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Abstract
The  use  of  fungicides  and  insecticides  by  farmers  represents  a  major  threat  to  biodiversity1,
endangering  agriculture  itself2,3.  Landscapes  could  be  designed4 to  take  advantage  of  the
dependencies of pests5,6, pathogens7 and their natural enemies8 on landscape elements. However,
the  complexity  of  the  interactions  makes  it  difficult  to  establish  general  rules.  Despite  initial
enthusiasm9, the many studies opposing cultivated and semi-natural habitats have not revealed a
homogeneous  response  of  pests10 and  pathogens11 to  semi-natural  habitats.  In  addition,  the
question of the impact of crop diversity on pests and pathogens remains largely open 12. Based on
about half  a million observations over nine years on 30 major field crop pests and pathogens
spread over all latitudes of metropolitan France, we show that the outbreak risk increases with the
area of the host crop in the landscape the previous growing season. The impact on the risk of the
host crop area the ongoing growing season diverges between animal pests and pathogens. We
also confirm that woodlands, scrublands, hedgerows and grasslands do not have a consistent
effect over the spectrum of pests. The spatial and temporal distribution of the resource, the host
crop,  generally prevails over the effects of potential alternative habitats. Territorial and temporal
coordination generally promoting crop diversity but excluding a crop at risk a given year may
prove to be key levers for reducing pesticide use14. 
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Article
During the past decade, the growing awareness of environmental  hazards associated with agricultural
intensification1,13 has   motivated  abundant  studies  on  alternative  agronomic  levers  to  alleviate  crop
damage caused by pests.14. The focus of such research has progressively shifted from its historical focus
on  the  field  to  the  landscape9,11 with  an  emphasis  on  the  opposition  between  crop  and  non-crop
elements10,15 to design integrated pest management strategies at the landscape scale16. Studies opposing
the cropland to semi-natural habitats failed to define a general rule of thumb regarding the regulation of
animal pest epidemics10,17. Complex trade-offs between the impact of such landscape elements on both the
life  cycle  of  animal  pests  and their  natural  enemies  have  been pointed  out8,18,19.  No clear  agreement
emerges either for the management of crop pathogens as empirical studies are scarce  despite repeated
calls for landscape level assessments11,20.. Here, we assess the impact of the landscape composition on 30
animal pests or pathogens of 6 annual crops (wheat, barley, maize, potato, oilseed rape and sugar beet).
We consider separately the host-crop in the landscape the year of the observation and the year before. We
also distinguish within semi-natural habitats the woodlands, scrublands, hedgerows and grasslands. For
each landscape element we consider four distances at which their influence can be exerted that roughly
correspond to potential management units: 200m (the neighbouring field), 1 km (the farm), 5 km (the
village)  and  10  km  (the  group  of  neighbouring  villages).  Based  on  observations  from  the  French
epidemio-surveillance  network  (2009-2017),  we  carried  out  binomial  LASSO  generalized  linear
regressions on the outbreak risk by pest and pathogen as a function of the landscape composition in a total
of 39 880 field × year × pest observation series. In these regressions, we controlled for the effects of
preceding crops on the observed field, farming system regions and the regional weather conditions. We
also test the robustness of our findings comparing alternate model specification. 

***

The variable selection left  only 5 of the 30 considered organisms without perceptible influence from
landscape  variables.  Area  of  woodlands,  scrublands,  hedgerows,  grasslands,  host  crop  the  ongoing
growing season, and host crop the previous growing season had a significant impact on the outbreak risk
respectively  for  19,  9,  10,  13,  15,  and  14  organisms (Fig.  1),  often  in  opposite  ways,  recalling  the
relevance of considering the impact of landscape composition over a large range of pests and pathogens.
We observed coherent results between models with different specifications (SI. 5) at the exception of the
one that did control neither for the effect weather conditions : the detection of most landscape effects on
pests and pathogens outbreak risk was actually possible only if the weather was accounted for through a
year × climatic region factor. 
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Figure 1. Number of organisms which outbreak risk is correlated positively (orange), negatively (blue),
and  unaffected  (grey)  by  each  of  the  landscape  components  for  a)  pests,  b)  pathogens,  and  c)  all
organisms confounded. Geometric average and range of the most significant distance over the different
pests is indicated above the bars. p-value levels for the binomial test comparing the numbers of organisms
positively and negatively correlated with an element:  “.”:  <0.1,  “*”:  <0.05,  “**”:  <0.01 and,  “***”:
<0.001.

To assess the coherence of the landscape composition impact over the pool of organisms studied, we
compared the number of organisms positively and negatively impacted by each landscape elements (Fig.
1). The outbreak risk tended to be correlated with the host crop area the previous growing season (Binom.
test: P < .01, Fig. 1c) for both pests (Binom. test: P = .055, Fig. 1a)  and pathogens (Binom. test: P < .01,
Fig. 1b) indicating that for half of the organisms (Fig. 1c), epidemics are likely to occur more frequently
in host crop fields if the host crop was largely represented in the surrounding landscape the preceding
growing season. Two animal pest outbreak risks were nevertheless negatively correlated with the area of
their host crop in the immediate neighborhood the previous growing season evoquing the possibility of
occasional regulation by previously attracted natural enemies.

Host  crop  area  the  ongoing growing season showed contrasted  results  between pathogens,  generally
positively correlated (Binom. test: P < .001, Fig. 1b), and pests, often negatively correlated (Binom. test:
P = .27, Fig. 1a), resulting in a statistically significant difference between pests and pathogens regarding
the effect direction (Fisher test P < .01). We note that 5 of the 6 tested coleoptera, also univoltine, are
negatively  correlated  with  the  host  crop  the  ongoing  growing  season  while  the  4  tested  aphids,
notoriously multivoltine and maybe less active in their search of their host  crop, are not (SI 6).  The
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average distance at which pathogens are affected by the host crop area was significantly higher (Fisher
test P = 0.026) for the previous growing season (3.1 km range across pathogens from 1 to 10 km) than for
the ongoing growing season (0.6 km range 0.2 to 1 km, Fig. 1b). Such a difference was not observed for
pests, reinforcing the contrast between these groups. 

The length of time since the host crop was cultivated on the observed field consistently reduced the
outbreak risk for 6 pathogens (Binom. test: P < .05, Fig. 1b). However, no organisms were affected by the
time since grassland was cultivated on the field. Overall, the rotation in the field was strikingly less often
selected than the area allocated to the host crop in the landscape. The buffer size at which the host crop
area mostly affected organisms was largely beyond the field size, averaging 1.1 and 3.1 km for pests and
pathogens respectively (Fig. 1a, b). Given the diversity of the current agronomical situations in France,
the field level crop rotation seemed to have less impact over the considered pests and pathogens than the
landscape over much larger areas than the field. This might not only be due to intrinsic dispersal capacity
but also to passive dispersal, notably by machinery or seeds 21.

The  area  of  semi-natural  elements  in  the  agricultural  landscape  was  very  often  correlated  with  the
outbreak risk (Fig. 1c). We selected at least one semi-natural elements for most of the organisms (26 over
30) with comparatively more relationships for pests than for pathogens (F. test P < .05). Nevertheless, no
trend emerges in the direction of these relationships other than a slight correlation of woods with an
increased risk (Binom. test: P<0.1). The data do not support an  a priori protective effect of the semi-
natural habitats against animal pests or diseases.

To grasp  the  size  of  the  change  in  epidemiological  risk  induced  by  the  observed  variability  in  the
landscape, we measured the estimated risk change with few (5 th percentile) vs. a lot (95th percentile) of
each considered element in the landscape (Fig. 2). The area allocated to host crop the previous growing
season, already found to impact most organisms (Fig. 1), was associated with the highest average effect
size (Fig. 2a). Landscapes with most host crop area the previous growing season are estimated to be on
geometric average 8%, range [-2%, +79%], more likely to experience pests or pathogens outbreaks than
landscapes  with  least  host  crop  area  the  previous  growing season.  Our  estimates  of  the  changes  in
epidemic  risk  with  landscape  compositions  are  relatively  small  compared  with  those  induced  by
contrasting weather conditions as reflected by most risky years on average 53% range [0% - 306 %] more
likely to experience outbreaks than least risky years (Fig. 2b). 
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Figure 2. Estimated odd ratios of animal pests (grey dot, n = 13) and pathogens (white dot, n = 17) outbreak risk with 
each landscape element, taken from the estimate on the full dataset. The odds ratios are taken between the 2.5% and 
the 97.5% quantile of the observed coverages by the landscape element. Geometric averages of the odd ratios over all 
organisms are represented by the blue diamonds. The typical effect size of the weather is represented by the dashed 
grey line: the median over the pests of the year related odds ratio. The year related odds ratio for a pest is the median 
over the different agro-climatic regions of the odds ratios between the worst and the best year.

***

While an accent has been made in the literature on the semi-natural habitats and natural regulations9,19, the
area allocated to a crop had a much clearer tendency to increase the outbreak risk the following growing
season. This suggests that food resources are generally dominant landscape drivers of animal pest but also
pathogen population variations. The contrast between animal pests and pathogens in their response to the
host crop area the ongoing growing season may be explained by two mechanisms. First, pests unlike
pathogens can choose where to land allowing them to cluster on small areas of the host crop 22. Second,
some pests perform only one life cycle per year, preventing epidemic propagation the same year23,24. 

The semi-natural elements were often correlated or anti-correlated with the outbreak risk but without a
consistent  trend.  This  observation  already  made  on  insect  pests19 is  here  extended  to  pathogens.
Theoretical research on the pathogens show that these areas can serve as barriers but can also present wild
hosts facilitating transmission11,25. For pests, reviews consistently demonstrated an increased presence of
the natural enemies with semi-natural habitats9,26 but a reduction of the abundance of pests with semi-
natural habitats is less often found19. Our results as well as the most recent work6,10 suggest that semi-
natural spaces can be just as much a needed resource for pests than for their natural enemies. 

These tendencies are largely robust to exact specifications of the model but the risk variations induced by
the  landscape  seem on  average  sizably  smaller  than  those  induced  by  the  weather  conditions.  The
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estimated effect sizes are nevertheless likely minimums as the data are heterogeneous (quality of the
positioning, multiplicity of the experimenters) and the models are simple (neither interactions nor non-
linear effects). Lack of statistical power might prevent us to observe some correlations. The generalized
use of pesticides in France as in many developed countries27 might further mask correlations and even
modulate  the  equilibrium  between  pests  and  natural  enemies.  Despite  the  cross-validation  strategy
adopted28, the number of tested features increases the risk of selection of spurious correlation or at least
errors in the selection of the most correlated spatial scales for any of the 30 individual organisms. As a
consequence, we emphasize the interpretation of significant tendencies across organisms (Fig. 2, 3). A
species level analysis could benefit from a better consideration of organism functional traits. In particular,
one might consider the diversity of host crops of generalists such as Rhopalosiphum padi, here observed
only on wheat but a pest of most cereals29. Finally, more advanced models could consider interactions
between landscape elements as well as their configuration30. 

The trends we identify could be used to reason the protection of the crops at the landscape level. Early
warning system tools based on this approach may modulate risk estimates at the plot level and thus limit
the systematic use of preventive treatments31. As for active landscape design, the management of host
plant areas seems both the most influential and the easiest  aspect to handle32.  Beyond increasing the
diversity of cultivated crops in the landscape, at least beneficial against pathogens, a rising pest pressure
on a crop could be answered by excluding the crop over a large area. This dynamic recommendation of a
“blank” year without a particular crop should not be confused with landscape-scale rotations on all crops
that  could  have  catastrophic  effects  on  non-pest  biodiversity26.  Organizing  at  such  scales  all  the
stackholders who often mismatch in terms of objectives and perceptions regarding potential benefits of
ecosystem services (Kleijn et al., 2019) is a demanding but necessary challenge.

Material and methods 

Pests and pathogens data

French epidemiological services organise each year the monitoring of a set of fields. Georeferenced, these
fields are assigned to a variety of organisations and visited once a week during the cropping season.
Several standardized protocols are applied for each surveyed pests of the crop. For each pest we use the
results from the protocol with the highest total number of observations (Tab. SI. 2) in the subsystems
Vigicultures®33 and VIGIBET (ITB – Sugar Beet Research Institute) that cover 17 of the 22 former French
administrative regions, covering all latitudes of metropolitan France and approximately two thirds of its
territory (Fig. SI.1). These datasets cover the 2009-2017 period. In total, data for 13 pests of winter wheat,
maize and oilseed rape and 17 pathogens of winter wheat, winter barley, oilseed rape, sugar beet and
potatoes were analyzed (Tab. SI. 1). 

Landscape composition data

The French implementation of the registration for agricultural subsidies (RPG) in the framework of the
European Common Agricultural Policy provides detailed annual information on the cropland cover over
the French territory. The geometry of the fields is described by farmers based on the aerial photographs of
the BD Ortho®. From 2006 to 2014 the description of the fields was by islet, a group of contiguous fields
but 80% of them had only one type of crop. In each islet, the detailed surfaces were given by crop types
(28 crop types for 329 crops registered). Here we use five of them: winter wheat, oilseed rape, winter
barley, maize (including both silage and grain maize), other industrial crops (mainly and considered here
to be beet) and flowering vegetables (mainly and considered here to be potatoes). From 2015 to 2017,
both  limitations  have  been  lifted  and  the  exact  crop  is  known at  the  field  level.  We discarded  any
epidemiological observation whose recorded crop didn’t match the RPG.
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The semi-natural  elements  considered  were  woods,  grasslands,  scrublands  and  hedgerows.  The RPG
provided us with grassland delineations the year of the observation (temporary and permanent are not
distinguished), the BD TOPO® (vegetation layer, version 2.1, 2017) provided us with the geometry of the
other elements, considered stable in time. From this database, we group as “woodlands” the forests of
broad-leaved, conifer, mixed species, with closed or open canopy. 

Variables calculations

The outbreak risk for each site.year.pest was defined as the rate of observations above the median of the
observations  for  this  pest  for  all  site.year  (Tab.  SI  2).  We quantified  the  landscape  composition  by
measuring the surface (m2) of semi-natural elements and of the pest host crop around each observation in
buffers of 200 m, 1 km, 5 km, and 10 km. To avoid attributing to the landscape the effects of the crop
rotation at the plot scale, we take into account the latter through the time since the host crop on the one
hand and grassland on the other hand have been grown on the plot. As only 2 years of RPG data were
available before the first observation, we simplified this variable to three values: 1, 2 and 3 years or more.
We discarded the points when the host crop or the grassland was not alone in the islet the last time it
appeared. To account for the production environment, the farming type region was included as a factor (SI
4, Fig. SI 2a). To account for yearly weather we also included as factor the interaction between year and
climatic zone34 (SI 4, Fig. SI 2b). 

Statistical analysis 

For each pest, we described the outbreak risk with a generalized linear binomial model with a logit link35

as a function of the landscape, field level rotation and control factors. Models were fitted by LASSO
penalized  regressions  using  the  glmnet  R  package28.  The  value  of  the  penalization  factor  was  set
conservatively by cross-validation (10 folds) keeping the prediction error within one standard deviation of
the minimum standard error (glmnet lambda1se). To limit the impact of random variations linked to the
cross-validation  procedure,  the  values  considered  for  each  pest  in  Figure  1  are  medians  of  a  1000
bootstrap replicates (Fig. 1). When several scales were found significant for an element/pest pair, we only
represent the most significant: the one with the largest effect size (the fits were realized on standardized
parameter  values).  Binomial  tests  compared  the  repartition  of  negatively  and  positively  correlated
parameters for the different pests assuming a default binomial distribution with an equal probability of the
two categories, two-sided p-values are used. To compare effect sizes odds ratios and risk ratios where
assessed from the model estimated with the full dataset: landscape elements effect sizes were computed
setting the selected scale at its 5th or 95th quantile among all observed year x site and setting all other
parameters to their mean values. Year effect sizes were estimated similarly comparing for each pest and
climatic region the best to the worst year and then taking the geometric mean over regions. 
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