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Complex landscapes including semi-natural habitats are expected to favour
natural enemies thereby enhancing natural pest biocontrol in crops. How-
ever, when considering a large number of situations, the response of
natural biocontrol to landscape properties is globally inconsistent, a possible
explanation being that local agricultural practices counteract landscape
effects. In this study, along a crossed gradient of pesticide use intensity
and landscape simplification, we analysed the interactive effects of land-
scape characteristics and local pesticide use intensity on natural biocontrol.
During 3 years, using a set of sentinel prey (weed seeds, aphids and Lepi-
doptera eggs), biocontrol was estimated in 80 commercial fields located in
four contrasted regions in France. For all types of prey excepted weed
seeds, the predation rate was influenced by interactions between landscape
characteristics and local pesticide use intensity. Proportion of meadow and
length of interface between woods and crops had a positive effect on biocon-
trol of aphids where local pesticide use intensity was low but had a negative
effect elsewhere. Moreover, the landscape proportion of suitable habitats for
crop pests decreased the predation of sentinel prey, irrespectively of the local
pesticide use intensity for weed seeds, but only in fields with low pesticide
use for Lepidoptera eggs. These results show that high local pesticide use
can counteract the positive expected effects of semi-natural habitats, but
also that the necessary pesticide use reduction should be associated with
semi-natural habitat enhancement to guarantee an effective natural biocontrol.

1. Introduction

The biological control of crop pests by their natural enemies provides
agriculture with a valuable, but poorly quantified ecosystem service [1,2].
Increasing the intensity and stability of pest control over time and space is
crucial to promote this ecosystem function in agroecological systems [3].
Management to maximize natural biocontrol should be designed at multiple
spatial scales because both local-field and landscape-scale factors may contrib-
ute to maintaining healthy communities of natural enemies that can regulate
crop pests [4,5].

Recent meta-analyses have, however, concluded that natural pest biocontrol
exhibits inconsistent responses to surrounding landscape characteristics in
terms of semi-natural habitat area and/or crop area [6—8]. One possible
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explanation of this high variability of responses arises from
the diversity of natural enemies that can act as biocontrol
agents of different crop pests, each differing in traits that
influence their sensitivity to landscape structure. Alterna-
tively, landscape effects could be present, but masked by
effects of local farm management [8,9]. Some recent studies
support this view, evidencing that landscape effects on natu-
ral biocontrol can be conditional on local management at the
field/farm scale, such as when landscape effects on aphid or
weed suppression are modulated by local within-field
plant diversity [10] or local soil tillage regime [11], respect-
ively. Moreover, considered landscape variables are often
restricted to the sole quantification of land cover types that
do not always reflect the actual functional values of
various landscape elements for the target organisms, e.g.
insect pests [6].

Among farm-management factors, the intensity of
pesticide use is likely to be a major driver of variation in
the diversity and abundance of biocontrol agents and in
their pest regulating activity. This question has been
addressed through comparisons of biocontrol intensity
between organic systems (i.e. without synthetic pesticides
but often using organic-approved crop protection products)
and conventional ones [12], but these farming systems also
vary in many other ways than pesticide use [13], including
agricultural practices likely to impact pests and natural ene-
mies. Furthermore, this dichotomy assumes that all farmers
practicing conventional management use the same pesticide
strategy which is not a realistic assumption, especially
given recent shifts in policy development aiming at practices
that reduce reliance on agrichemicals including pesticides
[14]. A few studies have addressed the impact of local pesti-
cide use intensity per se on natural biocontrol: for example,
the level of pesticide use was inversely related to invertebrate
predation of weed seeds in cereal crops [15] and of aphids
[16,17]. The negative impact of insecticide pressure on natural
biocontrol can be mitigated by a positive effect of semi-
natural habitats in the landscape [18]. Local pesticide use
can also modulate responses of natural pest control agents
to landscape-scale factors, as seen in enhanced occurrence
of a codling moth predator in orchards [19]. Overall, the
literature highlights the context dependence of natural pest
biocontrol responses to the effects of land management at
both local (field to farm) and landscape scales and calls for
additional large-scale empirical studies over a wide range
of climates and agroecosystems that simultaneously evaluate
local management factors alongside landscape effects.

In this paper, we evaluated the natural biocontrol of crop
pests, based on a set of sentinel prey, along a crossed gradient
of pesticide use intensity (field-scale intensification of agricul-
tural practices) and landscape simplification (landscape-scale
intensification accounting for an increase of the area of crops,
a decrease of semi-natural habitats and of length of interfaces
between crops and semi-natural habitats). The analysis is
based on data collected during three consecutive years in 80
fields of perennial and annual crops located in four French
regions. Specifically, we tested three hypotheses: (i) biocon-
trol decreases as local in-field pesticide use intensity
increases, (ii) biocontrol decreases as landscape simplification
increases, and (iii) pesticide use intensity modulates
landscape-scale effects on pest biocontrol, i.e. there are inter-
active, conditional effects of pesticide use and landscape
characteristics on the intensity of biocontrol.

2. Material and methods

(a) Study regions and monitored fields selection
Natural biocontrol was monitored in 80 commercial agricultural
fields from 2014 to 2016, with 20 fields located in each of four
climatically distinct regions of France: the ‘Basse-Durance’
valley near Avignon (AVI), the agricultural plain of Cote d’Or
near Dijon (DI]), the LTSER ‘Zone Atelier Armorique’ near
Rennes (REN) and the LTSER ‘Zone Atelier Pyrénées-Garonne’
near Toulouse (TOU, electronic supplementary material, figure
S1). The AVI landscape was dominated by apple production
while the primary land use in the other three regions was
rotational arable production.

Fields were selected in order to simultaneously cover a
crossed gradient of landscape simplification and of local pesti-
cide use intensity. Using a land cover map (10 m? resolution)
combining the Corine Land Cover, the Land Parcel Identification
System (official European database for payments in the frame-
work of the Common Agricultural Policy) and the French
National Institute of Geographic and Forest Information (IGN)
databases, the landscape simplification gradient was defined
using three metrics: (i) the proportion of annual crops (pro-
portion of perennial crops for AVI), (ii) the proportion of
semi-natural habitats (forest, hedgerows, fallows), and (iii) land-
scape heterogeneity calculated with the Shannon index
considering nine land cover types (urban areas, forests, fallows,
wetlands, water courses, annual crops, perennial crops, perma-
nent meadows and temporary meadows). To cover a large
range of local pesticide use intensity, the fields were selected
into three types of agricultural systems: organic farmers, non-
organic farmers involved in a national network with a pesticide
use reduction goal (French DEPHY network) and conventional
farmers. The mean size of the selected fields was 1.32 ha (+s.d.
1.30), 824ha (+s.d. 3.71), 426 ha (+s.d. 2.03) and 7.92 ha
(£s.d. 5.86) in the AVI, DIJ, REN and TOU regions, respectively.
Within each region, the distance between fields ranged from 1 to
55 km (mean = 14 km =+ s.d. 8 km). The 80 fields were managed
by 74 different farmers. The crops grown in sampled fields were
classified into eight categories: cereals (wheat, barley, oat and
triticale); summer crops (maize, sunflower, soya bean and sor-
ghum); spring and winter oleaginous (oilseed rape, mustard
and flax); legumes (faba bean, peas, lentil, alfalfa and clover);
apple orchards; grass—legume mixtures; meadows and fallows
(electronic supplementary material, table S1). Because the selec-
tion of fields was based on their position along the crossed
gradient of landscape simplification and of local pesticide use
intensity, and because the same fields were monitored for several
years, it was not possible to simultaneously control the
distribution of the type of crop grown.

(b) Estimation of potential pest biocontrol with sentinel
prey cards

The natural biocontrol of weeds and invertebrate pests in each
field was estimated using predation intensity assays comprising
sentinel prey items affixed to cards (5 x 5 cm sandpaper) with
glue. To monitor a range of diet and microhabitat used by
diverse predators, we exposed four types of sentinel prey (elec-
tronic supplementary material, figure S2): (i) ‘weed seed’
[15,20] with 10 glued Viola arvensis seeds exposed for 96 h on
the ground with a nail (glue: SADER® WOOD PRO D3 diluted
with two-thirds of water); (ii) ‘Ephestia’ containing egg clusters of
Ephestia kuehniella (Lepidoptera) fixed to the crop plant with a
stapler and exposed for 96 h (eggs are too small to allow for a pre-
cise enumeration so a 5 mm-wide cluster was glued to the card;
glue: SADER® All-purpose solvent-free) [21]; (iii) ‘ground-level
aphid” with three glued adult pea aphids Acyrthosiphon pisum
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exposed for 24 h on the ground [22]; and (iv) ‘crop-level aphid’
with three glued adult pea aphids A. pisum fixed to the crop
plant and exposed for 24 h (glue: UHU® Twist&Glue solvent-
free). Glue types were chosen within a set of low toxic ones after
practical tests ensuring that prey were just fixed but not mired,
and that they did not come off during the exposition time period.

In each field, we exposed the four card types in 10 plots evenly
positioned along two parallel transects, 10 m away from each
other (electronic supplementary material, figure S2). Transects
were perpendicular to the field border, with the first position at
50 m from the border and the last one at 100 m (150 m in orchards
owing to their more elongated shape). The number of remaining
prey on cards after exposure was counted in the field, except for
Ephestia cards, which because of their small size required visual
inspection with a magnifying binocular in the laboratory and
were assigned to two classes: unconsumed (less than 5% of the
eggs consumed) or consumed (greater than 5%). Predation inten-
sity on each prey type in each field (n = 10 cards) was assessed by
summation of: (i) the number of consumed prey (predation suc-
cess events, or consumed Ephestia cards) and (ii) the number of
unconsumed prey (predation failure events, or unconsumed
Ephestia cards). Within each sampling year, two sessions of prey
cards exposure were conducted: during the crop vegetative
growth period and then during fruit, ears or pods maturation
(see the electronic supplementary material, table S2 for the session
dates in each region). The same protocol was conducted in 2014,
2015 and 2016.

The theoretical size of the dataset was 480 statistical
individuals (20 fields, four regions, two sessions and 3 years).
However, because of some missing data concerning pesticide
use or sentinel prey cards, the actual size of the dataset was
420 for Ephestia cards, 451 for ground-level aphid cards, 449 for
crop-level aphid cards and 443 for weed seed cards (electronic
supplementary material, table S3).

() Local pesticide use intensity

The type and the applied doses of each pesticide (insecticides,
fungicides and herbicides) used in each field each year of the
survey was recorded through annual farmers’ interviews.
Pesticide use intensity was evaluated with the treatment
frequency index (TFI, number of reference doses applied per hec-
tare) [23] and calculated for each field each year as

& Di X 51
— Dr; x S’
i=1

TFI =

where D; is the applied dose, S; the treated surface area, Dr; the
reference dose obtained from the French Ministry of Agriculture
online database [24] and S the total area of the field for each
spraying operation i. As expected, the TFI was highly variable
between crops and considerably higher in apple orchards than
in annual crops. It was mostly owing to the difference in the
number of insecticide treatments (mean TFI in apple orchards:
21.2 + s.d. =8.0; oleaginous: 5.6 + s.d.=2.4; summer crops:
2.8 + s.d. =2.5; cereal: 2.9 + s.d. =2.2; legume: 1.1 + s.d. =2.5;
electronic supplementary material, figure S3). No treatment
was applied in fallows, grass—legume mixtures or meadows.
Because we were interested in the effect of pesticide use intensity
relative to a standard for each focal crop, the TFI variable was
crop-normalized per crop type subtracting the mean value over
the 3 years from the raw TFI value and dividing by its standard
deviation (hereafter relative TFI).

(d) Landscape variables

All land cover types were mapped in a 1 km? buffer circle
centred on each monitored field, in ArcGIS 10.3
(ESRIOATcMAP™10.3.1, 1995-2015), combining the Land
Parcel Identification System and field observations. The scale of

1 km is often used in pest control studies and was shown to be
a relevant spatial extent to reveal the response of specialist and
generalist predators and pests to landscape factors [6,8]. Land
cover was described with the seven following categories: urban
areas, woods, fallows, water, annual crops, perennial crops and
meadows. Using the free software CHLOE 4.0 [25] on 10 m raster-
ized maps, we calculated eight landscape variables within each
buffer (electronic supplementary material, table S4): (i) the Shan-
non diversity index of land cover types SHDI; semi-natural
habitat cover variables: the proportion of land area covered (ii)
by woody elements (pWood), (iii) by meadows (pMeadow),
and (iv) by semi-natural habitats (pSNH = pWood + pMea-
dow); and crop and semi-natural habitat connectivity: the
length (m) of interfaces (v) between crops and woods (iWood),
(vi) between crops and meadows (iMeadow), and (vii) between
crops and semi-natural habitats (iISNH = iWood + iMeadow).
Using a refined map specifying the cover of each crop type fol-
lowing the classification chosen for the monitored fields
(cereals, summer crops, oleaginous, legumes, apple, grass—
legume mixtures, meadows), we also calculated (viii) the pro-
portion of crops similar to that of the monitored field (i.e.
corresponding to the same crop type using the above-mentioned
eight-crop types classification), thereafter called ‘proportion of
target crop” (pTargetCrop). Here we assume that crops belonging
to the same crop type class are equally suitable for the same
range of pests and natural enemies, pTargetCrop thus represent-
ing a measure of the proportion of suitable habitat for pests of the
monitored fields and associated enemies [6,26].

The landscape gradient covered by the 80 fields was impor-
tant, e.g. with SHDI ranging from 0.3 to 1.82, pSNH from 1 to
85%, and pTargetCrop from 0 to 78% (electronic supplementary
material, table S5). Fields were distributed along a gradient of
increasing landscape simplification, characterized by a decrease
in the proportion of area covered by semi-natural habitats and
in the length of interfaces between semi-natural habitats and
crops, and an increase in the proportion of target crop. For
most landscape variables, the gradient of variation covered
within a single region was narrower than that covered by the
full 80-fields dataset (figure 1), i.e. some combinations of
landscape characteristics were specific to some regions. Similarly,
the range of pesticide use intensity differed between regions. The
correlation matrices between explanatory variables are presented
in the electronic supplementary material, figure S4 and table S6.

(e) Meteorological covariables

We hypothesized that the meteorological conditions occurring
during the days the cards were exposed in the field could have
influenced the predation rates. Consequently, daily meteorologi-
cal data were gathered (INRA, CLIMATIK database) to describe
the conditions prevailing during each session of exposure for
each region and year. These data were region-specific, assuming
that the 20 fields of each region shared the same meteorological
conditions at a given session, a given year, which is reasonable
given that the within-region two-by-two distances between
fields were very small compared with the two-by-two distances
between regions (electronic supplementary material, figure S1).
Included variables were daily mean (TM), minimum (TN) and
maximum (TX) temperature (°C), mean (V) and maximum
(VX) wind speed (m.s™Y), rainfall (RR, mm), and mean (UN),
minimum (UM) and maximum (UX) humidity (%). These vari-
ables were aggregated as the minimum (for TN, UN),
maximum (for TX, VX, UX), mean (for TM, V, UM) or sum
(for RR) over the 2 days covering the 24 h exposure of the
aphid cards (24 h meteorological dataset) and over the 5 days
covering the 96 h of exposure of the Ephestin and weed seed
cards (96 h meteo dataset). A normed principal component
analysis (PCA) was performed for the 24 h dataset and the 96 h
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Figure 1. Distribution of the data for each region (AVI, Avignon; DlJ, Dijon; REN, Rennes; TOU, Toulouse). SHDI, Shannon diversity index of land cover types; pWood,
proportion of woody elements; pMeadow, proportion of meadows; pSNH, proportion of semi-natural habitats; pTargetCrop, proportion of crops similar to that of the
monitored field; iWood, length of crops/woods interfaces; iMeadow, length of crops/meadows interfaces; iSNH, length of crops/semi-natural habitats interfaces (TFI
normalized per crop type and then scaled between 0 and 1 over the whole dataset; landscape variables scaled between 0 and 1 over the whole dataset). (Online
version in colour.)

dataset (R package ade4, R software version 3.4.4) to provide variance, respectively (electronic supplementary material, table
synthetic descriptors of meteorological conditions. S7). PC1 was positively correlated with humidity and negatively
For the 24 h meteorological dataset, the first three principal with temperature; PC2 was negatively correlated with tempera-

components (PCs) captured 37%, 27% and 15% of the total ture and PC3 was negatively correlated with wind speed
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(electronic supplementary material, figure S5). For the 96h
meteorological dataset, the first three components captured
43%, 29% and 10% of the total variance, respectively (electronic
supplementary material, table S7). PC1 was positively correlated
with wind speed and negatively with humidity; PC2 was nega-
tively correlated with temperature and PC3 was negatively
correlated with rainfall (electronic supplementary material,
figure S6). The underlying contributions of the regions, the
years and the sessions to the PCs was assessed by projecting
these illustrative factors on the two first factorial planes (see
the electronic supplementary material, figures S5 and S6 and
detailed description below table S7). The first three components
(PC1, PC2, PC3) were used as synthetic meteorological
covariables in subsequent analyses.

(f) Statistical analyses

First, the pairwise Spearman rank correlations between the pre-
dation rates on each type of sentinel prey cards were calculated
over the whole dataset to identify possible redundancies between
the four types of cards.

Second, for each prey card type, we analysed the predation
patterns (described by predation success and failure events
counts) with generalized linear mixed models. To reduce
overdispersion, we fitted a beta-binomial distribution (R pack-
age glmmADMB) [27]. Because of significant correlations
among landscape variables (electronic supplementary material,
table S7) and to avoid an a priori selection of the explanatory
variables included in the analysis, for each type of prey card
we chose not to include multiple landscape variables in a
given model. We first produced a null model including as pre-
dictors the crop type of the focal field and the PCs axes scores
(PC1, PC2, PC3) of the meteorological data (24 h for aphids;
96 h for weed seed and Ephestia). Then, we produced eight
models including each one the variables of the null model,
the TFL; one of the eight landscape variables and the inter-
action between TFI and the landscape variable. Finally,
average coefficient estimates were calculated over the nine
models (the null model and the eight models including TFI
and landscape variable interaction) using the R package
MuMIn. Landscape variables and the relative TFI were scaled
between 0 and 1 over the whole dataset (3 years and four
regions). To account for inter- and intra-annual dependencies,
we included the year and the field identifier as a random
effects. We deliberately chose not to include a region random
effect in order to account for the full range of the landscape
and pesticide use gradients and to investigate general trends
rather than to focus on region-specific relationships. Data struc-
ture corresponding to regions was accounted for through the
synthetic meteorological (PC1, PC2, PC3), all together repre-
senting more than 80% of the variability captured with the
nine meteorological variables which were region-specific at a
given session, a given year. By doing so, we assume that differ-
ences between regions that are not described by the landscape
descriptors and TFI correspond to meteorological differences
that were accounted for through the synthetic variables
describing each region (electronic supplementary material,
figures S5 and S6). All analyses were performed with R software
version 3.4.4.

3. Results

The mean predation rates were 0.43 (+s.d. 0.31), 0.56 (+s.d.
0.25), 0.73 (£s.d. 0.26) and 0.25 (+s.d. 0.21) for weed seed,
Ephestia cards, ground-level aphid and crop-level aphid,
respectively. Correlations between the predation rates on
the four types of sentinel prey were consistently positive

and low (ranging between 0.13 and 0.29, electronic sup-
plementary material, table S8), still significant except for the
weed seeds and the crop-level aphids whose predation
rates were unrelated. Electronic supplementary material,
table S9 provides the ranking of all models for each type of
sentinel prey card.

(a) Weed seed predation

The predation of weed seeds was negatively influenced by
the proportion of target crop in the landscape (pTargetCrop),
irrespectively of the intensity of pesticide use (table 1 and
figure 2a). The predation rate of weed seeds was also signifi-
cantly lower in summer crops, oleaginous, apple orchards
and meadows than in cereals (figure 3). Consumption of
weed seeds was greater when wind speed was low and
humidity high (table 1, negative effect of PC1), at high temp-
eratures (negative effect of PC2) and under situations of high
rainfall (negative effect of PC3).

(b) Ephestia predation

The predation of Ephestia eggs was positively influenced by
the length of interfaces between crops and woods, irrespec-
tively of the intensity of pesticide use (table 1 and
figure 2b). There was also a significant interactive effect
between pesticide use intensity and the proportion of target
crop in the landscape (table 1). The proportion of target
crop had a negative effect on the predation of Ephestia eggs
in case of low than in high pesticide use intensity situations
and, in a smaller extent, a positive effect in low pesticide
use intensity situations. This also corresponded to a strong
negative effect of the pesticide use intensity in landscape
with a low proportion of target crop (figure 2c). Ephestia
eggs were consumed less in oleaginous crops than in cereals,
summer crops, apple orchards and meadows (figure 3). Their
predation rate was enhanced when wind was low and
humidity high (table 1, negative effect of PC1) and under
low rain conditions (positive effect of PC3).

(c) Ground-level aphid predation

Predation of aphids on the soil surface was positively related
to the landscape diversity and the proportion of semi-natural
habitats, irrespectively of the intensity of pesticide use
(table 1, figure 2d and electronic supplementary material,
figure S7-a). There was a significant interaction between pes-
ticide use intensity and the proportion of meadows. The
proportion of meadows had a positive effect on aphid preda-
tion when pesticide use intensity was low but a negative
effect when pesticide use intensity was high, although the
regression slope was low in both cases (figure 2e). This also
corresponded to a negative effect of pesticide use intensity
stronger in landscapes covered by a high proportion of mea-
dows than in landscapes with few meadows. The predation
rate of aphids at ground level was significantly lower in olea-
ginous crops and grass—legume mixtures than in cereals and
apple orchards (figure 3). Meteorological conditions did not
affect predation of aphids at ground level.

(d) Crop-level aphid predation

Aphid predation on the crop was significantly affected by
the interactions between pesticide use intensity and two
landscape variables: the proportion of meadows and the
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Table 1. Averaged estimated effects of the synthetic meteorological variables, pesticide use intensity index, landscape variables and their interaction on the four

predation rates. (TFI, treatment frequency index; SHDI, Shannon diversity index of land cover types; pWood, proportion of woody elements, pMeadow, proportion

of meadows; pSNH, proportion of semi-natural habitats; pTargetCrop, proportion of target crop (i.e. similar to that of the monitored field); iWood, length of

interfaces between crops and woods; iMeadow, length of interfaces between crops and meadows; iSNH, length of interfaces between crops and semi-natural
habitats. Values in bold indicate effects. *p << 0.05; **p << 0.01; ***p < 0.001; n.s., not significant.)

weed seed
estimate
PC1 —1.49%** 0.26 —1.57%*
PQ2 —0.68* 0.27 —0.56 n.s
TFI —1.16 ns. 0.89 —2.23*%
~ SHDI 148 ns 09 131 ns
pWood —1.01 ns. 0.69 1.08 n.s
pMeadow e e i ne
pSNH 0.64 n.s. 0.72 153 ns
pTargetCrop e o3 e
iWood —048 ns. 0.65 1.57*
Cvedor omne e ontns
iSNH 0.02 ns. 0.80 0.32 ns.
v ;e 1e 1o ne
TF*pWood 2.21 ns. 1.67 —267 ns
. HTFI*pM‘ead»ow e e s
TFI*pSNH —124 ns. 1.88 —267 ns
‘ ‘TFI*pTargetCrop “1.57“n.s. ‘ 1.87 “““ ‘6.95*‘He
TF*iWood 0.49 n.s. 1.59 —2.60 ns
Eendon e ae s s
TFI*iSNH —1.81 ns. 1.81 —033 ns

length of the interface between crops and woods (table 1).
The length of the crop-woodland interface and the pro-
portion of meadows had a positive effect on aphid
predation when pesticide use intensity was low, and a neu-
tral effect when it was high. It also reflected a higher
negative effect of pesticide use intensity in landscapes with
a high proportion of meadows or a high length of interfaces
between crops and woods (figure 2f and electronic sup-
plementary material, figure S7-b). Aphid predation rate at
the crop-level was also significantly lower in oleaginous
crops compared with the cereals, summer crops, apple orch-
ards and meadows (figure 3) and was unaffected by
meteorological conditions.

4. Discussion

A major finding from this study is that, regardless of the crop
type and once the effects of meteorological conditions on
pest biocontrol were accounted for, landscape effects on bio-
control were sometimes modified by the intensity of local
pesticide use. However, some landscape characteristics had
an effect on biocontrol irrespective of local pesticide use
intensity. The landscape proportional cover of suitable habi-
tat for pests of the target crop negatively affected natural
biocontrol for weed seeds, whereas the length of crop-

Ephestia

crop-level aphid

ground-level aphid

estimate estimate
033 023 ns. 0.35 —040 ns. 029
0.35 028 ns. 031 —030 ns. 026
045 026 ns. 033 —038 ns. 026
1.00 —047 ns. 102 053 ns. 073
094 167 082 006 ns. 071
088 068 ns. 0.74 005 ns. 0.66
e e S e
093 1.62* 0.79 076 ns. 065
102 —0% ns. 081  —051ns. 074
0.79 088 ns. 071 099 ns. 061
e S i
096 147 ns. 093 063 ns. 076
200 —3Bans 176 —170ns. 148
215 —1.14 ns. 176 —023 ns. 157
231 —a10* 1.9 —3.19% 1.58
245 —388 ns. 201 —287 ns. 167
248 0B s 19 107 ns. 181
197 —155 ns. 171 —3.82% 1.48
197 —3200ns. 191 —063 ns. 1.54
216 —359 ns. 204 —230 ns. 1.69

wood land interfaces and landscape diversity positively
affected natural biocontrol of Ephestin eggs and ground-
level aphids. In all cases, this corresponded to a negative
effect of different components of the landscape simplifica-
tion. Here, the proportion of target crop in the landscape
was never positively correlated to local pesticide use in our
dataset (electronic supplementary material, figure S3 and
table S7), i.e. fields located in landscapes dominated by the
same crop do not appear to be managed more intensively
than those located in more diversified landscape contexts.
Yet, we cannot exclude that the proportion of target crop
could in some way represent the landscape-scale pesticide
pressure, which would explain its negative impact on biocon-
trol. An alternative explanation is that the abundance of
natural enemies and thereby the predator—prey ratio
decreases as landscape simplification increases, because of
the loss of a diversity of habitats and the niches and trophic
resources they supply [28-31].

Pesticide use intensity at the local field-level had a nega-
tive effect on the predation rates of all types of prey. This
negative effect was higher in complex landscape contexts,
particularly for Ephestia eggs (low proportion of target crop)
and crop-level aphids (high proportion of meadows and
high length of interfaces between crops and woods). This
suggests that, in these landscape contexts, the predation
activity of a wide range of natural enemies (feeding on
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Figure 2. Partial regression or interaction graphs for the significant effects in the averaged model. Shaded areas correspond to 95% confidence intervals. The boxplot
at the top of each graph represents the distribution of the landscape variable; the one on the right represents the distribution of the predictions of the averaged
model. For ground-level aphid cards, the significant effect of pSNH is not represented here but showed a similar pattern to the effect of SHDI; similarly, for crop-level
aphids cards, the significant interaction between TFl and iWood is not represented here but showed a similar pattern to the interaction between TFl and pMeadow
(see the electronic supplementary material, figure S7). Min., minimal TFI value; Max., maximal TFI value.

plant and animal pests both on the soil surface and on crop
plants) was reduced when pesticide pressure was high,
most probably because of a decrease in their diversity and/
or abundance. Such a negative effect of pesticides on the bio-
diversity of agroecosystems has been reported at the
pan-European scale [32], and there is some evidence that
increasing pesticide use can reduce the intensity of pest con-
trol, for example, weed seed predation [15]. Pesticides can

directly increase mortality and so reduce the abundance of
natural enemies [33], they can also have sub-lethal effects
that induce modifications in the biocontrol pattern and
behaviour of natural enemies [34] such as carabid beetles
[35] and spiders [36]. In addition, herbicide use decreases
the diversity of weeds in arable fields [37,38] with a sub-
sequent reduction in habitat and trophic resources for
natural enemies [39]. Sub-lethal pesticide effects and poor

86878107 982 § 205 Y 20id  qdsi/jeunol/bio buiysigndfianosiefos H



(a) weed seed
1.0- a b abc ac ac c b b
2 0.8 T
S
5 0.6 1 T
S 04 l l
=
& 02 l l l 1
0_
cereal sum.crp fallow legume gra-leg oleag. apple meadow
(188) (62) 2) 24 (10 @38 (1100 O
(c) ground-level aphid
a ab ab ab b b a ab
1.0 1 _|_
g 081 T T —( T T 1
é 0.6- l l l
S 04+ l l
=
0.2
O_

cereal sum.crp fallow legume gra-leg oleag.

(192)  (62) ?2) 24) 10 (39

apple meadow

114y 9

(b) Ephestia
10 a a ab ab ab b a a
.0~ o
T
08 mh T LT
0.6 J
0.4
0.2 1
0-
cereal sum.crp fallow legume gra-leg oleag. apple meadow
(192)  (62) 2) (24) (10) 40) (114) (10)
(d) crop-level aphid
10, @ a ab ab ab b a a
0.8 4
0.6 T
ot T 1| T |
0.24 l
L[ Lot % 1
0-

cereal sum.crp fallow legume gra-leg oleag.

(192)  (60) ?2) 24) 10 (39

apple meadow

114 9

Figure 3. Least-square means of the predation rate on sentinel prey and 95% confidence intervals for each crop type (best model). Different letters indicate
significant differences and figures indicate the number of statistical individuals in each group.

resource availability can together reduce the fitness of natural
enemies in arable fields [40].

The local pesticide use intensity and the landscape pro-
portion of target crop had interactive effects on the
biocontrol of Ephestia eggs. Biocontrol was high in two
very different contexts, either when both the intensity of
local pesticide use and the proportional area of target
crop were at low levels, or when they were both at high
levels. In the less intensive context, the predation of eggs
could result from the biocontrol activity of a diversified
natural enemy community that require a diversity of crop
types in the landscape and respond negatively to local pes-
ticide pressure. Conversely, in very intensive situations,
the predation of eggs could result from the activity of
one or a few predators that thrive in a specific crop type
and are less sensitive to the direct and indirect effects of
pesticides. In another study, the percentage of annual
crops in the landscape was shown to positively influence
the predation rate of squash bug eggs [41]. A possible
explanation could be that in simple landscapes with a
high percentage of crops, the background food quantity
is reduced, which in turn increases food patch exploitation
and foraging time, increasing predation rates [42,43]. In
different studies, natural enemies were found to be posi-
tively impacted by the proportion of cultivated land
[44,45] or negatively by the proportion of semi-natural
habitat [31]. Our findings therefore suggest that in these
two contrasting contexts, different communities of preda-
tors consuming Ephestia eggs could be at play leading to
the same intensity of pest control but with different under-
lying ecological processes. In a recent meta-analysis
approach, Muneret et al. [46] showed that organic cropping
systems had more weeds, less pathogens and an equivalent
level of animal pests, which overall translated to a higher
total level of pest infestation compared to conventional
cropping systems. A possibility is therefore that a low

intensive situation locally provides more resources for
some natural enemies, but less for others.

Similarly, the influence of the proportion of meadows and
of the length of crop—woodland interfaces in the landscape
on aphid predation varied according to local pesticide
pressure. These landscape metrics affected biocontrol posi-
tively only when pesticide pressure was low, and, in a
lower extent, negatively when pesticide pressure was high.
This provides additional evidence that non-crop habitats do
not universally increase natural biocontrol [8] and reflects
the great variability in the way natural enemies respond to
semi-natural habitats [47]. Previous studies have shown
how local management factors may interact with landscape
to explain variation in weed biocontrol. Fischer et al. [43]
showed that weed seed predation decreased with increasing
percentage of arable land in organic fields (negative effect
of landscape simplification), but increased with increasing
percentage of arable land in conventional ones (positive
effect of landscape simplification).

Our results suggest that in a low local pesticide pressure
situation, natural enemies require non-crop habitats, with
spillover processes taking place from semi-natural habitats
to crops. In other studies, the amount of hedges and grass-
land in the landscape was shown to increase the abundance
of natural enemies of winter wheat aphids [48], whereas a
meta-analysis revealed a negative impact of landscape simpli-
fication on aphid predation [7]. Conversely, high local
pesticide pressure situations probably harm less specialized
communities of natural enemies favoured by crops and
whose abundance decreases as semi-natural habitat area or
connectivity increase in the landscape. For some generalist
natural enemy species, crops may provide more resources
than semi-natural habitats [49] in such a way to counteract
the expected positive effect of semi-natural habitats in the
landscape. There is evidence that some predators such as
hoverflies are quite independent from semi-natural habitats,
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overwintering inside crops and finding complementary
resources on the weed flora [50]. Moreover, the spillover pro-
cesses that occur under low pesticide pressure may be
counteracted by agricultural practices in high pesticide use
situations [49,51]. Another alternative explanation of the
negative effect of semi-natural habitats could be that in
high pesticide use context, food resources are very low in
crops and natural enemies are more attracted by semi-natural
habitats that provide more resources.

5. Conclusion

Accounting for field-scale

specifically pesticide use intensity, appears essential to fully

agricultural practices, and
understand the role of landscape characteristics on natural bio-
control, and to provide accurate management guidelines to
identify landscape features or landscape configurations rein-
forcing biocontrol of insect pests or weeds. The present
study shows that expected positive effects of semi-natural
habitats can be hampered by high pesticide use. Conversely,
our results suggest that some intensively managed agricultural
landscapes could achieve an effective predation of crop pests,
even though they may badly perform in terms of biodiversity
conservation and preservation of environmental resources [52].
Reducing pesticide use could therefore disadvantage specific
communities of natural enemies selected by landscape-scale
intensive agricultural situations. Pesticide use reduction,
required by environmental and health concerns [53], should
thus be accompanied with semi-natural habitat enhancement
to ensure a habitat relay and an effective change in the
communities of natural enemies.
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