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A field trial on the transfer of pyrimethanil, cyprodinil and cyflufenamid residues from
apple trees of Idared cultivar to hives by honeybees Apis mellifera was carried out. Two
days after spraying (Faban 500 SC and Kendo 50 EW), and on the day of spraying (Chorus
50 WG), the quantities of residues on leaves and flowers of apple trees and pollen were as
follows: pyrimethanil: 1.45 pug per cm?of leaves, 11.51 pug per single flower and 7.18 ug - g
of pollen, cyprodinil:1.35, 8.64 and 7.94 pg, and cyflufenamid: 0.064, 0.266 and 0.11 pg,
respectively. All of them subsequently disappeared exponentially. Two days after, and on
the day of spraying, pyrimethanil (1.81 pg - g™*), cyprodinil (up to 0.55 pg - g*) and cy-
flufenamid (0.04 ug - g*') were found in worker bees. Residues of all used chemicals were
found in the brood, honey and wax samples. The residues of pyrimethanil, cyprodinil and
cyflufenamid in worker bees exceeded the level of 0.2% of the LD, , which indicates that
their application rates (doses) are safe for the honey bee.

DOI: 10.24425/jppr.2022.141355

Received: January 10, 2022
Accepted: February 25, 2022
Online publication: May 03, 2022

*Corresponding address:
akoziorowska@ur.edu.pl

Responsible Editor:
Piotr Kaczynski

Keywords: consumer and bee safety, cyprodinil and cyflufenamid residues, pyrimethanil,
transfer to hive, worker bee

Introduction

Plant protection products (PPPs) are mainly used to
protect crops against fungal pathogens and herbivo-
rous insects (pests). Undesirable effects of these com-
pounds on the consumer are brought about by their
residues on and in plants, in plant products (Sadlo et al.
2018; Jankowska et al. 2019), i soil (Silva et al. 2019)
and in water (Kapsi et al. 2019). The use of these prepa-
rations also means an exposure of beneficial organisms
to their harmful effects (Potts et al. 2010).

Although the efficiency of pollination by honey bees
is low compared to solitary bees (Eeraerts et al. 2019),
this species dominates among crop pollinators, and its
share in the pollination process accounts for 9.5% of
global agricultural production (Gallai et al. 2009).

Sixty species of agricultural plants and 140 hor-
ticultural species in Poland depend on pollination.
It gives a profit of PLN 4.1 to 7.4 billion (NIK 2017).
One such crop is the apple (Majewski 2011), of which
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Poland is the third largest producer in the world (GUS
2020). The annual domestic production of this fruit in
2021 was estimated at 4 million tonnes (GUS 2021b).
The need to pollinate fruit crops means that pollinating
insects during the flowering period will be exposed to
PPPs (Mayer and Lunden 1986; McKerchar et al. 2020;
Piechowicz et al. 2021b).

Although many responsible producers stop using
insecticides just before and during flowering, thus pro-
tecting pollinators against direct contact with the most
dangerous preparations, the use of fungicides in this
period cannot be completely eliminated. As shown by
more and more studies, fungicides are also not indiffer-
ent to Apis mellifera (Mussen et al. 2004; Everich et al.
2009; Johnson et al. 2013). This is especially true of
juvenile stages (Traynor et al. 2021), whose exposure
to pesticides causes much more lasting damage than
in adults, as demonstrated by, e.g., Batista et al. (2020)
and Costa Domingues et al. (2021) in bees and broods
treated with picoxystrobin (strobilurin group).

An important result of honeybee exposure to PPPs
is also the contamination of honey and bee pollen. Bee
pollen is the primary source of protein for develop-
ing broods (Bakour et al. 2019). It is carried by bees to
the hive on an ongoing basis (its reserves in the hive
usually do not exceed 1 kg) and is used up relatively
quickly, thanks to which the residues contained in it
are relatively quickly eliminated. The exposure of bees
to the residues accumulated in the honey lasts much
longer. It is, at least in the case of wild A. mellifera colo-
nies, the only source of energy for the colony during
the overwintering season.

The residues of active ingredients of PPPs present
in bee products can expose beekeepers to significant
economic losses because they are classified as organic
products (Bogdanov 2006) and such products should
not contain pesticide residues. Therefore, the Maxi-
mum Residue Levels (MRLs) of pesticides are set at
levels close to the limit of quantification. In the case of
pyrimethanil, cyprodinil, cyflufenamid and dithianon
used in the orchard, these values are, respectively, 0.05,
0.05, 0.05 and 0.01 mg - kg™". In apples, these residues
may be 15.00, 2.00, 0.06 and 3.00 mg - kg™', respective-
ly, i.e., 300, 40, 0.2 and 300 times more (EU Pesticides
Database 2022). Exceedances of MRLs of pesticides
disqualify them as fit for sale, even when they are com-
pletely safe for human consumption (Piechowicz et al.
2018).

The aim of this field trial was to estimate the occur-
rence and disappearance of pyrimethanil, cyprodinil
and cyflufenamid in leaves, flowers, pollen and soil, the
dynamics of worker bee intoxication by these chemi-
cals and their transport to the hive as well as their resi-
dues in broods, honey and wax. An additional goal was
to assess the risk to consumer health posed by honey
containing the residues of standard fungicides.
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Materials and Methods

The apple orchard protection program
against pests and diseases

The field trial was carried out in a commercial 70 ha
apple orchard located in Jézeféw nad Wisla (Poland)
protected in accordance with the approved program.

Four bee families of similar numbers were placed
in the middle of the orchard. It was assumed that the
bees, in order to minimize the energy cost of harvest-
ing, would first obtain food in the immediate vicinity
of the hives, thereby significantly reducing the pos-
sibility of feeding on neighboring crops. As it was
a commercial orchard, the authors of the research had
no influence on the treatment program adopted in the
orchard.

The field trial was carried out on the Idared variety.
During apple blossoming, when infection may occur
through the generative organs of plants, the apple trees
were sprayed with Faban 500 SC and Kendo 50 EW
(both applicated April 30),and Chorus 50 WG (applicat-
ed May 2). The characteristics of the preparations used
and their active ingredients are presented in Table 1.
Sampling for laboratory analyses began on May 2nd and
continued until the end of flowering, i.e., May 20th.

Sampling

Laboratory samples of flowers (only fully grown flow-
ers were collected) and leaves (ripe leaves) were taken
from eight randomly selected apple trees, from each
of the four rows from which the samples were taken
(32 trees in total). Worker bees, broods, honey (from
unsealed honeycomb cells), and new wax (deposited
by bees in holes specially cut in the hose) were always
taken from all the hives on May 2, 6, 9, 13 and 20.

The bees used for analysis were collected from the
nest part of the hive, in which there were both forager
bees directly exposed to contact with PPPs used in cul-
tivation and younger bees which had not yet left their
hives. The pollen samples were taken with catch Kkits
installed at the bottom of the hives. On May 2nd, the
pollen collected by bees within the first 10 h was taken.
At subsequent dates, pollen deposited by the bees in
their traps was collected throughout the entire period
from their earlier emptying.

Additionally, soil samples were taken 30-50 cm
from each tree from which the samples of leaves and
flowers were collected to the depth of 20 cm, using an
Egner's stick (eight collections for one sample).

All types of samples were transported to the labo-
ratory in transport refrigerators (leaves, flowers, soil
— 4°C; bees, broods, honey, wax, pollen —18°C).

In the laboratory soil samples were air-dried
(22°C) for 3 days prior to analysis and pulverized with
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a Testchem LMG grinder (Testchem Sp. z o.0., Po-
land), and mixed immediately prior to analysis.

On the day of Chorus 50 WG application, sampling
of worker bees commenced approximately 15 min af-
ter the sprayer had passed the hives in the immediate
vicinity, and then five times at 2-hour intervals.

Extraction of pyrimethanil, cyprodinil
and cyflufenamid residues

Reagents and materials

In field cultivation, three protective preparations were
used: Faban 500 SC (Prod.: BASF SE, Ludwigshafen,
Germany), Kendo 50 EW (Prod.: Nisso Chemical Eu-
rope GmbH, Diisseldorf, Germany), and Chorus 50 WG
(Syngenta Polska Sp. z oo, Warsaw, Poland). The proper-
ties of the determined pesticides are given in Table 1.

The analytical standards of pesticides were
purchased from Dr. Ehrenstorfer GmbH (Augsburg,
Germany) (cyflufenamide) and the Institute of In-
dustrial Organic Chemistry (Poland) (cyprodynil,
pyrimethanil).

Petroleum ether, dichloromethane, acetonitrile,
acetone, tri-sodium citrate, anhydrous sodium sul-
phate(VI), di-sodium hydrogen citrate and sodium
chloride were obtained from Chempur (Piekary
Slaskie, Poland). Florisil (0.15-0.25 mm) was obtained
from Macherey-Nagel (Diiren, Germany) and C18 EC
sorbent from Srobtech (Norcross, USA).

Extraction from the surface of flowers and leaves

Extraction of the residue from the surface of flow-
ers and leaves was carried out in accordance with
the methodology presented by Piechowicz et al
(2021b).

It was decided to use petroleum ether as a solvent
because it has strong hydrophobic properties and does
not penetrate into the samples, thereby extracting the
residues only from their surface. This made it possible
to identify only those residues with which the bee may
have come into direct contact.

Extraction from soil and beeswax

Extraction of the residue from soil and wax was carried
out in accordance with the methodology presented by
Piechowicz et al. (2021D).

Extraction from worker bees, broods, pollen,

and honey

Extraction of residues from bees, broods, pollen, and
honey was performed analogously to the methodology
of Piechowicz et al. (2021b), while freeze-drying was
carried out at —50°C, and 150 mg of PSA was replaced
with 300 mg of Florosil.
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Chromatographic determination
of pyrimethanil, cyprodinil
and cyflufenamid residues

Chromatographic analysis
Chromatographic analysis was performed in the same
way as in our previous studies (Piechowicz et al. 2021a).
Standard solutions were prepared in a clean matrix
at the following concentrations: 0.01, 0.05, 0.10, 0.50
and 1.0 mg - I"*. Linearity was described with determi-
nation coeflicients (r* > 0.99). Excellent linearity was
achieved for the studied pesticides when using matrix-
matched standards.

Method validation

The method was validated for evaluation of the follow-
ing parameters: linearity (expressed as the coeflicient
of determination, r*) and working range, Limit of De-
tection (LOD), Limit of Quantification (LOQ), accu-
racy and repeatability. The acceptance criteria for the
method were as follows: average recoveries for the test-
ed pesticides in the range of 70-120% and precision
expressed as RSD < 20%. Validation was performed
according to the European Union guideline SANTE
(2017). Validation parameters are presented in Table 2.

Data analysis
Residues (R) were expressed in pg per single flower,
ug per cm? (leaves) and pg per g of the worker bees,
brood, honey, pollen, wax, and soil. The obtained
values were corrected for recoveries determined fora
given sample type (the matrix concentration: 0.001 pg
per flower, 0.001 ug per cm? of leaf, and 0.01 pg - g' in
the case of bees, brood, pollen, honey, wax, and soil).
The LOQs of all pesticides were: 0.001 pg per flower,
0.001 ug per cm? of leafand 0.01 ug - g* of worker bees,
brood, honey, pollen, wax, and soil.

The trends of disappearance, similar to the research
of Szpyrka and Sadlo (2009), were described by expo-
nential function using Equation 1:

(Eq. 1)

where: R, - the concentration (residue) of any pesticide
after time (in days), R, - the initial concentration of
the pesticide (mg - kg™), k - the rate constant (day™).
Based on Equation 1 the half-lives (¢, ) for tested pes-
ticides were calculated using Equation 2:

R =R,xe™”,

2
t1/2 = ln% . (Eq 2)
%LD,, in bees was calculated according to Equation 3:

%LD,, =R, 100 (Eq. 3)

i(for single bee) ﬁso H
where: (R) represents residue level for a single bee, as-
suming the body weight (b.w.) of a single individual of
0.12 g'. Values of LD, for intoxication by ingestion
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Table 2. Average recovery and relative standard deviation (RSD)

Pyrimethanil Cyprodinil Cyflufenamid

S S T S s 2o

Sample — . = - . — = — = =
P 2o RD o RD T2 RD o RAD 2o RD o RSD

g E ¢ g ° E 2 E 3 E g E

S5 S o S5 S S o S o

s U ¢ s O s L=
Worker bees 101.8 5.5 106.8 49 110.2 11.6 106.9 3.6 1123 15.6 107.5 6.3
Brood 107.3 6.3 110.6 53 88.3 9.1 90.1 8.1 1149 104 111.7 6.4
Pollen 102.5 4.8 99.0 49 103.8 4.5 106.0 7.9 108.4 4.6 96.8 8.6
Beeswax 89.4 6.1 80.7 7.3 77.5 3.1 85.2 12.5 79.5 8.3 83.6 10.2
Honey 93.2 8.9 854 10.6 86.4 8.4 109.5 94 87.3 7.3 825 10.1
Flowers 99.2 4.7 97.6 6.7 95.7 5.9 104.9 5.3 106.2 3.9 102.7 5.2
Leaves 94.3 8.6 96.2 11.7 95.4 10.6 98.6 7.7 102.3 4.6 97.5 3.1
Soil 87.4 5.7 80.9 83 77.3 5.1 71.8 13.4 113.9 10.8 110.6 4.5
and by contact were taken from the Pesticides Proper- c
ties Database (PPDB 2022). =100———.

ise { D . s = o ADI (Eq. 6)
The residue level of a given pesticide (R) was divided
by its MRL and expressed as %MRL. The %MRLs of all
esticides found in a given sample were summed, and . .

P & P Statistics

then the total %MRL was calculated using Equation 4:

%MRL = 100%2‘;;&,

p> (Eq. 4)
which appears to be a useful tool for evaluation of the
total level of the so-called multiple residues.

Using the same residue level (R) and assuming
a body weight (b.w.) of 76 kg and a daily consumption
(C) of 0.00129 kg of honey by an adult Polish consum-
er, the long-term daily intake of pesticides along with
honey was calculated and expressed as %ADI (Accept-
able Daily Intake). When calculating the daily honey
consumption, the annual honey production in Poland
was taken into account, amounting to 181,185 tonnes in
2019 (Kobylinska 2021), and the total number of Poles
in 2019 amounted to 38,382,600 people (GUS 2021a).

Similarly, assuming an additive impact of differ-
ent chemicals on the human body, the total long-term
daily intake (expressed as %ADI) of all pesticides was
calculated according to Equation 5:

C & R

2

%ADI =100~ 35—
. i=1

(Eq. 5)
where: C - daily consumption, b.w. — body weight,
R — residue level.

MRL and ADI values were taken from the EU Pes-
ticides Database (2021) website. According to Euro-
pean Union law, the obtained percentage value of MRL
should not exceed 100%MRL.

Finally, using the long-term daily intake with hon-
ey expressed as %ADI (Eq. 5) and a daily honey con-
sumption by an adult Polish consumer C = 0.00129 kg,
the safe consumption level (C ) in kg of honey per
day was calculated using Equation 6:

The Spearman’s rank Correlation Coefficient (r) was
used to assess the strength, direction and statistical
significance of dependencies between the residue con-
centrations of applied fungicides found in the various
sample types. The strength of their correlation (positive
or negative) is estimated using the following guide:
1- perfect correlation: ro= 1.0;

2 — very strong correlation: 0.8 < r < 1.0

3 — strong correlation: 0.6 < r, < 0.8;

4 — moderately strong correlation: 0.4 <7 < 0.6;

5 — weak correlation r, < 0.4.

The Kruskal-Wallis test was carried out to estimate
the statistical significance of differences between the
concentrations of fungicide residues found in different
types of samples. The strength of these differences is
expressed by p-value.

Results and Discussion

Occurrence of pyrimethanil, cyprodinil
and cyflufenamid on leaves, apple flowers
and pollen as a result of direct application
and on the soil as a result of drift

of the preparation during the treatment

Disappearance of pyrimethanil, cyprodinil

and cyflufenamid on leaves, apple flowers,

pollen and soil

When spraying a flowering apple orchard, the PPP
reaches the leaves and flowers (including pollen)
of the apple trees, as well as the soil in their vicinity.
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Chemical analyses of their representative samples col-
lected on May 2nd showed that the average quantity
of pyrimethanil (2 days after Chorus 50 WG applica-
tion), and cyprodinil (on the day of Faban 500 SC ap-
plication) on the flowers was, respectively, 11.51 and
8.64 ug per single flower, while on leaves — 1.45 and
1.35 pg per cm? (Table 3). Initial flower and leaf residue
ratios were 7.9 : 1 for pyrimethanil and 6.4 : 1 for cy-
prodinil, respectively, but dropped to 2.0: 1 and 1.5: 1
on the last sampling date.

Similarly, the quantity of cyflufenamid (2 days after
its application) on the flowers was 0.27 ug per single
flower and on the leaves 0.064 ug per cm? (flower-to-
leaf residue ratio 4.2 : 1).

The residues of all tested pesticides were found in
the soil at a level close to the limit of quantification:
<LOQ-0.01 pg- g for cyflufenamid, <LOQ-0.03 pg- g™*
for cyprodinil and 0.02—-0.13 ug - g' for pyrimethanil.
Such small residues in the soil and high amounts on
flowers significantly differ from our previous stud-
ies in which we detected the residues of captan and

Table 3. Pyrimethanil, cyprodinil and cyflufenamid residues on
leaves, apple blossoms, pollen and soil

(szrtzpling Pyrimethanil Cyprodinil Cyflufenamid
Leaves [ug per cm?]
May 02 1.453 £0.105 1.347 £0.115 0.064 + 0.006
May 06 0.577 £0.160 0.573 £0.083 0.026 + 0.005
May 09 0.351+£0.101 0.439 £ 0.043 0.026 +£0.015
May 13 0.188 £ 0.051 0.183 +0.019 0.006 + 0.002
May 20 0.093 £ 0.007 0.130+0.010 <L0Q
Flowers [ug per single flower]
May 02 11.511 £ 2.711 8.636 £5.617 0.266 = 0.052
May 06 2450+ 0913 1.959 £ 0.459 0.098 £ 0.072
May 09 1.311 £0.290 1.039 £ 0.073 0.072 £0.013
May 13 0.471 +£0.083 0.338 = 0.006 0.015 +0.004
May 20 0.183 £ 0.021 0.197 + 0.006 <LOQ
Pollen [ug-g']
May 02 7.18 £0.26 794 +£1.21 0.11+£0.03
May 06 2.30+£0.80 0.74 £0.51 0.09 £0.01
May 09 1.48 £0.20 0.83£0.10 0.17 £0.03
May 13 0.95+0.15 0.51+£0.14 0.11£0.01
May 20 0.35+£0.07 0.31+£0.06 <LOQ
Soil [ug - g7']

May 02 0.04 £0.01 0.02£0.01 0.01 £0.00
May 06 0.03 £0.00 0.01 £0.00 <LOQ
May 09 0.02 £0.00 <LOQ <LOQ
May 13 0.02 £0.02 0.01 £0.00 0.01 £0.00
May 20 0.13£0.04 0.03£0.01 0.01 £0.00

fluopyram (Piechowicz et al. 2018) and captan and
penthiopyrad (Piechowicz et al. 2021b), which, despite
the high doses used in cultivation, were less concen-
trated on the leaves and more concentrated in the soil.
It is most likely related to the rainfall occurring dur-
ing the research. Such rainfall during these tests (oral
information obtained from the owner of the orchard)
took place only between the penultimate and last sam-
pling. This resulted in a more than sixfold increase in
the level of pyrimethanil residue in the soil (from 0.02
to 0.13 g - g') and a threefold increase in cyprodinil
(from 0.01 to 0.03 ug - g™*). The greater increase in py-
rimethanil residues in soil after rainfall may be related
to the fact that it has the highest solubility among the
analyzed pesticides (Table 1; PPDB 2022).

A slow disappearance of pesticide in soil is a na-
tural phenomenon. Pyrimethanil and cyprodinil are
characterized by moderate persistence in soil, and the
half-life in soil of cyflufenamid, the fastest-disappear-
ing of all tested compounds, is 25.3 days under aerobic
conditions (Table 1; PPDB 2022).

Based on the results of analyses of all samples of
leaves, apple flowers and pollen (Table 3), exponential
Equation 1 was determined. Except for cyflufenamid
in pollen, the average residues had a strong negative
correlation with time ¢ (+* from 0.8025 to 0.9864; Eq. 1)
(Table 4).

Two days after, and on the day of spraying, the
quantities of residues on leaves and flowers of apple
trees and pollen were as follows: pyrimethanil 1.45 pg

Table 4. Parameters for the exponential disappearance of
pyrimethanil, cyprodinil and cyflufenamid residues

Pyrimethanil ~ Cyprodinil  Cyflufenamid
Parameter
Leaves
R, [ug per cm?] 1.5628 1.0847 0.1014
k [day™] 0.150 0.131 0.2
t,,[day] 4.6 53 35
r 0.9694 0.9613 0.9452
Flowers
R, [ug per single
flower] 11.896 5.439 0.4765
k 0.224 0.208 0.25
), 3.1 33 2.8
r 0.9615 0.9549 0.9864
Pollen
R lug- g7 7.4311 3.2076 n.d.
k [day™"] 0.159 0.152 -
t,,[day] 44 4.6 -
r 0.9458 0.8025 -

R, - initial concentration of the pesticide, k- rate constant (day™');

t, , — dissipation half-life (day™'); r* - coefficient of determination

n.d. — not determined
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per cm?, 11.51 pug per single flower and 7.18 ug - g™' in
pollen, cyprodinil 1.35 pg per cm?, 8.64 ug per single
flower and 7.94 ug - g, and cyflufenamid 0.064 ug per
cm?, 0.266 pug per single flower and 0.11 pg - g™, respec-
tively. All of them subsequently disappeared exponen-
tially (Table 3) (constant rates: pyrimethanil: k = 0.150,
0.224, 0.159 day™; cyprodinil: k = 0.131, 0.208, 0.152
and cyflufenamid: k = 0.2, 0.25, n.d; Table 4, Eq. 1).

A comparison of the exponential disappearance
constants, k (Table 4), showed that the residues of py-
rimethanil, cyprodinil and cyflufenamid decreased
by far the fastest on flowers (¢, ,: 3.1, 3.3 and 2.8 days;
Eq. 2). Of these three pesticides, cyprodinil residues
decreased the slowest in all types of plant material
(t,,= 5.3 — leaves, 3.3 — apple flowers and 4.6 days -
pollen; Eq. 2), pyrimethanil residues dropped slightly
faster and the cyflufenamid on leaves the fastest. These
values were similar to those obtained in other studies,
in which the half-life of cyprodinil on tomato leaves
was 7 days (Szpyrka and Sadlo 2009), and of pyrimeth-
anil it was 5.7 days (Sadlo 2002). Similarly, in our re-
search, pyrimethanil disappeared on leaves for 4.6 days
(Table 4), and on the leaves of raspberry of Laszka va-
riety — 6 days (Sadlo et al. 2014). Faster disappearance
on flowers than on leaves is related to their progressive
development.

Flowers collected at later dates were often not fully
developed at the time of pesticide application, there-
fore their surfaces which had contact with the prepara-
tion were smaller, and the ongoing development of the
generative organ was conducive to the dilution of the
pesticide. Such a phenomenon was observed by Sadlo
et al. (2017) who compared the dissipation of captan,
boscalid and trifloxystrobin in developing apple fruit.
Cyflufenamid residues in pollen ranged from 0.09 to
0.17 pg - g, and changed irregularly, i.e., randomly
(no exponential correlation; r* = 0.0572), therefore the
disappearance parameters were not determined.

Intoxication of the worker bee population
in an apple orchard as a result

of the application of fungicides

during the flowering period

The occurrence of pyrimethanil, cyprodinil

and cyflufenamid residues in/on worker bees
Sampling began on May 2nd, ie., 2 days after Fa-
ban 500 SC and Kendo 50 EW application, that is on
the day of Chorus 50 WG application. so the worker
bee population was exposed to pyrimethanil and cy-
flufenamid for 2 days while to cyprodinil for several
hours. Hence, the initial concentration of pyrimeth-
anil of 1.81 pg - g™ (Table 5) found in honeybees taken
for analysis 2 days after treatment, is the equilibrium
mean value of the intoxication degree of the worker
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bee population after multiple orchard visits by the bees.
It is therefore understandable why even the highest
(0.55 + 0.09 ug - g') content of cyprodinil on the day
of treatment (May 2nd) was so significantly lower than
the content of pyrimethanil, even though the applica-
tion rates differed only 2.5 times (Table 3).

To determine the unknown dynamics of intoxica-
tion of the bee population just after treatment (at the
beginning of our field trial), i.e., when worker bees are
free of applied PPP, it was decided to collect samples
every 2 h just after the application of Chorus 50 WG
(Table 6).

Worker bee intoxication with cyprodinil started
from zero-level and within the first 3 hours after spray-
ing increased at the rate of 0.1149 pg - g™ - h™. Starting
from the 5th day after spraying the residue level de-
creased exponentially (R, = 2.6993¢%'*’). This was also
found for the content of pyrimethanil from the 3rd day
after the spraying (R,= 2.411¢%'*!).

The results of the analysis of the bee samples taken
for tests on May 2nd (Table 5) showed that 15 min.
after treatment of Chorus 50 WG, the worker bees con-
tained small amounts of cyprodinil (0.24 +0.07 ug-g™),
and then in about 4 h its level increased by
0.1149 pg - g' - h'i.e, according to the approximate
value of the slope of the straightline R = 0.1149¢ +0.108.
After approx. 4 h (point of intersection of two lines,

Table 5. Pyrimethanil, cyprodinil and cyflufenamid residues in
worker bees [ug - g]

Sampling date Pyrimethanil ~ Cyprodinil  Cyflufenamid
May 02 1.81+1.28 0.55+0.09* 0.04+0.04
May 06 1.67 £0.21 1.52+0.13 0.04 +0.02
May 09 0.53+0.14  0.97+0.08 <LOQ
May 13 0.22 +£0.07 0.48 £0.15 <LOQ
May 20 0.20+0.15 0.19+£0.04 <LOQ

*the highest mean residue level of cyprodinil in worker bee samples col-
lected on the day of treatment; not used to determine the exponential
equation

Table 6. Intoxication of the worker bee population by cyprodinil
in the course of the day on May 2

Time after application Cyprodinil
contents
(h] !
Mg -g7]
0 0
0.25 0.24 +0.07
0.36 +0.05
4 0.55+0.16
0.48 + 0.06
8 0.55 + 0.09
10 047 +0.15
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P (2.94, 0.45)) the accumulation rate decreased as indi-
cated by the approximate linear function R = 0.011¢ +
+0416 ug- g -h™, ie, approximately 0.011 pg - g - h™
(Fig. 1).

Disappearance of pyrimethanil and cyprodinil
in the worker bee population 2 and 4 days after
application of Faban 500 SC and Chorus 50 WG
Based on the average residues found in/on worker bee
2 (pyrimethanil) and 4 (cyprodinil) days after treat-
ments, Equation 1 was determined (Table 7).
According to the correlation coeflicient, cyprodinil
and pyrimethanil residues had a strong negative cor-
relation with time ¢ (= —0.998; r* = 0.8371) (Fig. 2,
Eq. 1). A comparison of the exponential disappear-
ance constants showed that cyprodinil and pyrimeth-
anil residues decreased at similar rates (¢,,= 4.7 and
4.9 days, Eq. 2) as on leaves and pollen and was signifi-
cantly slower than on flowers.

Initial quantities (R) of pyrimethanil

and cyprodinil versus their application rates (D)
Derived from Equation 1 (Fig. 2), initial residues (R )
of pyrimethanil and cyprodinil found in worker bee
populations were 1.82 and 1.48 ug - g*'. The ratios of R

m from0.25t04 h ¢ from3to10h

y=0.1149x + 0.108
r=0.8546

TU’
=y 0.8 y=0.011x+0.416
c 06 r'=0.1993
S [
w 04
[
(e5
0.2
0.0
0 2 4 6 8 10

Hours after application

Fig. 1. Approximate estimation of the rate of changes in
cyprodinil content in the honeybee population on the day of
treatment

Table 7. Parameters of the exponential disappearance of
pyrimethanil and cyprodinil residues in the worker bee
population from May 2nd to 20th (i.e., from the third day after
Faban 500 SC application) and from May 6th to 20th (i.e., from
the 5th day after Chorus 50 WG application)

Parameter Pyrimethanil Cyprodinil
R, lMg-g] 2411 2.6993
k [day] 0.141 0.149
t, [day] 4.9 4.7
r 0.8371 0.998

R, - initial concentration of the pesticide, k- rate constant (day™');
t,, — dissipation half-life (day™'); r* - coefficient of determination
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Fig. 2. The course of intoxication of the worker bee popu-
lation in the apple orchard with pyrimethanil (exponential
disappearance; beginning: the third day after treatment) and
cyprodinil (residue accumulation on the day of treatment
and exponential disappearance; beginning: the fifth day after
treatment)

to D, estimated for pyrimethanil (D = 0.375 kg - ha™)
and cyprodinil (D = 0.150 kg - ha™) were 4.8 and
9.9ug-g ' kg Theiraveragevaluewas7.4ug-g' kg™,
hence, the residue of any other pesticides disappear-
ing at a constant rate k = 0.145 day’, at a given ¢-time
after spraying may be estimated using the approximate
formula:

R =74xDe*"'ug-g.

External factors affecting the amount

of pyrimethanil, cyprodinil and cyflufenamid
transferred from an apple tree of Idared
variety to a hive

Relationship between paired average residues

of pyrimethanil, cyprodinil and cyflufenamid
Spearman’s correlation coefficient (r), a statistical
measure of the strength and direction of the monot-
onic relationship between two paired variables, made
it possible to find the correlations between residues
of pesticides transported to the hive. Therefore, the r,
was calculated for comparison of paired residues of
pyrimethanil vs. cyprodinil and cyflufenamid, and of
cyprodinil vs. cyflufenamid on leaves and flowers and
in pollen (the result of spraying blooming apple trees),
in/on worker bees (contact with pesticide deposits)
and in broods, honey and wax (the result of transport
of pesticides to the hive by worker bees).

There was a very strong, almost perfect, positive mo-
notonic correlation between pyrimethanil and cyprod-
inil (r = 1.00 and 1.00), pyrimethanil and cyflufenamid
(r.=0.97 and 0.98) and cyprodinil and cyflufenamid
(r.=0.99 and 0.98) residues found in/on leaves and
flowers. It is understandable, because the content
of these pesticides in flowers and leaves reached the
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highest value (R ) during the treatment (for ¢ = 0) and
then declined according to exponential decreasing
function at a very similar rate.

The process of changes in the content of test pesti-
cides in pollen is slightly different than in flowers and
leaves or in worker bees, as it follows the processes of
real disappearance and of biological dilution caused by
the production of new pollen without pesticides. Nev-
ertheless, a very strong correlation between residue
levels of pyrimethanil and cyprodinil (r, = 0.98) was
noted.

In the case of worker bees, a very strong Spearman’s
correlation between pyrimethanil and cyflufenamid
(r.= 0.98) was found but there was no correlation be-
tween residues of pyrimethanil and cyprodinil. How-
ever, it should be stated that the residues of cyprodinil
began to gather from zero level (an increasing part
of the function) and when the rate of accumulation
(the contact, e.g., with flowers) was equal to the rate
of real disappearance, i.e., after no more than 2 days,
the change in residues followed in accordance with an
exponential decreasing function, so, in total, did not
meet the condition for monotonicity of the function.

Bees that have contact with pesticides carry them
to the hive (Piechowicz et al. 2018; Piechowicz et al.
2021b). Pesticides, along with food (Bohme et al
2017), enter the larvae and can be fouind in honey and
wax (Calatayud-Vernich et al. 2018). Their presence in
the hive and brood is also confirmed by our research
(Table 8). However, only a moderately strong correla-
tion was found between the residues of these pesticides
in broods and honey and their lack in wax (r,= 0.54,
0.51 and 0.31, respectively).

The relationship between the average residues
found in samples of different types

Spearman’s correlation coefficients of a relationship
between the average residues of pyrimethanil, cyprod-
inil and cyflufenamid found in samples of different
types were also calculated. The residues of pyrimeth-
anil and cyprodinil in flowers were very strongly, al-
most perfectly, correlated with their residues in leaves
(r.=0.99 and 0.98) and pollen (r,= 1.00 and 0.95), and
the residues of cyflufenamid with its residues in leaves
(r.=0.99). There was also a strong or very strong cor-
relation between the content of pyrimethanil and cy-
flufenamid in bees vs. flowers (r = 0.78 and 0.79) and
leaves (r =0.86and 0.75) and of pyrimethanil in bees vs.
pollen (r = 0.81). These relationships indicate that the
residues found in the hive come from the surrounding
cultivation, and not from other areas where the same
pesticides would be used, but according to a different
treatment calendar. What is particularly noteworthy is
the strong correlation of the remains of deep and con-
tact-acting pyrimethanil and systemic cyflufenamid in
bees and leaves. From the leaves, bees obtain guttation
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water for drinking and cooling the nest. Such water
may also contain systemic or even deep-seated PPPs
(Sadto et al. 2014), or residues of PPPs (Hrynko et al.
2021) which were also transported together with the
water into the plant. Water is obtained by the oldest
collectors, who, due to their age, are no longer capa-
ble of long flights. This may mean that they are largely
responsible for the residues observed in the samples
from the hives.

The Kruskal-Wallis test showed that there was very
strong evidence of statistically significant differenc-
es between the concentrations of fungicide residues
found in different types of samples:

1) pyrimethanil:

- brood and honey vs. leaves (p-value = 0.0035 and

0.0019), flowers (p-value = 0.0 and 0.0) and bees

(p-value = 0.0001 and 0.0000),

- wax and pollen vs. brood (p-value = 0.0007 and

0.0000) and honey (p-value = 0.0004 and 0.0000);
2) cyprodinil:

- brood and honey vs. leaves (p-value = 0.0062 and

0.0012), flowers (p-value = 0.0000 and 0.0000) and

bees (p-value = 0.0015 and 0.0003),

- wax and pollen vs. brood (p-value = 0.0006 and

0.0000) and honey (p-value = 0.0001 and 0.0000);
3) cyflufenamid:

— worker bees vs. flowers (p-value = 0.0169),

-brood, honey and wax vs. leaves (p-value = 0.0022,

0.0177 and 0.0042) and flowers (p-value = 0.0000,

0.0002 and 0.0000),

- pollen vs. bees (p-value = 0.0014), brood

(p-value = 0.0000), honey (p-value = 0.0000) and

wax (p-value = 0.0000).

The assessment of exposure of honeybees

to pyrimethanil, cyprodinil and cyflufenamid
used in the orchard during the flowering
period of Idared

Pyrimethanil, cyprodinil and cyflufenamid residues
were found in all samples of worker bees, broods, honey
and wax. Probably, those samples also contained other,
unidentified pesticides that were applied immediately
before and especially during flowering, e.g., dithianon
(Faban 500 SC).

Pyrimethanil and cyprodinil (anilinopyrimidine
group) used in the orchard against Gray mold Botrytis
cinerea, are inhibitors of many fungal enzymes, includ-
ing polygalacturonase, cellulase, proteinase and laccase
(Milling and Richardson 1995). They also disturb the
synthesis of ergosterol — the main sterol of fungal cell
membrane (Aleksi¢ et al. 2019), and methionine (Fritz
et al. 2003). Pyrimethanil is a compound that also has
a strong cytotoxic effect on Animalia cells (Aleksi¢ et al.
2019). It disrupts the normal development of orga-
nisms (Bernabo et al. 2016), increases reactive oxygen
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stress levels and heightens the activity of superoxide
dismutase and catalase (Meng et al. 2020).

Phenylacetamides (represented in these studies by
cyflufenamid) are compounds whose main mecha-
nism of action is the disruption of ergosterol synthesis
in fungal cell membranes. They are also inhibitors of
DNA synthesis through the inhibition of thymidylate
synthase (Ferreira et al. 2021). In addition to fungi-
cidal properties, some of them also have strong bacte-
ricidal properties (Yele et al. 2021). Cyflufenamide also
interferes with the function of the thyroid gland, heart,
kidneys and brain, and is an inducer of microsomal
enzymes, causing liver damage (Stavnichenko et al.
2016).

Despite the presence of residues of pyrimethanil,
cyprodinil and cyflufenamid in wax (the main mate-
rial of the hive), in honey (the only source of energy
for overwintering bees) and in pollen (the source of
protein for developing broods), during nearly a month
of research, we observed no changes in the condition
of the studied bee colonies. This may be related to the
low level of insect intoxication, respectively 0.22% LD,
(after food and contact intoxication) for pyrimethanil,
<0.01% LD, for cyflufenamid (after food and contact
intoxication) and 0.24% LD, after contact intoxication
and 0.16% after food intoxication LD, for cyprod-
inil (Eq. 3) (PPDB 2022). Also, Wu et al. (2011) and
Smith et al. (2020) indicated that small doses of pesti-
cides do not significantly affect the work of future gener-
ations of workers. Grassl ef al. (2018) and Doublet et al.
(2015) did not observe an increase of susceptibility to
diseases in bees subjected to low doses of pesticides,
and according to Pohorecka et al. (2017) and Almas-
ri et al. (2020) the ability of their families to wintering
was not weakened. The families used in our research
are still alive (their mothers were replaced in 2021).

The assessment of exposure of honey
and pollen consumers to pyrimethanil,
cyprodinil and cyflufenamid

Bee honey

Honey is considered to be a natural health-promot-
ing product and is recommended in various diets
(Bogdanov 2006; Meo et al. 2017). For this reason, the
standards set for pesticide residues are very rigorous
(EU Pesticide Database 2022). Meeting such standards
is a serious problem for producers of honey obtained
from crops that are intensively protected with chemi-
cals during flowering against fungal diseases (Piecho-
wicz et al. 2018; Piechowicz et al. 2019).

In honey, residues of all three pesticides (Table 8)
were detected, with pyrimethanil and cyprodinil be-
ing found in all samples, with the largest amounts
of 0.09 and 0.23 pg - g, respectively, representing
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180 and 460% MRL (Eq. 4) of the MRL. Residues of
cyflufenamid were only found in samples taken on
May 6 (0.02 pg - g™'; 40% MRL). Exceeding the per-
missible levels means that the tested honey cannot be
sold. However, assuming an average daily honey con-
sumption of 0.00129 kg per person, the daily intake of
test pesticides, calculated according to Equation 5, in
any case did not exceed 0.02% of the ADI. Safe con-
sumption of honey containing the highest amounts of
pyrimethanil, cyprodinil and cyflufenamid, calculated
in accordance with Equation 6, amounted to 143.6, 9.9
and 152.0 kg, respectively, which means that despite
significant MRL violations and the probable occur-
rence of other pesticides, such honey is completely safe
for consumption.

Pollen
Bee pollen brought into the beehive by gatherers is
considered to be a bee product and therefore the same
MRLs apply to it as for honey (EU Pesticide Database
2022). The residues of pyrimethanil and cyprodinil
ranged, respectively, 0.35-7.18 and 0.35-7.94 pg - g7,
while cyflufenamid ranged 0.09-0.17 pg - g* and only
in samples collected from May 2 to 13 (Table 8). Their
highest levels were, respectively, 14360, 15880 and
340% of the MRL (Eq. 4) and, as a result, this product
is not suitable for sale. Such a high concentration of
residues is related to the structure of anthers in apple
flowers. They are exposed high above the calyx, and
thus strongly exposed to protective treatments. Ad-
ditionally, the complex structure of the pollen surface
(Evrenosoglu and Misirli 2009) increases its contact
with the applied chemicals. The nectar that is dedicat-
ed to bees for pollination is produced in the structures
hidden deep inside the flower calyx. Therefore, much
less of protective preparations get into it than settle on
the surface of the pollen. As a result, the residues de-
tected in the honey made from nectar are also signifi-
cantly smaller.

Due to the lack of information on annual bee pollen
production, the %ADI and C_, were not estimated.

Conclusions

1. Two days after Faban 500 SC and Kendo 50 EW,
and on the day of Chorus 50 WG application, py-
rimethanil residues on leaves, flowers of apple
trees and pollen were as follows: 1.45 pg per cm?,
11.51 pg per single flower and 7.18 pg - g7', cy-
prodinil: 1.35 pg per cm?, 8.64 ug per single flower
and 7.94 pg - g, and cyflufenamid: 0.064 pg per
cm?, 0.266 pg per single flower and 0.11 ug - g™,
respectively. All of them disappeared exponen-
tially (constant rates: pyrimethanil — 0.150, 0.224
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and 0.159 day!; cyprodinil — 0.131, 0.208 and
0.152 day! and cyflufenamid — 0.2, and 0.25 day™).

2. In the honeybee workers, the residues of py-
rimethanil, cyprodinil and cyflufenamid immedi-
ately after the treatment amounted to, respectively,
1.81pg-g',upto0.55 ug - g'and 0.04 pg - g

3. The intoxication of worker honeybees by cy-
prodinil started from a zero level and then within
about 4 h its content increased at the rate of
0.1149 pg - g' - h'',

4. From the 5th day after application of cyprod-
inil, its residues decreased exponentially (R, =
= 2.6993¢%1%")  as did the pyrimethanil content
from the 3rd day after spraying (R,= 2.411e™*").

5. The residues of all chemicals used were found in
brood samples, honey and wax.

6. Inno case did the residues of pyrimethanil, cyprod-
inil and cyflufenamid in worker bees exceed 0.3%
of the LD, .

7. The residues of pyrimethanil, cyprodinil and cy-
flufenamid in honey accounted for 180, 460 and
40% of the MRL.

8. The daily intake of pyrimethanil, cyprodinil and
cyflufenamid did not exceed 0.02% of the Accept-
able Daily Intake (4DI) established for honey and
the safe consumption level by an adult consumer of
such honey was not less than 9.9 kg.
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