49 0.33 ± 0.03 11.62 ± 0.40

România 2 161.47 ± 0.85 44.35 ± 11.67 161.47 ± 5.10 1088.26 ± 24.37 39.77 ± 5.47 0.67 ± 0.01 8.60 ± 1.99

Limit values

Regulations Cu Pb Zn Mn Ni Cd As

Directive 86/278/EEC [35]§ 50–140 50–300 150–300 − 30–75 1–3 −

Royal Decree 1310/1990 (Spain) [36] 50–210 50–300 150–450 − 30–112 1–3 −

Junta de Andalucia 1999 (Spain) [37] − − − − − − 20–50

Decree n. 99 of January 27, 1992 (Italy) [38] 100 100 300 − 75 1.5

Decree n. 46 of March 1, 2019 (Italy) [39] − − − − − − 30

Ordinance n. 344/708 of August 16, 2004 (Roma-
nia) [40]

100 50 300 − 50 3

Order n. 16/2004 of August 16, 2004 (Romania) 
[41]

− − − − − − 10
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to prevent excessive heavy metal accumulation in soils, 
thereby reducing environmental and human health risks, 
particularly those associated with the consumption of 
food crops grown on contaminated land. By these com-
parisons Cu, Zn, and Ni concentrations were generally 
below the lower limits (LL) referred to the EU Directive 
and national regulations, except at the Romanian sites, 
where exceedances were observed. At the Romania 2 
site, Cu concentrations exceeded both the lower and 
upper limits established by the EU Directive, as well as 
the national threshold for soils eligible to receive sewage 
sludge. At the same site, Zn concentrations were above 
the EU Directive lower limit but remained within the 
Romanian national limit. Both Romanian sites (Romania 
1 and Romania 2) exhibited Ni concentrations exceeding 
the EU lower limit, although values were still below the 
national regulatory threshold. In contrast, Pb concen-
trations at the Romanian sites complied with both EU 
and national limits. Conversely, the Spanish site showed 
Pb levels exceeding the lower limit set by both the EU 
Directive and national legislation, while the Italian site 
exceeded the EU lower limit but remained within the 
national threshold. Cadmium concentrations were below 
both EU and national limits at all sites. Copper, Zn, and 
Ni may derive from the parent material of the soil; how-
ever, anthropogenic activities—such as the application 
of fertilizers and pesticides, the use of sewage sludge, 
industrial emissions, and irrigation with contaminated 
water—can substantially increase their concentrations. In 
addition, specific agricultural practices, particularly the 
use of Cu-based fungicides, contribute to metal accumu-
lation in soils [48]. Relatively high Cu and Zn concentra-
tions at the Romania 2 site and elevated Ni levels at the 
Romania 1 site, compared with optimal values for plant 
growth, indicate that these areas should be managed with 
caution. Although Cu and Zn have been reported to pref-
erentially accumulate in tomato roots rather than being 
efficiently translocated to fruits [49, 50], their potential 
accumulation in edible tissues cannot be excluded and 
may pose a risk to fruit quality and food safety [51, 52]. 
Because As is not regulated under EU Directive 86/278/
EEC [35] or its national counterparts [36, 38, 40], its con-
centrations were compared with national reference limits 
available for agricultural soils [37, 39, 41]. At the Spanish, 
Italian, and Romania 1 sites, As concentrations slightly 
exceeded the threshold values established by the respec-
tive national regulations, whereas at the Romania 2 site 
they remained below national reference limits. Manga-
nese (Mn) concentrations were consistent with average 
levels typically reported for agricultural soils across the 
EU, ranging from 600 to 900 mg kg⁻1 dry weight (DW) in 
Spain and from 900 to 1000 mg kg⁻1 DW in Italy [53]. The 
comparatively higher Mn levels observed at the Italian 

site are likely related to the volcanic origin of the soil [54]. 
As previously observed for Cu, Zn, and Ni, also Pb, Cd, 
and As may derive from natural sources, and their con-
centrations can be substantially enhanced by anthropo-
genic inputs. Unlike essential elements, these PTEs are 
not required for plant metabolism and may be phytotoxic 
to tomato plants, as well as hazardous to human health 
due to their potential bioaccumulation in edible fruits 
[55]. In this context, the relatively elevated Pb and As 
concentrations detected at the Italian and Spanish sites 
warrant particular attention. With respect to Mn, ele-
vated concentrations generally do not indicate soil con-
tamination and rarely pose a significant risk to plants; 
instead, Mn deficiency is typically of greater agronomic 
concern [45].

While total metal content provides an overview of soil 
contamination potential, bioaccessible fractions better 
represent environmental and health hazards. Therefore, 
subsequent analyses focused on the bioaccessible pool of 
PTEs in post-cultivation soils.

Bioaccessible PTEs in soils after tomato cultivation
Based on this background, we assessed whether the use 
of biostimulants under conditions of nutrient and water 
stress could influence the bioaccessible pool of PTEs and 
their potential toxicity. The soil bioaccessible PTEs are 
indeed more indicative than the soil pseudototal con-
tent to assess the potential toxicity risk and may help to 
define environmental and health impacts [56]; however, 
it should be noted that regulatory limit values are cur-
rently not established for bioaccessible metals. Referring 
to the concentrations of the soil bioaccessible fraction of 
PTEs measured in post-cultivation soil samples (Table 3) 
Cu and Zn were particularly low at the Spain site (Cu 
0.4–0.7; Zn 1.0–2.5  mg  kg−1 DW), while the high-
est values were found in Romania 2 (Cu 35.1–47.8; Zn 
20.2–22.4  mg  kg−1 DW). Similarly, the concentration 
of bioaccessible Mn was lowest at the Spain site (0.9–
1.2  mg  kg−1 DW), while the highest concentration was 
detected in Italy 2 (21.0–26.2  mg  kg−1 DW). The con-
centration of bioaccessible Ni was low and comparable at 
the Spain and Italy sites (0.02–0.07 mg kg−1 DW), while 
higher values, by an order of magnitude, were observed 
at both Romanian sites (0.51–0.67 mg kg−1 DW).

Similarly, for toxic metals, the Spain site had the lowest 
values of the mobilizable portion of Pb (1.5–1.7 mg kg−1 
DW), Cd (0.003–0.006  mg  kg−1 DW), and As (0.003–
0.006  mg  kg−1 DW). In contrast, Italy 1 and 2 (3.5–
4.6 mg kg−1 DW) and Romania 2 (5.3–7.4 mg kg−1 DW) 
exhibited the highest concentrations of bioaccessible Pb. 
The highest concentration of Cd was found in Romania 
2 (0.23–0.27  mg  kg−1 DW), while the concentration of 
As was similar across all sites (0.10–0.25 mg  kg−1 DW), 
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except in Spain, where the concentration was on average 
an order of magnitude lower (0.008–0.053 mg kg−1 DW).

Overall, considering the results across the different 
sites, the bioaccessible PTEs were generally below toxic-
ity thresholds and ensured an adequate nutritional supply 
[57]. In the Spanish trial, comparisons among post-cul-
tivation treatments revealed no significant differences 
in the bioaccessible fractions of most PTEs, In the Ital-
ian trial (Italy 1), PTE bioaccessibility was unaffected by 
water and fertilizer saving techniques except for a signifi-
cant increase for Zn (+ 15.8%) (p < 0.05) and As (+ 18.8%) 
(p < 0.001) likely due to competition between phosphorus 
and As for adsorption sites. The drier conditions should 
have increased phosphate adsorption and precipita-
tion making As more mobile [58]. The application of 
biostimulant B1 significantly increased the bioaccessi-
bility of Pb (+ 32.1%) (p < 0.05), and also of Zn (+ 10.9%) 
and Mn (+ 56.8%), although the difference is not statisti-
cally significant, in the WW plots, probably by enhanc-
ing biological activity in the rhizospheric zone due to the 
synergic effect of water availability and biostimulants. 
The application of biostimulant B2 highlights a reduc-
tion in Ni concentration under both optimal irrigation 
conditions (WW) (− 22.7%) (p < 0.005) and with water 
and fertilizer saving techniques (CS) (− 16.7%) (p < 0.001). 
Nevertheless, in all other cases, when water and nutrient 
supply was reduced to 50% of crop needs, the bioaccessi-
bility of PTEs remained almost unaltered with or without 
biostimulants. In the other Italian trial (Italy 2) the effect 
of water and nutrient saving techniques although was 
more marked did not lead to significant differences in the 
content of Cu and Zn between WW and CS treated plots, 
independently of the application of the biostimulant 
with the tomato variety TOMRES T149. With the other 
tomato genotype the behaviour was variable and with no 
significant differences. Mn varied among plots with no 
clear effect. Toxic elements such as Ni, Cd and As were 
not affected by both water and nutrient saving techniques 
nor the use of biostimulants. In the first trial conducted 
in Romania (Romania 1), no significant differences in 
the concentration of bioaccessible PTEs were associated 
with the different agronomic treatments applied. In gen-
eral, Azotobacter vinelnadii showed a tendency to reduce 
Cu, Zn and Pb content, whereas Trichoderma harzianum 
T22 caused an increase of the bioaccessible pool. In this 
site, the high level of soil organic matter likely buffered 
the effects due to the different treatments and immobi-
lised the soluble forms in the solid phase reducing the 
risk of contamination and migration to the other envi-
ronmental compartments.

In the second trial of Romania (Romania 2) in which 
the concentration of PTEs in pre-cultivation samples was 
generally higher than the levels found in Romania 1, the 

application of the three biostimulants caused the increase 
of different PTE bioaccessibility in soil: Trichoderma 
harzianum T22 was associated to an increase (p < 0.05) 
of bioaccessible concentration of Cu (+ 16.4%), Mn 
(+ 22.4%) and Ni (+ 21.3%); shungite was associated with 
an increase of bioavailability of Pb (+ 34.7%) (p < 0.001), 
and Azotobacter vinelnadii resulted associated with a 
greater bioavailability of Ni (+ 26.7%) and Mn (+ 24.2%) 
(p < 0.01). Conversely, the three biostimulants likely 
reduced the bioavailability of As, especially with Azoto-
bacter vinelnadii (− 29.3%) and Trichoderma harzianum 
T22 (− 26.0%) (p < 0.01).

The use of biostimulants can be a promising solution to 
overcome crop mineral deficiency, however, an excessive 
biostimulant effect could have negative consequences, 
particularly in metal-enriched or acidic soils, where it 
may enhance PTE mobility into other environmental 
compartments, posing potential ecological and health 
hazards. This could therefore represent a risk for human 
health due to the possible accumulation of PTEs in plants 
and fruits. Other authors reported the accumulation of 
PTEs in horticultural products in relation to their con-
centration in soil and irrigation water [51, 52]. PTEs, 
such as As, Cd and Pb, always represent a risk for plants 
and the environment. In this context, biostimulants could 
threaten food health due to their capacity to mobilize 
cations and increase their mobility and availability to 
organisms. On the other hand, reduction of water and 
nutrients decreased in general PTE bioaccessibility, due 
to a decrease of water circulation and microbial activity 
[59].

Beyond chemical parameters, microbiological param-
eters were also analysed to evaluate whether different 
agronomic strategies influence the hygienic and sanitary 
quality of soils.

Soil microbiological contamination before and after 
tomato cultivation
Figure  1 summarizes mean values and standard devia-
tions for microbiological parameters measured in pre- 
and post-cultivation soil samples across all experimental 
sites.

In the Spain trial (Fig.  1a), TPCs at 22, 28 and 37  °C 
significantly increased by ~ 1 Log after cultivation (t-test 
p < 0.001), rising from 6.1–6.3 to 6.7–7.1 Log CFU g−1 
DW. Enterococci and Clostridium spp.  spores also 
rose significantly post-cultivation (t-test p < 0.005 and 
p < 0.001, respectively; Table  S1), while E. coli remained 
undetected, except in TWWB with a very low concentra-
tion (0.02 Log MPN g−1 DW). This increase likely reflects 
enhanced microbial activity associated with plant growth 
and rhizosphere processes, as commonly reported in 
agricultural soils [60, 61]. No significant differences 
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between agronomic treatments were observed suggesting 
a limited influence of biostimulants and fertigation levels 
under controlled greenhouse conditions.

The Italy 1 site (Fig.  1b) showed high TPCs (7–8 Log 
CFU g−1 DW), with a significant reduction at 22 and 
28  °C in post- samples (t-test, p < 0.001), while Entero-
cocci increased (~ 0,5 Log, t-test, p < 0.005) (Table  S2). 
E. coli was detected only in three of the post- samples 
(TWWB2, TCSB2 and TCS). Comparison between fer-
tigation regimes (TWW vs TCS) showed no significant 
differences for most microbial parameters, except for 
Enterococci, which were higher under CS conditions 
(t-test p < 0.001; Table S3).

The use of biostimulants resulted in significantly lower 
counts of total coliforms (ANOVA, p < 0.05 and p < 0.001) 
under both WW and CS conditions (Tables S4 and S5) 
while the effects on TPCs, Clostridium spp. spores and 
Enterococci were variable. These results confirm that 
microbial contamination is influenced by both water 
regime and biostimulant treatments, but do not follow 
a uniform trend as reported in previous studies on the 
complex interactions between soil, plant and microor-
ganisms [60, 61]

At Italy 2 (Fig. 1c), TPCs were generally higher (up to 9 
Log CFU g−1 DW) than the other sites. Moreover TPCs 
were significantly higher in plots cultivated in WW con-
dition compared to CS (t-test p < 0.01–0.05; Table  S6). 
These results suggest that water availability promotes 
microbial growth. Biostimulant application (B3) signifi-
cantly increased TPCs (p < 0.01–0.05; Table S7), suggest-
ing stimulation of microbial activity. Similar increases 
in soil microbial concentration and activity following 
organic or biostimulant inputs have been reported in 
previous studies [60, 61]. In Romania 1 (Fig.  1d), TPCs 
and coliforms significantly decreased post-cultivation 
(t-test, p < 0.001-p < 0.005, Table  S8), while Enterococci 
and Clostridium spp. spore increased (t-test, p < 0.001, 
Table  S8). E. coli was detected only in pre-cultivation 
samples and was below the detection limit in post-cul-
tivation samples, confirming its low persistence in soil 
environments compared to other faecal indicators [62]. 
Significant differences among treatments were observed 
(Table  S9), indicating that A. vinelnadii, T. harzianum 
T22 and shungite can influence microbial communities. 
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However, responses were treatment-specific and not con-
sistent across parameters.

In the Romania 2 trial (Fig. 1e), conducted under open-
field conditions, no statistically significant difference was 
observed between the pre- and post-cultivation samples, 
while treatment effects were significant (Table S10). The 
TPCs concentrations varied depending on the applied 
biostimulant, while total coliform significantly decreased 
in samples treated with biostimulants compared to the 
control (CCS) (ANOVA, p < 0.05). Clostridium spp. 
spores showed different responses depending on treat-
ment applied.

In summary, across all sites, microbial parameters 
showed high variability related to local soil character-
istics and agronomic practices. TPCs values ranged 
between 6 and 9 Log CFU g⁻1 DW, and are aligned with 
those found in two studies on soil samples from let-
tuce and tomato crops [63, 64]. Faecal indicators (total 
coliforms, E. coli, Enterococci, Clostridium spp. spores) 
showed heterogeneous patterns. E. coli, the most typical 
indicator of faecal contamination, was rarely recovered in 
pre- or post-cultivation soils across all trials and showed 
no clear relationship with treatments.When present, it 
was found in low concentrations (0.01–3.50 Log MPN g−1 
DW). This finding is consistent with results obtained by 
Gatta et al. (2015) [63] in a study evaluating the safety of 
various irrigation sources for tomato crops. It is impor-
tant to note that E. coli exhibits poor persistence in soil 
and the environment compared to other faecal bacterial 
indicators such as Enterococci and Clostridia. Therefore, 
the absence or low counts of E. coli may be attributed to 
its limited survival and persistence under environmental 
soil conditions, as previously reported by other research-
ers. [62]. In contrast, Enterococci and Clostridium spp. 
spores were more persistent, although not uniformly 
affected by agronomic practices [65, 66]. The values of 
Enterococci reported across all trials ranged between 3–4 
Log MPN g−1 DW, with concentrations comparable to 
those found in the literature for soil from tomato crops 
[67]. Clostridia are resilient, sporogenic bacteria, which 

are commonly found in soil and are considered a reliable 
indicator of (past) faecal contamination.

Overall, no consistent or generalizable effect of 
biostimulants on microbial parameters was observed 
across all sites. Instead, responses were strongly influ-
enced by site-specific conditions, confirming the impor-
tance of environmental context in soil microbiology [60, 
61]

Most studies evaluating the environmental and health 
impact of agricultural practices have focused on research-
ing human pathogens and faecal indicators directly in 
fertilizers (such as manure, reclaimed wastewater, com-
post, etc.), or in water used for irrigation, or directly in 
plants and fruits. In contrast, this project aimed to evalu-
ate environmental and sanitary safety aspects related to 
different agronomic techniques by monitoring several 
soil microbiological parameters of contamination. There-
fore, this new approach means that the microbiological 
results obtained in the individual trials, whether in the 
field or greenhouse, cannot always be directly compared 
to equivalent data in the literature and must be inter-
preted in the context of the agronomic practices.

Salmonella spp. was never detected by the culture 
method in either pre- or post- soil samples in all trials. On 
the other hand, the molecular method pointed out the 
presence of Salmonella in some pre- and in several post-
cultivation samples in all the trials considered (Table 4).

The discrepancy in contamination between pre- and 
post-cultivation could be attributed to the variability of 
the soil conditions and to potential sources of contamina-
tion, such as the influence of previous agricultural prac-
tices or the water used for irrigation (e.g. Italy 1). When 
Salmonella is found in both pre- and post-cultivation 
soil samples, as in Italy 2, it is challenging to pinpoint 
which historical treatment might have contributed to the 
contamination. Possible sources include direct histori-
cal contamination of the soil, poor quality of irrigation 
water, or impacts from runoff and the presence of wild-
life. These findings are consistent with previous studies 
showing that irrigation water represents a major pathway 

Table 4  Salmonella spp. positive soil samples detected by molecular methods in pre- and post-cultivation samples from the 
experimental trials

Site pre-cultivation number of positive samples/number of 
analysed soil samples

post-cultivation number of positive 
samples/number of analysed soil 
samples

Spain 1/15 2/15

Italy 1 0/6 6/6

Italy 2 8/8 3/8

Romania 1 0/4 1/4

Romania 2 0/4 1/4
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for the dissemination of foodborne pathogens in agricul-
tural systems, particularly when surface water sources are 
used [68]. In such systems, pathogens can be transported 
through irrigation networks and persist in soil and plant 
environments. Similarly, agricultural practices such as the 
use of organic amendments or contaminated water have 
been identified as key factors influencing the occurrence 
and persistence of Salmonella in tomato production sys-
tems [69]. The discrepancy between culture-based and 
molecular detection is consistent with previous findings 
showing higher sensitivity of PCR-based methods for 
environmental samples [30] particularly for microorgan-
isms occurring at low abundance in soils, which may be 
underestimated by culture-based methods alone. Moreo-
ver, several studies have demonstrated that Salmonella 
can persist in soil environments in a viable but non-
culturable (VBNC) state or under sublethal stress con-
ditions, which may explain the detection of Salmonella 
DNA in the absence of culturable cells [69]. The presence 
of Salmonella DNA without culturability may reflect low 
viability or environmental stress conditions.

No association between Salmonella occurrence and 
other microbiological parameters was observed in any 
trials (binary logistic regression, n.s.). This finding sug-
gests that commonly used microbiological parameters of 
faecal contamination are not reliable indicators of Salmo-
nella spp. presence, aligning with conclusions from other 
studies [30, 70, 71].

Despite site-specific variability, the microbiological 
profiles observed in this study did not indicate condi-
tions associated with significant sanitary risk. However, 
the results highlight the importance of site-specific eval-
uation and the limitations of relying on single microbial 
parameters to assess environmental and health hazards.

To complement microbiological assessments, ecotoxi-
cological tests were performed to evaluate the broader 
environmental impact of the different agronomic 
treatments.

Soil ecotoxicity before and after tomato cultivation
This study provides one of the first ecotoxicological 
evaluations of soils used for tomato cultivation under 
combined biostimulant and water-saving treatments. 
In general, considering all the trials analysed, A. fischeri 
and D. magna revealed very low toxic effect (< 20%) or 
any effect both in pre- cultivation samples and in post-
cultivation samples as reported in Fig.  2, and therefore 
no statistical analyses were performed. The alga Raphi-
docelis subcapitata seems to be the most sensitive organ-
ism as reported in other studies [72, 73]. The alga reveals 
toxic effects > 20% in several soil samples coming from all 
trials, with the exception for the trial in Spain. This trial 
was conducted in greenhouses under strictly controlled 

conditions and without the use of pesticides/herbicides, 
factors that contributed to the lack of toxicity. This fact 
can lead to the deduction that the Edypro biostimu-
lants (Procuaje Radicular and Coupé Regeneración Plus) 
whose composition is reported in Table  1, used in this 
trial as well as the other agronomic practices tested do 
not determine a toxic impact on the water obtained from 
the soil samples washes. However, results varied consid-
erably among sites, as illustrated in Fig. 2.

Regarding the two trials carried out in Italy, although 
they were conducted with different varieties and with dif-
ferent biostimulants, in both trials an increase of toxic-
ity in the post-cultivation soil samples was detected with 
the alga, probably due to the use of pesticides even if they 
were not detected in soil elutriates [74]. The growth inhi-
bition (GI%) ranged between 0 and 59% in the first trial 
and between 0 and 54% in the second trial. Statistical sig-
nificant differences were shown in Fig. 2.

The application of biostimulants influenced the eco-
toxicological response of the alga, as evidenced by a sig-
nificant reduction in growth inhibition (p < 0.001–0.05) 
in both Italian trials. In Italy 1, this effect was observed 
with B1 and B2 treatments, whereas in Italy 2 it was asso-
ciated with the application of the strigolactone-based 
biostimulant (B3), with a reduction in growth inhibition 
under both well-watered (WW) and combined stress 
(CS) conditions (Fig. 2). The magnitude of this effect was 
generally more pronounced under well-watered condi-
tions compared to combined stress, suggesting that the 
effectiveness of biostimulants in mitigating ecotoxico-
logical responses may depend on water availability and 
related changes in soil solution dynamics and contami-
nant bioavailability.

Finally, in the two experimental sites conducted in 
Romania, opposite results were obtained: a higher tox-
icity was recorded in the pre-cultivation samples at 
the Romania 1 site (Fig.  2) with a growth inhibition of 
49% ± 2% (t-test p < 0.001) than in the post-cultivation 
samples (t-test p < 0.001) at the Romania 2 site (Fig.  2) 
where the GI% ranged between 6 and 53%. Since the 
same tests were carried out in the two sites with the 
same experimental conditions, this difference could 
be attributable to the different type of soil that charac-
terises the two sites and to the different concentrations 
of PTEs found. As reported in a previous paragraph, in 
Romania 2 higher concentrations of bioaccessible PTEs 
was found. Regarding the biostimulants used in these 
trials, in Romania 1, where the bioaccessible PTEs were 
lower, the application of the biostimulants determined 
a statistically significant difference in the GI% respect 
to the non treated control (CCS, ANOVA, p < 0.001). 
In particular, Azotobacter determined the lower GI% 
(13% ± 1%,), while the use of Trichoderma determined 
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the higher GI% (37% ± 1%), probably because Azotobac-
ter helps the metabolization of metals as reported by 
Sumbul et  al. (2020) [75] even if we didn’t find a statis-
tically significant difference due to the application of the 
various biostimulants. In Romania 2 where the concen-
tration of bioaccessible PTEs was higher, the use of the 
biostimulant increased the GI% and a statistically sig-
nificant difference with respect to the control (CWW) 
(ANOVA, p < 0.001) was found. This difference of the 
biologic biostimulants effect compared to the greenhouse 
trial (Romania 1) could be associated with a higher con-
centration of some PTEs (Cu, Zn and Mn) measured in 

the soil of the field trial as reported above. The high con-
centration of bioaccessible PTEs may cause a toxic effect 
on the alga, despite the presence of nutrients associated 
with the treatments applied. These findings underscore 
that biostimulant application should be evaluated not 
only for its agronomic benefits but also in the context of 
soil properties that may modulate toxicity, with poten-
tial implications for fruit quality and consumer health. 
The interpretation of the ecotoxicological results should 
take into account some methodological limitations of the 
approach adopted. The bioassays were performed on soil 
elutriates and therefore mainly reflect the water-soluble 
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Fig. 2  Results of ecotoxicological tests across the experimental trials. PRE = pre-cultivation; T = Tomres variety; C = commercial variety; 
WW = well-watered and fertilised; CS = combined stress; B, B1, B2, B3, S, A, Th = biostimulants; I% = inhibition and immobilization percentage. 
Statistically significant differences refer to the algal response (growth inhibition = GI%) among treatments are indicated as follows: g, m = p < 0.05; a, 
b, c, d, e, f, h, i, l, n = p < 0.001



Page 15 of 19Pignata et al. Environmental Sciences Europe          (2026) 38:180 	

fraction of contaminants and biostimulants. As a con-
sequence, potential effects associated with hydrophobic 
compounds, such as several pesticides or strongly sorbed 
substances, may not be fully captured. Moreover, it 
should be noted that the pesticides applied in the experi-
mental trials were analytically investigated and were not 
detected in the soil elutriates, suggesting a limited contri-
bution of these compounds to the observed ecotoxicolog-
ical responses under the tested conditions. In addition, 
soil pre-treatment procedures, including sieving and air-
drying, may have reduced the contribution of labile and 
volatile organic compounds, potentially leading to an 
underestimation of the actual ecotoxicological response 
of fresh soils. Future studies could integrate solid-phase 
ecotoxicological assays to provide a more comprehensive 
assessment of soil toxicity.

Multivariate statistical analysis (PCA)
All of the data resulting from the different analyses were 
further studied through Principal Component Analysis 
(PCA). The aim was to combine these data in different 

ways to explore patterns of variability among sampling 
sites (Spain, Italy 1, Italy 2, Romania 1 and Romania 
2) and treatment conditions: fertigation regimen (well 
watered WW and combined stress CS), biostimulant 
applications (presence/absence) and biostimulant type 
(Absence, B, B1, B2, B3, S, A, Th).

The correlation matrix shows coherent relationships 
among microbial, chemical, and ecotoxicological vari-
ables, supporting the multivariate structure of the data-
set (Figure S2).

The matrix highlights the relationships among micro-
biological parameters, PTEs concentrations, and eco-
toxicological assays. Strong positive correlations are 
observed among TPCs at different temperatures and 
among PTEs concentrations (Cu, Zn, Pb, Mn), indicat-
ing coherent environmental gradients. Since co-line-
arity was identified in the correlation matrix among 
TPC at 22, 28, and 37 °C, the variable TPC at 22 °C was 
removed prior to performing the PCA.

Only the PCA that yielded a satisfactory clustering 
solution is presented (Fig. 3).

Fig. 3  PCA biplot based on standardized variables after removal of highly correlated parameters (Pearson r > 0.9). Samples are grouped by site 
(Spain, Italy 1, Italy 2, Romania 1, Romania 2). Arrows represent the variables contributing most strongly to sample separation, including microbial 
parameters, PTEs concentrations, and ecotoxicological assays (to enhance visualization, the figure was generated using Python version 3.X)
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The PCA showed that the first two components 
explained 51.5% of the total variance (PC1 31.5%; PC2 
20.1%). The KMO measure of sampling adequacy was 
0.63, and Bartlett’s test of sphericity was significant 
(p < 0.001). The scores plot showed a clear separation of 
samples according to geographical origin, with distinct 
clustering of Spain, Italy 1, Italy 2, Romania 1, and Roma-
nia 2. The PCA results indicated that PC1 is mainly com-
posed by gradients in PTEs concentrations (Cu, Zn, Pb, 
Mn), and PC2 by microbial parameters (TPCs at differ-
ent temperatures), and ecotoxicological responses (e.g. 
A. fischeri and R. subcapitata). The PCA biplot suggests 
that these variables contributed most strongly to site dif-
ferentiation. The multivariate analyses indicate that site 
identity was the main source of variation in the data-
set, exceeding the effects of irrigation water source and 
biostimulant treatments. This interpretation is consist-
ent with a broad soil–microbiome literature showing that 
soil physicochemical context, hydrology, and local habitat 
properties strongly structure microbial assemblages and 
their functions [76].

Conclusions
This study provides a comprehensive, multidisciplinary 
assessment of the environmental and potential health 
implications associated with the integration of biostimu-
lants and water- and fertilizer-saving strategies in tomato 
cultivation across diverse European agroecosystems. By 
combining chemical, microbiological, ecotoxicologi-
cal, and multivariate analyses, the results contribute to 
a more holistic understanding of how sustainable agro-
nomic practices could influence soil quality and contami-
nation dynamics within a One Health framework.

Overall, the findings indicate that the tested agro-
nomic strategies did not lead to widespread or systematic 
increases in environmental or health hazard. Bioaccessi-
ble fractions of potentially toxic elements (PTEs) gener-
ally remained below critical thresholds, microbiological 
parameters did not reveal significant health hazards, and 
ecotoxicological responses were mostly low to moder-
ate. These results support the potential of integrated 
resource-saving and biostimulant-based approaches 
as viable tools for improving sustainability in tomato 
production.

However, some limitations of the study must be 
explicitly acknowledged. First, the multi-site experi-
mental design, while representative of real agricultural 
conditions, was not fully balanced or factorial, limiting 
the ability to isolate the individual effects of biostimu-
lants, irrigation, and fertilization across all sites. Sec-
ond, the relatively short duration of the trials (two 
cropping seasons) does not allow for the assessment 
of long-term accumulation processes, particularly for 

PTEs and persistent contaminants. Third, the ecotoxi-
cological analyses based on soil elutriates and the soil 
sample pretreatment may have underestimated actual 
toxicity by excluding poorly soluble, hydrophobic, or 
volatile contaminants.

From a microbiological perspective, the reliance on 
soil-based parameters, rather than direct assessment 
of contamination in irrigation water, plants, or fruits, 
limits the direct inference of food safety risks. Another 
important limitation is the absence of regulatory 
thresholds for bioaccessible PTEs, which constrains the 
interpretation of potential health implications.

Beyond these methodological constraints, the results 
clearly demonstrate that site-specific factors—includ-
ing soil properties, baseline contamination levels, and 
local agronomic conditions—represent the dominant 
drivers of variability, often outweighing the effects of 
the tested treatments. In particular, in soils with higher 
background PTE concentrations, biostimulants may 
increase PTE bioaccessibility, suggesting a potential 
hazard that requires careful management.

In conclusion, the integration of biostimulants with 
water- and nutrient-saving practices represents a prom-
ising pathway toward more sustainable tomato produc-
tion systems in Europe. Nevertheless, their safe and 
effective implementation requires site-specific evalua-
tion and cautious management, especially under con-
ditions of existing soil contamination. Future research 
should prioritize long-term studies, the assessment 
of contaminant transfer to edible plant parts, and the 
development of integrated risk assessment frameworks 
that incorporate chemical, microbiological, and eco-
toxicological indicators to better support agricultural 
sustainability and public health protection.
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