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Abstract
Pesticides threaten biodiversity, but we know little about how they permeate food webs. Few studies have investigated the 
number, concentration, and composition of pesticides in agroecosystem food webs even though agroecosystems cover one-
third of Earth’s land area. We conducted a pioneering study on the distribution of pesticides across local (i.e., on farm) and 
meta food webs (i.e., regional pool of local food webs) within both perennial (N = 8) and annual crops (N = 11), examining 
four trophic groups—soil (primary resource), plants (primary producers), rodents (herbivores), and spiders (predators)—for 
the presence of multiple residues, and comparing these findings to pesticides applied by farmers in recent years. We also 
undertook interviews with farmers to obtain the most precise information about pesticide applications in their fields. We 
detected a wide spectrum of pesticides in both annual and perennial crop types. Pesticides applied by farmers represented 
only a small proportion of all detected pesticides, indicating that pesticides entered local food webs from surrounding 
landscapes. Some detected pesticides had been banned by the European Union several years ago, which is highly alarming. 
Trophic group mobility and crop type drove pesticides number at local scale, as mobile groups contained larger numbers of 
pesticides (probably from encountering wider spectra of pesticides). At a meta scale, spiders contained the highest number 
of detected pesticides in perennial crops but lowest diversity in annual crops. This might be explained by how spiders’ func-
tional traits are selected in different crops. Insecticides and fungicides concentrations mostly increased with trophic level, 
indicating bioaccumulation. Herbicides concentration were highest in plants suggesting (bio)degradation. As bioaccumula-
tion outweighed (bio)degradation, pesticides increased overall with trophic level. Therefore, the distribution of pesticides in 
agroecosystem food webs was affected simultaneously by several mechanisms and depended upon trophic group, crop type, 
and, probably, surrounding landscape.
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1  Introduction

Pesticides application is among the major factors responsi-
ble for ongoing biodiversity loss (Sánchez-Bayo and Wyck-
huys 2019; Li et al. 2020; Raven and Wagner 2021) and 
also constitutes a serious threat to human health (Shelton 
et al. 2014). Although pesticides are strictly regulated in the 
European Union, these regulations fail to conserve biodiver-
sity, mostly because they are based on outdated principles of 
environmental risk assessment (Brühl and Zaller 2019; Top-
ping et al. 2020). For example, no study to date has inves-
tigated the simultaneous distribution of multiple pesticides 
in agroecosystem food webs. Such studies are necessary to 
disentangle pesticides’ direct and indirect effects (Stark and 
Banks 2003; Desneux et al. 2007) on biodiversity (Bernhardt 
et al. 2017; Bakker et al. 2022).
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Several studies have investigated bioaccumulation of 
pesticides in off-crop aquatic food webs (e.g., Coat et al. 
2011; Verhaert et al. 2017; Tongo et al. 2022). Usually, these 
have followed the fate of one or a few preselected pesticides 
to test their ability to penetrate off-crop ecosystems while 
not gathering data on these residues’ concentration levels 
(Brühl et al. 2021). Studies are also needed, however, to 
investigate how pesticides permeate directly into terrestrial 
food webs of agroecosystems. Inasmuch as agroecosystems 
cover 38% of the global land surface (FAO 2021), pesticide 
impact on biodiversity in agroecosystems will strongly affect 
biodiversity at the global scale. Moreover, because multiple 
pesticides are applied repeatedly during the season, in order 
to obtain a more realistic picture and investigate factors 
affecting distribution of pesticides in food webs, we need 
to screen food webs for multiple pesticides simultaneously 
during whole seasons rather than just one time and for a few 
preselected pesticides that are repeatedly applied by farmers 
(Brühl and Zaller 2019).

Several interacting factors can potentially affect the dis-
tribution of pesticides in agroecosystem food webs, includ-
ing differences in concentration, composition, and number 
of pesticides among different trophic groups. Pesticides 
concentrations in food webs can increase with trophic level 
due to bioaccumulation (Coat et al. 2011; Verhaert et al. 
2017), but, because some pesticides are also relatively easily 
degradable or biodegradable (Rodriguez-Cruz et al. 2006; 
Zabaleta et al. 2018), their concentrations may theoretically 
be highest in the target pest organisms and lower in other 
trophic levels. For example, concentrations of easily (bio)
degradable insecticides may be highest in herbivores but 
lower in predators, plants, and soil. Another organismal 
functional trait that may potentially affect the distribution 
of pesticides in crop food webs is the mobility of organisms 
(Knapp et al. 2023). Sedentary organisms and relatively sta-
tionary entities such as plants and soil will most likely mir-
ror the locally applied spectrum of pesticides while mobile 
organisms that move across the agricultural landscape may 
encounter wider spectra of pesticides (Drouillard 2008; 
Knapp et al. 2023). On the other hand, mobile animals are 
often able to hide during pesticide applications and labo-
ratory experiments suggest that some animals can actively 
avoid surfaces containing residues of some pesticides (Pekár 
2012). These abilities may reduce direct contact with pesti-
cides and, consequently, the spectra and concentrations of 
pesticides in the bodies of such animals.

In addition to the functional traits of organisms, environ-
mental factors, too, can influence the distribution of pesti-
cides in food webs as they affect the bioaccumulation and 
(bio)degradation potentials of pesticides (Svobodová et al. 
2018; Fritsch et al. 2022; Sabzevari and Hofman 2022). Per-
ennial and annual crops may, theoretically, show different 
patterns in distribution of pesticides within their food webs 

as perennial crops have more stable environments. Food 
webs in annual crops are greatly disturbed by complete crop 
removal and are influenced by recolonization of organisms 
every year (Mestre et al. 2018; Knapp et al. 2022), whereas 
various organisms overwinter, reproduce, and have viable 
populations within perennial crops (Michalko et al. 2022). 
Food webs from annual crops may contain more diverse 
spectra of pesticides than do food webs in perennial crops 
as higher proportions of organisms spill over from surround-
ing landscape to annual than to perennial crops. Therefore, 
these organisms might come into contact with more diverse 
spectra of pesticides (Drouillard 2008). On the other hand, 
pesticides may have more time to bioaccumulate during 
several animal generations within the food webs of peren-
nial crops than within those of annual crops. Theoretically, 
therefore, organisms in perennial crops might contain higher 
concentrations and greater diversity of pesticides.

It is also important to take spatial scale into account, as 
the patterns may hypothetically change between local food 
webs (i.e., on farm scale) and meta food webs (i.e., regional 
pool of local food webs). Highly mobile organisms may con-
tain large numbers of pesticides at the scale of a local field 
(i.e., alpha diversity), but, due to their movement among 
local fields, the between-fields differences (i.e., beta diver-
sity) might be small. Just the opposite might be true for sed-
entary organisms (i.e., small alpha but large beta diversity). 
Consequently, the overall number of pesticides across meta 
food webs (i.e., gamma diversity) might be similar between 
mobile and sedentary organisms.

In the present study, we investigated the concentration, 
diversity, and composition of pesticides in food webs of 
perennial and annual crops. The crops were distributed 
across the main areas of intensive agriculture landscapes 
of Czechia, and we sampled them through two full grow-
ing seasons during 2020 and 2021. We systematically 
compiled data on pesticide treatments from farmers in 
their fields, commencing in 2018 and extending through 
the subsequent sampling years. We screened four groups 
representing four trophic levels within a food web—soil as 
the primary resource, plants to represent primary produc-
ers, herbivorous small terrestrial mammals (rodents) rep-
resenting herbivores, and spiders representing predators 
(not preying on rodents). We screened these four groups 
for multiple residues of pesticides and compared them to 
the applied pesticides. We tested five broader hypotheses: 
H1—landscape hypothesis, according to which we expect to 
detect pesticides that were not directly applied by farmers. 
H2—bioaccumulation hypothesis, according to which con-
centration will increase with trophic level. H3—(bio)deg-
radation hypothesis, according to which concentration will 
be highest at the trophic level of a pest to which a pesticide 
is targeted (e.g., herbicides will have concentration high in 
plants but lower in soil, rodents, and spiders). H4—exposure 
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hypothesis (H4a—direct vulnerability hypothesis, according 
to which highest proportion of applied agrochemicals will 
be found in stationary organisms/entities (i.e., plants and 
soil), because they cannot hide during agrochemical appli-
cations. H4b—movement hypothesis, according to which 
rodents will contain the highest number of pesticides and 
the pesticides applied by local farmers will represent lower 
proportions of overall pesticide spectrum inside their bod-
ies than in other less mobile trophic groups. This is because 
rodents are largest and have the broadest home ranges of 
the studied trophic groups. Therefore, they are exposed to a 
more diverse spectrum of pesticides.) H5—habitat hypoth-
esis, according to which organisms in annual crops will have 
broader diversity of pesticides than will those in perennial 
crops due to the greater importance of spillover of organ-
isms from surrounding landscapes in annual than in peren-
nial crops.

2 � Material and methods

2.1 � Studied regions and agroecosystems

The study was conducted in typical European agricultural 
landscape within the Czech Republic’s Southern and Central 
Moravia and Central Bohemia regions. The studied regions 

well represent Czech arable lowland landscapes character-
ized by homogeneous large-scale agriculture fields, includ-
ing various annual crops (mostly cereals and oilseeds) and 
perennial crops (mostly orchards). Most of these areas have 
been quite intensively cultivated since the 1950s. Surround-
ing landscapes consist mostly of various small-scale, non-
production habitat types, such as meadows, shrub lands, and 
deciduous and coniferous forest stands. Within the studied 
regions, we selected agriculture fields at 19 different loca-
tions and including 11 locations with annual and 8 loca-
tions with perennial crops (Table 1). Perennial crops were 
represented by 2 sites consisting of vineyards, 3 sites at pear 
orchards, and 1 site at each an apricot, a plum, and a peach 
orchard. As the research was conducted during a 2-year 
study, annual crops changed in each of the 11 locations 
according to each farmer’s crop rotation system (Fig. 1). 
The following annual crops were grown during the 2 years 
of the study years (number of fields shown in parentheses): 
oilseed rape (5), wheat (9), barley (2), pea (2), mustard (1), 
and sugar beet (3). The selection of study areas reflected the 
need to focus on the widest possible spectrum of crop types 
and with it the related spectrum of pesticides used for plant 
protection.

All study sites were treated with various types and 
amounts of pesticides according to the specific crop sys-
tem, farming company, and year of application in each case. 

Table 1   Characteristics of individual study sites (agroecosystems) 
located across South Moravia and Central Bohemia in the Czech 
Republic. Annual crops underwent changes at each of the 11 loca-

tions over the 2-year sampling period, in accordance with the crop 
rotation systems employed by individual farmers.

No. of 
location

Agroecosystem type Crop type Region Cadastre GPS Altitude 
(m.a.s.l)

2020 2021

1 Annual Wheat Sugar beet South Moravia Polkovice 49°23'5.49"N 17°15'42.67"E 208
2 Annual Barley Wheat South Moravia Polkovice 49°21'19.84"N 17°14'12.26"E 235
3 Annual Oilseed rape Wheat South Moravia Polkovice 49°23'10.92"N 17°16'6.78"E 244
4 Annual Sugar beet Barley South Moravia Polkovice 49°23'6.04"N 17°13'17.27"E 249
5 Annual Sugar beet Wheat South Moravia Polkovice 49°22'45.26"N 17°15'1.67"E 226
6 Annual Oilseed rape Wheat Central Bohemia Dobrovíz 50° 7'23.00"N 14°13'2.54"E 343
7 Annual Wheat Pea Central Bohemia Dobrovíz 50° 6'24.59"N 14°12'24.58"E 359
8 Annual Wheat Pea Central Bohemia Chleby 50°13'52.94"N 15° 5'8.11"E 198
9 Annual Oilseed rape Wheat Central Bohemia Chleby 50°14'10.61"N 15° 4'35.39"E 202
10 Annual Oilseed rape Mustard Central Bohemia Klíčany 50°12'17.87"N 14°25'17.24"E 252
11 Annual Wheat Oilseed rape Central Bohemia Klíčany 50°11'58.44"N 14°27'19.96"E 279
12 Perennial Plum Plum South Moravia Litenčice 49°12'34.93"N 17°11'55.40"E 445
13 Perennial Apricot Apricot South Moravia Kobylí 48°55'59.32"N 16°55'33.28"E 281
14 Perennial Peach Peach South Moravia Kobylí 48°56'38.55"N 16°55'1.79"E 198
15 Perennial Pear Pear South Moravia Velké Bílovice 48°50'48.52"N 16°55'6.40"E 196
16 Perennial Pear Pear South Moravia Velké Bílovice 48°51'32.70"N 16°55'31.87"E 225
17 Perennial Pear Pear South Moravia Lužice 48°50'0.22"N 17° 4'33.96"E 164
18 Perennial Vineyard Vineyard South Moravia Morkůvky 48°58'17.44"N 16°51'9.68"E 223
19 Perennial Vineyard Vineyard South Moravia Hustopeče 48°55'51.33"N 16°45'51.24"E 198
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Generally, farmers applied considerably larger amounts of 
various pesticides to annual than to perennial crops. This 
is mainly due to the high-input requirements of conven-
tional farming in arable fields. The earliest application of 
pesticides was at the beginning of the season during March/
April and the latest was at the end of the growing season 
in September/October. As we aimed to screen all possible 
pesticide residues in our study locations, we conducted a 
questionnaire survey among farmers managing the studied 
locations. We gathered information on pesticide treatments 
(trade names, active ingredients, and dates of application) 
since 2018 inclusive of the sampling years 2020 and 2021. 
The data utilized for comparing farmers’ application prac-
tices with detected pesticide residues are publicly available 
on the Zenodo data repository (Michalko et al. 2023).

2.2 � Sampling design

We focused on four parts of food webs: soil (primary 
resource), primary producers (represented by plant veg-
etation) and consumers with small terrestrial mammals 
(rodents) as herbivores and spiders as arthropod predators 
(Fig. 1).

Sampling was conducted during the 2020 and 2021 veg-
etation seasons. The exact periods and sampling techniques 
differed according to the target groups. Because we were in 
direct communication with farmers, we gathered information 

about exact planned application dates in their crops for both 
sampling years. Accordingly, all samples were collected at 
least 10 days after pesticide application during the entire 
growing/sampling seasons at all study sites. We were par-
ticularly cautious not to collect samples immediately after 
the application of agrochemicals in the fields. Our aim was to 
prevent the deposition of recently sprayed pesticides, ensur-
ing an unbiased interpretation of the bioaccumulation of resi-
dues in the target groups. After each field collection, sam-
ples were transferred to the laboratory and stored in a freezer 
(− 20 °C) until screening for pesticide residue compounds.

Soil samples were collected from the 0–25 cm layer by 
steel spade, which is the depth most relevant for the occur-
rence of pesticides (Pose-Juan et al. 2015). Five subsam-
ples of the same weight (about 1.5 kg) were taken randomly 
across each agroecosystem and mixed together. In annual 
crops, sampling was performed about 2 weeks before har-
vesting (usually in June, depending on the annual crop) after 
lapse of the protective preharvest interval from the final pes-
ticide application in each year. Soil samples in perennial 
crops were collected in August of both years, usually cor-
responding to a time after the last pesticide applications of 
the season according to the type of crop.

For plant samples, 15 subsamples of agricultural crops 
(in arable fields of annual crops) or herb vegetation (peren-
nial crops—vineyards and orchards) were taken equally and 
randomly across each agroecosystem, then mixed together. 

Fig. 1   An illustrative over-
view of the study’s conceptual 
framework designed to elucidate 
the distribution of pesticide resi-
dues and their bioaccumulation 
across four trophic levels within 
both perennial and annual 
agroecosystems, spanning the 
agricultural landscape of the 
Czech Republic. Graphic vector 
elements downloaded from 
https://​www.​vecte​ezy.​com/.

https://www.vecteezy.com/
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Together, the combined subsamples weighed at least 1 kg. 
Plants were collected at the same time as were the soil 
samples in all studied agroecosystems for both years. To 
ensure consistency in the collection of plant samples for 
residual analysis in both types of agroecosystems, only 
the above-ground parts of plants—specifically, stems with 
leaves were gathered. The similarity in plant species com-
position between the vineyard and orchard agroecosystems 
was attributed to regular mowing and occasional mulching, 
which promoted habitat homogeneity.

Small mammals were snap-trapped in each agroecosys-
tem during May–June and November in both years. These 
times cover periods of rodents’ greatest activity in agro-
ecosystems (Suchomel et al. 2012). Wood mouse (Apode-
mus sylvaticus) and common vole (Microtus arvalis) were 
sampled with a maximum 10 specimens of each species 
per locality and year. To ensure sufficient data for statisti-
cal analysis, both species were categorized as herbivores, 
given their predominant herbivorous trophic ecology (Abt 
and Bock 1998; Jacob et al. 2014). Altogether 340 rodent 
specimens were collected. Sampling was conducted at least 
100 m from the edge of the field in the direction of the center 
of the pesticide-treated agroecosystem in order to avoid the 
edge effect of surrounding habitats. To measure the content 
of pesticides residues in small mammal bodies, kidneys and 
livers were dissected from each rodent specimen in the labo-
ratory. To acquire the minimum weight needed for analyses, 
dissected tissues were mixed depending on the weight (5 g 
for liver and 1.5 g for kidney), usually 3–5 samples together.

To obtain the required sample weight (3 g) per location 
and year, spiders were collected intensively in both years 
during May–June and August–September, which months 
correspond to spiders’ greatest activity in European agroeco-
systems (Samu and Szinetár 2002). Due to the large amount 
of arthropod biomass required for pesticide residue analyses, 
sampling was carried out by three intensive methods simulta-
neously with the aim of collecting sufficient amounts within 
a wide spectrum of functionally different groups of spiders. 
Dry pitfall trapping and sweep-netting were used as sam-
pling methods to collect ground-dwelling and vegetation-
dwelling spiders, respectively. Beating of lower branches 
over a cloth tray was employed as an additional method to 
collect foliage-dwelling spiders in perennial crops of fruit 
orchards. The species composition was remarkably similar 
within each of sampling method across the agroecosystems 
studied, characterized by a predominance of species typical 
for both perennial agroecosystems of orchards and vineyards 
(Buchar and Růžička 2002). Additionally, typical agrobiont 
spiders were dominant in annual crops (Michalko and Birk-
hofer 2021). Therefore, selected methods were employed to 
capture different functional groups that would best reflect 
pesticide bioaccumulation in spiders. Sampling of spiders 
was conducted at the same spatial scale in pesticide-treated 

agroecosystems as was sampling of small mammals. Col-
lected spider specimens were kept alive separately in jars, 
transported to the laboratory, then stored in a freezer.

2.3 � Analysis of pesticide residues

The occurrence of pesticide residues including their metabo-
lites in collected samples was determined by a method tar-
geting 300 analytes selected in accordance with a prelimi-
nary sample screening, the questionnaire-based survey of 
farmers, and the Registration Database of Plant Protection 
Products in the Czech Republic (Central Institute for Super-
vising and Testing in Agriculture 2023). Further, a wide 
scope screening method was used to quantify other types of 
chemical analytes, such as older and now forbidden pesti-
cides including their metabolites. The detected metabolites 
were incorporated into the chosen category of insecticides, 
herbicides, and fungicides for further analysis, given their 
common occurrence within food webs (Goutte et al. 2020). 
Limits of quantification (LOQs) for all analytes and their 
metabolites were ≤ 10 ng/g, except that these were ≤ 50 ng/g 
for glyphosate and its metabolite aminomethylphosphonic 
acid. The extraction procedure was based on the QuECh-
ERS (quick, easy, cheap, effective, rugged, and safe) method 
(Yang et al. 2010; Mei et al. 2011; Kosubová et al. 2020). 
For all samples, liquid chromatography–high-resolution 
mass spectrometry (LC/HRMS) analysis was performed on 
a Q Exactive Focus high-resolution mass spectrometer. An 
UltiMate 3000 liquid chromatograph and Zorbax Eclipse 
XDB-C18 separation column (2.1 × 150 mm, 5 μm; Agilent) 
were used for component separation. The subsequent ana-
lytical process varied based on the given entity/trophic group 
(see Supplementary Material 1 for detailed information.)

2.4 � Statistical analyses

2.4.1 � Diversity of pesticides

The analyses were performed in R (R Development Core Team 
2023) and EstimateS 9.1.0 (Colwell 2019). At the local food 
web scale, we compared the number of detected pesticides 
among the four groups by generalized mixed effects models 
(GLMM) with Poisson error structure (GLMM-p) and log 
link because several measurements were taken in a same field 
and data were counts (Zuur et al. 2015). There was no prob-
lem with data dispersion in the GLMM-ps (φ < 1.25, p > 
0.100). The field IDs served as random effects while the factor 
group (levels: soil, plants, rodents, and spiders), the factor year 
(levels, 2020, 2021), and their interactions acted as the fixed 
effects. Significance was tested by log-ratio likelihood. We 
analyzed the perennial and annual crop food webs separately to 
avoid computational problems, and therefore, we compare only 
the differences in qualitative patterns between the crop types at 
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local scale. We used the R package glmmTMB (Brooks et al. 
2017) to run all GLMMs.

At the meta food web scale, we compared the numbers of 
detected pesticides among the groups and within the groups 
between the crop types by sample-based rarefaction curves 
based on 1000 iterations and overlap of their 95% confidence 
intervals (Colwell 2019). A sample was represented by a field 
within a year.

2.4.2 � Proportional representation of applied pesticides

First, we compared what proportion of all locally applied pes-
ticides was detected within a group. We then compared what 
proportion the locally applied pesticides that were detected 
represented in the overall spectrum of locally detected pesti-
cides. We analyzed both by GLMM with beta error structure 
(GLMM-beta) because the data were bounded within the (0,1) 
interval (Zuur et al. 2015). Because some values reached 0 
or 1, however, which is not allowed in beta distribution, we 
transformed 0s to 0.025 and 1 s to 0.975. The structure of the 
random and fixed effects was the same as described above (i.e., 
group*year +(1|field); see subsection 2.4.1).

2.4.3 � Concentration of pesticides

First, we analyzed overall concentrations of pesticides and 
then mean concentration of pesticides. This is because some 
organisms may contain many pesticides but in low concentra-
tions while other organisms may contain few pesticides but in 
high concentrations. After that, we analyzed concentrations of 
particular pesticides types (i.e., insecticides, herbicides, and 
fungicides) separately for each crop type. We analyzed each 
pesticide type separately to avoid computational problems. In 
annual crop food webs, there was not enough data (not found 
or no samples were collected) for insecticides, fungicides, and 
herbicides to analyze the 2 years separately, so we analyzed 
only the effect of trophic group. In rodents, where livers and 
kidneys were analyzed, we used the average amount between 
these two organs. We used GLMMs with gamma error struc-
ture and log link (GLMM-g) because the data were continuous 
and heteroscedastic (Zuur et al. 2015). For perennial crops, the 
fixed and random effects were the same as described above 
(i.e., group*year +(1|field); see subsection 2.4.1). For the 
annual crops, we did not analyze the effect of year but only 
the effect of the factor group (i.e., group+(1|field)).

3 � Results and discussion

3.1 � Overview

During the years 2018–2021, farmers applied 46 pesticides 
in the perennial crops and 80 pesticides in the annual crops 

(Michalko et al. 2023, Zenodo data repository). Across 
the sampled target trophic groups (soil, plants, rodents, 
and spiders) and studied annual and perennial crops, a 
total of 84 pesticide compounds were detected, including 
31 fungicides, 30 herbicides, and 23 insecticides. Several 
pesticide metabolites, such as aminomethylphosphonic 
acid (AMPA) from the herbicide glyphosate and ketocar-
bofuran from the insecticide carbofuran, were detected 
throughout both years of the study. The total number of 
substances detected above the LOQs for all entities made 
up 28% of all substances for which analytical screening 
was performed. The diversity of detected pesticides was 
notably high, encompassing substances recently registered 
for plant protection systems and many prohibited agro-
chemicals that are not permitted for use (Kosubová et al. 
2020). For a comprehensive list of applied and detected 
pesticide compounds, including their metabolites, please 
refer to the dataset available on the Zenodo data repository 
(Michalko et al. 2023).

In soil of the perennial crops, we detected 13 pesticides, 
and the pesticide detected most frequently was the fungi-
cide boscalid (56%, N = 9). In soil of the annual crops, we 
detected 30 pesticides, and the pesticides detected most 
frequently were the fungicide epoxiconazole (41%, N = 9), 
the herbicide chloridazon (27%, N = 6), and the fungicide 
tebuconazole (27%, N = 6). All other pesticides in soil 
were detected at low frequencies (< 13%).

In the perennial crops, we detected 22 pesticides overall 
in plants and the pesticides detected most frequently were 
the herbicide tripropindan (88%, N = 14), the fungicide 
spiroxamine (31%, N = 5), as well as the insecticide pyre-
thrin, the herbicide glyphosate, and the fungicide fluop-
yram (19%, N = 3). In the annual crops, we detected 33 
pesticides overall in plants and the 3 pesticides detected 
most frequently were the herbicide tripropindan (85%, N 
= 17), the herbicide phenmedipham (40%, N = 8), and the 
fungicide spiroxamine (35%, N = 7).

We detected 16 pesticides in rodents from the perennial 
crops and the 3 pesticides detected most frequently were 
the fungicide spiroxamine (63%, N = 10), the herbicide 
tripropindan (50%, N = 8), and the insecticide/rodenticide 
carbofuran (50%, N = 8). We detected 28 pesticides in 
rodents in the annual crops and the 3 pesticides detected 
most frequently were the herbicide tripropindan (85%, N = 
11), the insecticide/rodenticide carbofuran (85%, N = 11), 
and the fungicide spiroxamine (69%, N = 9).

In the perennial crops, 29 pesticides were detected in spi-
ders overall, and the 3 pesticides detected most frequently 
were the insecticide thiacloprid (19%, N = 3), the fungicide 
boscalid (19%, N = 3), and the fungicide difenoconazole 
(19%, N = 3). In annual crops, 12 pesticides were detected in 
spiders overall, and the 3 pesticides detected most frequently 
were the insecticide thiacloprid (62%, N = 9), the fungicide 
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pyrametostrobin (54%, N = 7), and the insecticide malathion 
(38%, N = 5).

Although we detected broad diversity of pesticides, those 
applied by farmers represented only a minor portion of the 
whole spectrum of pesticides that were detected. The wide 
spectrum of pesticides detected in local food webs that had 
not been applied directly can be explained by transfer from 
the surrounding landscape. Notably, different trophic groups 
exhibited distinct pesticide compositions, indicating varied 
exposure pathways for different organisms. An illustrative 
example is the widely used herbicide glyphosate, and its 
metabolites, predominantly detected in perennial crops due 
to frequent applications in orchards and vineyards (Duke 
2018). On the other hand, residues of glyphosate were also 
frequently found in locations without recent use, suggesting 
potential transport from surrounding landscapes into local 
food webs and accumulation within broader meta-food webs. 
This instance serves as a typical illustration highlighting the 
complexities of pesticide transport and accumulation in eco-
systems (Pose-Juan et al. 2015).

We detected several legacies as well as pesticides never 
approved and that are prohibited in the European Union or in 
Great Britain. The occurrence of the prohibited substances 
can be explained by illegal application of these pesticides, 
introduction and application of falsified pesticides, and per-
sistence of these pesticides (Brühl and Zaller 2019; Fritsch 
et al. 2022). Among the prohibited pesticides, for example, 
carbofuran and its metabolites is strongly poisonous also to 
humans (Sharma et al. 2012) and it was regularly detected 
in rodents among most of the perennial and annual crops 
during the two consecutive years of sampling. This indi-
cates long persistence in the ecosystem and/or ongoing 
illegal application of this pesticide. Indeed, several deaths 

among birds of prey caused by carbofuran are reported every 
year in Czechia (Novotný et al. 2011), and these deaths are 
often linked to direct consumption of carbofuran through a 
poisoned bait. Another significant discovery of prohibited 
pesticide was methoxychlor, an organochloride insecticide 
that is listed as the second generation of DDT. This agro-
chemical has been banned in Europe since 2002 and in the 
USA since 2003. It is a substance well-known for strong 
bioaccumulation and persistence in the environment, may be 
carcinogenic, and has various negative effects on beneficial 
insects, birds and humans (Safford and Jones 1997; Qi et al. 
2022). Also detected were pyrametostrobin and tripropindan, 
which have never been registered in European, Great Britain, 
or US markets. It may be that these substances are brought in 
and sold illegally from Asian countries where they are com-
monly used as a strobilurin fungicide (Huang et al. 2017).

3.2 � Number of pesticides in local food webs 
and meta food webs

3.2.1 � Local food webs

In the perennial agroecosystems, the mean number of 
agrochemicals detected differed among the trophic groups 
(GLMM-p, χ2

3 = 21.7, p < 0.001; Fig. 2A) and a higher 
number of agrochemicals was detected in 2020 than in 2021 
(GLMM-p, χ2

1 = 28.9, p < 0.001; Fig. 2A). Overall, there 
was a pattern suggesting support for the movement hypoth-
esis, as the number of agrochemicals detected tended to be 
higher in mobile rodents and spiders than in sedentary soil 
and plants (Fig. 2A). The lowest mean number of agrochem-
icals was found in soil (p < 0.008; Fig. 2A) while similar 
numbers of agrochemicals were found in the other three 

Fig. 2   Diversity (number) of pesticides detected in four groups rep-
resenting four trophic levels (soil: base resource, plants: primary pro-
ducers, herbivorous rodents: herbivores, and spiders: predators) in 
perennial and annual crops at local food web (A and B, respectively). 

The points are estimated means and the whiskers indicate CI 95%. 
Different lowercase letters and numbers indicate statistical differences 
within a year. The asterisk in panel A indicates a marginal difference 
(p = 0.054).
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groups (p > 0.230; Fig. 2A). A marginally lower number 
of agrochemicals was nevertheless found in plants than in 
rodents (p = 0.054).

In the annual agroecosystems, there was significant inter-
action between year and group (GLMM-p, χ2

3 = 23.5, p 
< 0.001; Fig. 2B). Rodents had the highest mean number 
of agrochemicals (p < 0.028), followed by soil and plants, 
which did not differ significantly (p = 0.836). Spiders con-
tained the significantly lowest mean number of agrochemi-
cals (p < 0.023). In 2021, the lowest mean number of agro-
chemicals was found in soil (p < 0.005), which mean was 
not significantly different from that in rodents (p = 0.154). 
The highest mean number of agrochemicals was found in 
plants, which did not differ from spiders (p = 0.234).

The diversity of pesticides in local food webs of perennial 
and annual crops in 2020 supported the mobility hypothesis 
because the greatest diversity was detected in rodents, which 
are the most mobile (Vukicevic-Radic et al. 2006; Wang 
2013). Mobile organisms have higher probability encounter 
larger spectra of pesticides (Drouillard 2008; Knapp et al. 
2023). Although the diversity of pesticides in local food webs 
within annual crops in 2021 differed among the groups, there 
was no pattern supporting any of the bioaccumulation, bio-
degradation, direct vulnerability, or mobility hypotheses.

3.2.2 � Meta food webs

Overlapping 95% confidence intervals (CI 95%) of rarefac-
tion curves show there to have been clear differences among 
groups in both crop types and also that the patterns differed 
between the crop types (Fig. 3A, B). Except for plants, the 
number of detected pesticides differed also between the 
crop types within the groups (Fig. 3C–F). The patterns at 
meta food web scale support only our habitat hypothesis. In 
the perennial crops, the highest number of pesticides was 
detected in spiders and plants, while in the annual crops 
the highest number was detected in rodents and plants 
(Fig. 3A, B). Spiders in annual crops had the lowest number 
of detected pesticides (Fig. 3B). Moreover, more pesticides 
were detected in soil (Fig. 3C) and rodents (Fig. 3E) in the 
annual than perennial crops while in spiders it was the oppo-
site (Fig. 3F).

Overall, the patterns at the meta food web scale did not 
follow the pattern at the local food web scale. The change 
in the patterns between spatial scales indicates that high 
beta-diversity of pesticides (i.e., between-fields differ-
ences) in plants and soil compensated for the lower alpha 
diversity (within field number) of pesticides.

At the meta food web scale, rodents and soil (and with 
some trend also plants) contained greater pesticides diver-
sity in annual than perennial crops. Although this partly 
supports our habitat hypothesis, the greater diversity in 
annual than perennial crops within these groups at meta 

food web scale can be explained by the more diverse spec-
trum of pesticides applied by farmers in annual crops. 
Even though the applied pesticides represented only a 
small proportion of those detected, it is possible that a 
more diverse spectrum of pesticides is also applied in 
annual crops within the surrounding landscapes. This can 
be caused, too, by high persistence of particular agro-
chemicals (e.g., boscalid and epoxiconazole), which prob-
ably were used for plant protection in different crop types 
in previous years due to the rotation system followed in 
annual agroecosystems. As we have time data showing 
zero applications by farmers of these pesticides in the past 
4 years, this can confirm quite long persistence of these 
particular analytes in soil environments (Sabzevari and 
Hofman 2022). On the other hand, spiders, surprisingly, 
contained greater diversity of pesticides in perennial than 
in annual agroecosystems. In annual crops, spiders even 
contained the least diversity of pesticides from the four 
groups. This difference may theoretically arise because the 
perennial and annual crops select for different functional 
traits in spiders (Michalko and Birkhofer 2021). With 
regard to the large spider species that we mainly collected 
for the purpose of pesticide screening, there are propor-
tionally more species using aerial webs to capture prey in 
perennial than annual agroecosystems (Michalko and Birk-
hofer 2021). Spiders using aerial webs are better dispersers 
than are large ground-dwelling cursorial spider species 
(Blandenier 2009) and they prey also on more mobile prey, 
in particular flying insects (Michalko and Pekár 2016). 
Cursorial spiders may theoretically hide during pesticide 
applications whereas pesticides can cling on spider webs 
(Samu et al. 1992). Several web-building spiders recycle 
their webs daily by consuming them (Foelix 2011), and 
that can expose them to more pesticides (Pekár 2012). 
Overall, the web-building spiders that are proportionally 
more dominant in perennial than annual crops (Birkhofer 
et al. 2013; Michalko and Birkhofer 2021) may be exposed 
to more diverse spectra of pesticides than are cursorial 
spiders. Indeed, we have observed that in perennial crops 
the diversity of detected pesticides increases with growing 
proportional biomass of web-building spiders (Michalko 
et al. unpubl.). Therefore, further research is necessary to 
disentangle how functional traits of organisms other than 
their trophic levels and mobility also affect the distribution 
of pesticides in food webs.

3.3 � Proportional representation of applied 
pesticides

Generally, only small proportions of the pesticides applied 
by farmers were detected in the food webs (perennial crops: 
mean ± SD = 0.09 ± 0.120, range 0–0.44; annual crops: 
mean ± SD = 0.05 ± 0.061, range = 0–0.18) and there was 
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no significant difference among the groups in either peren-
nial (GLMM-beta; χ2

3 = 4.4, p = 0.223) or annual (GLMM-
beta; χ2

3 = 3.4, p = 0.337) crops.
Although the pesticides applied by farmers represented only 

small proportions of all detected pesticides (mean ± SD = 
0.12 ± 0.358; range = 0–1), there were significant differences 
among the groups in the perennial agroecosystems (GLMM-
beta; χ2

3 = 8.6, p = 0.035; Fig. 4). The importance of applied 
agrochemicals decreased with rising trophic level, although 
the plants, rodents, and spiders did not differ significantly (p 
> 0.613). The effect of year was not significant (GLMM-g, 
χ2

1 = 0.3, p = 0.574). The differences among groups were not 
significant in the annual agroecosystems (GLMM-beta; χ2

3 
= 4.6, p = 0.203; mean ± SD = 0.29 ± 0.314, range = 0–1).

3.4 � Concentration of pesticides

3.4.1 � Overall concentration

In the perennial agroecosystems, the overall concentrations 
of agrochemicals differed among the groups (GLMM-g, χ2

3 
= 35.4, p < 0.001; Fig. 5A) and overall concentration of 
agrochemicals was higher in 2020 than in 2021 (GLMM-g, 
χ2

1 = 20.1, p < 0.001; Fig. 5A). The pattern supports the 
bioaccumulation hypothesis, as the overall concentration of 
agrochemicals increased with trophic level but not in a com-
pletely linear fashion. Rodents, in fact, had slightly lower 
concentration than did plants, although that difference was 
not statistically significant (p = 0.334; Fig. 5A).

Fig. 3   Diversity (number) of 
pesticides detected in four 
groups representing four trophic 
levels (soil: base resource, 
plants: primary producers, 
herbivorous rodents: herbivores, 
and spiders: predators) in peren-
nial and annual crops at meta 
food web scales. A, B Com-
parisons among groups within 
the two crop types (perennial 
and annual). C–F Comparisons 
between agroecosystem types 
for soil, plants, rodents, and 
spiders, respectively. The solid 
thick lines in panels show the 
estimated number of pesticides 
per given number of samples 
(i.e., number of fields) and the 
slender broken lines show the 
corresponding CI 95%.
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In the annual agroecosystems, there was a significant 
interaction between year and group (GLMM-g, χ2

3 = 14.4, 
p = 0.002; Fig. 5B) but the patterns provide no support for 
any of our hypotheses. Although all other groups had higher 
concentrations of agrochemicals in 2020 than did soil, this 
was only marginally significant in plants (p = 0.050) and 
not significant in rodents and spiders (p > 0.216). In 2021, 
by contrast, spiders contained the significantly highest con-
centration of pesticides (p < 0.013), followed by plants (p < 
0.002). Although rodents had higher concentration than did 
soil, this difference was not significant (p = 0.447).

In the perennial agroecosystems, the average concentra-
tion per pesticide differed among the groups (GLMM-g, χ2

3 
= 49.7, p < 0.001; Fig. 5C) and the average concentration of 
agrochemicals was higher in 2020 than in 2021 (GLMM-g, 
χ2

1 = 4.4, p = 0.035; Fig. 5C). The pattern in mean con-
centration per agrochemical supports the bioaccumulation 
hypothesis, because the mean concentration increased with 
trophic level, albeit not linearly (Fig. 5C). Plants had higher 
mean concentration per agrochemical than did rodents (p = 
0.030; Fig. 5C), but spiders had the highest concentration 
(p < 0.001; Fig. 5C).

In the annual agroecosystems, the mean concentrations 
per pesticide differed among the groups (GLMM-g, χ2

3 = 
59.0, p < 0.001; Fig. 5D) and were higher in 2020 than 

in 2021 (GLMM-g, χ2
1 = 21.1, p < 0.001; Fig. 5D). The 

pattern was very similar to that of the perennial agroeco-
systems, partially supporting the bioaccumulation hypoth-
esis because the overall concentration of agrochemicals 
increased with trophic level but not linearly so, as plants 
had higher mean concentrations per agrochemical than did 
rodents (p < 0.005; Fig. 5D). Spiders had the highest con-
centrations per agrochemical (p < 0.001; Fig. 5D).

3.4.2 � Pesticide functional groups

In soil of the perennial crops, insecticides were detected 
only twice and in just one field during the 2 years of the 
study (2020: 10 ng/g, 2021: 20 ng/g). There was a significant 
interaction between group and year for insecticides in the 
perennial crops (GLMM-g, χ2

2 = 16.0, p < 0.001; Fig. 6A). 
In 2020, the pattern supported the (bio)degradation hypoth-
esis as the concentration of insecticides was highest in the 
targeted trophic level (herbivores) (Fig. 6A). Herbivorous 
rodents contained the highest concentration of insecticides, 
although this was only marginally greater than in plants (p = 
0.055). Concentrations of insecticides did not differ signifi-
cantly between plants and spiders (p = 0.215). By contrast, 
in 2021, the pattern supported the bioaccumulation hypoth-
esis as the highest concentration was detected in spiders (p 
< 0.001). The concentration of insecticides was higher in 
plants than in rodents but not significantly (p = 0.093).

The concentrations of insecticides differed among the 
groups in annual crops and the pattern supported the bioac-
cumulation hypothesis, as it increased linearly with trophic 
level (GLMM-g, χ2

2 = 10.8, p = 0.004; Fig. 6B). Spiders 
had the highest concentration of insecticides (p < 0.001), 
but this did not differ significantly from that of rodents (p = 
0.627; Fig. 6B).

In the perennial crops, the concentrations of herbicides 
differed among the four groups (GLMM-g, χ2

3 = 27.9, p 
< 0.001; Fig. 6C) and lower herbicide concentrations were 
detected in 2021 than in 2020 (GLMM-g, χ2

1 = 17.5, p < 
0.001; Fig. 6C). The pattern followed the (bio)degradation 
hypothesis inasmuch as the concentration was highest in 
the trophic level at which the herbicides were aimed (i.e., 
weeds; Fig. 6C). The highest concentration was detected in 
plants (p < 0.001), followed by that in rodents, which was 
not significantly different from that in soil (p = 0.460). The 
lowest concentration of herbicides was detected in spiders 
(p < 0.006; Fig. 6C).

In the annual crops, group significantly affected the con-
centration of herbicides (GLMM-g, χ2

3 = 27.9, p < 0.001; 
Fig. 6D). The pattern corresponds to the (bio)degradation 
hypothesis and the highest concentration was found in 
plants (p < 0.014), but it was only marginally higher than in 
rodents (P = 0.062). The lowest concentration of herbicides 
was in spiders (p < 0.001; Fig. 6D).

Fig. 4   Comparing proportional representation of pesticides applied 
by farmers in perennial agroecosystems detected within each group 
out of all pesticides detected within that group. The four groups rep-
resented four trophic levels (soil: base resource, plants: primary pro-
ducers, herbivorous rodents: herbivores, and spiders: predators). The 
points are estimated means and the whiskers show CI 95%. Different 
lowercase letters indicate statistical differences.
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In the perennial crops, group and year interactively 
affected the concentration of fungicides but during both 
years the pattern can support the bioaccumulation hypoth-
esis (GLMM-g, χ2

3 = 12.9, p = 0.005; Fig. 6E). In 2020, 
the highest concentration of fungicides was in spiders (p < 
0.001; Fig. 6E), followed by soil (p = 0.010). The lowest 
concentration was detected in plants, while concentration of 
fungicides in rodents was between that in soil and plants (p 
> 0.153). In 2021, the highest concentration was in rodents 
and spiders (p < 0.035), between which the concentrations 
did not differ significantly (p = 0.907). The concentration 
of fungicides was a little bit lower in plants than in soil, but 
this difference was not significant (p = 0.522).

The concentrations of fungicides differed among the 
groups in annual crops (GLMM-g, χ2

3 = 11.0, p = 0.012; 
Fig.  6F), and the pattern supports the bioaccumulation 
hypothesis inasmuch as the concentration linearly increased 
with trophic level (Fig. 6F). The highest concentration was 
detected in spiders (p < 0.010) but it was not significantly 
different from that in rodents (p = 0.226). The lowest con-
centration was detected in soil, which value did not differ 
significantly from that in plants (p = 0.666) and was margin-
ally lower than in rodents (p = 0.067).

Our data are in agreement with those studies showing that 
both bioaccumulation (e.g., Coat et al. 2011) as well as (bio)
degradation (e.g., Rodriguez-Cruz et al. 2006; Zabaleta et al. 
2018) of pesticides can affect distribution of pesticides in 
food webs. Nevertheless, inasmuch as the overall concentra-
tion of pesticides generally increased with trophic level, the 
process of bioaccumulation overrode the (bio)degradation 
process. Our results also agree with the studies showing a 
positive relationship between trophic level and concentration 
of pesticides (e.g., Coat et al. 2011; Verhaert et al. 2017; 
Fritsch et al. 2022).

The differences between years in patterns of insecticides 
concentration in the perennial crops might be caused by 
differences in weather conditions that are known to affect 
bioaccumulation potential of pesticides (Li 2020a, b). The 
bioaccumulation of pesticides seems to be stronger in warm 
and dry weather, at least in plants and vertebrate herbivores 
(Li 2020a, b). Indeed, the year 2020, when the concentra-
tion and diversity of pesticides were higher, was warmer and 
dryer than was 2021 (Czech Hydrometeorological Institute 
2023).

An explanation for the high concentrations of insecti-
cides and fungicides in the herbivorous rodents is relatively 

Fig. 5   Comparing A, B overall 
concentration and C, D mean 
concentration per pesticide 
among four groups represent-
ing four trophic levels (soil: 
base resource, plants: primary 
producers, herbivorous rodents: 
herbivores, and spiders: preda-
tors) in A, C perennial and B, 
D annual crops. The points are 
estimated means and the whisk-
ers show CI 95%. Different 
lower-case letters indicate statis-
tically significant differences.
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straightforward, and it most likely was because of their con-
suming plants with pesticide residues. The high concentra-
tion of insecticides in spiders is likely because herbivorous 
insects, the target of insecticides, comprise their dominant 
prey (Michalko and Pekár 2016). The most frequently 
detected insecticide in spiders, thiacloprid, is a neonico-
tinoid and is used against a variety of sap-feeding insects 
that constitute the dominant part of spiders’ diets in agro-
ecosystems (Birkhofer et al. 2022). Thiacloprid has been 
reported to have lethal (Pekár et al. 2021) as well as various 

negative sublethal effects on spiders (Řezáč et al. 2019). The 
high concentration of fungicides in spiders is likely because 
spiders in agroecosystems utilize collembolans and other 
detritus channel-based animals (Roubinet et al. 2017; Birk-
hofer et al. 2022) that are often fungivorous (Potapov et al. 
2022). Although nothing is known about the direct effects of 
the frequently detected fungicides (pyrametostrobin, difeno-
conazole, boscalid) on spiders, laboratory (Pekár 2012) and 
field studies (Michalko and Košulič 2020; Pekár et al. 2021) 
indicate negative effects of related fungicides on spiders.

Fig. 6   Comparing concentra-
tions of A, B insecticides, C, D 
herbicides, and E, F fungicides 
among four groups represent-
ing four trophic levels (soil: 
base resource, plants: primary 
producers, herbivorous rodents: 
herbivores, and spiders: preda-
tors) in A, C, E perennial and 
B, D, F annual crops. The 
points are estimated means and 
the whiskers show CI 95%. 
Different lower-case letters 
indicate statistical differences 
among groups within A, C, E a 
year or B, D, F among groups. 
The asterisk indicates only a 
marginal difference.
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3.5 � Implications for sustainable development 
and further studies

Our data empirically show that the documented negative 
impacts of pesticides on biodiversity in agroecosystems 
(e.g., Raven and Wagner 2021; Bakker et al. 2022) can be 
attributed not only to indirect effects but to some extent also 
to direct effects of pesticides on non-target organisms. This 
is especially the case when highly toxic substances that 
were long ago prohibited continue to be detected in food 
webs, probably due to ongoing illegal application. The direct 
effects can be due to lethal and various sublethal effects 
on physiology and behavior affecting fitness of organisms 
(Stark and Banks 2003; Desneux et al. 2007).

The highest concentration of pesticides in spiders does 
not automatically mean that spiders constitute the most 
endangered group of organisms. Nevertheless, spiders are 
often more susceptible to direct pesticide effects than are the 
target organisms (Pekár 2012). Pesticides’ toxicity depends 
on organisms’ physiology, and organisms may be tolerant to 
high concentrations of pesticides, for example because they 
deposit the toxic compounds in tissues serving for waste 
deposition (Drouillard 2008). Moreover, each studied group 
contained a different mix of pesticides that can have differ-
ent impacts on the fitness of individuals and populations 
due to additive and synergistic effects (Siviter et al. 2021). 
Nevertheless, due to the high concentration of pesticides in 
spiders and because they represent important prey for other 
predators such as lizards, birds, bats, and insectivores (Pekár 
and Raspotnig 2022), spiders expose their predators to a 
high dietary dosage of pesticides.

Although some pesticides were shared by the studied 
groups, the composition of pesticides differed among the 
groups, meaning that the groups incorporated the pesticides 
from the same as well as different sources even though there 
are clear connections among the groups, except between spi-
ders and rodents. Moreover, the concentration and diver-
sity of pesticides in the studied food webs were affected by 
organisms’ trophic group and mobility. Our results therefore 
provide direct empirical evidence for the argument (Brühl 
et al. 2021; Topping et al. 2020) that we need to study dis-
tribution of multiple pesticides in food webs rather than to 
study only the fate of one or a few preselected pesticides in 
a few model species. Only such a comprehensive approach 
will enable us to fully understand the impacts of pesticides 
on biodiversity and develop effective principles of ecologi-
cal risk assessment (Brühl and Zaller 2019; Topping et al. 
2020).

The fact that the pesticides applied by farmers repre-
sented only a small part of the overall spectrum of pesti-
cides detected shows that pesticides enter local food webs in 
crops from surrounding landscapes. Further studies should 
therefore address also how landscape characteristics affect 

pesticides’ permeation of local food webs not only in habi-
tats but also in crops.

3.6 � Study limitations

The fact that spiders do not prey on rodents in Central 
Europe constitutes a certain limitation for our study because 
it includes no clear link between herbivorous prey and preda-
tors. Nevertheless, inasmuch as the rodents and spiders are 
not phylogenetically related and spiders do not consume 
rodents, the results show a general pattern across trophic lev-
els and not a specific pattern within a trophic module. Ide-
ally, further studies should combine herbivores and predators 
in ways that would provide both clear trophic links but also 
no such links so that pathways of pesticides could be clearly 
demonstrated but general patterns also could be tested.

Another limitation is that pesticides in plants and spi-
ders were detected from whole individuals while pesticides 
in rodents were detected from livers and kidneys. Organs 
within an organism can differ in their concentrations of 
pesticides (Drouillard 2008). This is a common limitation 
with other studies that, for example, investigate food webs 
in lakes using invertebrate and fish species. This limitation 
will be difficult to overcome also in future studies, as it is 
basically impossible to extract organs from small-bodied 
arthropods to obtain amounts sufficient for chemical analy-
ses. On the other hand, homogenization of whole vertebrate 
individuals also is not plausible due to the presence of hard 
tissues.

It also could be argued that sampling during the main part 
of the farming season can be affected by fresh applications 
that are followed by material collecting and/or by cumulative 
effects of residues at the end of the farming season (Brühl 
et al. 2021). We principally aimed in our multiple residue 
analyses, which required that large amounts of fresh bio-
mass be collected across the whole season, to see the bioac-
cumulation patterns in meta food webs of the agricultural 
landscape instead of to observe acute residue effects after 
spraying. We also minimized the effect of fresh residues by 
suitably timing our sampling dates to be well after pesticide 
applications in crops during the whole season.

4 � Conclusion

Our study is the first to investigate the distribution of multiple 
pesticides in food webs of perennial and annual crops using a 
wider spectrum of organisms as is necessary for the sustain-
able development of modern ecological risk assessment prac-
tices (Brühl and Zaller 2019; Jacquet et al. 2022). We detected 
a broad spectrum of pesticides applied in perennial and annual 
crops in the Czech Republic, but the pesticides applied by 
farmers in recent years represented only a minor proportion of 
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all those pesticides detected. Some of the detected pesticides 
had long ago been banned by the European Union for their 
high toxicity, and some had not yet been even registered in 
European and/or U.S. markets, which is highly alarming. The 
large proportion of those pesticides detected that had not been 
applied by the farmers indicates that pesticides had entered 
the local food webs from surrounding landscapes, which is in 
accordance with our landscape hypothesis.

The diversity of pesticides was driven by a combination 
of organism/entity mobility and of crop type, which agrees 
with our mobility and habitat hypotheses. The concentration 
of pesticides, on the other hand, was driven by bioaccumula-
tion and (bio)degradation processes. However, bioaccumula-
tion prevailed over (bio)degradation and, consequently, the 
overall concentration of pesticides increased with trophic 
level, which is in accordance with our bioaccumulation 
hypothesis. Overall, we show for the first time that the dis-
tribution of pesticides in agroecosystem food webs depends 
on mobility and trophic group of organisms, crop type (i.e., 
annual vs. perennial), and probably also on landscape char-
acteristics. The study therefore provides a base for further 
studies investigating those factors affecting pesticide dis-
tribution in the environment, and we argue that we need to 
combine a wide range of approaches from analytical chem-
istry, ecotoxicology, and ecology, fields which to date have 
worked largely in isolation from one another.
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