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Abstract
1. Insecticide use and landscape context are major drivers for the abundance of
beneficial arthropods, such as predators, parasitoids and pollinators. However,
the relative importance of local and landscape-wide insecticide use is not well
understood, and it is unclear to what extent impacts of insecticides on beneficial
arthropod populations are moderated by landscape composition.
2. We collected and analysed data on beneficial arthropod abundance and local
and landscape-wide insecticide use across 38 Dutch landscapes. We used regression to study the associations between beneficial arthropod abundance (response), insecticide use and landscape factors.
3. Insects were sampled by sweep netting and yellow sticky traps in field margins (‘sampling sites’) in the summer of 2017 and 2018. We paired organic and
conventional sites in the same landscape setting. We used three indicators of
insecticide use: management (organic vs. conventional), Treatment Frequency
Index of insecticides applied in the field adjacent to the sampling site, and the
estimated landscape-wide average quantity of insecticides applied per ha within
a 1 km radius around the sampling site.
4. Abundances of beneficial arthropods in field margins, assessed by sweep netting, were negatively associated with the estimated quantity insecticide applied
in the surrounding landscape, while arthropod sampling by sticky traps did not
show this relationship. Pollinator abundance was negatively associated with
conventional management and with the frequency of insecticide applications
in the adjacent field, while predator and parasitoid abundance did not show significant associations with local insecticide use indicators. Negative impacts of
insecticide use were not moderated in more diverse landscapes with higher proportions of semi-natural habitats.
5. Policy implications. Insecticide impacts on arthropod populations extend beyond
the fields in which they are used. Awareness of the potential landscape-wide
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effects of pesticides, either through drift of pesticides or insect movement,
may encourage land managers to adopt practices to reduce insecticide drift
and the frequency of insecticide applications, thereby reducing the impacts of
landscape-wide exposure on arthropods that provide services to agriculture.
Risk assessments of insecticides and pesticide use regulations need to account
for potential spill-over effects and consider landscape-scale consequences associated with the source–sink dynamics of arthropods.
KEYWORDS

agricultural landscape, ecosystem services, insecticide use, parasitoids, pesticide, pollinators,
predators
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I NTRO D U C TI O N

water, causing (sub)lethal toxic effects on non-t arget organisms
and reducing availability of prey for predators or hosts for par-

Beneficial arthropods, such as predators, parasitoids and polli-

asitoid wasps (Desneux et al., 2007). These effects may play out

nators, provide important ecosystem services, such as biological

at larger spatial scales than just the area treated with insecticides

pest control and pollination, and are therefore vital for ecosystem

(Topping et al., 2020). For example, insecticides may disrupt ben-

health and global food production (Dainese et al., 2019). However,

eficial arthropod populations in non-t arget areas due to pesticide

concerns have risen on the widespread decline of arthropods

drift (Chagnon et al., 2015). In addition, beneficial arthropods

(Sánchez-B ayo & Wyckhuys, 2019). While these arthropod de-

are mobile and beneficial arthropods that end up in insecticide

clines may be caused by many factors and their interactions, land-

treated fields may suffer from (sub)lethal insecticide impacts. As

scape simplification and agricultural intensification are considered

such, insecticide treated fields may act as sink habitats and re-

key drivers (Seibold et al., 2019; van Klink et al., 2020). There is

duce the population size of beneficial arthropods at the landscape

a mature body of studies that explore associations between farm

scale, resulting in an apparent ‘action at a distance’ (Spromberg

management (often organic vs. conventional management) and

et al., 1998). While there is evidence for such landscape scale

landscape context, showing that organic farm management ben-

impacts of insecticides on arthropods from models, relatively

efits beneficial arthropods (Muneret et al., 2019), but there is

few field studies have investigated at what spatial scale insecti-

strong variability in the responses of pests and their natural en-

cides impact arthropod communities and how the effects of in-

emies to semi-natural habitats in landscapes (Karp et al., 2018).

secticide use are influenced by landscape context (but see Gagic

Furthermore, farm management encompasses a wide range of

et al., 2019; Martin et al., 2020).

practices, including soil tillage, crop rotation and pesticide use,

In this study we ask how the abundance of arthropod predators,

and the impacts of specific practices on arthropod communities

parasitoids and pollinators is influenced by local and landscape-wide

are difficult to disentangle. We still lack a thorough understanding

insecticide use, and we assess whether this response is moderated

of how specific management practices influence arthropod com-

by the composition of the surrounding landscape. Arthropod pred-

munities in different landscape settings, and at what spatial scales

ators, parasitoids and pollinators represent three ubiquitous func-

such impacts manifest.

tional groups that are responsible for regulating ecosystem services

Landscape simplification comprises a range of changes, includ-

and represent a wide range of feeding behaviours, habitat require-

ing the loss of semi-natural habitats (SNHs) and increasing field

ments and dispersal abilities, as well as susceptibility to insecticides

sizes. Furthermore, landscape simplification is often accompanied

(Chaplin-Kramer et al., 2011). These functional groups might there-

by agricultural intensification, with greater inputs of fertilizer and

fore respond differently to the use of insecticides and landscape

biocides per unit area (IPES-Food, 2016). While positive associations

context (Tscharntke et al., 2007). We hypothesized that the abun-

between landscape heterogeneity and the abundance of beneficial

dance of beneficial arthropods is negatively related to insecticide

arthropods have often been reported (Chaplin-Kramer et al., 2011),

use at the local and landscape level. Furthermore, we expected that

these relationships are context dependent and therefore difficult

insecticide use would have a stronger impact on the abundance of

to predict for a specific landscape setting without context-specific

beneficial arthropods in simple landscapes (with low proportions of

data (Zhang et al., 2020). One of the factors underlying this context

SNH) than in more complex landscapes (with higher proportions of

dependency may be the intensity of insecticide use, which varies

SNH), because beneficial arthropods can more efficiently recolo-

over regions, farming systems and crop species (Sánchez-Bayo &

nize insecticide treated areas from SNH in complex landscapes than

Wyckhuys, 2019).

in simple landscapes, due to the higher proportion of undisturbed

Insecticide use may impact non-t arget organisms through
the presence of active ingredients (a.i.) on plants, and in soil and

habitat in more complex landscapes (Figure 1; Roubos et al., 2014;
Tscharntke et al., 2005).
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2.1 | Landscape and site selection

2.2 | Land use variables
Six land use categories were used to describe land cover within a
1 km radius scale around each sampling site: (a) organic agriculture

Sampling was conducted in 2017 and 2018 in field margins (‘sam-

(including organic orchards); (b) conventional agriculture (including

pling site’) at 38 locations that were spread across the Netherlands

conventional orchards); (c) herbaceous SNH (including extensively

in a variety of landscape contexts ranging from structurally simple

managed perennial grassland, nature areas/reserves, flower strips,

to structurally complex (Figure 2). Within each of the 20 selected

grassy field margins, road verges and railway embankments); (d)

landscape contexts, we first selected an organic farm and then se-

wooded habitats; (e) intensively managed grasslands (annual and

lected a conventional farm in a similar landscape context and soil

perennial) and (f) urban area (Figure 2). We used the governmen-

type at a few km distance. The mean distance between these paired

tal data platform PDOK (www.pdok.nl) to access data on land use,

sites was 6.75 ± 4.22 km (M ± SD; range 1.72–18.1 km). In two

and cultivated crops. Within PDOK, land use data were extracted

cases, we were unable to find a matching conventional farm, hence

from the topographic reference geodataset (TOP10NL; Kadaster,

we had 20 organic sites and 18 conventional sites. To avoid direct

2018), and the base registration on crop fields (‘Basisregistratie

impacts of on-field insecticide applications, we assessed arthropod

Gewaspercelen’; BRP, 2018) was used to determine which crops

abundances in field margins. Field margins consisted of mown grass-

were grown in each landscape circle. The dataset with the location

dominated vegetation (Figure 3a), unmown grass-dominated vegeta-

of certified organic fields can be purchased from the governmental

tion (Figure 3b) or flower strips (Figure 3c), and were usually located

data platform. Data were rasterized into cells of 1 × 1 m. The 1 km

next to a ditch. Field margins were 1 to 6 m wide and 100–500 m

spatial extent of landscape circles was chosen because this captures

long, and flower mixtures varied between flower strips (Figure 3c).

the functional spatial scale for many flying beneficial arthropods

We tried to find field margins that were located between two or-

(Bianchi et al., 2008).

ganic arable fields, or between two conventional arable fields, but in
four cases, the field margins were located between an organic and
conventional field, though separated by a ditch. In these four cases,

2.3 | Quantification of insecticide use

two of them organic and two conventional, we used the management of the field that was immediately adjacent to the field margin

We used three indicators to characterize the intensity of insecticide

in our analysis. The same 38 sites were sampled in the 2 years. All

use around each site. First, we used the management system of the

fields were managed according to farmers' practice and all farmers

adjacent field (conventional vs. organic) as a binary variable to cap-

granted permission to conduct the fieldwork. This study did not re-

ture likely exposure to insecticides from the nearby field. Second,

quire ethical approval.

we used the Treatment Frequency Index (TFI) of applied insecticides
in the adjacent field of the site as a quantitative indicator of insecticide use (Gravesen, 2003). TFI was calculated as the total of applied
dosages, each of them divided by maximum label-recommended
dosage (CTGB, 2019). Farmers of the fields adjacent to the sites
provided us with their pesticide registrations of 2017 and 2018,

F I G U R E 1 Hypothesized relationship between the abundance
of beneficial arthropods and insecticide use in different landscape
settings. Arthropod abundance is expected to be negatively
affected by the intensity of insecticide use and landscape
simplification. Moreover, arthropod abundance in complex
landscapes is expected to be less affected by insecticides than in
more simplified landscapes due to more efficient recolonization
from nearby less disturbed source habitats. After Roubos
et al. (2014) and Tscharntke et al. (2005)

F I G U R E 2 Locations of the 38 sampling sites in the Netherlands.
Open and closed circles indicate conventionally and organically
managed sites respectively. Pies show the composition of the
landscape at 1 km radius around the focal fields. Map of the
Netherlands downloaded from GADM (https://gadm.org/index.
html)
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including information on the product and the dose. In 2017 we re-

was swept twice, at a 48 hr interval, at the time of drop-off and pick-

ceived insecticide use information of 14 conventionally managed

up of sticky traps in the fields. The collected specimens were col-

fields, and 20 organically managed fields, while in 2018 we received

lected in a killing jar and transferred to bottles with 70% ethanol in

information of 9 conventionally managed fields, and 20 organically

the laboratory. Insect samples on the two transects and collection

managed fields. Farmers used soil-applied and foliar insecticide ap-

dates were pooled before analysis.

plications, including mineral oils, and TFI ranged from 0 to 20. TFI

In one of the two field margins at each sampling site, two sticky

at most organic sampling sites was zero, but some organic farmers

trap cards were placed on wooden stakes with the lower edge of

used organically approved insecticides and these treatments were

the card just above the vegetation. Stakes were approximately 50 m

included in the calculation of TFI. The farmers did not provide us

from each other. Sticky traps were collected after 48 hr, placed in a

with information on insecticide treatment of the seeds, hence seed

plastic bag, and stored in a freezer until processing. It took approxi-

treatments were not included in the calculation of TFI. Third, we

mately 3 weeks to complete one round of sampling across all the 38

estimated the insecticide load within a 1 km radius around each site

sites. Four rounds were conducted across the 2 years of the study

by combining information on the total area per crop species with

(20 June–7 July 2017; 24 July–11 August 2017; 12 June–29 June

national average crop-specific insecticide use data (kg a.i./ha) for

2018; and 17 July –3 August 2018).

43 crops in the Netherlands in 2016 (Statline, 2019; Table S1). Seed

Sweep net and sticky trap samples were sorted to separate

coatings were not included in the estimated insecticide load at the

beneficial arthropods; bees (Apidae), hoverflies (Syrphidae), par-

landscape scale (QIA) due to unavailability of data. The total insec-

asitoid wasps (Hymenoptera; Apocrita), lacewings (Chrysopidae),

ticide load at landscape level (quantity of insecticides applied: QIA)

rove beetles (Staphylinidae), ladybeetles (Coccinellidae) and spiders

was calculated as a weighted average insecticide use per hectare

(Araneae). Specimens were identified to (sub)order or family, with

across the crops grown in the landscape circles, taking into account

hoverflies, bees and ladybeetles identified to species level. After

the proportion of the area grown with each crop species. QIA thus

identification, beneficial arthropods were categorized into three

represents the average insecticide use in the landscape, expressed

functional groups: predators (lacewings, rove beetles, ladybeetles

in kg/ha.

and spiders), parasitoids (parasitoid wasps) and pollinators (hoverflies and bees).

2.4 | Arthropod sampling

2.5 | Data analysis

In both years of the study, we sampled arthropods twice during the
growing season, once during early summer (June/July) and once dur-

The abundance of predators, parasitoids and pollinators was ana-

ing mid-summer (July/August). Sites in the same farm pair were al-

lysed using generalized linear mixed models (GLMMs) with a nega-

ways visited on the same day. Arthropods were collected by sweep

tive binomial error distribution. Separate analyses were conducted

net sampling (gauze net with 40 cm diameter) and yellow sticky traps

for predator, parasitoid and pollinator abundances, and for sweep

(Horiver, 25 × 10 cm, double-sided; Koppert Biological Systems). At

netting and sticky trap data. Arthropod catches in sweep net sam-

each site we sampled insects by sweep netting a transect in each of

ples were pooled per sampling site per sampling round, resulting

two adjoining field margins of the focal field. Each transect covered

in 145 observations (38 sites × 4 sampling rounds; 7 missing ob-

a 50 m × 1 m strip which was sampled with 50 sweeps. Each transect

servations). Arthropod catches with sticky traps were pooled per

(a)

(b)

(c)

F I G U R E 3 Examples of three categories of field margins bordering arable fields: (a) mown grass-dominated vegetation; (b) unmown grass-
dominated vegetation and (c) flower strips
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sampling site per sampling period, resulting in 145 observations (38

had the lowest AIC for the abundance of pollinators collected with

sites × 4 sampling rounds; 7 missing observations). Missing observa-

sweep netting and sticky traps, and we therefore used generalized

tions were due to inability to visit some of the sites during sampling

linear models (GLMs) with a negative binomial error distribution for

round three.

these data (Zuur et al., 2013). Data analyses were made with both

To assess whether the abundance of beneficial arthropods was

the optimized random effects structure for each response variable

associated with local and landscape-wide insecticide use, we used

and beneficial arthropod group, and with the a priori random effects

three indicators for insecticide use; management (organic or conven-

structure (with sampling round, farm pair and sampling site as ran-

tional management in the adjacent field), TFI (Treatment Frequency

dom effects), to check the robustness of our analysis. Models with

Index in adjacent field) and QIA (Quantity of Insecticides Applied

optimized and a priori random effects structures had consistent as-

at landscape level). We had 13 missing values for TFI because not

sociations between insecticide indicators and beneficial arthropod

all farmers were able to provide us with pesticide use information.

groups. We report the findings of models with the optimized random

The effect of each insecticide indicator was modelled separately to

structure in the main text (Table 1 and Table S3) and the findings of

assess effects of local and landscape-wide insecticide use.

models with the a priori random structure in Supporting Information

In all models we included four explanatory landscape variables

(Tables S4 and S5).

(fixed factors): proportion of herbaceous semi-natural habitat

Subsequently, using the selected random effects structure, we

(herbSNH), proportion of woody semi-natural habitat (woodySNH),

used model selection on the full set of fixed explanatory variables

proportion of organic farming (propORG) and proportion of con-

(one insecticide use variable, four landscape variables and field

ventional farming (propCONV). Proportion of pastures (propPas-

margin type) to find the most parsimonious model based on the

tures) was not included due to multicollinearity with propCONV,

corrected Akaike's information criterion (ΔAICc < 2). Because we

as indicated by the variance inflation factor (Figure S1; Table S2).

did not find strong support for a single best model, we used model

We included interactions between insecticide use indicators

averaging among the set of best models (ΔAICc < 2) to interpret

(Management, TFI and QIA) and woodySNH and herbSNH, as

model results (Burnham & Anderson, 2007; Grueber et al., 2011).

we expected the effect of insecticide use on biocontrol services

For averaging, we used the zero method in which estimates of non-

to differ in landscapes with different proportions of woody and

selected explanatory variables are substituted by zeros (Grueber

herbaceous SNH (Figure 1). To account for effects of vegetation

et al., 2011).

structure in the field margin, we included ‘field margin type’ as a

All analyses were performed in R (R Development Core
glmmTMB

package (Brooks et al., 2017), and

categorical fixed factor. All continuous explanatory variables were

Team, 2019) using the

normalized by subtracting the mean and dividing by the standard

the lme4 (Bates et al., 2015) and mass (Venables & Ripley, 2002) pack-

deviation.

ages. Model selection and model averaging were conducted with

Based on the experimental design, we considered the data collected during four rounds of observation at each site as potentially

the MuMIn package (Barton, 2019). Plots were made using

ggplot2

(Wickham, 2016) and marmap (Pante & Simon-Bouhet, 2013).

correlated; hence the sampling site was considered as a random intercept. Furthermore, to account for the effect of sampling round,
for example, due to phenological effects, we included sampling
round as a random intercept. Finally, to account for the general environmental context in the 20 landscapes covered in the study, we

3
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R E S U LT S

3.1 | Sweep net sampling

included ‘farm pair’ as a random effect.
First, we used model selection based on Akaike's information cri-

In total, we collected 48,743 arthropods by sweep netting. We iden-

terion (AIC) to determine whether these random effects did contrib-

tified 535 pollinator individuals (474 hoverflies [comprising 25 taxa;

ute to explaining the data. Random effects with a variance estimate

(Table S6)] and 61 bees [comprising 12 taxa; Table S7]), 1,541 preda-

near zero, that did not contribute to explaining the data as judged

tors (102 lacewings, 75 ladybeetle adults and 10 juveniles [compris-

with AIC, were removed from the model to obtain an optimized

ing 12 taxa; Table S8], 1,288 spiders, and 66 rove beetles) and 5,121

random effects structure (Harrison et al., 2018; Zuur et al., 2013).

parasitoid wasps.

This model selection procedure resulted in different optimized random structures for different combinations of response variable and
sampling method (six combinations in total; Table 1 and Table S3).

3.1.1 | Insecticide proxies

Models for predators collected with sweep netting included the random effect sampling site, and models for parasitoids collected with

Pollinator abundance in sweep net samples was negatively as-

sweep netting included random effects sampling round and sam-

sociated with conventional management in the adjacent field

pling site. Models for predators collected with sticky traps included

(p < 0.001; Table 1; Figure 4g) and TFI (p < 0.001; Table 1;

the random effects sampling round and farm pair, and models for

Figure 4h), while predator and parasitoid abundance were not

parasitoids collected with sticky traps included the random effects

significantly associated with management type and TFI in the ad-

sampling round and sampling site. Models without random effects

jacent field (Table 1). The abundance of all groups of beneficial

BAKKER et al.

Journal of Applied Ecology

|

947

TA B L E 1 Results of the model averaging procedure (based on ΔAICc < 2) to assess the effects of insecticide use intensity and landscape
variables (at 1 km radius) on beneficial arthropod abundances obtained by sweep netting. We used three indicators for insecticide use,
which were explored in separate models: organic management versus conventional management in the adjacent field; Treatment Frequency
Index of applied insecticides (TFI) as a quantitative indicator for insecticide use in the adjacent field; and estimated average quantity of
insecticides applied (active ingredients) (QIA) as an indicator for landscape-wide insecticide use. The effect of each insecticide indicator was
modelled separately to distinguish effects of local and landscape-wide insecticide use and avoid overparameterization of the models. All
models included a negative binomial error distribution, and models for predators included the random effect ‘sampling site’, while models
for parasitoids included random effects ‘sampling period’, and ‘sampling site’. Different random effects structures resulted from model
simplification with AIC. The result of models based on the experimental design is given in Table S4. A dash (/) indicates that a variable was
not included in the final averaged model using the zero method. Variable effect sizes were standardized before analysis, and mean (±SE) are
given for parameter estimates; significance codes: *** < 0.001; ** < 0.01; * < 0.05
Insecticide use indicator
Organic or conventional
management in adjacent
field (Management)

Variables
a

−0.04 (0.12)

−0.62 (0.20)***

−0.01 (0.05)

−0.07 (0.10)

/

woodySNH

0.19 (0.15)

0.09 (0.11)

0.02 (0.06)

propORG

/

/

0.01 (0.05)

propCONV

−0.15 (0.13)

−0.14 (0.13)

0.35 (0.10)***

Management × herbSNH

/

/

/

Random effectsc

/

/

/

High grass

0.68 (0.30)*

0.63 (0.31)*

0.03 (0.25)

Low grass

0.35 (0.32)

0.25 (0.32)

−0.36 (0.35)

Sampling round

/

0.05

/

Farm pair

/

/

/

Sampling site

0.10

0.11

/

TFI

−0.13 (0.12)

/

−0.67 (0.21)***

herbSNH

−0.01 (0.03)

−0.02 (0.06)

/

woodySNH

0.23 (0.13)

0.16 (0.14)

0.02 (0.08)

propORG

−0.01 (0.03)

/

0.06 (0.09)

propCONV

−0.05 (0.10)

−0.04 (0.09)

0.32 (0.10)***

TFI × herbSNH

/

/

/

TFI × woodySNH

/

/

/

High grass

0.51 (0.37)

0.05 (0.19)

−0.01 (0.33)

Low grass

0.10 (0.35)

0.01 (0.14)

−0.75 (0.38)

Sampling round

/

0.05

/

Farm pair

/

/

/

Sampling site

0.09

0.14

/

QIA

−0.25 (0.10)**

−0.26 (0.11)**

−0.53 (0.18)***

herbSNH

−0.01 (0.04)

−0.19 (0.09)*

−0.44 (0.29)

woodySNH

0.19 (0.14)

0.36 (0.18)*

−0.05 (0.21)

propORG

0.00 (0.03)

0.03 (0.07)

0.27 (0.09)***

propCONV

/

/

0.37 (0.14)*

QIA × herbSNH

/

/

−0.51 (0.33)

QIA × woodySNH

−0.06 (0.13)

0.26 (0.21)

−0.18 (0.26)

High grass

0.11 (0.24)

0.19 (0.27)

−0.24 (0.37)

Low grass

0.03 (0.18)

−0.02 (0.22)

−0.48 (0.48)

Sampling round

/

0.05

/

Farm pair

/

/

/

Sampling site

0.09

0.09

/

Field margin typeb
Random effectsc

Field margin type
Random effects

a

c

b

Reference system = organic management.

b
c

Pollinators

/

Management

Field margin typeb

Quantity of insecticides
applied at landscape level
(QIA)

Parasitoids

herbSNH

Management × woodySNH

Treatment Frequency Index in
adjacent field (TFI)d

Predators

Reference system = flower strips.

Variance explained (σ).

d

The dataset for insecticide indicator ‘TFI’ consisted of 122 observations due to missing values for TFI.
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F I G U R E 4 Left panels: Difference in number of predators (a), parasitoids (d) and pollinators (g) obtained by sweep netting field margins
next to organically (ORG) and conventionally (CONV) managed arable fields. Means and standard errors are shown. Results are based on
a model averaging procedure (see Table 1). Middle and right panels: Relationships between insecticide indicators and the abundance of
beneficial arthropods; predators (b, c), parasitoids (e, f) and pollinators (h, i) on a ln(x + 1) scale. Numbers along the y-axis are in the original
scale of measurement. Each point is the summed abundance obtained by sweep netting two 50 m transects twice. Model predictions
were obtained from a model averaging procedure. Estimates were calculated for the value of the insecticide indicators shown on the
X-axis, while the overall mean was used for all other variables included in the final model (Table 1). Stars and solid lines denote significant
regression estimates for the effect of insecticide indicators;***p < 0.001; **p < 0.01. Shaded areas indicate 95% confidence intervals for
the regressions. Functional groups are predators (ladybeetles, lacewings, rove beetles and spiders [beetle symbol]); parasitoid wasps (wasp
symbol); and pollinators (bees and hoverflies [bee symbol]). The dataset for insecticide indicator ‘TFI’ consisted of 122 observations due to
missing values for TFI
arthropods, that is, predators, parasitoids and pollinators, was sig-

3.1.2 | Landscape composition

nificantly negatively associated with the quantity of insecticides
applied at landscape level (QIA; p < 0.01; Table 1; Figure 4c,f,i).

Parasitoid abundance was positively associated with the propor-

This negative association between arthropod abundance and

tion of woody SNH, and negatively associated with the proportion

landscape-wide pesticide use was significant irrespective of

of herbaceous SNH in the model with insecticide use indicator QIA

whether the proportion of conventional agriculture in the land-

(Table 1). Pollinator abundance was positively associated with the

scape was included in the statistical model or not.

proportion of conventional agriculture in all models, and positively

BAKKER et al.
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associated with proportion of organic agriculture in the model with

movement of the arthropods could have carried the signal of pesticide

insecticide use indicator QIA (Table 1).

use in the landscape surrounding the field margins where arthropod
abundances were assessed. In the current study, we minimized the ef-

3.2 | Sticky trap sampling

fect of on-site management by making the measurements just outside
the crop fields. Therefore, in accordance with a wealth of literature
(e.g. Karp et al., 2018), we consider it plausible that movement of in-

We captured 360 pollinators (351 hoverflies [comprising 22 taxa;

sects at a landscape scale is the driver of the results obtained.

Table S6] and 9 bees [comprising 5 taxa; Table S7]), 1,262 preda-

We did not find significant differences in the abundance of

tors (196 lacewings, 532 rove beetles, 285 ladybeetles [comprising

predators and parasitoids between field margins adjacent to con-

13 taxa; Table S8], and 249 spiders) and 18,883 parasitoid wasps on

ventional or organic fields. This aligns with our previous finding

yellow sticky traps.

that the predation and parasitism rates of M. brassicae eggs were

The abundance of predators, parasitoids and pollinators on

not significantly associated with indicators for insecticide use at

sticky traps was not significantly associated with insecticide indica-

the field level (Bakker et al., 2021a). Still, we did find a consistent—

tors (Table S3). Pollinator abundance was negatively associated with

but insignificant—tendency for lower abundance near conventional

the proportion of herbaceous SNH in the model with insecticide use

fields (Figure 4a,d). Management and TFI had a significant effect

indicator, and there was a significant negative interaction between

only on pollinators, and the landscape-wide insecticide use proxy

QIA and herbSNH (p < 0.05; Table S3), indicating that the negative

was significant for all three arthropod groups. This suggests that the

effect of herbSNH on pollinator abundance on sticky traps was

landscape scale consequences of insecticide use, particularly if large

greater in landscapes with higher QIA and lower in landscapes with

proportions of a landscape are treated, are more important than the

lower QIA, contradicting the hypothesis in Figure 1.

effects of treatments in an immediately adjacent field, particularly if
drift of pesticides is prevented.

4
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DISCUSSION

QIA was calculated by aggregating the average quantity of active ingredient applied per ha over a 1 km landscape circle around
the measurement sites. National pesticide use data of crops with

Beneficial arthropods were negatively associated with insecticide

high pesticide dependency were used because actual pesticide use

use at the landscape scale. This pattern occurred for three groups of

data were not available at the landscape level. However, while this

beneficial arthropods (predators, parasitoids and pollinators) if the

method allowed us to estimate the expected insecticide use at the

samples were collected in field margins (not directly exposed to pes-

landscape scale, it does not account for variation in the frequency

ticides) by sweep netting, but not if they were obtained using sticky

of insecticide applications among farmers, regions and weather con-

traps. At the local scale, when assessed by sweep netting, pollina-

ditions. Therefore, this indicator needs to be interpreted with care.

tor abundance was negatively associated with conventional farming

Since pesticides are a source of concern for the environment and

and the frequency of insecticide applications in the adjacent field,

health (van der Sluijs et al., 2015) it is remarkable that there is no

while predator and parasitoid abundance did not show significant

public accessible data on pesticide use in the Netherlands like there

associations with insecticide use indicators for the adjacent field.

is in, for instance, California, USA, where pesticide data at field level

We did not find support for the hypothesis that diverse landscapes

are available for all counties (CDPR, 2021). Making these data more

with higher proportions of SNH moderated the negative effects of

widely available would allow a better informed analysis of impacts

insecticide use on beneficial arthropods.

of pesticides on public goods. Furthermore, the possibility exists

A possible explanation for the landscape scale response is the

that other variables, for example, use of fertilizer, are associated

‘action at a distance’ mechanism, which posits that mobile arthropod

with pesticide use and also affect beneficial arthropods. This pos-

populations in areas that are not directly affected by pesticides can

sibility of association results in uncertainty whether QIA exclusively

still be affected indirectly through arthropod source–sink dynamics

represents pesticide effects. Furthermore, we did not take into ac-

(Topping et al., 2014). This mechanism is demonstrated by spatially

count the toxicity of the active ingredients used. There are therefore

explicit modelling studies that show that insecticide-treated fields

many opportunities to improve the predictive strength of QIA and

act as sink habitats and can deplete beneficial arthropod populations

strengthen its interpretation as an indicator for arthropod-killing ac-

at the landscape scale (Bianchi et al., 2013; Topping et al., 2015).

tivity, though accounting for toxicity would be complicated by vari-

Another possible mechanism for landscape scale impacts of insec-

ability of toxicity to different arthropod groups and data limitations.

ticides is that insecticides can spread over larger areas through, for

Further study is needed to corroborate the our results and verify

example, drift or transport via (ground)water (Chagnon et al., 2015;

the conclusion that high pesticide use in an area reduces landscape-

Goulson, 2013). When populations of beneficial arthropods are ex-

wide arthropod abundance through direct and indirect effects in

posed to insecticides at relatively large spatial and temporal scales,

the fields in which insecticides are applied. At the time of our study,

this could diminish their population sizes due to lethal and sublethal

neonicotinoid seed treatments were common in two crops that oc-

effects, such as reduced reproduction rates (Desneux et al., 2007;

curred in the landscapes surrounding our sampling sites: sugar beet

Woodcock et al., 2016). Both the movement of pesticides and the

and endive. There were only three cases (two fields with sugar beets
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and one with endive) in our study where seed coatings might have

writing of the manuscript. All authors contributed critically to the

been used, while we studied altogether 38 fields in 2 years. Since we

drafts and gave final approval for publication.

did not consider neonicotinoid seed treatments in the variables TFI
and QIA because we were uncertain whether these were used in the

DATA AVA I L A B I L I T Y S TAT E M E N T

three fields, our analysis only reflects the impacts of other insecti-

Data available via the 4TU.ResearchData Repository at https://doi.

cides than neonicotinoids.

org/10.4121/16617184 (Bakker et al., 2021b).
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agricultural pesticide policies (European Commission, 2020). Our
data analysis indicates that insecticides affect insect populations
beyond the field in which they are applied, and these associations
play out at the landscape scale. While farmers are generally well
aware of possible adverse effects of drift of pesticides, the emergent
landscape-scale impact of local insecticide use through movement
of arthropods is not widely recognized.
The identification of landscape-wide effects of pesticides puts a
new perspective on the debate on the risks and benefits of pesticide
use, and supports the need for a landscape approach to regulating
pesticides. The assessment of the spatial scale at which pesticides impact the environment requires a systematic monitoring and publishing
of data on pesticide use (Topping et al., 2020). In the Netherlands,
farmers are already required to register their pesticide use data as
obliged in the Dutch National Action Plan on sustainable plant protection (European Commission, 2012), but this information is not public
because this is considered private, even though the potential impacts
affect public goods. Information on where, when and why pesticides
have been used could provide insights of pest management decision
making and contribute to developing regulations for judicious pesticide use (Milner & Boyd, 2017; Schneider et al., 2021).
AC K N OW L E D G E M E N T S
The work reported in this paper was financially supported by the
Dutch Research Council (NWO), grant 824.15.022. We thank Patric
Brandt for his help with the landscape analysis and work in ARCGIS,
and Matthijs Courbois for his help on insect species identification.
Furthermore, a big thanks to the following people for their assistance
in the field work: Yavanna Aartsma, Liron Chen, Lenora Ditzler, Henk
Eshuis, Julia van Oord, Kim van Oost, Chris Oosterhof and Francine
Pacilly. Finally, we are very grateful to all farmers who participated
in the study and provided us with access to their fields, and who
were willing to share information on their farming practices. We also
thank three anonymous reviewers for helpful feedback on earlier
versions of the manuscript.
C O N FL I C T O F I N T E R E S T
The authors have no conflict of interest to report.
AU T H O R S ' C O N T R I B U T I O N S
L.B., F.J.J.A.B. and W.v.d.W. conceived the ideas and designed methodology and analysed the data; L.B. collected the data and led the

REFERENCES
Bakker, L., van der Werf, W., & Bianchi, F. J. J. A. (2021a). No significant
effects of insecticide use indicators and landscape variables on biocontrol in field margins. Agriculture, Ecosystems & Environment, 308,
107253. https://doi.org/10.1016/j.agee.2020.107253
Bakker, L., van der Werf, W., & Bianchi, F. J. J. A. (2021b). Data from:
Sweep netting samples, but not sticky trap samples, indicate beneficial arthropod abundance is negatively associated with landscape
wide insecticide use. 4TU.ResearchData Repository, https://doi.
org/10.4121/16617184
Barton, K. (2019). Mu-MIn: Multi-model inference. R Package Version 0.12.2/
r18. Retrieved from http://r-forge.r-project.org/projects/mumin/
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using lme4. Journal of Statistical Software,
67(1), 1–48. https://doi.org/10.18637/jss.v067.i01
Bianchi, F. J. J. A., Goedhart, P. W., & Baveco, J. M. (2008). Enhanced pest
control in cabbage crops near forest in the Netherlands. Landscape
Ecology, 23(5), 595–602. https://doi.org/10.1007/s10980-008-9219-6
Bianchi, F. J. J. A., Ives, A. R. R., & Schellhorn, N. A. A. (2013). Interactions
between conventional and organic farming for biocontrol services
across the landscape. Ecological Applications, 23(7), 1531–1543.
https://doi.org/10.1890/12-1819.1
Brooks, M. E., Kristensen, K., Benthem, K. J., Magnusson, A., Berg, C.
W., Nielsen, A., Skaug, H. J., Mächler, M., & Bolker, B. M. (2017).
glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. R Journal, 9(2), 378–
400. https://doi.org/10.32614/rj-2017-066
BRP. (2018). Dataset “Basisregistratie gewaspercelen.” Ministerie van
Economische Zaken - Rijksdienst voor Ondernemend Nederland
website. Retrieved from https://www.nationaalgeoregister.
nl/geonet work /s r v/dut /c at alo g.search #/met ada t a/b812a
145-b 4fe-4331-8dc6-d914327a87f f?tab=general
Burnham, K. P., & Anderson, D. R. (Eds.). (2007). Model selection and multimodel inference: A practical information-theoretic approach (2nd ed.).
Springer-Verlag. https://doi.org/10.1007/978-0 -387-22456-5_7
CDPR. (2021). California Pesticide Information Portal (CalPIP), California
Department of Pesticide Regulation. Retrieved from https://calpip.
cdpr.ca.gov/main.cfm
Chagnon, M., Kreutzweiser, D., Mitchell, E. A. D., Morrissey, C. A.,
Noome, D. A., & Van der Sluijs, J. P. (2015). Risks of large-scale use
of systemic insecticides to ecosystem functioning and services.
Environmental Science and Pollution Research, 22, 119–134. https://
doi.org/10.1007/s11356-014-3277-x
Chaplin-Kramer, R., O'Rourke, M. E., Blitzer, E. J., & Kremen, C. (2011).
A meta-analysis of crop pest and natural enemy response to landscape complexity. Ecology Letters, 14(9), 922–932. https://doi.
org/10.1111/j.1461-0248.2011.01642.x
CTGB. (2019). Dutch Board for the Authorisation of Plant Protection
Products and Biocides (Ctgb), Overview of authorisations. Retrieved
from https://toelatingen.ctgb.nl/nl/authorisations

BAKKER et al.

Dainese, M., Martin, E. A., Aizen, M. A., Albrecht, M., Bartomeus, I.,
Bommarco, R., Carvalheiro, L. G., Chaplin-Kramer, R., Gagic, V.,
Garibaldi, L. A., Ghazoul, J., Grab, H., Jonsson, M., Karp, D. S.,
Kennedy, C. M., Kleijn, D., Kremen, C., Landis, D. A., Letourneau,
D. K., … Steffan-Dewenter, I. (2019). A global synthesis reveals
biodiversity-mediated benefits for crop production. Science
Advances, 5, 1–13. https://doi.org/10.1126/sciadv.aax0121
Desneux, N., Decourtye, A., & Delpuech, J.-M. (2007). The sublethal effects of pesticides on beneficial arthropods. Annual
Review of Entomology, 52, 81–106. https://doi.org/10.1146/annur
ev.ento.52.110405.091440
European Commission. (2012) Dutch action plan on sustainable plant protection. Retrieved from https://ec.europa.eu/food/sites/food/files/
plant/docs/pesticides_sup_nap_nld_en.pdf
European Commission. (2020). Farm to fork strategy. For a fair, healthy and
environmentally-friendly food system. Retrieved from https://ec.europa.eu/food/sites/food/files/s afety/docs/f2f_action-plan_2020_
strategy-info_en.pdf
Gagic, V., Hulthen, A. D., Marcora, A., Wang, X., Jones, L., & Schellhorn,
N. A. (2019). Biocontrol in insecticide sprayed crops does not
benefit from semi-natural habitats and recovers slowly after
spraying. Journal of Applied Ecology, 56(9), 2176–2185. https://doi.
org/10.1111/1365-2664.13452
Goulson, D. (2013). An overview of the environmental risks posed by neonicotinoid insecticides. Journal of Applied Ecology, 50(4), 977–987.
https://doi.org/10.1111/1365-2664.12111
Gravesen, L. (2003). The Treatment Frequency Index: an indicator for
pesticide use and dependency as well as overall load on the environment. In Reducing pesticide dependency in Europe to protect
health, environment and biodiversity, Pesticides Action Network
Europe (PAN), Pure Conference, Copenhagen, Denmark.
Grueber, C. E., Nakagawa, S., Laws, R. J., & Jamieson, I. G. (2011).
Multimodel inference in ecology and evolution: Challenges and
solutions. Journal of Evolutionary Biology, 24(4), 699–711. https://
doi.org/10.1111/j.1420-9101.2010.02210.x
Harrison, X. A., Donaldson, L., Correa-C ano, M. E., Evans, J., Fisher, D.
N., Goodwin, C. E. D., Robinson, B. S., Hodgson, D. J., & Inger, R.
(2018). A brief introduction to mixed effects modelling and multi-
model inference in ecology. PeerJ, 5, 1–32. https://doi.org/10.7717/
peerj.4794
IPES-Food. (2016). From Uniformity to Diversity: A paradigm shift from industrial agriculture to diversified agroecological systems, International
Panel of Experts on Sustainable Food systems. Retrieved from www.
ipes-food.org
Kadaster. (2018). Dataset “Top10NL.” Dutch cadastral key-registry of
buildings and addresses website. Retrieved from https://www.
nation aalge oregi ster.nl/geonet work/s rv/dut/catalo g.search #/
metadata/29d5310f-d d0d-45ba-a bad-b 4ffc6 b8785f?tab=conta
ctBRP
Karp, D. S., Chaplin-K ramer, R., Meehan, T. D., Martin, E. A., DeClerck,
F., Grab, H., Gratton, C., Hunt, L., Larsen, A. E., Martínez-S alinas,
A., O'Rourke, M. E., Rusch, A., Poveda, K., Jonsson, M., Rosenheim,
J. A., Schellhorn, N. A., Tscharntke, T., Wratten, S. D., Zhang, W.,
… Zou, Y. (2018). Crop pests and predators exhibit inconsistent
responses to surrounding landscape composition. Proceedings of
the National Academy of Sciences of the United States of America,
115(33), E7863–E 7870. https://doi.org/10.1073/pnas.18000
42115
Martin, A. E., Collins, S. J., Crowe, S., Girard, J., Naujokaitis-Lewis, I.,
Smith, A. C., Lindsay, K., Mitchell, S., & Fahrig, L. (2020). Effects
of farmland heterogeneity on biodiversity are similar to - or even
larger than -the effects of farming practices. Agriculture Ecosystems
and Environment, 288, 106698. https://doi.org/10.1016/j.
agee.2019.106698
Milner, A. M., & Boyd, I. L. (2017). Toward pesticidovigilance. Science,
357(6357), 1232–1234. https://doi.org/10.1126/science.aan2683

Journal of Applied Ecology

|

951

Muneret, L., Auriol, A., Bonnard, O., Richart-Cervera, S., Thiéry, D.,
& Rusch, A. (2019). Organic farming expansion drives natural
enemy abundance but not diversity in vineyard-dominated landscapes. Ecology and Evolution, 9(23), 13532–13542. https://doi.
org/10.1002/ece3.5810
Pante, E., & Simon-Bouhet, B. (2013). marmap: A package for importing,
plotting and analyzing bathymetric and topographic data in R. PLoS
ONE, 8(9), 6–9. https://doi.org/10.1371/journal.pone.0073051
R Development Core Team. (2019). R: A language and environment for
statistical computing. R Foundation for Statistical Computing.
Retrieved from http://www.r-projec t.org
Roubos, C. R., Rodriguez-Saona, C., & Isaacs, R. (2014). Mitigating the
effects of insecticides on arthropod biological control at field
and landscape scales. Biological Control, 75, 28–38. https://doi.
org/10.1016/j.biocontrol.2014.01.006
Sánchez-Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide decline of the
entomofauna: A review of its drivers. Biological Conservation, 232,
8–27. https://doi.org/10.1016/j.biocon.2019.01.020
Schneider, K., Skevas, I., & Oude Lansink, A. (2021). Spatial spillovers on input-specific inefficiency of Dutch arable farms.
Journal of Agricultural Economics, 72(1), 224–243. https://doi.
org/10.1111/1477-9552.12400
Seibold, S., Gossner, M. M., Simons, N. K., Blüthgen, N., Müller, J., Ambarlı,
D., Ammer, C., Bauhus, J., Fischer, M., Habel, J. C., Linsenmair, K. E.,
Nauss, T., Penone, C., Prati, D., Schall, P., Schulze, E.-D., Vogt, J.,
Wöllauer, S., & Weisser, W. W. (2019). Arthropod decline in grasslands and forests is associated with landscape-level drivers. Nature,
574(7780), 671–674. https://doi.org/10.1038/s41586-019-1684-3
Spromberg, J. A., John, B. M., & Landis, W. G. (1998). Metapopulation
dynamics: Indirect effects and multiple distinct outcomes in ecological risk assessment. Environmental Toxicology and Chemistry: An
International Journal, 17(8), 1640–1649. https://doi.org/10.1002/
etc.5620170828
Statline. (2019). Use of crop protection products in agriculure (Dutch:
Gebruik gewasbeschermingsmiddelen in de landbouw), Statistics
Netherlands' database (CBS). Retrieved from https://opendata.cbs.
nl/statline/#/CBS/nl/
Topping, C. J., Aldrich, A., & Berny, P. (2020). Overhaul environmental risk assessment for pesticides. Science, 367(6476), 360–363.
https://doi.org/10.1126/science.aay1144
Topping, C. J., Craig, P. S., de Jong, F., Klein, M., Laskowski, R., Manachini,
B., Pieper, S., Smith, R., Sousa, J. P., Streissl, F., Swarowsky, K.,
Tiktak, A., & van der Linden, T. (2015). Towards a landscape scale
management of pesticides: ERA using changes in modelled occupancy and abundance to assess long-term population impacts of
pesticides. Science of the Total Environment, 537(August), 159–169.
https://doi.org/10.1016/j.scitotenv.2015.07.152
Topping, C. J., Kjaer, L. J., Hommen, U., Høye, T. T., Preuss, T. G., Sibly,
R. M., & van Vliet, P. (2014). Recovery based on plot experiments
is a poor predictor of landscape-level population impacts of agricultural pesticides. Environmental Toxicology and Chemistry, 33(7),
1499–1507. https://doi.org/10.1002/etc.2388
Tscharntke, T., Bommarco, R., Clough, Y., Crist, T. O., Kleijn, D., Rand,
T. A., Tylianakis, J. M., van Nouhuys, S., & Vidal, S. (2007).
Conservation biological control and enemy diversity on a landscape
scale. Biological Control, 43(3), 294–3 09. https://doi.org/10.1016/j.
biocontrol.2007.08.006
Tscharntke, T., Klein, A., Kruess, A., Steffan-Dewenter, I., & Thies, C.
(2005). Landscape perspectives on agricultural intensification and
biodiversity—Ecosystem service management. Ecology Letters, 8(8),
857–874. https://doi.org/10.1111/j.1461-0248.2005.00782.x
van der Sluijs, J. P., Amaral-Rogers, V., Belzunces, L. P., Bijleveld van
Lexmond, M. F. I. J., Bonmatin, J.-M., Chagnon, M., Downs, C. A.,
Furlan, L., Gibbons, D. W., Giorio, C., Girolami, V., Goulson, D.,
Kreutzweiser, D. P., Krupke, C., Liess, M., Long, E., McField, M.,
Mineau, P., Mitchell, E. A. D., … Wiemers, M. (2015). Conclusions

952

|

BAKKER et al.

Journal of Applied Ecology

of the Worldwide Integrated Assessment on the risks of neonicotinoids and fipronil to biodiversity and ecosystem functioning. Environmental Science and Pollution Research, 22(1), 148–154.
https://doi.org/10.1007/s11356-014-3229-5
van Klink, R., Bowler, D. E., Gongalsky, K. B., Swengel, A. B., Gentile, A.,
& Chase, J. M. (2020). Meta-analysis reveals declines in terrestrial
but increases in freshwater insect abundances. Science, 368(6489),
417–420. https://doi.org/10.1126/science.aax9931
Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). Springer. Retrieved from http://www.stats.ox.ac.uk/pub/
MASS4
Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer-
Verlag. Retrieved from https://ggplot 2.tidyverse.org
Woodcock, B. A., Isaac, N. J. B., Bullock, J. M., Roy, D. B., Garthwaite,
D. G., Crowe, A., & Pywell, R. F. (2016). Impacts of neonicotinoid
use on long-t erm population changes in wild bees in England.
Nature Communications, 7, 12459. https://doi.org/10.1038/
ncomm s12459
Zhang, Y., Haan, N. L., & Landis, D. A. (2020). Landscape composition and
configuration have scale-dependent effects on agricultural pest

suppression. Agriculture, Ecosystems and Environment, 302(May),
107085. https://doi.org/10.1016/j.agee.2020.107085
Zuur, A. F., Hilbe, J. M., & Ieno, E. N. (2013). A beginner's guide to GLM and
GLMM with R, Beginner's guide series. Highland Statistics Ltd.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Bakker, L., van der Werf, W., & Bianchi,
F. J. J. A. (2022). Sweep netting samples, but not sticky trap
samples, indicate beneficial arthropod abundance is negatively
associated with landscape wide insecticide use. Journal of
Applied Ecology, 59, 942–952. https://doi.
org/10.1111/1365-2664.14106

