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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Insecticide use across 557 French farms 
that included winter wheat in their crop 
rotation was examined 

• Insecticide use increased with pest 
pressure and field size 

• Pest pressure increased as the cover of 
hedgerows in the landscape decreased 

• Increasing the landscape-scale cover of 
hedgerows from 1 % to 3 % halved 
insecticide use  
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A B S T R A C T   

Reducing pesticide use while maintaining agricultural production is a key challenge. Ecological theory predicts 
that landscape simplification is likely to increase insect pest outbreaks and limit their control by natural enemies, 
and this situation could boost insecticide use. Some studies have indeed detected that simpler landscapes were 
associated with higher insecticide use, but very few have demonstrated that this association is caused by 
landscape effects on pest abundance. Here, we analysed insecticide use and pest pressure in response to land
scape simplification across 557 arable farms across France. Accounting for potentially confounding covariates, 
we found that lower cover of hedgerows in the landscape, but not semi natural areas, were associated with higher 
on-farm insecticide use. We also found that greater hedgerow coverage was associated with lower aphid pest 
pressure. Specifically, increasing the landscape-scale cover of hedgerows from 1 % to 3 % meant that insecticide 
use was halved. These findings suggest that restoring hedgerow cover at the landscape scale should be targeted in 
order to speed-up the ecological intensification of agriculture.   

1. Introduction 

Pesticides are a cornerstone of crop productivity under the dominant 

agriculture paradigm (Popp et al., 2013) but scientific evidence has 
accumulated on their detrimental impacts on human health (Kim et al., 
2017), biodiversity and associated ecosystem services (Geiger et al., 
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2010; Sánchez-Bayo and Wyckhuys, 2019). A primary option to reduce 
pesticide use is the adoption of alternative, non-chemical practices that 
alleviate pest pressure, such as intercropping or the diversification of the 
crop sequence (Petit et al., 2020; Van der Werf and Bianchi, 2022). 
Increasing attention is also being paid to the landscape context of indi
vidual fields (Meehan et al., 2011). Landscape simplification, i.e. the loss 
of non-crop habitats and the increasing size of crop patches, can be 
associated to increased pesticide use (Meehan and Gratton, 2015; 
Nicholson and Williams, 2021; Malaj and Morrissey, 2022). Such asso
ciation could simply reflect the farm level economy, e.g. spraying a 
larger field costs less and protects a larger share of the farm production 
(Waterfield and Zilberman, 2012; Osteen and Fernandez-Cornejo, 
2013). This association is however also in line with ecological expec
tations, i.e. large crop patches facilitate movement and establishment of 
crop pests, leading to higher pest pressure and thus to a higher use of 
insecticides. There are indeed a few large-scale demonstrations of the 
relationships between crop cover or patch size, pest pressure and in
secticides use (but see Meehan et al., 2011; Gagic et al., 2021). 
Ecological theory also predicts that significant cover of semi-natural 
habitats boosts populations of natural enemies and therefore limit pest 
populations (Tscharntke et al., 2012) and possibly lead to a lower use of 
pesticides. Here, to our knowledge, the link between semi-natural hab
itats, pest abundance and insecticide use has not been established based 
on data at large scale (but see Paredes et al., 2021 on vineyards). Simple 
landscapes do not either consistently exacerbate insect pest problems 
(Rosenheim et al., 2022) or reduce pest control services (Karp et al., 
2018; Petit et al., 2020). The current state of knowledge is thus insuf
ficient to assess to what extent the landscape context of arable fields 
could be a lever to help farmers reduce their pesticide use. 

In this paper, we develop a nationwide analysis of the links between 
landscape, pests and insecticide use, taking advantage of two unique 
national datasets, the DEPHY farm network, with pluri-annual agricul
tural practices currently recorded c.a. 3000 farms and the EPIPHYT 
database which centralises data from the French pest monitoring ser
vice. Analyses of 2009–2011 data from ca. 950 arable farms from the 
DEPHY farm network revealed a high variability of insecticide use 
among farmers adopting similar cropping systems, suggesting that other 
factors may drive their use (Lechenet et al., 2017). Here, based on data 
collected between 2014 and 2019, we specifically explore to what extent 
the landscape context of farms affected insecticide use in a subset of 557 
DEPHY farms. These farms were selected because they adopted a com
parable cropping strategy, allowing us to really evaluate the effect of the 
landscape context on insecticide use. In this subset of farms, we expected 
insecticide use to be lower in farms located in complex landscapes, 
characterised by small-sized crop patches and higher cover of semi- 
natural habitats (forests and permanent grasslands) and hedgerows, 
than those located in simple landscapes. We also examined the effect of 
landscape characteristics on insect pest pressure. 

2. Material and methods 

2.1. Selection of DEPHY farms 

We first selected farms describing at least three fields during three 
consecutive years between 2014 and 2019 from the DEPHY farm 
network (Lechenet et al., 2016). We then selected a subset of farms 
conducting comparable cropping systems. This step was crucial to 
control that the use of insecticide was not due to farmers' cropping 
strategy, to ensure that our analyses focused on farms that were not too 
different in terms of crop sequences and to avoid potential confounding 
effects between cropping system and landscape context. The subset was 
identified by conducting a clustering analysis to type farms based on 
agronomic variables such as the nature of crops grown, tillage regime 
and fertilization (Supp Mat. 6). We kept the dominant type; it gathered 
557 farms that grew at least one winter wheat over the 3-year crop 
sequence, used tillage and ploughing and applied intermediate amounts 

of nitrogen. The 557 farms were located across 252 municipalities and 
covered 93 different French Small Agricultural Areas (hereafter SAA), 
defined as homogeneous production basins (Fig. 1). The main crop types 
that were grown alongside wheat in the rotations were barley (58 % of 
the farms), oilseed rape (54 %), maize (36 %), beet (14 %), sunflower 
(12 %), mustard (10 %) and spring pea (8 %). 

2.2. Insecticide use 

Our objective was to analyse the effect of the landscape context of the 
557 farms on their overall pesticide use, across crops and years. The 
response variable was thus the average insecticide use over the three- 
year crop sequences at the farm level. The applied doses of commer
cial products were reported by farmers for each field and year in the 
AGROSYST database (Ancelet et al., 2015). Insecticide use was esti
mated by the Treatment Frequence Index ‘TFI’, an indicator widely used 
in Europe to assess the reliance of cropping systems on pesticides 
(Lechenet et al., 2017; Guinet et al., 2023). TFI is the number of refer
ence doses applied per hectare and per crop season (OECD, 2001). All 
reference doses were extracted from the E-phy online database provided 
by the French Ministry of Agriculture (ANSES, 2023). Seed coating with 
chemical pesticides was included in the TFI computation (1.0 additional 
TFI point for each crop sown with coated seeds). Non-chemical pesti
cides were excluded from TFI computation (according to the ‘biocontrol’ 
list of the French Ministry of Agriculture, MASA, 2023) We compiled 
yearly data to obtain an average TFI value per field for the 3 year-long 
crop sequence and then averaged these values at the farm level. 

TFI =
∑k

j=1

(
∑n

i=1

Dij.Sij

Dhij.St

)

.ωj  

where Dij, Dhij, and Sij, i = 1, …, n, j = 1, …, k are, respectively, the 
applied dose, the reference dose (registered dose of the applied insec
ticide), and the treated surface area for each spraying operation i on each 
crop j; St is the total field area; and ωj are the proportions of each crop j 
in the crop sequence. 

2.3. Regional Pest pressure 

To assess the level of insect pest pressure on each of the 557 farms, 
we mobilised data from the French national epidemiological monitoring 
network EPIPHYT, which reports the proportion of crop plants affected 
by pest types on a set of monitored fields in each region. In EPIPHYT, 
aphid damages were those that were the most widely monitored in 
cropping systems that include wheat and barley, which are the two 
dominant crops in our subset of 557 farms. Although we recognise that 
there are damages caused by insects other than aphids on our farms, we 
considered the nationwide aphid observational data as the best possible 
proxy to account for variations in insect pest pressure across the 557 
farms. As observational protocols varied between SAAs, we could not 
use directly this quantitative data and each local record was converted 
into presence/absence data at the field scale. The pressure was then 
calculated at the spatial scale of the SAAs as the proportion of surveyed 
fields where the presence of aphids was recorded. Insect pest pressure 
per SAA was estimated in each SAA that included at least one of the 557 
farms and for each year of the crop sequence of farms, yielding 398 
values that varied between 0 and 0.72 across the 93 SAAs and six years. 
To estimate the contribution of pest pressure to variations in insecticide 
TFI, each of the 557 farms were attributed the average SAA level aphid 
pressure value over the three years of the crop sequence (Sup. Fig. 1e). 
There was some interannual variability in aphid pressure (Sup. Fig. 2.), 
reflecting differences in climatic conditions between years (Courson 
et al., 2022). The 398 annual SAA pest pressure values were used to test 
for an effect of landscape complexity. 
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2.4. Landscape context of farms 

The landscape context of each farm was characterised by compiling 
two spatial national datasets, the Registre Parcellaire Graphique which 
describes agricultural land cover and the BD TOPO® (IGN, 2021) which 
maps forests, permanent grasslands and hedgerows. Here, we computed 
three landscape metrics which cover different aspects of landscape 
complexity, namely (i) pHedgerow, the proportional cover of hedge
rows, (ii) pSNH, the proportional cover of patches of semi-natural 
habitats, i.e. forest as well as permanent and rotational grasslands, 
and (iii) MeanFieldSize, the mean field size of arable crops in the 
landscape. Landscape metrics were computed using the land
scapemetrics package (v1.5.4 Hesselbarth et al., 2019) at a 1 m resolu
tion and the alm package (v1.1; Allart et al., 2020) on the R software (R 
v. 4.0.4, R Core Team, 2022). 

These three landscape metrics were used in two different models. 
They were first used as explanatory variables of the variations of on- 
farm insecticide use TFI. To this end, metrics were calculated at the 
municipality level, i.e. the most accurate data of each farm location in 
the AGROSYST database. They were calculated on the median year of 
the three year-long crop sequence given the high interannual correlation 
between the values for each landscape metrics (r values ranging from 
0.998 to 0.999). Our dataset covered a wide range of landscape contexts 
(Sup. Fig. 1b, c, d). MeanFieldSize was negatively correlated to 
pHedgerow (rho = − 0.5) and to pSNH (rho = − 0.23) (Sup. Fig. 3.). The 
three landscape metrics were also used in a second model developed to 
test the expectation that pest pressure is lower in more complex land
scapes. As pest pressure was expressed as aphid pressure per SAA, the 
metrics included in this second model were calculated at this same 

regional spatial grain, and for each year. 

2.5. Other potential drivers of insecticide use 

Since the amount of insecticides used is primarily crop-dependent 
(Urruty et al., 2016), we accounted for the nature of the crops in the 
crop sequences of the 557 farms. We identified several crop types that 
are highly dependent on insecticide use in France, namely oilseed rape, 
mustard, potatoes, peas and faba beans (Agreste, 2019). We thus created 
a covariable “Crop_sequence” that represented the cover of insecticide 
demanding crops (ha) relative to the total area of crops within the 3-year 
crop sequence (ha). Crop_sequence varied from 0 to ca. 0.5 (Sup. 
Fig. 1a.). 

In addition, to ensure that potential associations between insecticide 
use and landscape metrics were not resulting from their independent 
responses to agricultural intensification, we checked the relationship of 
these variables with the potential crop productivity of farms. Crop 
productivity goals are often determined according to the yield potential 
that is substantially due to soil texture and associated available water. 
We used as a proxy of this potential the soil water holding capacity of 
farms which depends on soil depth, soil texture and soil organic matter 
content and describes the vulnerability of farms to water deficit, an issue 
of increasing concern for wheat production across France, and more 
widely across Europe (Wilcox and Makowski, 2014; Williams et al., 
2016). We extracted for each of the 557 farms the soil water holding 
capacity (hereafter SWHC) from the french soil database (Gis SOL, 
2011). SWHC data was available in five classes, ranging from <50 mm to 
>200 and its spatial distribution was consistent with the distribution of 
the average wheat crop yield per administrative unit across France 

Fig. 1. Location of the 557 farms. Black borders line the small agricultural areas (SAAs).  
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(Agreste, 2022). 

2.6. Statistical analysis 

First, to explain variations in insecticide TFI, we used a linear mixed 
model with a gaussian distribution. Fixed effects were the insect pest 
pressure, the three landscape metrics and the two covariables, Crop_
sequence and SWHC. We also included interactions between the insect 
pest pressure and each landscape metrics. The identity of the farm was 
used as a random factor. We detected no correlation higher than 0.6 
between any couple of explanatory continuous variables (Sup. Fig. 3.) 
and found no relationship between the SWHC class of each farm and the 
landscape metrics (Sup. Fig. 4.). To avoid any issues of collinearity, we 
performed a VIF score for all the predictors (vif function, car package 
v3.0.12 in R, Table 1). We detected no spatial autocorrelation of model 
residuals (see variogram in Sup. Fig. 5). Second, to test the expectation 
that pest pressure is lower in complex landscapes, we explored the 
relationship between annual SAA insect pest pressure and landscape 
metrics at the SAA level through a linear mixed model with a gaussian 
distribution, with the year as a random factor. We detected no spatial 
autocorrelation of model residuals (see variogram in Sup. Fig. 5). 

To deal with issues of overdispersion and normality of residuals, the 
response variable of each model was normalized, squared transformed, 
and normalized again. All the explanatory variables were normalized. 
To assess the performance of models, we report both the marginal R2 

(R2
m, associated to fixed effects only) and the total R2 (R2

tot, associated to 
the whole model therefore conditioning on the random effects; Naka
gawa and Schielzeth, 2013). All analyses were performed with R soft
ware v4.0.4. (R Core Team, 2022). 

We performed additional analyses following the same statistical 
procedure but focusing on specific crop types, namely soft wheat crops 
and oilseed rape crops. A first model was developed to explain variations 
in yearly insecticide TFI in the crop type with year as a random factor. 
and a second model was developed to examine the relationship between 
insect pest pressure and landscape metrics at the SAA level. Insect pest 
pressure was derived from observational data in the specific crop type, 
namely aphids observed in winter wheat and insect pests observed in 
oilseed rape. 

3. Results 

The insecticide TFI varied from 0 to 3.1 across the 557 farms. As 
expected, insecticide use was higher in farms that included a higher 
proportion of insecticide demanding crops in their rotation (Table 1, 
Fig. 2a, R2

m = 0.27, R2
tot = 0.89). Conversely, SWHC was not related to 

insecticide use (Chi2 = 3.4832, df = 5, p value = 0.778). Insecticide use 
increased with regional pest pressure, although the effect was limited 

here (Table 1, Fig. 2b). 
We found that insecticide use was lower in landscapes with high 

cover of hedgerows (Table 1 and Fig. 2c). Analyses performed on yearly 
data for specific crop types confirmed this negative relationship, see 
Supp Mat. S7 for winter soft wheat and Supp Mat. S8 for oilseed rape. 

At the SAA level, insect pest pressure decreased when hedgerow 
cover increased (Table 2, Fig. 3, R2m = 0.05, R2tot = 0.12). This rela
tionship was also found for insect pests specifically observed in soft 
wheat (Supp Mat. S7) and for insect pests specifically observed in oilseed 
rape (Supp Mat. S8). 

4. Discussion 

Detecting consistent pest and pesticide responses to landscape 
characteristics requires to mobilise datasets of much larger size than 
those used in classical landscape ecological studies. Using an insecticide 
use dataset from 557 farms growing winter-wheat across France, and 
accounting for differences in cropping strategies, crop sequences and 
potential crop productivity among farms, we show that farmers used less 
insecticides in more complex landscapes, i.e. landscapes that contain a 
higher cover of hedgerows. We also show that the association between 
landscape simplification and insecticide use is very likely led by 
ecological processes, i.e. decreasing cover of hedgerows increased pest 
pressure, and increased pest pressure resulted in increased insecticide 
use per unit of arable land. To our knowledge, this is the first national- 
scale study providing empirical evidence of the beneficial role of the 
landscape-scale cover of hedgerows on pest levels and on sustainable 
crop production issues. 

The strength of our approach is that the patterns observed are 
generic, as the relationship was tested over a large range of pedoclimatic 
conditions across France. Such approach can however only be correla
tive, which means that it requires to carefully consider the relationship 
with other possible covariables explaining the observed patterns. Ac
counting for the presence in the crop rotation of crops highly reliant on 
insecticides proved relevant, as could be expected (see Meehan et al., 
2011). These crops were mostly Brassicaceae (oilseed rape and 
mustard), present in almost 60 % of our farms. We also explored the 
potential effect of the farm crop yield potential, which could positively 
influence insecticide use and landscape simplification. We detected no 
such effect on insecticide use, and this is in line with the lack of corre
lation between crop productivity and insecticide use on most arable 
farms of the DEPHY network (Lechenet et al., 2017) but as also shown 
elsewhere (Gagic et al., 2021). Potential crop yield did not affect land
scape metrics either, suggesting that the degree of landscape simplifi
cation across our farms was driven by other factors. Among those, the 
history of farmers' individual decisions to enlarge his fields, remove or 
plant hedgerows is probably key (Barbottin et al., 2018) although the 

Table 1 
Model estimates for insecticide TFI in each farm (N = 557 farms) in response to SWHC (Soil Water Holding Capacity, a proxy of the potential crop productivity of 
farms), Crop_sequence (the proportion of insecticide-demanding crops in the crop sequence), Pest pressure (the regional aphid pressure) and three landscape metrics, i. 
e. pHedgerow the proportional cover of hedgerow, pSNH the proportion of semi-natural habitats, and MeanFieldSize the mean size of arable fields in the landscape 
surrounding farms.   

Estimate Std. Error df t value Pr(>|t|)  VIF 

SWHC <50 mm 0.180 0.20 265.37 0.921 0.36 ns 

1.46 
SWHC 50-100 mm 0.096 0.094 269.51 1.028 0.30 ns 
SWHC 100-150 mm − 0.022 0.13 272.15 − 0.175 0.86 ns 
SWHC 150-200 mm 0.082 0.14 266.97 0.592 0.55 ns 
SWHC >200 mm − 0.05 0.13 275.72 − 0.421 0.67 ns 
Crop_sequence 0.31 0.045 543.46 6.910 0.0001 *** 1.16 
Pest Pressure 0.069 0.035 537.35 1.956 0.049 * 1.10 
pSNH 0.030 0.052 392.99 0.577 0.564 ns 1.25 
pHedgerow − 0.230 0.060 338.37 − 3.842 0.0001 *** 1.48 
MeanFieldSize 0.101 0.059 537.04 1.702 0.089 . 1.72 
Pest Pressure:pSNH 0.053 0.039 523.51 1.356 0.176 ns 1.10 
Pest Pressure:pHedgerow 0.004 0.039 543.99 0.116 0.907 ns 1.47 
Pest Pressure:MeanFieldSize − 0.056 0.041 464.40 − 1.366 0.173 ns 1.63  
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past municipality-wide land consolidation programmes have had very 
significant effects on mean field size and hedgerow density in many 
French landscapes (Burel and Baudry, 1990). 

Once these covariates were accounted for, we detected a strong 
signal of a negative association between the proportional cover of 
hedgerows in the landscape and on-farm insecticide use. The cover of 
hedgerows around most farms was c.a. 1 %, which is the average cover 
of hedgerows at the national level (Pointereau, 2002). Our model sug
gests that when landscape-scale hedgerow cover reaches 3 %, insecticide 
use is halved. We also provide evidence that increased cover of hedge
rows around farms is significantly associated with lower occurrence of 
aphids, every year. This pattern is most likely explained by the beneficial 

effects of hedgerows on ground-dwelling and flying aphid natural en
emies (Alignier et al., 2014) that can altogether reduce aphid abundance 
up to 60 % in wheat crops (Rusch et al., 2013). Increasing landscape- 
scale hedgerow cover from 1 % to 5 % was shown to boost aphid 
parasitism by 30 % (Dainese et al., 2017) and to increase aphid preda
tion by ladybeetles by up to 50 % (Bianchi and van der Werf, 2003). We 
additionally demonstrated that a higher regional aphid pressure led to 
increased use of pesticides across our farms and this pattern matches the 
standard economic assumption that farmers aim at maximizing their 
economic income, and hence use insecticide when insect pest levels are 
likely to cause crop damage. The association, though significant, was 
maybe not as strong as could be expected. This may be related to our 

Fig. 2. Marginal effects of a) the proportion of crops highly dependent on insecticides in the crop sequence (Crop_sequence); b) the regional pest pressure; c) the 
proportion of hedgerows (pHedgerows) surrounding farms on the insecticide TFI. 

Table 2 
Model estimates for the insect pest pressure at the Small Agricultural Area level (SAA) in response to landscape metrics estimated at the SAA level (N = 398 SAA/year). 
the proportion of semi-natural habitats (pRegionalSNH), the proportional cover of hedgerow (pRegionalHedgerow) and the mean size of arable fields 
(RegionalMeanFieldSize).   

Estimate Std. Error df t value Pr(>|t|)  VIF 

(Intercept) − 0.007 0.112 6.34 − 0.065 0.952   
pRegionalHedgerow − 0.170 0.050 400.83 − 3.394 0.001 ** 1,13 
pRegionalSNH 0.065 0.053 358.15 1.239 0.216  1,04 
RegionalMeanFieldSize 0.105 0.057 218.65 1.823 0.069 . 1,11  
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pest data resolution, which represented a proportion of fields where the 
pest was observed rather than real pest abundances. It could as well be 
due to variations in the behaviour of farmers when it comes to spray 
insecticides which can stem from many factors, such as the differences in 
knowledge and skills or in the perception of risk (Wu et al., 2018; Bakker 
et al., 2021). 

Reducing the reliance of agriculture on pesticides is a primary goal 
and will benefit biodiversity as well as farmers and consumers (Dudley 
et al., 2017; Jacquet et al., 2022). Our research shows that pathways 
towards reduced pesticide use operate at multiple spatial scales and 
should account for the landscape context of farms. Specifically, our 
nationwide analysis demonstrates that maintaining hedgerows in the 
landscape means lower aphid pressure and less insecticide use in French 
wheat-based crop rotations. Hedgerows are important elements of many 
landscapes around the world (Baudry et al., 2000) and their contribution 
to multiple services widely acknowledged (Montgomery et al., 2020). 
We show here that hedgerow restoration in simple landscapes could be 
part of a strategy towards reduced insecticide use in arable cropping 
systems that are dominant in many countries. 
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