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A B S T R A C T

Global change is increasing the occurrence and extent of wildfires, with growing impacts on the environment and 
human health. As wildfires can alter soil microbial diversity and increase contaminant presence, bioremediation 
may support soil recovery. This study investigated the short-term direct and indirect effects of wildfire that 
occurred on July 24, 2022, in the village of Cinigiano (Tuscany, Italy). Three soil types were analyzed based on 
their fire exposure: a control soil not affected by the fire (CS), a soil located near the burned area but affected by 
ash and heat (NBS), and a soil within the burned area (BS). Soils were tested both in the solid phase and as 
elutriate, either untreated or treated for 15 days with effective microorganisms (EM), under short-term experi
mental conditions. Ecotoxicity assays were performed considering Lepidium sativum, Aliivibrio fischeri, Raphido
celis subcapitata and Daphnia magna; the quality index (TBI) was calculated for each condition (CS, NBS, BS, -EM/ 
+EM). Biochemical stress responses in L. sativum were also assessed. Under the tested experimental conditions, 
the 15-day EM treatment was generally accompanied by a decrease in pH, while increased ecotoxicological 
hazard was observed in +EM-treated soils. Although long-term EM applications may support remediation over 
long time scales, these findings indicate that short-term EM application should also be carefully evaluated, given 
the potential increase in ecotoxicological hazard and the possible repercussions for organisms from different 
environmental compartments.

1. Introduction

In the Anthropocene era, wildfires are becoming more frequent and 
severe, as global change promotes warmer conditions and enhanced 
biomass drying (Westerling et al., 2006). They affect the microclimate 
(Wolf et al., 2021), increase greenhouse gas emissions and produce 
chemical and toxic substances such as carbon dioxide, ozone, ultrafine 
particulate matter (PMx), nitrogen dioxide and polycyclic aromatic 
hydrocarbons (Naeher et al., 2007). Consequently, impacts on ecosys
tems and human health are expected to intensify (Keywood et al., 2013; 
Reid et al., 2016; Rovithakis et al., 2022).

Fires affect the ecology and functioning of a forest, altering nutrient 

turnover, hydrophobicity, species composition, biodiversity, as well as 
the biological, chemical, and physical properties of soil (Agbeshie et al., 
2022). For example, studies conducted in Alaska, on chemicals that 
accumulate in burned soils, have shown that fires cause significant 
short-term changes in soil chemistry at a depth of 5 cm, depending on 
the forest type (Dyrness et al., 1989). However, fire temperature is 
critical in regulating nutrient availability because volatility changes 
with nutrients and fire intensity. In general, low-intensity fires tend to 
increase the availability of nutrients through ash deposition while 
high-intensity fires lead to complete combustion of organic matter and 
volatilization (Agbeshie et al., 2022).

Furthermore, extinguishing wildfires requires the use of hazardous 
chemicals or water, which further affects soil structure and microbial 
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populations (Ponomarenko et al., 2019). Contaminants persisting in 
burned areas can be an obstacle to restoring biodiversity because of their 
toxicity to plant and animal organisms (Andreolli et al., 2015). In 
addition, fires can lead to a loss of microbial diversity, either through 
direct or indirect effects (Köster et al., 2021). This aspect is particularly 
important, as soil microorganisms contribute to key ecosystem func
tions, including the degradation of recalcitrant substances, such as 
polycyclic aromatic hydrocarbons. Therefore, alterations in microbial 
communities may further delay ecosystem recovery. In this context, 
bioremediation interventions may support pollutant biodegradation and 
accelerate restoration processes, reducing recovery time (Andreolli 
et al., 2015).

Bioremediation encompasses a set of techniques aimed at removing 
or converting contaminants (such as in the case of heavy metals), or 
toxic elements, into less harmful substances, or degrading organic sub
stances, promoting their mineralization (Kapahi & Sachdeva, 2019). 
Recently, an integrated bioremediation approach using effective mi
croorganisms (EM), i.e. mixtures of naturally occurring organisms that 
can be used to increase and remediate microbial diversity in soil, was 
applied; the results showed that the combination of EM and sediment 
aeration could be feasible and effective for the remediation of nitrogen- 
and phosphorus-polluted aquaculture sediments (Wang et al., 2019). 
Biodegradation of chemical pollutants such as petroleum hydrocarbons 
(PHC) also occurs through the action of exogenous EM and the indige
nous microbiome; the correlation between microbes and the degrada
tion of PHC-based pollutants during the bioremediation process has 
been demonstrated in the literature (Li et al., 2023).

In a study conducted in a temperate climate, EM were not found to be 
effective in improving yield and soil quality during a 4-year application 
(Mayer et al., 2010). However, a more recent study shows that effective 
microorganisms can influence growth, yield, quality, and vegetable 
production. Olle and Williams (2013) reported that 70% of the pub
lished studies showed positive effects on vegetable growth, while the 
remaining 30% reported no significant results. The main effect evalu
ated by the authors was the protective activity of EM, which reduced the 
incidence of pests and diseases and protected against weeds.

In light of this general background, and given the potential of EM for 
remediation purpose, this study investigated the short-term environ
mental effects of a wildfire that occurred on July 24, 2022, in Cinigiano 
(Grosseto, Tuscany, Italy), (Cherubini, 2022; Coldiretti Livorno, 2022), 
also evaluating EM application to soils during an early post-fire phase, 
unlike previous studies focused on longer-term treatments. The 
socio-economic dimension of wildfire was also considered by quanti
fying the affected area and estimating related impacts, including those 
associated with ecosystem services. In this study, the term wildfire is 
used according to Art. 2 of Italian Law No. 353/2000 (ISPRA, n.d.).

Three soil types were analyzed based on their fire exposure: control 
soil not affected by the fire (CS), near-burned soil exposed to ash and 
heat but not directly burned (NBS), and burned soil collected within the 
burned area (BS). Wildfire effects were studied in terms of physico
chemical properties, ecotoxicological responses, and the related hazard 
index using species belonging to different trophic levels in both terres
trial and freshwater environments. The latter may experience indirect 
consequences of wildfires due to the runoff of toxic substances, which 
may interfere with freshwater organisms and their ecological functions 
(Carvalho et al., 2019). The tested organisms included bacteria 

(Aliivibrio fischeri), algae (Raphidocelis subcapitata), plants (Lepidium 
sativum), and crustaceans (Daphnia magna). The same parameters were 
further evaluated under experimental controlled conditions following 
the short-term application of EM (15 days).

Based on this experimental framework, the following hypotheses 
were investigated. 

(i) wildfire altered the physicochemical characteristics of soils;
(ii) these changes affected ecotoxicological responses, hazard index 

values, and the biochemical response of L. sativum;
(iii) EM application further modified soil conditions and, conse

quently, all the measured parameters.

Ideally, EM application is expected to induce measurable changes in 
soil properties that can be detected through the considered variables.

Finally, although different fire suppression methods may influence 
post-fire soil and water conditions as well as ecological effects (Backer 
et al., 2004), the present study considered the overall post-fire status of 
the soils, as it was not possible to provide direct evidence of the 
contribution of the different natural and/or chemical extinguishing 
agents potentially involved during the event.

2. Materials and methods

The logic model of the study is reported in S1.1 section.

2.1. Sampling stations and study area

Samples were collected on August 4, 2022, immediately after fire 
suppression and prior to rainfall, from three sites located in proximity 
within a rural area near an unpaved secondary road. Three types of 
topsoil (0–5 cm) were considered (CS, NBS, BS), as wildfire effects are 
usually limited to the forest floor (Akburak et al., 2018). Sampling co
ordinates are reported in Table S1 and locations are shown in Fig. S1. 
The georeferenced localization of the sampling stations was carried out 
using the Google Earth® application (version 7.3.4 8642). The 
geographical coordinates were recorded in real time (accuracy of ± 2 
m). AutoCAD® software (version 2023) was used to quantify the area 
affected by the fire and to evaluate the lithofacies. The burned-area 
polygon was delineated by digitizing raster data provided by the mu
nicipality and georeferencing them to the regional technical map (CTR 
F. 320090 and 320100; EPSG: 3003), overlaid with the geological map 
of the inter-municipal structural plan (municipalities of Cinigiano, 
Civitella Paganico, and Campagnatico). Land cover information was 
derived from the Copernicus Corine Land Cover (CLC) dataset 2018 
(CORINE Land Cover, n.d.) and further refined using the Tuscany 
Regional Land Use Map (Regione Toscana—SIPT, nd). According to CLC 
2018, all sampling sites fall within class 242 (“Complex cultivation 
patterns”). The Tuscany Regional Geoportal (Geoscopio) identifies the 
study area as a mosaic of broad-leaved forest (class 311) and olive groves 
(class 223). Although the control soil falls within class 223 (olive 
groves), sampling was conducted at the field margin, which is also 
characterized by broad-leaved vegetation, similarly to the BS and NBS 
stations (class 311). The permalink to the study area is reported in 
S1.2.1 with Fig. S2 (Land use map of the study area). Pre- and post-fire 
conditions (Sentinel-Hub EO-Browser3, n.d.) of the study area are 
shown in Fig. S3.

2.2. Solid phase: the soil

2.2.1. Application of effective microorganisms to soils
An aliquot of each collected and homogenized soil sample (CS, NBS, 

BS) was treated with effective microorganisms (+EM) to evaluate the 
short-term effects (15 days). The product Septogen (S-EM), which con
tains a carbon substrate-residues of mill products inoculated with EM, 
water, and natural sugars, was purchased from Em Tehnologija d.o.o 

Abbreviations:

BS – burned soil
CS – control soil
EM – effective microorganisms
NBS – near burned soil
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(Slovenske Konjice, Slovenia). 4 g of S-EM was applied to each 30 g of 
dried soil and mixed with 20 mL of MilliQ water. This mixture was then 
stored under micro-aerobic conditions in the dark, at 20 ± 1 ◦C (Bosch 
et al., 2017; Footer, 2014), for 15 days, corresponding to the minimum 
treatment period indicated by the manufacturer. Subsequently, the 
mixture was dried in an oven (Peltier Memmert, UN55) at 105 ± 1 ◦C for 
5 days, or until completely dry, also, to eliminate EM completely. 
Although thermal treatment may have affected certain chemical prop
erties, it was deliberately applied to halt microbial activity at a defined 
time point, accepting a possible partial loss of chemical profile.

2.2.2. Determination of soil properties
All the determinations described in this section were performed on 

both untreated (-EM) and treated (+EM) soils. A full description of the 
methods used in this study can be found in S1.3.

Color was determined with a colorimeter (EOPTIS, CLM-194) ac
cording to the CIEL*a*b* method (CIE, 1931). The water content of the 
soil was determined according to ICRAM (2001) by wet and dry weight 
(Sartotius Entris, 1241-1S) until constant weight was achieved; the re
sults were expressed as % of dry weight (d.w.). The particle size of the 
tested soils was determined by laser granulometry (Malvern Instrument, 
Mastersize, 2000), the measurement range is 0.2–2000 μm and the result 
was expressed as % of equivalent volume (Callesen et al., 2018). pH and 
redox potential were measured potentiometrically. The pH was deter
mined in a soil dispersion prepared under standard conditions in 
distilled water at a soil to water weight ratio of 1:2.5 (EDGE probe, 
Hanna Instrument, HI10480). The redox potential (Eh, mV) was 
measured with a platinum electrode (Hanna Instrument, A0049215). 
The contents of the most important macronutrients such as total organic 
carbon (TOC%), total nitrogen (TN%), total phosphorus (TP mg/kg) and 
ammoniacal nitrogen (NH4

+-N mg/kg) were determined in the soils. In 
addition, some plant micronutrients, and environmental pollutants such 
as metals and metalloids (As, Cd, Co, Cr, Cr-VI, Hg, Ni, Pb, Cu, Zn), trace 
elements, linear aliphatic and polycyclic aromatic hydrocarbons, and 
persistent organic pollutants (PCBs, pesticides) were determined. The 
methods are listed in Table S2(a). All samples were analyzed in tripli
cate. The results of chemical analyses (except for TOC, TN, TP, NH4

+-N) 
were compared with the contamination threshold concentrations 
established by Italian legislation for sites intended for public and private 
green and residential use (Legislative Decree 152/2006).

2.2.3. Solid phase ecotoxicological tests
Solid phase ecotoxicity tests were performed at T0 (-EM) and after 

+EM treatment (15 days). The species tested included. 

• Aliivibrio fischeri, strain NRRL-B-11177, method ISPRA Quaderni 
4/2021. This standardized marine bacterium is widely used for the 
ecotoxicological assessment of environmental matrices (including 
sediments, elutriates etc.) and following appropriate osmotic 
adjustment can also be applied to non-marine samples. The 
measured endpoint was the inhibition of the natural biolumines
cence of bacteria (after 10 min of exposure), which is directly related 
to their metabolic state, and was evaluated relative to the negative 
control. The test was conducted duplicate; the results were reported 
as TU50 (TU = Toxic Unit), calculated as TU50 = 1/EC50 along with 
confidence range (EC50 = concentration causing 50% inhibition of 
bacterial bioluminescence). TU50 values were then normalized using 
the ISPRA table (2016) considering the water content and particle 
size distribution of each sample, particularly the pelitic fraction, to 
account for the natural background toxicity associated with sediment 
characteristics. EC50 were calculated using Modern Water Micro
toxOmni software, version 4.3.

• Lepidium sativum, method UNI 11357:2010 (UNI, 2010); after 72 h of 
incubation, the test results were expressed as the mean number of 
germinated seeds (n) and the germination index % (reported as mean 
± SD, along with its confidence range). Biometric parameters 

recorded were seed germination (root elongation ≥1 mm), root 
growth (cm), and produced biomass (g). The percentage inhibition of 
seed germination was estimated as mean ± SD and calculated as I% 
= [(C − T)/C] × 100, where C represents the number of germinated 
seeds in the control and T (treatment) represents the number of 
germinated seeds in the soils (CS, NBS, BS, -/+EM). At the end of the 
ecotoxicological experiment, plants exposed to the tested soil were 
processed to determine stress biomarkers in the roots (see section 
2.4). The ecotoxicological test was conducted in quadruplicate, 
whereas the biometric and biochemical analyses were performed in 
triplicate.

The procedures followed for the setup of the ecotoxicological tests 
are presented in full in section S1.4.1.

2.3. Biomarkers in L. sativum

Different biochemical stress markers (hydrogen peroxide and anti
oxidants) were measured in plants (L. sativum) exposed to +EM and -EM 
soils for 72 h, to determine the effects of wildfire and the bioremedia
tion. Hydrogen peroxide (H2O2) was measured according to the method 
proposed by Alexieva et al. (2001). Ascorbic acid (AsA) was determined 
according to the method proposed by Okamura (1980) and modified by 
Law et al. (1983), Glutathione (GSH) was measured using a modification 
of the method of Sedlak and Lindsay (1968). All the results were 
expressed in μg*g− 1 fresh tissue weight (f.t.w.). See section S1.4.2 for the 
extended procedures.

2.4. Water extract from soil (elutriate)

2.4.1. Determination of elutriate properties
Water extracts from the tested soils (elutriates) were prepared to 

evaluate the effects of soluble and extractable substances on ecosystems 
and to simulate their mobilization through rainfall-driven leaching and 
runoff. The elutriates were prepared in a 1:4 soil/water ratio (according 
to the guideline ISPRA 16/2021) with a natural synthetic freshwater 
solution, UNI EN ISO 6341:2013 (UNI, 2013) . After 1 h of soil/water 
contact, the liquid phase was separated from the solid phase by centri
fugation at 1200 rpm for 20 min. Physicochemical parameters such as 
pH, salinity (mg/L) and conductivity (μs/cm) were measured with field 
probes (respectively Water Tester JPB-607a; Hanna Instrument 
HI83141; Hanna Instrument HI763100). The chemical content of the 
substances listed in Table S2(b), (NH4

+-N, Al, As, Ba, B, Cd, Cr, Cr-VI, Fe, 
Mn, Hg, Ni, Pb, Cu, Se, Sn, Zn) were compared with environmental 
quality limits forinland surface waters established by Italian legislation 
(Legislative Decree 172/2015), except for NH4

+-N

2.4.2. Ecotoxicological tests on elutriates
Ecotoxicity tests with the elutriates were performed at T0 (-EM) and 

after +EM treatment. The species exposed to elutriates included. 

• A. fischeri, strain NRRL-B-11177, method UNI EN ISO 11348-1:2019 
(UNI, 2019); the measured endpoint was the inhibition of the natural 
bioluminescence (expressed as mean % and ±SD) of the bacteria 
after 15 and 30 min of exposure. The test was conducted in duplicate.

• Raphidocelis subcapitata, taken from a sterile maintenance culture 
obtained from Ecotox® LDS (Milano, Italy), method UNI EN ISO 
8692:2012 (UNI, 2012); the measured endpoint was the growth in
hibition (expressed as mean inhibition I% and ±SD) at the end of 72 
h of incubation. The test was conducted in triplicate.

• Daphnia magna, (Ecotox® LDS) method UNI EN ISO 6341:2013 (UNI, 
2013); the measured endpoint was the percentage of immobile or
ganisms (expressed as mean % and ±SD) after 24 and 48 h of 
exposure. The test was conducted in quadruplicate.

The procedures followed for the setup of the ecotoxicological tests 
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are presented in full in section S1.4.3.

2.5. Ecotoxicological hazard

To evaluate the biological responses by applying a weighted method 
that takes into account the ecotoxicological evidence for the whole 
battery of tested species, both in soils (excluding A. fischeri in solid 
phase) and in elutriates, the Weight-of-Evidence (WoE) approach pro
posed by ISPRA (2013) was followed. This approach allows for 
weighting the integrated environmental effect based on the collected 
experimental evidence and calculating the integrated battery index 
(TBI); a full version of the method is provided in S1.6.

2.6. Statistical analysis

Two-tailed Student's t-tests assuming equal variances were per
formed in Excel® to identify statistically significant differences between 
-EM and +EM treatments for physicochemical parameters and nutrients. 
Considering L. sativum, descriptive statistics (means and standard errors) 
were performed for all measured parameters by using SigmaPlot 12.5 
(SPSS Inc., Chicago, IL) scientific data analysis and graphing software. 
All data were assessed for normality by means of Shapiro-Wilk statistic 
(p > 0.01); then Two-way ANOVA was applied to determine significant 
differences between treatments. The statistical significance of rejection 
was set at p < 0.05 according to Holm-Sidak multiple comparison. 
Multivariate statistics were performed by Primer v7.0 (Primer-E Ltd., 
Plymouth Marine Laboratory, UK) on Euclidean matrices of distance 
calculated on standardized (square root) and normalized biometrical 
and biochemical responses to evaluate the significance of observed 
segregations according to the factors of the treatment (two levels, fixed; 
-EM, +EM).

2.7. Quality assurance

The analyses, including ecotoxicity tests and stress biomarkers, were 
performed in the accredited analytical laboratory BsRC – Bioscience 
Research Center (UNI CEI EN ISO/IEC 17025:2018, LAB n. 01403). 
Chemical analyses (nutrients and chemical contaminants) were per
formed by the accredited laboratory Biochemie Lab (LAB n. 0195 L). The 
validity of the ecotoxicological assays was assessed according to the 
criteria established by each method, based on both the respective 
negative and positive controls.

3. Results

Full results are reported in section S2.

3.1. General features of the study area

The geology of the area affected by the fire is reported in Fig. S4. The 
fire impacted an area primarily characterized by outcrops of Messinian 
deposits, of a lacustrine-lagoonal environment, both pre- and post- 
evaporitic event. The area is characterized by fine to coarse deposits 
with lithic clasts coming from the formations of the Tuscan spring water 
and previous fine deposits with gypsum lenses (Messinian evaporitic 
event). The surface impacted by the wildfire was 773 ha, corresponding 
to 4.8% of the whole surface of the municipality.

3.2. Solid phase

3.2.1. Soil properties
Based on soil analyses, the samples were characterized by a high 

percentage of particles < 63 μm (silt and clay) in CS (silty loam), 
whereas BS and NBS were classified as loamy soils (Table S4). BS and 
NBS showed similar particle size distributions, with d(0.9) and d(0.5) 
values of 947 μm and 260 μm for BS, and 815 μm and 217 μm for NBS, 

respectively. However, finer ash deposition was higher in NBS than in 
BS, as indicated by the lower d(0.1) value in NBS (14 μm) compared with 
BS (42 μm). Soil texture was classified according to the Udden- 
Wentworth grain size scale. From the control to the burned soil, color 
darkening was observed together with a decrease in lightness (L*), as 
reported in Table S5.

The water content of the analyzed samples, expressed as % d.w. ±
SD, is reported in Table S6. BS showed a lower water content (0.45 ±
0.21%) compared to CS (1.75 ± 0.15%) and NBS (0.93 ± 0.09%). In 
contrast, soils treated with EM exhibited substantially and significantly 
higher water content (p = 0.00004), with values ranging from 23.97 ±
0.62% (CS+EM) to 27.64 ± 0.57% (BS+EM).

pH. Soil samples showed basic pH values (Table S7), ranging from 
7.58 ± 0.04 in CS to 7.82 ± 0.1 in BS. Compared to CS, the wildfire 
slightly increased the pH values by about +0.24 units. The addition of 
EM was associates with a decrease in soil pH (p = 0.047), with values 
ranging from 6.58 ± 0.04 in NBS+EM to 6.80 ± 0.02 in CS+EM. The 
highest percentage decrease was observed for NBS+EM (− 15%). After 
exposure to EM, all tested soils showed a significant increase in redox 
potential (Eh, mV) (p = 0.045), with relative increases ranging from 
44% (BS+EM) to 136% (NBS+EM), Table S7.

The results described below are shown in Table S8.
TOC% generally increased from CS to BS, with the lowest value in CS 

(1.94 ± 0.14%) and the highest in BS (19.6 ± 1.0%). EM addition 
increased TOC in all soils (CS+EM: 4.18 ± 0.27%; NBS+EM: 7.01 ±
0.42%; BS+EM: 27.5 ± 1.3%), but the -EM vs +EM comparison was not 
statistically significant (p > 0.05).

TN% content varied between 0.17 ± 0.02% in CS and 0.33 ± 0.03% 
in NBS; the addition of EM resulted in a significant (p = 0.031) increase 
in the TN content, with BS+EM being particularly affected (0.68 ±
0.06%).

TP (mg/kg) was not detected in any of the -EM soil samples (< LOQ, 
Limit Of Quantification). In soils +EM the highest value was recorded in 
the NBS sample (1,100 ± 317 mg/kg d.w.), while the lowest value was 
found in the BS sample (671 ± 193 mg/kg d.w.). A statistically signifi
cant difference was observed between -EM and +EM (p = 0.010).

NH4
+-N (mg/kg). BS showed an increase in ammoniacal nitrogen 

levels (110.8 ± 17.4 mg/kg d.w.) compared to CS and NBS, where this 
substance was not detected (< LOQ). Treatment with +EM resulted in a 
significant increase (p = 0.031) in all soils, with values ranging from 
129.6 ± 19.9 mg/kg d.w. in CS+EM to 220 ± 31.3 mg/kg d.w. in 
NBS+EM.

Overall, metal and metalloid showed variable behavior among the 
tested soils. In general, lower concentrations were observed in NBS 
compared with CS and BS. Following EM treatment, some elements 
showed slight increases, particularly in CS+EM and NBS+EM. Cr-VI and 
Hg concentrations were below the limit of quantification (LOQ) in all 
soil samples. Cd was < LOQ only in NBS. LOQ values are provided in 
Table S2. All values remained below the regulatory threshold (L.D. 152/ 
2006).

Organic chemicals. Almost all chemicals of organic origin were 
below the LOQ including those associated with the combustion of 
organic material such as PAHs. Linear hydrocarbons C > 12 showed 
highest concentrations in BS (150 ± 24 mg/kg d.w.), and BS+EM (140 
± 22 mg/kg) soils. In contrast, CS+EM showed a higher value compared 
to CS, increasing from 16 ± 6 mg/kg d.w. in CS to 70 ± 11 mg/kg d.w. in 
CS+EM. Linear hydrocarbons (C12–C40) exceeded the regulatory limit 
(50 mg/kg, L.D. 150/2006) in BS (150 mg/kg). After EM treatment, BS 
remained above the limit (BS = 140 mg/kg), while CS+EM increased to 
70 mg/kg. CS, NBS and NBS+EM remained below the regulatory 
threshold.

3.2.2. Solid phase ecotoxicological tests
Aliivibrio fischeri. The results of the test are presented in Table S9. The 

-EM soil samples showed no effect on the tested bacteria, although BS 
exposure showed the highest effect on A. fischeri (87.0 TU, range 
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68.8–110.0 TU). After treatment with +EM, only CS showed no toxicity 
(79.6 TU, range 50.3126.0 TU), although a percentage increase of about 
197% was recorded.

Lepidium sativum. The results of the test are reported in Table S10. CS 
(83.7 ± 1.8%; negligible toxicity) and NBS (71.9 ± 1.4%; low toxicity) 
showed high germination indices %, whereas BS showed the lowest 
value (13.3 ± 1.8%; high toxicity). After EM treatment, CS+EM (76.5 ±
6.2%; low toxicity) and NBS+EM (69.5 ± 8.2%; low toxicity) showed 
slightly lower germination indices, while BS+EM increased to 30.7 ±
1.9%. The negative control was within the acceptable range defined by 
the method (10/10 seed germinated).

3.3. Biometrics and biochemical effects on plants

3.3.1. Biometric effects
The biometric and physical parameters of L. sativum exposed to the 

different soils under -EM/+EM conditions are shown in Fig. 1. Germi
nation inhibition was significantly affected by soil type (p < 0.001) and 
the soil × EM interaction (p= 0.004), with higher inhibition generally 
observed in +EM soils (except for BS). Root length was significantly 
affected only by soil (p< 0.001), with the highest values in the standard 
control medium (C) and the lowest in BS, especially under +EM con
ditions. Biomass was significantly influenced by soil type, EM treatment, 
and their interaction (p < 0.001, p < 0.001, and p= 0.014, respectively), 
and was generally higher in -EM soils. Soil pH was also significantly 
affected by all factors considered (p < 0.001), with higher values 
generally recorded in soils not treated with EM, except for the control 
soil (C).

Hydrogen peroxide and antioxidant responses in L. sativum are 

shown in Fig. 2. H2O2 was significantly affected by soil type (p = 0.005) 
and soil type × EM interaction (p < 0.001), with higher levels generally 
observed in NBS and BS under -EM conditions and in CS under +EM 
condition. GSH and AsA were significantly influenced by soils, EM, and 
their interaction (GSH: all p < 0.001; AsA: soil type p < 0.001; EM p =
0.037; soil type × EM p < 0.001). Overall, the highest responses were 
observed in NBS and BS, whereas lower values were mainly recorded in 
C and CS.

3.3.2. Integrated response
Multivariate analyses highlighted the integrated effects of fire in

tensity and EM-based bioremediation on plant responses (Fig. S5). PCA 
of biometric and physicochemical traits explained 95.5% of the variance 
and suggested a clear separation between EM-treated and untreated 
soils, with samples associated with differences in soil pH and biometric 
parameters, including root length and biomass. PERMANOVA 
confirmed significant differences among treatments in relation to EM 
application (Pseudo-F = 25.586, p = 0.001). PCA of biochemical 
markers explained 99.4% of the variance and indicated that EM appli
cation was associated with antioxidant responses, particularly AsA, 
whereas untreated soils were more closely associated with H2O2 and 
GSH. PERMANOVA also confirmed significant differences for the 
biochemical variables (Pseudo-F = 35.523, p = 0.001).

3.4. Elutriates

3.4.1. Properties
Across elutriates, pH (Table S11) was alkaline in the -EM samples 

and generally increased from CS to BS under both -EM and +EM 

Fig. 1. Biometric and physical parameters recorded in L. sativum. C = reference medium. A) % germinability inhibition, B) root length, C) biomass and D) pH soils 
values. The data are expressed as a mean ± standard error (SE, n = 3). Bidirectional ANOVA was applied to determine significant differences between treatments. 
Different letters represent statistical differences between treatments (Holm-Sidak multiple comparison, p < level 0.05).
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conditions. The elutriate of +EM soils showed a pH decrease (p > 0.05) 
while remaining alkaline. The largest percentage decrease was observed 
in NBS +EM compared with NBS (− 8%).

BS showed the highest salinity under both -EM (597 ± 3 mg/L) and 
+EM (921 ± 7 mg/L) conditions, although all samples exhibited 
increased salinity after EM addition (+104% in CS, +108% in NBS, and 
+54% in BS), despite the differences not being statistically significant. 
CS and NBS showed similar salinity values under -EM conditions (325 ±
0.71 mg/L and 324 ± 3 mg/L, respectively), and this similarity was 
maintained after EM treatment (663 ± 5 mg/L in CS+EM and 676 ± 7 
mg/L in NBS+EM), Table S11.

NH4
+-N levels (mg/L) were < LOQ in CS and NBS, whereas a value of 

57.82 ± 3.43 mg/L was mesured in BS. Higher concentrations were 
observed under +EM conditions, with 54.09 ± 0.08 mg/L in CS+EM, 
89.22 ± 0.11 mg/L in NBS+EM and 80.21 ± 0.54 mg/L in BS+EM.

Metals and metalloids content (Table S12). In -EM elutriates, a 
fraction of the analyzed metals/metalloids was already detected above 
the LOQ (Table S2b), whereas Cd, Cr (VI) and Hg were below the LOQ. 
In +EM elutriates, the proportion of elements detected above the LOQ 
increased (compared to -EM) by +50% in CS+EM, +44% in NBS+EM 
and +9% in BS+EM, indicating an overall enhancement of metal/ 
metalloid in the elutriates. Consistently, several dissolved concentra
tions tended to be higher under +EM conditions (e.g., Al and Cr), while 
Mn was the element that showed the greatest increase in the +EM 
treatments, with CS+EM characterized by the highest value (7.28 ±
1.72 mg/L), followed by NBS+EM (5.94 ± 1.40 mg/L) and BS+EM 
(1.11 ± 0.26 mg/L).

With respect to Italian L. D. No. 172 (2015), comparison was possible 
only for Cd, Hg, Ni, and Pb, as the other analyzed elements were not 
included among the priority substances for inland surface waters. 

Among the comparable elements, only nickel showed concentrations 
exceeding the regulatory limit of 34 μg/L (equivalent to 0.034 mg/L) in 
the +EM treatments, with values of 0.200 mg/L in CS+EM, 0.0909 mg/L 
in NBS+EM, and 0.0403 mg/L in BS+EM. Cd, Hg, and Pb (except for Pb 
in NBS+EM) were all below the LOQ.

3.4.2. Ecotoxicological tests on elutriates
A. fischeri. Elutriates from -EM soils induced an increasing toxic 

response from CS to BS, measured as bioluminescence inhibition after 
30 min. The lowest toxicity was observed in CS (9.3 ± 1.3%), followed 
by NBS (22.8 ± 2.9%), whereas BS showed the highest toxicity (69.2 ±
0.2%). Elutriates from +EM soils further increased toxicity in CS+EM 
(66.1 ± 0.3%) and NBS+EM (78.1 ± 0.1%), corresponding to an in
crease of 611% and 243%, respectively. In contrast, toxicity slightly 
decreased in BS+EM (− 9%; 66.3 ± 0.19%), Table S13.

Raphidocelis subcapitata. The highest toxicity (% growth inhibition) 
was observed for BS (15.5 ± 1.0%), whereas CS showed a slight stim
ulation (− 1.4 ± 3.6%). Elutriates from +EM soils reduced toxicity 
across all samples, with inhibition values close to zero (ranging from 
− 1.5 ± 4.2% in CS+EM to 1.6 ± 4.7% in BS+EM). The largest relative 
change was observed for NBS+EM , Table S14. The validity criterion of 
the test was met, as the mean cell density in the negative control after 72 
h increased by at least 16-fold compared with the initial concentration 
(103 cells/mL).

Daphnia magna. For crustaceans, the elutriates from -EM soils had no 
effect (0% immobilization). In contrast, the elutriates from +EM soils 
resulted in high toxicity (100% immobility after just 24 h exposure for 
CS+EM and NBS+EM; 95% ± 10% for BS+EM), Table S15. The negative 
control was within the acceptable range defined by the method (mor
tality was 0 % at 24 and 48 h).

Fig. 2. Biochemical responses recorded in root of L. sativum plants. C = reference medium. A) Concentration of hydrogen peroxide; B) Glutathione concentration and 
C) Ascorbic acid concentration. The data are expressed as a mean ± standard error (SE, n = 3). Bidirectional ANOVA was applied to determine significant differences 
between treatments. Different letters represent statistical differences between treatments (Holm-Sidak multiple comparison, p < 0.05).
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3.5. Ecotoxicological hazard

The ecotoxicological hazard (Table 1), integrating the responses 
recorded in the considered organisms from the soil and aquatic com
partments, is reported on a scale from A to D, where A = absent/rela
tively negligible hazard, B = moderate hazard, C = high hazard, and D 
= severe hazard. Under -EM conditions, an absent/relatively negligible 
hazard for CS and NBS were observed, whereas a moderate hazard was 
recorded for BS. After 15 days of +EM treatment, the hazard level 
increased in all conditions, reaching the highest hazard category (D).

4. Discussion

4.1. Socio-economic impact of the wildfire

On July 24, 2022, a wildfire affected the municipality of Cinigiano 
(Tuscany, Italy), impacting agricultural areas including vineyards, olive 
groves, forage crops, pastures etc., as well as local communities and 
related activities (Coldiretti Livorno, 2022). This event represents only 
one of the many wildfires that occur each year in southern Europe and 
across Italy, with varying intensity, seasonality, and frequency 
depending on the region (ISPRA, 2022). Despite their effects on public 
health (Ye et al., 2026) flora, fauna, and the physical, chemical, and 
biological properties of soils (Jhariya & Raj, 2014), wildfires can also 
generate regional economic impacts (Meier et al., 2023) and affect 
ecosystem services (Peñuelas et al., 2017). The economic impact of the 
wildfire that occurred in Cinigiano can be estimated using the specific 
values per hectare of land defined by the Italian Revenue Agency (AE, n. 
d.). In the municipality of Cinigiano, the value per hectare is €1203.00, 
corresponding to a total amount of €929,919.00 for the 773 ha burned. 
The economic value of a hectare of soil can also be estimated through the 
ecosystem services it provides, including ecological, functional, cultural, 
and recreational benefits. Costanza et al. (1997) reported a value of 
€279.7 ha/year, for a temperate forest. Based on this unit value, the total 
amount of soil burned is estimated at €216,208.00 (23% of the Italian 
Revenue Agency estimate). Following this approach, the estimate as
sumes a significantly lower value for ecosystem services compared with 
the land value provided by the Italian Revenue Agency. Although fire is 
often associated with negative consequences, it has historically been 
used as landscape management tool, for example to improve soil fertility 
or remove unwanted vegetation, while more recently prescribed fires 
have been used to reduce fires themselves (by reducing “fuel”) or for 
restoration activities. Overall, fires, including prescribed fires, can have 
short- and long-term impacts on ecosystem services (Pereira et al., 
2021).

4.2. Effects of the wildfire on the soil properties (-EM)

Despite the loss of economic and environmental value, another key 
aspect to consider is the potential increase in soil pollution. Soil is a 
resource of fundamental importance due to its role in nutrient recycling, 
carbon sequestration and primary production, and it is also considered a 
non-renewable resource (Cunningham et al., 2004). Fire is a significant 
driver of soil degradation and biodiversity loss. Ash and 

combustion-derived chemicals produced during the burning of organic 
matter can be transported by wind and may impact biodiversity by 
mixing with adjacent soil layers. In addition, they may be leached by 
rainfall, reaching deeper soil horizons, groundwater, and freshwater 
ecosystems (Agbeshie et al., 2022).

Fire temperature, together with environmental conditions and resi
dence time, is a key factor controlling post-fire soil responses (Agbeshie 
et al., 2022)

According to Santín & Doerr (2016), fire-induced biological impacts 
may affect soil biodiversity within a soil temperature range of approx
imately 50–150 ◦C (generally below 200 ◦C), leading to the loss of fine 
roots, fungi, and bacteria, as well as the depletion of the soil seed bank. 
Chemical alterations may begin at relatively low temperatures (~50 ◦C) 
due to water evaporation and may include the combustion of soil 
organic matter and the formation of pyrogenic organic matter 
(~200–800 ◦C), together with an increase in pH at temperatures above 
approximately 250 ◦C. Changes in physical properties and soil structure 
may range from increased aggregate stability (approximately from 50 to 
< 250 ◦C) and the development of soil water repellency 
(~100–200/250 ◦C) to its breakdown (approximately 200–400 ◦C) and 
the fusion and structural collapse of clays at temperatures exceeding 
~400 ◦C.

Low-temperature fires are generally associated with ash deposition 
and increases in soil surface pH and nutrient levels, whereas high- 
temperature fires may lead to complete mineralization of organic mat
ter and substantial nutrient losses, particularly of nitrogen and phos
phorus (Raison et al., 1986).

In light of these considerations and the obtained results, the overall 
pattern observed in the Cinigiano soils suggests a low-to moderate-in
tensity fire. The increase in fine particles, TOC, TN, and NH4

+-N, together 
with the slight pH rise from CS to BS, is consistent with this interpre
tation. The fire appeared to exert both direct (BS) and indirect (NBS) 
effects on soil properties: although NBS and BS showed a similar grain 
structure, ash deposition was more evident in NBS, whereas BS showed 
increased aggregate stability, in agreement with Santín and Doerr 
(2016). Metals and metalloids were generally lower in NBS and BS than 
in CS, except for Pb. Wildfires may lead to temporary enrichment of 
some metals, as certain elements are relatively resistant to volatilization 
(Agbeshie et al., 2022) and may be released from burned vegetation, soil 
organic matter, or through the thermal alteration of soil minerals (Minos 
et al., 2026). Moreover, the decreasing trend in NBS and BS compared 
with CS suggests that the observed pattern is more likely related to 
pre-existing differences in soil composition rather than to wildfire ef
fects. In the study area, no contamination was detected according to the 
thresholds established by Italian legislation (L.D. 152/2006). Finally, 
wildfires release hydrocarbons into the environment through the com
bustion of plant biomass (Andreolli et al., 2015). As expected, linear 
hydrocarbons (C12–C40) were detected in the burned soil (BS) at con
centrations exceeding the regulatory limit of 50 mg/kg established by 
the Legislative Decree (152/2006), reaching 150 mg/kg in BS. These 
compounds may persist in soils for long periods, potentially affecting 
soil organisms and overall biodiversity, with recovery times that may 
extend up one year (Andreolli et al., 2015).

Table 1 
Weight-of-Evidence (WoE) method applied to tested species and ecosystem; ecotoxicological hazard.

Sample Eb Σpsi Fn TBI Ecotoxicological hazard Classification of Hazard

CS 11.8 3.52 0.003 0.03 Absent/relatively negligible A
NBS 51.4 6.40 0.002 0.08 Absent/relatively negligible A
BS 155.8 6.59 0.002 0.24 Moderate B

CSþEM 468.5 7.84 0.001 0.60 Severe D
NBSþEM 528.4 7.84 0.001 0.67 Severe D
BSþEM 524.5 7.84 0.001 0.67 Severe D
t-test 0.001 0.078 0.183 0.001 ​ ​
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4.2.1. Bioremediation (+EM)
The +EM treatment (15-day bioremediation) further modified soil 

conditions by increasing soil water content and promoting higher 
nutrient levels in the treated soils. Li et al. (2024), showed that, over 
three years, EM application improved soil water-holding capacity, mi
crobial activity, and nutrients levels. Although obtained 
under-long-term conditions in a non-Mediterranean alpine context, 
these findings suggest that EM may begin to promote improvements in 
soil structure and nutrient cycling even within the first 15 days of 
treatment.

Following EM application, a slight increase in some metals and 
metalloids were observed, particularly in CS+EM and NBS+EM, 
although all values remained within the limits established by L.D.(152/ 
2006). In acidic soils (pH < 6.7), the solubilization of elements is 
favored, allowing them to be more easily leached into deeper soil ho
rizons, potentially reducing their availability for plant nutrition or, 
conversely, leading to toxicity (ARPAV, 2007). In the present study, EM 
addition appeared to be associated with a short-term decrease in soil pH. 
This effect may be linked to microbial metabolic activity, including the 
release of acidic metabolites such as carboxylic acids and amino acids 
which can increase H+ concentration and lower soil pH. Such metabo
lites may also enhance metal chelation, potentially contributing to the 
restoration of soil chemical conditions (Kapahi & Sachdeva, 2019). 
Accordingly, the pH decrease observed in EM-treated soils may repre
sent an indirect indicator of microbial metabolic activity, potentially 
reflecting a short-term response that could reverse over longer time 
scales (Li et al., 2024).

Regarding linear hydrocarbons (C > 12), EM treatment resulted in 
only minor changes after 15 days, with slight decreases in BS+EM 
(− 7%) and NBS+EM (− 4%), whereas the increase observed in CS+EM 
(+338%) remains difficult to explain. However, the effectiveness of 
remediation processes depends on several factors, including the applied 
technique, treatment duration, and the type of microorganisms 
involved, which may differ in their degradative capacities. In addition, 
the remediation of this class of contaminants often requires longer 
application periods, also extending up to one year, in order to observe 
significant degradation (Andreolli et al., 2015). Therefore, the lack of 
observable improvement or remediation of these compounds may be 
related to the short duration of EM application.

4.3. Effects of fire on the properties of elutriates (-EM/+EM)

Processes occurring in burned soils may also affect adjacent fresh
water environments. Following wildfire, changes in soil properties, 
vegetation loss, and meteorological events can enhance erosion and 
runoff, generating a sediment cascade that transfers ash, nutrients, 
contaminants, and metals from terrestrial sources to freshwater systems, 
with potential consequences for water quality and aquatic organisms 
(Ducruet et al., 2026). The elutriate experiments, simulating the transfer 
of soil-derived substances to aquatic environments, showed an increase 
in electrical conductivity and salinity from CS to BS. These parameters 
are commonly associated with higher concentrations of dissolved ions 
and nutrients derived from ash deposition and post-fire runoff processes 
(Morales et al., 2022) Although no significant differences were detected 
(-EM vs. +EM), elutriates from EM-treated soils tended to show higher 
salinity. Since EM have been associated with enhanced organic matter 
decomposition and nutrient availability (Li et al., 2024), this trend may 
suggest that EM treatment indirectly promoted the release of nutrients 
into the elutriate. In addition, the highest Mn concentrations were 
observed in samples derived from soils with the lowest pH values, 
misured in the solid phase (CS+EM = 6.80 ± 0.1 pH; Mn = 7.28 ± 1.72 
mg/L; NBS+EM = 6.58 ± 0.2 pH; Mn = 5.94 ± 1.40 mg/L). Since acidic 
conditions (pH < 6.7) can favor the mobilization and leaching of man
ganese and other elements (ARPAV, 2007), this may explain the increase 
observed in CS EM and NBS+EM compared with untreated soils. In 
burned environments, Mn availability may also be linked to vegetation 

sources, as some forest species, particularly resinous ones, can accu
mulate concentrations of manganese in dead leaves ( >1000 μg/g). 
During fire, the combustion of plant biomass may release this element, 
increasing its availability in ash and potentially in soil elutriates (Parra 
et al., 1996). Mn detected in the control soil +EM may reflect its initial 
presence (Sánchez-García et al., 2023) and could have become more 
available at the observed soil pH, potentially enhancing its mobilization 
into the elutriate.

4.4. Ecotoxicity and hazard level

4.4.1. Soil -EM/+EM
Wildfires can significantly affect plant productivity by destroying 

vegetation and altering substrate properties, potentially transforming 
soils into degraded and contaminated matrices (Barroso et al., 2021).

In this study, the response of Lepidium sativum, a terrestrial primary 
producer sensitive to organic and inorganic contaminants (Barroso 
et al., 2021), was used to assess the effects of wildfire on the soils and the 
short-term application of EM (15 days). The exposure to soil from the 
burned area was associated with reduced biomass production, lower 
root elongation, and increased germination inhibition, suggesting an 
indirect effect of the fire on plant responses. PCA of biometric and 
physicochemical traits showed a clear separation between EM-treated 
and untreated soils, mainly associated with variation in soil pH and 
biometric parameters,(e.g. root length and biomass). Since L. sativum is 
known to prefer slightly acidic to neutral conditions (pH 6–7 (Barroso & 
Vaverková, 2020)), the values recorded in the standard control soil (C, 
pH 6.4 ± 0.1), together with the highest biomass, germination, and root 
elongation, confirm that moderately acidic conditions may favor plant 
performance. However, the decrease in pH observed with EM applica
tion did not result in improved response, indicating that additional 
factors, including changes in element mobility and the presence of linear 
hydrocarbons, may also have played a role. This interpretation is also 
supported by the biochemical response of L. sativum, as multivariate 
analyses suggested differences in the distribution of measured stress 
biomarkers between EM-treated and untreted samples.

The response observed in Aliivibrio fischeri, widely used and known 
for its sensitivity to several classes of contaminants, particularly metals 
and hydrocarbons (Abbas et al., 2018) showed increased toxicity in 
EM-treated soils. This result is consistent with the effects observed in L. 
sativum and may be related to changes in soil physicochemical condi
tions, possibly associated with EM application.

4.4.2. Elutriates -EM/+EM
Wildfires can impact on all components of the ecosystem. Freshwater 

environments may act as final receiving systems, where direct and in
direct effects can alter water properties and affect the survival of aquatic 
organisms, with multiple factors potentially acting synergistically 
(Carvalho et al., 2019; Ducruet et al., 2026)

Raphidocelis subcapitata, a freshwater primary producer, showed 
slight growth inhibition when exposed to elutriates from burned and 
near-burned soils, while in +EM treatments (except BS+EM), it showed 
a tendency toward growth stimulation. This response may be related to 
the potential release of nutrients and NH4

+-N promoted by EM activity, 
which can stimulate algal growth but may also increase the risk of 
eutrophication and algal bloom (Carvalho et al., 2019). Similarly, A. 
fischeri showed a gradual inhibition even in -EM treatments, with 
increasing responses from CS to BS, indicating sensitivity to the condi
tions of the elutriates. However, inhibition was more pronounced in 
EM-treated soils, which may be consistent with changes associated with 
EM application.

Interestingly, Daphnia magna, a freshwater crustacean widely 
recognized for its sensitivity and commonly used as an indicator of water 
quality (Harper et al., 2019) did not show immobilization under -EM 
conditions described when considering the maximum exposure time of 
48 h. However, after 15 days, the elutriates derived from EM-treated 
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soils caused the highest mortality, indicating a stronger impact inde
pendent of soil type. The study by Harper et al. (2019) highlights that 
the effects of wildfire-derived materials on D. magna may vary 
depending on the ecosystem affected by fire. For instance, ashes derived 
from Australian eucalyptus forest, U.S. chaparral vegetation, and Ca
nadian spruce forest showed significant effects on immobilization, 
whereas ashes from UK grassland and Spanish forest or heathland did 
not produce significant effects, despite the presence of heavy metals and 
hydrocarbons, suggesting that toxicity may depend on the type of 
vegetation affected by wildfire, fire dynamics, and chemical parameters 
such as pH and high conductivity. Similarly, in the present study, EM 
treatment may have contributed to short-term changes in soil physico
chemical properties and elutriate composition, with detectable effects 
on D. magna. In contrast, the type of burned material did not appear to 
influence the response (observable in -EM conditions). Among the tested 
organisms, D. magna appeared to be the most sensitive under +EM 
treatments.

4.4.3. Ecotoxicological hazard -EM/+EM
To obtain an overall assessment of the environmental impact of the 

event, the TBI environmental quality index was applied within a Weight 
of Evidence (WoE) framework, integrating the responses of the tested 
species under the experimental conditions considered within a short- 
term, site-specific context. This approach helps represent ecotoxicolog
ical responses and supports a more comprehensive environmental 
assessment (Linkov et al., 2009). Burned soils generally produced 
moderate ecological effects and no condition of hazard emerged when 
potential indirect impacts were considered. In contrast, after the first 15 
days of EM treatment, all EM-treated soils were classified as posing a 
severe hazard according to the TBI index. Although several remediation 
approaches have been shown to be effective over the long term, and 
although soil acidification may reflect microbial metabolic activity, 
these findings indicate that this bioremediation strategy should be 
carefully evaluated with respect to its potential short-term effects on 
organisms, while not excluding possible long-term benefits, particularly 
in view of the hydrocarbon load detected in burned soils under both -EM 
and +EM conditions.

4.5. Conclusion

Wildfire is a complex phenomenon to analyze, as multiple factors 
may contribute to the observed outcomes, including the pre-existing 
properties of soils and the characteristics of the fire itself. The proper
ties of the analyzed soils highlighted the effects resulting from the 
wildfire that occurred in the study area (24 July 2022, Cinigiano, Tus
cany, Italy). Following wildfire, plausibly classified as low–medium in
tensity, the observed changes in soil had measurable effects on 
organisms exposed to the burned soil, with a maximum ecological 
hazard identified as moderate. However, no relevant indirect effects 
were recorded. Considering the experimental conditions, the short-term 
treatment (15 days) with effective microorganisms generally resulted in 
modifications of soil properties, with pH suggested as a key driver of 
these changes. Overall, EM application led to a measurable increase in 
ecotoxicological hazard in all analyzed samples (+EM = severe hazard). 
These findings suggest that the short-term application of effective mi
croorganisms should be carefully evaluated when used to support soil 
functional recovery after fire, particularly considering the potential 
ecotoxicological effects. However, combining short-term observations 
with longer-term studies would provide a deeper understanding of how 
these changes evolve over time.
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Della Mobilità Di Daphnia magna Straus (Cladocera, Crustacea)—Prova Di Tossicità 
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