
Vol.:(0123456789)1 3

Archives of Environmental Contamination and Toxicology (2023) 84:73–84 
https://doi.org/10.1007/s00244-022-00973-0

Simulation of Drift Depositional Rate of the Fungicide Fosetyl and Its 
Effects on Non‑vascular Plants: Study Case of the Epiphytic Lichen 
Pseudevernia furfuracea

Anna Corapi1 · Luana Gallo1 · Lucio Lucadamo1

Received: 27 July 2022 / Accepted: 14 December 2022 / Published online: 25 December 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
The epiphytic lichen Pseudevernia furfuracea was exposed to a simulation of drift deposition rate of the fungicide Fosetyl-
Al in an indoor controlled environment by testing two exposure factors: pesticide concentrations (based on the application 
rates of 4 kg  ha−1 and 1.6 kg  ha−1) and drop sizes (anti-drift nozzle: 386–484 μm; non-anti-drift nozzle: 159–231 μm) for a 
total of four treatments. Drift for higher application rate was simulated once and that for the lower one twice to reproduce 
agricultural practices. Following fungicide spraying, we measured the concentration of Fosetyl and phosphonic acid in 
lichen thalli, and the response of ecophysiological status parameters. No trace of Fosetyl was quantifiable 4 days after each 
treatment, being detected only phosphonic acid whose concentrations stayed substantially unchanged for the whole duration 
of the experiment (40 days) and resulting affected by application rate and not by drop size. Both pesticide concentrations 
caused a remarkable harmful effect that, however, was statistically significant vs control group only starting from the 20th 
day of stay in the climatic chamber. The drift associated with the higher rate resulted, on average, to be 83% more effective, 
with the most affected parameters being membrane integrity, lipid peroxidation and photosynthetic pigments. Because the 
selected lower rate can be considered a quite low value when compared with the rank of used rates for crop protection, the 
Fosetyl-Al formulate is classifiable as hazardous for its effect on non-target organisms.

Industrial agriculture reduces the loss in crop yield due to a 
wide range of strongly competing native vegetation, insects 
and phytopathogens by systematically spraying biocide 
active substances which, when drifting out of the targeted 
zone, result in possible ecosystems contamination and harm-
ful consequences to human health (Kumar Yadav 2010; Lin-
hart et al. 2019). Many factors contribute to the aerial dis-
persion of pesticides, i.e., boom height, nozzle types, spray 
pressures, carrier volume, wind speed, air stability (Ozkan 
and Zhu 2016; Hofman and Solseng 2017). The combination 
of these variables results in very high potential contamina-
tion scenarios with drift affecting from an extremely low 
amount of sprayed formulation to percentage approaching 
more than half of the volume used for application (Kehoe 
2012; Ellis et al. 2002). The area outside of the agricul-
tural field where pesticide deposition takes place is likewise 

strongly variable. However, length of trajectories can range 
from a few meters to tens/hundreds meters as well as kilo-
meters (Cunha da 2008; Holterman et al. 1997; Ward et al. 
2006; Park et al. 2002; Kruger et al. 2019; Lucadamo et al. 
2018). Organophosphates are the most used insecticides and 
widely applied for weed controls with an average global 
annual utilization of 69,571 metric tons whose test contribu-
tion is due to Asia (39%) and America (38%) (Stecker 2018). 
Fosetyl is one of the most frequently organophosphate fun-
gicide applied in Europe, Asia, Australia and USA. Its det-
rimental effects on aquatic and terrestrial organisms has 
been studied and detected (Barreto et al. 2021; Geret et al. 
2011; Pilbeam et al. 2000), whereas there is no substantial 
conclusion about the potential toxic effect to human beings 
(EFSA 2005). Non-vascular plants contribute around 10% to 
total Net Primary Productivity (Whittaker 1996); however, 
in some ecosystems, covering more than 15% of global land 
surfaces (Druel et al. 2017), due to the high nitrogen recy-
cling (Mekkonen et al. 2018), their contribution can raise to 
25–50% (Beringer et al. 2001; Campioli et al. 2009). In addi-
tion, mosses and lichens are the most used biomonitors for 
evaluation of the air quality, but despite these premises, few 
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studies were accomplished to investigate the toxicological 
and ecological effects of pesticide drift on these organisms 
(Lucadamo et al. 2018; Vannini et al. 2015; McCullin et al. 
2012; Newmaster et al. 1999). Based on the above-men-
tioned considerations, an experimental design was set up to 
test the potential negative consequences of a Fosetyl-Al drift 
simulation on the epiphytic lichen Pseudevernia furfuracea 
depending on different application rates and dimension of 
nozzles used to spray formulate solutions. Work specifically 
was aimed at: (a) testing the effect, on Fosetyl bioaccumula-
tion, of drift simulations resulting from two typical agricul-
tural fungicide rates (Low Rate = B, and High Rate = A), and 
two different types of nozzles, i.e., NADN (Non-Anti-Drift 
Nozzle) and ADN (Anti-Drift Nozzles) used for fungicide 
applications, (b) evaluating the conversion of Fosetyl to 
phosphonic acid depending on sampling dates, (c) verify-
ing the development of alterations of lichen ecophysiologi-
cal parameters following the four combinations of Rate x 
Nozzle comparing treated with not treated lichens, in each 
of the sampling dates, d) evaluating the association between 
variation of lichen physiological status and that of Fosetyl/
phosphonic acid concentrations.

Materials and Methods

Lichens Collection and Acclimation

Lichen thalli were collected from a source area, La Fossiata 
(Sila National Park, Calabria region) where they show a very 
intense colonization on coniferous trees and whose annual 
mean values of temperature and humidity are, respectively, 
10 °C and 74%. Once transported to the laboratory of Ecol-
ogy and Ecotoxicology of Department of Biology, Ecology 
and Earth Sciences (University of Calabria), lichens were first 
completely detached from branches and twigs and then both 
pieces of bark and microfauna were carefully removed. Eighty 
6-g samples of lichens were weighed by an analytical bal-
ance (Sartorius R200D) and housed within as many squared 
(15 cm × 15 cm) top opened plastic boxes, locating thalli on 
1-cm mesh net suspended at a height of ten centimeters by 
appropriate plastic hooks. Boxes were introduced in an accli-
matized chamber (conditions: temperature 18 °C, humidity 
60%, illumination 9000 lx light/dark 12 h cycle), placed on a 
perfect flat surface in a completely randomized arrangement 
and acclimatized for 5 days before starting treatments.

Drift Simulation

The fungicide commercial formulation used for drift simu-
lation consisted of the water dispersion granules with 80% 
Fosetyl-Al. The simulation of the contamination process 
was intended in estimating and reproducing the Fosetyl-Al 

drift deposition rate. Two application rates for prevention 
of pathogenic fungal infections were selected: 5 kg  ha−1 
(citrus fruits) and 2 kg  ha−1 (pome fruits). Drift was sup-
posed to involve 15% of the rates for a total export, respec-
tively, of 600 g and 240 g Fosetyl-Al. The area potentially 
affected by drift process was calculated based, for one side, 
on a 100-m length (pesticide application rate referring to 
1 hectare = 100 m × 100 m), and for the other supposing, a 
maximum deposition distance of 15 m that was considered a 
reasonable scenario between closest and furthest deposition 
trajectories (see above references). No attempt to simulate a 
distance concentration gradient was made assuming most of 
the drift deposition processes takes place within the above 
mentioned strip of land and intending such a deposition as 
an “average rate.” Indeed, the practice of reproducing drift 
by means progressively diluted pesticide solutions is not 
correct because in the real situations, the concentrations 
of drops does not change or sometimes increase (due to 
evaporation) with distance from the spraying zone (Ced-
erlund 2017; Roider et al. 2008). The boxes have a surface 
of 225  cm2, as a consequence, theoretically, for each gram 
of lichen biomass, the treatments should result in deposi-
tion of respectively (5 kg  ha−1) 1875 μg fungicide/1500 μg 
Fosetyl-Al (Rate A) and (2 kg  ha−1) 750 μg fungicide/600 μg 
Fosetyl-Al. Solutions of 5 g  L−1 (Rate A) and 2.5 g  L−1 (Rate 
B) were prepared, considering that the carrier volume used 
for field application are 1250 L  ha−1 and 1000 L  ha−1. Spray-
ing of solutions was carried out by means a piston pump 
(Volpi) in stainless steel with ball valve powered by a lithium 
battery and two flat fan nozzles: AXI-ISO/110 015 generat-
ing a drop size range of 159–231 μm (NADN = Non-Anti-
Drift Nozzles) and AVI-ISO/110 015 producing drop sizes 
ranging from 386 to 484 μm (ADN = Anti-Drift Nozzles). 
Fungicides were sprayed at 60 cm away from the lichen bio-
mass surface. Because the aim of the work was to reproduce 
the environmental effects of current agricultural practices, 
the Rate A was applied once (prevention from Phytophthora 
spp.) and Rate B twice two weeks apart (prevention from 
Venturia spp.). Overall, lichens were subjected to four treat-
ments: Rate A-NADN, Rate A-ADN, Rate B-NADN, Rate 
B-ADN with a replication level equals to 4. Four sampling 
dates were provided to analyze the evolution of fungicide 
bioaccumulation/conversion in phosphonic acid and physi-
ological status damage so that 16 boxes were sprayed for 
each treatment and 16 more were sprayed only with water 
(controls), i.e., an independent-randomized sampling design 
(Table 1, Fig. S1).

Fungicide Analysis

The determination of Fosetyl and phosphonic acid concen-
trations were performed by Agro.Biolab Laboratory S.r.l., 
Rutigliano (Bari). Lichen thalli were processed according 
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to the EURL-SRM QuPPe-PO analytical procedure (2017) 
to evaluate separately the bioaccumulation of Fosetyl and 
phosphonic acid. When the former was below the quanti-
fication limit of method the concentration was calculated 
by application of 1.34 conversion factor (EFSA 2021). An 
aliquot of 0.5 g of lichen thalli was weighed in a 50-mL 
centrifuge tube. Internal standard (18O3 phosphonic acid—
CVUA—Chemisches und Veterinäruntersuchungsamt, Stutt-
gart) was added together with water until a final weight of 
10 g. Sample was vigorously shaken by hand for 1 min and 
left to rest for 10 min to make possible its complete humidi-
fication. Then, 10 mL of methanol acidified with 1% formic 
acid was added, followed by a 20-min tough mechanical 
stirring and centrifugation per 5 min at 2500 g. Surfactant 
was filtered by 0.2 μm cellulose filter and 1 mL transferred 
into an autosampler vial of an LC/LC–MS apparatus. The 
instrumental configuration was the following: 2 Shimadzu 
Liquid Chromatograph Nexera X2 LC30AD pumps, Column 
oven Prominence Shimadzu CTO-20AC, Autosampler Shi-
madzu SIL 30AC, Degassing unit Shimadzu DGU 20A 5R, 
column Hypercarb 2.1 × 100 mm 5 μm (P/N 35005–102130), 
detector AB Sciex LC/MS/MS Triple Quad 5500 QTRAP. 
Chromatograph analysis was performed based on an elec-
trospray ionization negative mode, at 40 °C column tem-
perature, and an elution gradient according to the conditions 
illustrated in Table S1.

Because the investigated substances were below the 
detection limits in not treated lichens, five samples were 
added with as many increasing concentrations of the ana-
lytes that were processed as the other samples and used 
as analytical standards for calculation of calibration line 

whose equation was: y = 0.80316× (r = 0.99998). Table S2 
shows the matrix concentrations used for calibration and 
accuracy of measurements. Detection and quantification 
limits resulted, respectively, to be: 0.020 mg   Kg−1 and 
0.100 mg  Kg−1. The results were expressed as µg  g−1 dry 
weight of lichen thallus. Samples where no trace of Fos-
etyl and phosphonic acid were detected, within all analyzed 
batches, were added with increasing concentrations solu-
tions and underwent to the above-mentioned extraction and 
quantification procedure, with a matrix recovery ranging 
between 80 and 120%. Recovery of the internal standard 
18O3 phosphonic acid was 98%.

Ecophysiological Parameters

Electrical Conductivity

Integrity of cell membranes was evaluated according to the 
methodology of Marques et al. (2005). 100 mg of thallus 
were repeatedly rinsed in deionized water to remove external 
particulate until a stable value of conductivity was measured. 
Subsequently, electrical conductivity was again measured in 
a 50-mL water volume before and after a 1 h shaking of the 
lichen sample. Then, the thallus was boiled per 10 min and 
a final determination of conductivity was performed. The 
amount of membrane damage was expressed as percentage 
(EC%) difference between the value measured following 1 h 
water shaking and boiling after subtraction of the first 50-mL 
volume measurement of electrical conductivity.

Table 1  Experimental design: 6-g lichen thalli amount of Pseudevernia furfuracea housed in plastic boxes (n° 80) located in a climatic chamber

In all sampling dates, a set of four boxes for each treatment (controls included) was collected for analysis of Fosetyl/Phosphonic acid and eco-
physiological parameters

Climatic Chamber conditions for the 40 days experimental duration: temperature 18 °C, humidity 60%, illumination 9000 lx (12 h light/dark 
cycle)

Lichen conditioning to the environment of the chamber: 5 days

Nozzles Rate A: 5 kg  ha−1 Fungi-
cide—4 kg  ha−1 Fosetyl-Al. 
15% Drift: 750 g Fungicide 
-600 g Fosetyl-Al

Rate B: 2.5 kg  ha−1 Fungi-
cide—1.6 kg  ha−1 Fosetyl-Al. 
15% Drift: 300 g Fungi-
cide—240 g Fosetyl-Al

Controls 
(only 
water)

ADN NADN ADN NADN

Day 6: Fungicide Spraying 16 boxes 16 boxes 16 boxes 16 boxes 16 boxes
Day 10: Fosetyl/Phosphonic acid concentration and physiological 

status determination
4 boxes 4 boxes 4 boxes 4 boxes 4 boxes

Day 20: Phosphonic acid and physiological status determination 4 boxes 4 boxes 4 boxes 4 boxes 4 boxes
Day 20: Second application of Rate B 16 boxes 16 boxes 4 boxes
Day 24: Phosphonic acid and physiological status determination 4 boxes 4 boxes 4 boxes
Day 30: Phosphonic acid and physiological status determination 4 boxes 4 boxes 4 boxes
Day 40: Phosphonic acid and physiological status determination 4 boxes 4 boxes 4 boxes 4 boxes 4 boxes
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Lipid Peroxidation

Oxidative damage was quantified as thiobarbituric acid reac-
tive substances (TBA rs) levels (Huang et al. 2004). A 50-mg 
lichen sample was blended by an Ultraturrax homogenizer 
(T25, IKA, Germany) with 2.5 mL of a 0.1% trichloroacetic 
(TCA) solution. After centrifugation at 12,000 × g for 
20 min, an aliquot of 0.5 mL was added to 1.5 mL of 0.6% 
TBA in 10% TCA, and the resulting mixture was incubated 
at 95 °C for half an hour. At the end of the reaction, the mix 
was cooled and centrifuged again at 12,000 × g for 10 min. 
Spectrophotometric analysis (Spectrophotometer Lambda 
40, PerkinElmer) was performed on the supernatant and 
TBArs amounts were quantified taking readings at 532 nm 
using the molar extinction coefficient (155  mM−1  cm−1) of 
the adduct MDA (Malondialdehyde)—TBA.

Lichen Vitality

The assay evaluates the dehydrogenases activity by means 
measurements of the enzymatic reduction of 2,3,5-triphe-
nyltetrazolium chloride (TTC) to triphenylformazan (TPF) 
(Bačkor and Fahselt 2005). Fifteen mg of thallus was incu-
bated at 25 °C for 20 min in a 0.05 M phosphate buffer (pH 
6.8) containing 0.6% TTC and 0.005% Triton X-100. The 
TPF was first sequentially extracted with dimethyl sulfoxide 
(DMSO) and n-hexane and then quantified, as absorbance 
units at 492 nm by means of a Spectrophotometer (Lambda 
40, PerkinElmer).

Photosynthetic Pigments

Thalli were first pre-treated with  CaCO3 saturated acetone 
to remove lichenic substances. 60 mg of lichen was homog-
enized with an Ultraturrax (T25, IKA, Germany) in 3 mL 
of DMSO containing 3 mg of polyvinylpolypyrrolidone and 
incubated for 18 h in the dark at room temperature. Then, 
the suspension was centrifuged at 4000 rpm for 10 min, 
and 3 mL of DMSO was added to the precipitate which 
was stored for 6 h in the dark at room temperature. The 
two extraction volumes of DMSO were again centrifuged at 
4000 rpm for 10 min and mixed. The absorbance of super-
natant was read at 665, 649, 480, 435 and 415 nm with a 
PerkinElmer λ40 Spectrophotometer. Pigments concentra-
tions were calculated according to the equations of Wellburn 
(1994). The phaeophytization coefficient was expressed as 
the ratio of the absorbance at 435 and 415 nm (Ronen and 
Galun 1984).

Photosynthetic Efficiency

This parameter estimates the photochemical efficiency of 
Photosystem II and was measured by means of the Handy 

PEA chlorophyll fluorimeter (Hansatech Instruments Ltd.) 
(Jensen 2002). After hydration, thalli were kept at room tem-
perature for 1 h. Then, they were dark adapted for 10 min 
followed by two fluorescence measurements, first imme-
diately after exposure to ambient light (F0) and then after 
exposure to saturating light (2400 μmol  s−1  m−2) (Fm). Fv 
was calculated subtracting F0 from Fm, and the photosyn-
thetic efficiency was expressed as the ratio Fv/Fm.

Statistical Analysis

Fosetyl was determined by pooling four samples for each 
combination of sampling date × treatment for a total of 21 
measurements, controls group being analyzed on 5 dates 
(see Table 1). The official methods of EFSA provide an ana-
lytical procedure for fungi (Anastassiades et al. 2021) but 
not for lichens, a matrix much more complex. Following 
preliminary discussions with the certified laboratory com-
missioned to perform the Fosetyl determination, we sent to 
it, per each replicate, more than the double of the biomass 
requested for fungi analysis. Nevertheless, it resulted not 
sufficient for an accurate measurement of fungicide con-
centration. As a consequence, determination of Fosetyl was 
performed after pooling the four replicates for each combi-
nation of application rate × nozzle. Two separate statistical 
approaches were used to evaluate the effect of application 
rate and nozzles on fungicide bioaccumulation. A test on fre-
quencies (a Goodness-fit Chi-square) was performed to test 
the effect of the four combinations (application rate × nozzle) 
by preliminary calculation of the ratio (per application date) 
between detected and expected (if all the sprayed fungicide 
deposited on treated thalli surface) bioaccumulated amounts 
of fungicide. Lack of falsification (p > 0.05), i.e., all 4 ratios 
non-statistically different from 1 meaning no differences in 
effect between treatments on Fosetyl bioaccumulation. A 
Mann–Whitney test was performed to test, separately, the 
effect on bioaccumulation of application rate and nozzle 
with a replication level equals to 8.

Transformation of Fosetyl into phosphonic acid was eval-
uated by comparing their single measurement of concentra-
tion per each sampling date.

As regard the effects of treatments on ecophysiological 
parameters, each temporal measurement was not performed 
on the same thalli but always on a different set of replicates, 
i.e., a totally random independent design. Two types of non-
parametric Anova (Kruskal–Wallis) with post hoc multiple 
comparison (Nemenyi test) were performed: (a) compar-
ing, separately, each sampling date of the four treatments 
(NADN-Rate A, NADN-Rate B, ADN-Rate A, ADN-Rate 
B) with controls to evaluate potential statistical significant 
differences (evaluation of the effect of the treatments), 
replication level equals to 4, (b) comparing all treatments 
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(evaluation of differences in efficacy between treatments per 
each sampling date), replication level equals to 4.

Association between variation of fungicide bioaccumula-
tion and variation of ecophysiological parameters was tested 
by performing two nonparametric (Spearman) correlations 
analyses: (a) between the two whole series of data, replica-
tion level equals to 20, and (b) between the same series of 
data split in two halves, respectively, first two sampling dates 
and second two sampling dates, replication level equals to 
10. In addition, a further correlation was performed between 
ecophysiological parameters to detect possible interactions 
between different types of cell damage.

Results

Four days after the treatment of lichens with the fungicide, 
i.e., days 10th and 24th, no amount of Fosetyl above the 
quantification limits was detected, being found only its 
metabolite, phosphonic acid (Fig. 1a). The concentration 
of Fosetyl, due to the fungicide solution spraying, was 

calculated based on the 1.34 EFSA (2021) conversion fac-
tor (Fig. 1b). Both Fosetyl and acid phosphonic were never 
detected in controls.

Although some dates showed a relatively unexpected 
high value, within the same treatment; however, the aver-
age coefficient of variation per treatment was 12%, and 
the detected oddities were probably caused by the high 
variation in micromorphology of thalli (like bush mor-
photype imitating a micro-canopy effect) that resulted in 
uneven distribution of biocide on lichen surface (due to 
differential local scale trapping capacity of spraying). The 
results of Goodness Fit Chi Square tests are presented in 
Tables 2 and 3.

Both tests showed a p value associated with Chi-
square > 0.05 supporting the idea that the different noz-
zles did not substantially affect, for each rate of fungicide 
application, the total input of Fosetyl settled on the 6 g 
of lichen biomass. The calculated “expected” value of 
Chi-square suggests that fungicide spraying resulted in a 
slight overloading of exposed lichens (between 7.4 and 
15% higher than 1). The same indication is given by the 

Fig. 1  Concentrations of 
phosphonic acid a and Fosetyl b 
detected in lichen thalli depend-
ing on the four treatments 
applied. NADN = Non-Anti-
drift nozzles, ADN = Anti-drift 
nozzles
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comparison (Fig. 2) of values of Fosetyl averaged respec-
tively per Nozzles (ADN-NADN) and application rate 
(Rate A and Rate B).

The Mann–Whitney test performed on the two com-
parison showed a significant result for application 
rate (W = 93, p = 0.010) and not significant for nozzles 
(W = 71, p = 0.793) again supporting the idea that the 
two ways of spraying fungicide solution did not result in 
different total load of Fosetyl settled on the lichen thalli. 
Table S3 shows the central tendency values, per sampling 
date, of the ecophysiological parameters in relation to the 
four treatments, as well as the general average of Control 
group (due to lack of statistical differences between the 
5 dates).

All the post hoc comparisons (Nemenyi test), following 
Kruskal–Wallis, of treatments with control group showing 
a value higher than the MSD (p < 0.05) are detectable in 
the third and fourth sampling dates suggesting a tempo-
ral trend in the development of biological stress. When 

Table 2  Chi-square test performed on the ratio between the per date (4 samples pooling) concentration of Fosetyl following spraying and the 
theoretical expected load of Fosetyl settled on the lichens based on the four treatments

Comparison related to the treatments applied in day n. 6

Test contribution

Category Observed Proportion Expected Chi square

Rate A-ADN 0.968 0.25 1.15 0.028
Rate A-NADN 1.018 0.25 1.15 0.015
Rate B-ADN 1.385 0.25 1.15 0.047
Rate B-NADN 1.230 0.25 1.15 0.005

N d.f Chi-square p

4.601 3 0.097 0.992

Table 3  Chi-square test performed on the ratio between the per date (4 samples pooling) concentration of Fosetyl following spraying and the 
theoretical expected load of Fosetyl settled on the lichens based on the four treatments

Comparison related to the treatments applied in day n. 6 Rate A-ADN, Rate A-NADN and 20 Rate B-ADN, Rate B-NADN

Test contribution

Category Observed Proportion Expected Chi square

Rate A-ADN 0.968 0.25 1.074 0.010
Rate A-NADN 1.018 0.25 1.074 0.002
Rate B-ADN 1.353 0.25 1.074 0.072
Rate B-NADN 0.958 0.25 1.074 0.012

N d.f Chi-square p

4.298 3 0.098 0.992

Fig. 2  Medians of Fosetyl concentrations calculated based on the dif-
ferent nozzles (ADN and NADN) a and on the different application 
rates (Rate A: 4 kg  ha−1 and Rate B: 1.6 kg  ha−1) b 
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evaluating the potential effect of treatment rates and noz-
zles on these results, it is evident that if the comparisons 
statistically significant are merged according the different 
nozzles 46.7% are associated with the category NADN 
and 53.3% to that ADN, whereas if the same merging 
is accomplished according the rate a clear distinction is 
detectable: Rate A 63.4% and Rate B 36.6% (incidence 4.7 
times higher). However, interestingly if a Mann–Whitney 
test is performed factorizing for Drop Size and Rate, 1 sta-
tistical significant difference is detected in the first case for 
TBArs (ADN > NADN), while three statistical significant 
differences are detected in the second case for TBArs, Fv/
Fm and EC% (Rate A > Rate B). Table 4 illustrates the 
average percentage increase vs control of the treatment 
rates.

The Rate A increase is, on average, 83% higher than that 
of Rate B (52.8% vs 28.8%) with EC%, TBArs and Fv/Fm 
showing the highest differences. On the contrary, the gaps of 
pigments are virtually the same. The covariance respectively 
between ecophysiological parameter pairs and the phospho-
nic acid concentrations again with mycobiont and photobiont 
physiological status parameters are illustrated in Tables S4 
and S5.

Only oxidative damage and the membrane integrity show 
to covariate with most of the other ecophysiological param-
eters supporting a driving role of the former in affecting the 
change in the physiological status of lichens once compared 
to the control. On the other hand, the variation of phospho-
nic acid, along the whole experimental duration, strongly 
associates with the variation of seven out of ten parameters 
and shows the highest correlation just with the TBArs and 
EC%. Interestingly, when the dataset is split in two halves, 
the number of significant correlations reduces drastically 
in the first emi-series (where no significant difference with 
control is detected), while stays unchanged in the second 

emi-series (where all the statistically significant variations 
vs control are detectable).

Discussion

The scientific literature dealing with volume median diam-
eter show contradictory results about performance in field 
and plant coverage, and however, never in relation to simula-
tions of drift depositional rate. Small droplets may be more 
effective in crop surface coverage and retention (Wolf et al. 
2000, 2009) as well as in treatment efficacy (Cross and Bar-
rie 1995; Prasad 1992), but increasing carrier volume can 
result in a compensating effect making big droplets better 
performing in surface covering (Bretthauer et al. 2008; Butts 
et al. 2018) and grass species control (Ramsdale 2001a; b; 
Douglas 1968). In the present work, we calculated and simu-
lated the deposition rate of Fosetyl drift events. No differ-
ence was detected depending on the use of anti-drift nozzles 
vs non-anti-drift nozzles, in relation to the concentration of 
fungicide measured in lichen biomass exposed to the biocide 
spraying. According to our opinion, this result was due to the 
presence of two co-formulants, the ethoxylated-propoxylated 
fatty alcohol (1–3%) and the lignosulfonic acid (3–10%) both 
dispersant agents (ECHA 2021; De Ruiteret al. 2003) needed 
to improve the solubilization of the Fosetyl wettable powder. 
These molecules promote a better equidistribution of the 
fungicide between the droplets so that this process compen-
sates enough for the amount of carrier not delivered to the 
box surface because of the high dispersion affecting the low 
size droplets (CSIRO 2002; CIPM 2022) compared to very 
coarse droplet treatments (Carroll 2017). This outcome sug-
gests the crucial role that adjuvants can play in modifying 
the amount of active ingredient lost during pesticide appli-
cation increasing efficiency of treatments (Preftakes et al. 
2019; Curran et al. 1999; Griesang et al. 2017). No trace of 
Fosetyl was detected 4 days after the application. Several 
literature data indicate that metabolism of this molecule 
is quite fast. Indeed, within 12–24 h from the application, 
phosphonic acid is found within tissues of plants treated 
with the fungicide (Pelegri et al. 1993; Fenn 1986). How-
ever, several field trials suggested that some cultivars can 
show appreciable amount of Fosetyl also long enough after 
spraying (Bellisai et al. 2021; Dann and McLeod 2020). This 
leads to the conclusion that rate of degradation of Fosetyl 
is species-specific and, at the moment, no work exists deal-
ing with this process in non-vascular plants although the 
official analytical methods for Fosetyl detection provides a 
procedure for fungi (Anastassiades et al. 2021). Lichens can 
uptake both inorganic and organic forms of phosphorous 
and Fosetyl molecule can act as a trophic resource. First 
of all, the “P” metabolismis quite efficient, indeed lichens 
need 1 h of rainfall per week, based on the average year 

Table 4  Differences in average physiological status parameters of the 
two treatment rates compared to control expressed as percentage vari-
ation

Ecophysiological parameters Rate B Rate A

EC% 61.41 204.82
TBArs 49.45 87.59
Chlorophyll a  − 48.61  − 48.52
Chlorophyll b  − 41.41  − 45.34
Xanthophylls + Carotenoids  − 39.86  − 42.77
Fv/Fm  − 16.37  − 42.15
A492  − 11.31  − 16.23
A492  g−1 d.w  − 11.16  − 14.97
OD435/OD415  − 14.89  − 12.99
OD435/OD415  g−1 d.w  − 14.66  − 12.87
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phosphorous concentrations in bulk depositions, to satisfy 
their request (Farrar 1976). The mineralization of organic 
form of phosphorous takes place by means several mono- 
and diphosphorus esterase located in the cytoplasm, cell 
wall and junctions of fungal partner detectable both in fru-
ticose lichens like Cladonia portentosa (Hogan 2003) and 
in foliose ones like genus Peltigera (Stevenson 1994). Once 
converted in an inorganic anion, phosphorous is fastly car-
ried inside the mycobiont cells (Farrar 1976) or translocated 
to the photobiont cells (Kono et al. 2020), through active 
transport mechanisms, as suggested by Smith (1973) that 
showed that the lichen Peltigera polydactila can uptake as 
much mineral phosphorous as an equivalent of 3% of its 
dry weight in 24 h. Overall such a scenario is compatible 
with our results making us hypothesize that in P. furfuracea 
the degradation of Fosetyl as well as mineral phosphorous 
absorption are both processes performed very effectively. 
When considering the response of P. furfuracea to the expo-
sure to the 4 treatments, again the difference in drop size 
does not seem to affect particularly the change in symbionts 
physiology except for oxidative damage may be as a conse-
quence of higher amount of pesticide carried by each single 
big drop. Perhaps this outcome is due to the fact that big 
drops may result in a more “localized” damage associated 
with the higher amount of per single drop (Feng et al. 2003; 
Hanna et al. 2009). The remarkable physiological changes 
detected in thalli are mostly due to different rates. This is 
clearly indicated by: (a) three times higher number of sta-
tistically significant differences vs control detected compar-
ing Rate a with Rate B rather than ADN and NADN, (b) 
the higher number of parameters (3) affected by different 
Rates compared to different nozzles (1) when considering 
total means. However, the overall greater effect on lichen 
physiological status is mainly attributable to the difference 
in rates. Indeed, it is clearly indicated from: (a) the strong 
segregation between Rate A and Rate B in percentage cases 
significantly higher than controls in the 3rd and 4th sam-
pling dates vs drop sizes, (b) the lower number of ecophysi-
ological parameters that significantly differ between the two 
drop sizes i.e. just TBArs, compared to the different Rates, 
i.e., TBArs, Fv/Fm and EC% when the “total” means are 
taken into consideration. The latter are also those showing 
the strongest difference both between the two rates (Rate 
A > Rate B) and between Rate A and control group with 
the rupture of membrane being the physiological indica-
tor mostly affected. Fosetyl can prevent fungal infection by 
both indirect mode of action, i.e. promoting plant defense 
response (Derks and Creasy 1989; Nemesthoty and Guest 
1990), and direct mechanisms like parasite dehydrogenases 
inhibition (Stehmann and Grant 2000) and unbalance of ATP 
metabolism (Niereet al. 1994; Griffith et al. 1990).

The analysis of correlation between ecophysiologi-
cal parameters suggests that, in our experiment, osmotic 

stress mechanisms seem to play a crucial role in driving 
cell impairment (Rezende 2020; Abertonet al. 1999) that 
triggers an increase in oxidative damage. Indeed, the loss 
of membrane integrity associated with redox systems like 
in mitochondria and thylakoids, causes electron dissipa-
tion resulting in ROS formation (Qamer et al. 2021; Apel 
and Hirt 2004), that negatively affects plants, photosystems 
by means decrease in chlorophylls and carotenoids levels 
(Havaux 2013; Yamauchi 2015), reduction in chlorophyll a 
biosynthesis (Aarti et al. 2006) and an impairment of pho-
tosynthetic efficiency (Phetchuay et al. 2019). The causative 
association between variation of ecophysiological param-
eters and Fosetyl metabolite through the four treatments is 
strongly strengthened by the high number of statistically 
significant correlation coefficients. Such an outcome is 
confirmed by other authors findings showing that as well 
osmotic stress can cause leaf burn in plants (McCauley and 
Jones 2005; Wulandari et al. 2021) as crops and natural veg-
etation exhibit such a foliar damage (Walker 1989; Guest 
and Grant 1991) following Fosetyl exposure while algae 
suffer a damage to chlorophyll as denoted by a reduction 
in growth (Ma et al. 2002; Jianvi et al. 2011). A critical 
point emerged from our experiment is that the cell damage 
development is a time dependent process. Drift simulations 
results in a remarkable alteration of photobiont and myco-
biont physiological status only between 20 and 30th day of 
experiment duration, i.e., the cell integrity is preserved until 
those dates despite the phosphonic acid accumulation. A 
possible interpretation comes from the mineral phosphorous 
storage strategies in lichens. This nutrient can be accumu-
lated as polyphosphates granules inside vacuoles, as demon-
strated both in lichen species like Collema leucocarpon Wil-
son and Peltigera dolichorrhiza and in fungi (Chilvers et al. 
1978; Crittenden 1988). Moreover, phosphorous appears 
to be in a not active osmotic form because its association 
with calcium. When P metabolism requests its mobilization, 
polyphosphates are hydrolyzed by phosphodiesterase (Yang 
et al. 2017). Our analysis failed to detect polyphosphates so 
we must to hypothesize that phosphonates are accumulated 
unaltered inside like vacuoles structures associated with 
calcium or some other counter-cation. When correlation 
analysis is split in to two series, those related to the “first 
two dates” shows significant coefficient only with EC% and 
A492. This suggests that probably a relatively small amount 
of phosphonates stay in a free form within fungal cytoplasm 
generating a weak level of osmotic stress. Later, vacuoles 
can release the accumulated phosphonates due to rupture 
promoted by autolysis or spherosomes activity (Wilson et al. 
1970; Weber et al. 1999) triggering a diffuse osmotic shock, 
strongly damaging membrane and causing electrons disper-
sion. Obviously, such a hypothesis needs further exploration 
and validation, although it seems consistent with the results 
of the present work.
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Conclusions

Fosetyl was an active ingredient used in organic agriculture, 
as sodium and potassium salt for fertilizer integration, until 
2019 when Europe Union banned its application, tolerating a 
0.5% detection limit as consequence of an accidental disper-
sion (EU 1009/2019). Nowadays, its aluminum salt is widely 
used in America, Europe, Asia and Australia to eradicate many 
parasite fungi. Our work showed that it could be hazardous 
to non-vascular plants as lichens. Definitely, the tested spe-
cies Pseudevernia furfuracea showed to suffer strong mem-
brane and oxidative damage, and a remarkable reduction in 
pigments concentrations once exposed to drift simulations 
related to both low and high application rates, although the 
latter caused the highest alterations compared to not treated 
lichens. Therefore, the tested formulation, based on the appli-
cations requested by agriculture practices, can be considered 
as a “dangerous product,” regarding environmental conse-
quences, because the “low” treatment rate used is among 
the lowest usually applied for crop protection. The molecule 
considered responsible for such an effect was its metabolite 
phosphonic acid which resulted to be the only form detected 
in lichens already four days after fungicide spraying. In addi-
tion, the manifestation of damage appeared not before the 20th 
day of the experiment, probably due to a previous storing, in 
a not active osmotic form, within fungi vacuoles. The use of 
different nozzles did not generate appreciable variation both 
in phosphonates accumulation and degree of physiological 
status impairment (although a difference was appreciated in 
case of oxidative damage), a result, we hypothesize, due to 
the presence of dispersants in commercial formulate. On the 
whole, this work underlines the need to reconsider the cur-
rent suggested application rates of the investigated fungicide 
in the light of the detected significant toxic effect as well as 
to combine the pesticide treatments with measures aimed at 
containing its environmental dispersion like careful monitor-
ing of weather condition at time of spraying and introduction 
of buffer zones and hedges along the field boundaries.
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