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Abstract

1.

Organic farming is a promising way to reduce pesticide use but increasing the area
under organic farming at the landscape scale could increase pest infestations and
reduce crop productivity. Examining the effects of organic farming at multiple spa-
tial scales and in different landscape contexts on pest communities and crop pro-
ductivity is a major step in the ecological intensification of agricultural systems.
We quantified the infestation levels of two pathogens and five arthropod pests, the
intensity of pesticide use and crop productivity in 42 vineyards. Using a multi-scale
hierarchical design, we unravelled the relative effects of organic farming at both
field and landscape scales from the effects of semi-natural habitats in the
landscape.

At the field scale, pest communities did not differ between organic and conven-
tional farming systems. At the landscape scale, increasing the area under organic
farming did not increase pest infestation levels.

Three out of seven pest taxa were affected both by local farming systems and the
proportion of semi-natural habitats in the landscape. Our findings revealed that the
proportion of semi-natural habitats reduced pest infestation for two out of seven
pest taxa.

Organic vineyards had much lower treatment intensities, very similar levels of pest
control and equal crop productivity levels.

Synthesis and Applications. Our results clearly indicate that policies promoting the
development of organic farming in conventional vineyard landscapes will not lead
to greater pest and disease infestations but will reduce the pesticide treatment in-
tensity and maintain crop productivity. Moreover, the interactions between semi-
natural habitats in landscape and local farming practices suggest that the

deployment of organic farming should be adapted to landscape contexts.
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1 | INTRODUCTION

The intensification of agriculture that started 60 years ago in industri-
alized countries has had several negative impacts that limit the sus-
tainability of food production systems. Although it has been successful
in meeting the growing demand for food, such an intensification jeop-
ardizes the environment and long-term production goals, as well as
human health (Foley et al., 2011). Profound modifications to agricultural
systems, such as reducing agrochemical dependency, while maintaining
crop productivity (Tscharntke, Clough, et al., 2012), are thus needed.

Managing habitat diversity at different spatio-temporal scales is a
promising way to limit pest pressure and reduce pesticide use in agro-
ecosystems (Letourneau et al., 2011). Diversification schemes reduce
pest populations through (1) the direct bottom-up effects of resource
diversification on pest populations, mediated by physical or chemical
confusion, that limit plant host localization; or (2) the indirect top-
down effects of diversification on pests, mediated by natural enemies
that benefit from alternative hosts or prey, pollen, nectar, refuges or
micro-habitats in more diverse environments (Letourneau et al., 2011).
Taking multiple scales into account, from the field to the landscape, is
of major importance to understand pest population dynamics, natu-
ral enemy activity and the level of biological control (Chaplin-Kramer,
O'Rourke, Blitzer, & Kremen, 2011; Rusch, Valantin-Morison, Sarthou,
& Roger-Estrade, 2010).

Organic farming at the field scale and landscape complexity (i.e.
the amount of semi-natural habitats in the landscape) are among the
key management options for diversifying the environment and poten-
tially limiting pest pressure (Bengtsson, Ahnstrém, & Weibull, 2005;
Chaplin-Kramer et al., 2011). However, the relative effects of these
variables at multiple spatial scales on pest communities and crop pro-
ductivity remain poorly explored. It has been proposed that landscape
complexity may nonlinearly modify the effects of local field manage-
ment on biodiversity and ecosystem services, such as pest control
(Concepcidn, Diaz, & Baquero, 2008). This suggests that organic farm-
ing at the field scale would have a maximized effect in landscapes of
intermediate complexity, while it would have a minimal effect in ex-
tremely simplified or extremely complex landscapes. However, studies
exploring this hypothesis yielded contrasting results (Birkhofer et al.,
2016; Wingvist et al., 2011).

In addition, most of the studies on pest or natural enemy com-
munities have focused on the role of semi-natural habitats rather
than that of farming system at the landscape scale. Few studies have
demonstrated the multi-scale effects of organic farming on biodiver-
sity nor illustrated potential interactions between organic farming at
the local and landscape levels (Gabriel et al., 2010; Inclan et al., 2015).
However, how organic farming at the landscape scale modulates its
benefits at the local scale remains unclear. Moreover, most of the
studies examining the effects of organic farming at the landscape scale
focus on biodiversity and little is known about pest abundances (but
see Gosme, De Villemandy, Bazot, & Jeuffroy, 2012). On the one hand,
we could hypothesize that a greater proportion of organic farming at
the landscape scale would promote the diversity and abundance of
natural enemies, enhance biological control and limit pest abundance.

One the other hand, we could postulate that fields under organic farm-
ing may benefit from reduced pest pressure at the landscape scale
owing to pesticide use in landscapes with a high proportion of conven-
tional farming (“the chemical umbrella effect”). Thus, scale-dependent
processes and the interplay between farming practices and semi-
natural habitats on pest communities need to be investigated.

Despite the increased use of pesticides world-wide, crop losses
owing to pests can still be substantial suggesting mixed effects of
pesticide on crop productivity (Oerke, 2006). Evidence of the coun-
terproductive effects of pesticide use have been reported in the lit-
erature (Bommarco, Miranda, Bylund, & Bjérkman, 2011; Settle et al.,
1996), and highlight that, surprisingly, the relationships between pest
pressure, pesticide use and crop productivity are poorly documented.
Moreover, studies quantifying crop damage and productivity loss
owing to pests mostly consider single species, although crop plants are
attacked by multiple species that can interact (Gagic et al., 2016). Thus,
it remains difficult to predict crop losses resulting from a large pest
community because (1) both synergistic and antagonistic effects of
multiple pest attacks on plant performance exist (Stephens, Srivastava,
& Myers, 2013); and (2) relationships between pest communities and
crop damage are highly context-dependent (Savary, Teng, Willocquet,
& Nutter, 2006). It is thus of major importance to investigate how pest
communities affect crop productivity if we intend to reduce pesticide
use in agroecosystems.

In this study, we investigated the relative effects of farming sys-
tems and semi-natural habitats at multiple spatial scales on pest com-
munities (hereafter, pests refer to both arthropod pests and pathogens)
and crop productivity levels in vineyards. We selected viticulture as a
model system because it is highly dependent on pesticides and is sub-
jected to a diverse pest community. Using an experimental design in
which pairs of organic and conventional farming fields were selected
along two orthogonal landscape gradients (proportion of semi-natural
habitats and proportion of organic farming), we were able to unravel
the relative effects of these variables on pest communities and crop
productivity. We hypothesized that pest infestations would be greater
in organic than in conventional fields because organic farmers cannot
use curative pesticides unlike conventional vine growers. We also hy-
pothesized that the local effects of organic farming on pest infestation
would be further modulated by the landscape context. We expected,
on average, greater pest infestations in landscapes with a high pro-
portion of organic farming compared with landscapes containing a
high proportion of conventional farming but lower pest infestations in
landscapes with a high proportion of semi-natural habitats compared
with landscapes containing a low proportion of semi-natural habitats.
Finally, we hypothesized that crop productivity would directly depend
on the level of pest infestation.

2 | MATERIALS AND METHODS

2.1 | Study sites and design

Our study sites were located within a vineyard-dominated region
(44°81'N, -0°14'W) of the Bordeaux area in southwestern France.
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This is a major wine production area with ~138,000 ha of vineyards,
and it receives about 16 pesticide treatments a year per unit area
(Agreste, 2013). Our study system consisted of 21 pairs of organic
and conventional fields (42 fields) selected along two orthogonal
landscape gradients: one of semi-natural habitats and one of organic
farming (Table S1, Figure S1). The spatial scale used for calculating
landscape variables and selecting sites was a 1,000 m radius around
each field. We only included organic vineyards that had been con-
verted for at least 5 years (on average 11 years since the conversion;
Table S1). This design allowed for the unravelling of farming system
effects at the local scale as well as the effects of the proportions of
semi-natural habitats and organic farming at the landscape scale. The
average distance between the two fields of a given pair was 125 m.
In addition, landscape variables were calculated at three other spa-
tial scales: 250-, 500- and 750-m radii around each field using ArcGIS
10.1 (ESRI). Independence among landscape variables was maintained
at all scales.

2.2 | Studied pest taxa

Seven pest taxa, including five arthropod pests and two patho-
gens, were regularly quantified over four periods between May and
September 2015. All pest taxa were counted on 30 vine stocks at
each time period. We counted pests on four to six vine rows lo-
cated between the 5th and 15th closest vine rows of the paired
fields. Sampled vine stocks were more than 10 m from the edge
or any other sampled vine stock. On each vine stock, the trunk,
three leaves (the first one at the head, the second in the middle of
the vegetation and the third at the base) and three grape clusters
(randomly chosen) were carefully inspected in the field. On each
plant, the occurrence of mealybugs (Pseudococcidae) on trunks,
downy mildew (Plasmopara viticola), black rot (Guignardia bidwellii),
mite galls (Colomerus vitis), phylloxera galls (Daktulosphaira vitifo-
liae) and leafhopper larvae (Cicadellidae) on leaves, and larval nests
of the grape moths (Lobesia botrana and Empoecilia ambiguella) on
grape clusters were recorded. Most of the sampled leafhoppers
(>95%) belonged to the species Empoasca vitis and the most abun-
dant mealybug species were Parthenolecanium corni (>95%) and
Pulvinaria vitis (<5%). Botrytis bunch rot (Botrytis cinerea) and pow-
dery mildew (Erysiphe necator) occurred on leaves and grape clus-
ters, but the occurrence was so low that they were not included in
our analyses. We surveyed these pests because they are the main
taxa attacking grapevines in our study region. Downy mildew, black
rot, leafhoppers and grape moths are the major pests, while phyllox-
era, mites and mealybugs are considered minor pests (Deliére et al.,
2016; Pertot et al., 2017). No economic threshold has been identi-
fied for most of vineyard pests but if more than 5% of the clusters
are attacked by grape moths or more than 30% of the leaves are
attacked by pathogens, then yield loss is highly probable in this re-
gion (Savary, Delbac, Rochas, Taisant, & Willocquet, 2009; Thiéry
& Moreau, 2005; L. Deliére, pers. comm.). In addition to pest oc-
currence and abundance, we calculated pest community richness
and evenness using Pielou’s index at the field scale to analyse how

pest communities (sensu lato) respond to farming systems and semi-
natural habitats. Assuming that organic farming is more beneficial to
pests than conventional farming, we expected greater pest richness

and evenness levels in organic compared with conventional fields.

2.3 | Measurements of pesticide use intensity, crop
vigour and crop productivity

The 42 vineyards were managed as usual by 38 different farmers. We
collected data on pesticide applications for each field by interviewing
the vine growers and calculating the Treatment Frequency Index (TFI)
for all pesticides following the formula:

n Appl.dose
TFI= Zi:l /Recom.dose1

where n indicates the number of treatments, Appl. dose indicates
the applied dose per hectare and Recom. dose indicates the recom-
mended dose per hectare (Haldberg, Verschuur, & Goodlass, 2005;
Jargensen et al., 2008; OECD, 2001). The TFl is a well-known index
used to assess pesticide pressure at different scales and to compare
pesticide use intensity across different contexts (Jgrgensen et al.,
2008). It is easy to calculate and allows the aggregation of very dif-
ferent substances to measure overall pesticide pressure. However, it
is not an index of toxicity because it does not discriminate between
pesticides with different environmental toxicity levels. In the surveyed
fields, 86% of the pesticides targeted downy mildew and oidium, 6%
were insecticides against grape moths and leafhoppers, 4% were her-
bicides and the remaining were aimed at Botrytis (2%). We also as-
sessed crop vigour using the Normalized Difference Vegetation Index
obtained from ground-based measurements with a Greenseeker leaf
colour analyser (N-Tech Industries, Ukiah, CA, USA and Oklahoma
State University, Stillwater, OK, USA) once at the end of August 2015
along a 50-m transect per field. The mean crop vigour per field was
then divided by the number of vine stocks along this transect to elimi-
nate the effect of vine stock density on the crop vigour score.

Crop productivity was estimated a few days before harvest by
counting the number of grapes on 20 randomly chosen vine stocks
and by weighing 25 randomly chosen grapes on different vine stocks.
Crop productivity per hectare was calculated by multiplying the aver-
age number of grapes per vine stock by the average grape weight and

the vine stock density per field.

2.4 | Statistical analyses

We used generalized linear mixed models (GLMMs) with Poisson
error distributions to investigate the effects of farming systems and
the landscape context on the level of infestation for each pest taxa.
The response variables used in the models were the number of leaves
or trunks infested with mealybugs, mites, downy mildew, black rot or
phylloxera and the total number of leafhoppers or grape moths counted
per field (n = 166 for each pest except grape moths for which n = 125).

We used a multimodel inference approach to test our hypotheses
and evaluate the support from the data for three competing set of mod-

els of increasing complexity. For each response variable, we started with
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a first set of models, MO, that included four explanatory variables, “field
age”, “field size”, “vine trunk density” and “crop vigour”, which were con-
sidered as potential confounding variables. Then, we selected a set of
best models using the Akaike information criteria corrected for small
sample size (AIC ). Models that were within the range of two AIC_ units
of the lowest AIC_ score were considered as the best set of models
and were used to estimate the mean effects and confidence intervals
of each predictor variable using model averaging (Grueber, Nakagawa,
Laws, & Jamieson, 2011). To account for the study design, we always
added the “field pairs” (21) and the “sampling date” (4) as two crossed
random effects. GLMMs were corrected for overdispersion by includ-
ing an observation-level random effect. Significant local covariates (i.e.
with a high relative importance and a confidence interval significantly
different from zero) retained at this step were then used as the basic
model structure in the two other sets of competing models. The follow-
ing set of models, M1, included previously selected “local covariates”
and “local farming system” as explanatory variables. This step enabled
the testing of our hypothesis that pest populations could benefit from
organic farming at the local scale. The last step of our modelling proce-
dure, M2, included significant local covariates selected at MO, the local
farming system and landscape variables (i.e. “the proportion of organic
farming” and “the proportion of semi-natural habitats”) at a given scale.
We added interaction terms between the local farming system and both
landscape variables in M2. We decided to always use “local farming sys-
tem” in M2 as it allowed us to test our hypotheses on the modulation of
the effects of local farming systems by landscape context. Four different
sets of competing models were considered independently using land-
scape variables calculated at four different spatial scales (250, 500, 750
and 1,000 m). At each step (MO, M1 and M2), we used the same aver-
aging approach and the same random structure as previously described.
For every response variable and for each top model at each step, we
calculated the marginal R? values and conditional R? values to assess
the amount of variance explained by the best model (i.e. that having
the lowest AIC; Nakagawa & Schielzeth, 2013). Following Schielzeth
(2010), we standardized all explanatory variables, with mean equal to O
and standard deviation equal to 0.5 before modelling.

Additionally, to determine which level of model complexity, and in-
directly which spatial scale, was the most important for explaining our
response variables, we recalculated the Akaike weights among all of
the models from the six different sets (i.e. MO, M1 and M2 at four spa-
tial scales) obtained for a given response variable. Using this approach,
we estimated the relative importance of each level of complexity for
a given response variable. The sum of the Akaike weights (“Sum Wi")
of the models obtained at a given level of complexity provided the
model’s probability of being a top model at all scales.

The same modelling strategy was used to analyse how pest rich-
ness, pest evenness, total TFl and crop productivity responded to our
environmental variables using linear mixed models (LMMs) for pest
richness and Poisson GLMMs for other response variables (n = 166,
n =166, n =42 and n = 38, respectively). In addition, we examined the
effects of pest infestations on crop productivity using LMMs. The av-
erage pest infestations of the seven taxa were included as explanatory
variables and the “field pairs” as a random factor.

Diagnostic residual plots of all full models were confirmed using the
DHARMa package (Hartig, 2017). Spatial autocorrelation in the residuals
were explored using variograms, and no spatial autocorrelation was de-
tected. Collinearity among predictors was assessed for each full model
using the variance inflation factor, and the values were all close to 1.

All analyses were performed using r software (R Core Team, 2016)
and the packages “Ime4” (Bates, Machler, Bolker, & Walker, 2014) and
“MuMIn” (Barton, 2016).

3 | RESULTS

3.1 | Relative effects of the farming system and
landscape context on each pest taxa

On average, 20.33% (SD=17.13), 4.7% (SD =9.35), 12.31%
(SD = 9.45) and 4.47% (SD = 7.18) of leaves were infested with
mites, phylloxera, black rot and downy mildew, respectively. On
average, 13.15% (SD = 18.86) of trunks per field were infested
with mealybugs, 8.44% (SD = 9.33) with leafhoppers and 1.72%
(SD = 3.19) with grape moths. Approximately, 40% of the fields
were subjected to a level of pest attack that could lead to yield
loss. At the population level, we found that only mealybugs, phyl-
loxera and mites responded to farming systems and semi-natural
habitats at multiple scales. Black rot, downy mildew, leafhoppers
and grape moths did not respond to any local or landscape variables
(see Tables S2-S5). Among the local covariates, the crop vigour as
assessed by the Normalized Difference Vegetation Index was never
retained as a significant variable. At the landscape scale, the propor-
tion of organic farming was never retained as a significant variable
explaining pest infestations.

3.1.1 | Mealybugs

Models including local covariates, the local farming system and
landscape variables had the highest probability of being among the
best sets of models (Table 1). In particular, models fitted using land-
scape variables at the 250-m scale had the highest probability (Sum
Wi, 4t 250 m = 0-41) to appear as top models among all models fitted
at all scales. Model averaging of models fitted at this spatial scale in-
dicated that local farming system, vine stock density, and proportion
of semi-natural habitats were all included in the top models (each rela-
tive variable's importance was equal to 1; Table 1). Mealybug infesta-
tion was greater in organic fields, increased with vine trunk density
and decreased with the proportion of semi-natural habitats (Rfn =0.15;
Rf = 0.62; Table 1). We did not find any significant interactions among
the local farming system and landscape variables (Figure 1a). Results
of the multimodel inferences at other spatial scales were consistent
with these results.

3.1.2 | Mites

Models fitted using local covariates, the local farming sys-
tem and landscape variables at the 250-m scale had the highest
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TABLE 1 Model selection table for models explaining mealybug infestations in vineyards. The table reports the explanatory variables
selected, estimates, confidence intervals (2.5%-97.5%) and the relative importance of each level of model complexity (MO, M1 and M2). MO
only considered local cofounding variables; M1 considered the retained local covariates from MO as well as the local farming system (organic or
conventional); and M2 considers previous variables as well as landscape variables. For M2, only model outputs of the most important spatial
scale (identified by the sum of Akaike weights normalized across each spatial scale) are indicated in the table. For each level of model
complexity, R* marginal and R? conditional are reported. R? values were calculated using the best models at each scale. The sum of the Akaike
weight normalized across each spatial scale (Sum Wi) provided the probability of a given level of complexity to appear in the top models

Models Explanatory variables selected
MO (R2 = 0.06; R2=0.6; Field age
sum Wi < 0.01) Vine trunk density
Field size
Crop vigour
M1 (R2 = 0.08; R2=0.61; Vine trunk density

sum Wi =0.03) Local farming system: Conventional

M2 at 250 m (R2 = 0.15; Local farming system

2 - . :
RZ = 0.62; sum Wi = 0.41) Vine trunk density
Proportion of semi-natural habitats

Proportion of organic farming

20nly one best model selected here.

probability of being top models among all models fitted at all scales (Sum
Wiz 2t 250m = 0-29). Model averaging at this scale showed that the
proportion of leaves infested with mite galls increased with field age
and decreased with trunk density, field size and the proportion of
semi-natural habitats in the landscape (each relative variable’s impor-
tance was equal to 1; R2 = 0.44; R? = 0.87; Table 2). This model also
revealed a significant interaction between the local farming system
and the proportion of semi-natural habitats. This indicated that mite
infestations were greater in conventional fields than in organic fields
in landscapes with a low proportion of semi-natural habitats, while
there was no difference in mite infestation levels between organic and
conventional farming in landscapes with a high proportion of semi-
natural habitats (Figure 1b, Table 2).

Relative variable

Estimates Confidence intervals importance
-0.33 -0.83 to 0.01 0.81
0.86 0.29-1.42 1
0.08 -0.15t0 0.74 0.28
-0.04 -0.73 t0 0.31 0.17
0.72 0.15-1.29 1°
0.46 0.14-0.78 12
0.49 0.15-0.84 1
0.72 0.18-1.26 1
-0.8 -1.49 to -0.11 1
0.16 -0.35t01.25 0.36

3.1.3 | Phylloxera

Models fitted using local covariates, the local farming system and
landscape variables calculated at the 1,000-m scale had the highest
probability (Sum Wiy, . 1000m = 0-28) of being top models among
all models fitted at all scales. Model averaging of models fitted at
1,000 m indicated that phylloxera infestations decreased with field
age and that the effect of the local farming system on phylloxera
infestation was dependent of the proportion of semi-natural habi-
tats (each relative variable’s importance was equal to 1; R2m =0.25;
Rf = 0.72; Table 3). This interaction indicated that the level of phyl-
loxera infestation was greater in organic fields than in conventional

fields but only in landscapes with a high proportion of semi-natural

2 (a) (b) o (c)
2 @ ) Farming systems
= = 2 60 Conventional
S . € 60 z — Organic
. * <
E . = o
£ 2] - = ) g
z . o B
z 2 : ° 40
e .. o 407 .. 2
L 3 o Q 201 - :
§ hd %3 = 20 : @© 2
2 . ¢ ®
=1 . ° . =
G . . . [} o
5 Yoo —g I}
8 RN B 1 : €
g 0 o B ¢ 9 3 0 é g 0
z 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 z 0 0.25 0.5 0.75

Proportion of semi—natural habitats
at 250 m

Proportion of semi—natural habitats
at 250 m

Proportion of semi—natural habitats
at 1000 m

FIGURE 1 Responses of mealybugs (a), mites (b) and phylloxera (c) to the interactions between local farming systems and the proportion of

semi-natural habitats at two different spatial scales (250 m or 1,000 m)
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TABLE 2 Model selection table for models explaining mite infestations in vineyards. All models, explanatory variables, estimates, confidence
intervals and relative importances that are reported in this table have been obtained using the same procedure as the data reported in the

Table 1. See the legend in Table 1

Models Explanatory variables selected
MO (R2 = 0.17; R2 = 0.63; Field age
sum Wi < 0.01) Vine trunk density
Field size
Crop vigour
M1 (R2 = 0.19; R? = 0.65; Field age

sum Wi < 0.01) Local farming system: Conventional
Vine trunk density
Field size
M2 at 250 m (R = 0.44; Vine trunk density
R%=0.87; sum Wi = 0.99) Field age
Field size

Local farming system: Conventional
Proportion of semi-natural habitats
Proportion of organic farming

Local farming system:proportion of
semi-natural habitats

habitats. The opposite was found in landscapes with a low proportion

of semi-natural habitats (Figure 1c).

3.2 | Relative effects of the farming system and
semi-natural habitats on the pest community

For pest community evenness, models fitted with landscape variables
calculated at the 250-m scale had the highest cumulated probability of
being top models (Sum Wiy, ., 50 = 0.45; Table S6). Field age, vine
trunk density and the proportion of semi-natural habitats were included
in the top models fitted at the 250-m scale (Table Sé). Pest community
evenness increased with vine trunk density and with the proportion
of semi-natural habitats in the landscape, while it decreased with field
age (each relative variable's importance was equal to 1; R%=O.19;
Rf =0.32; Table S6). Our multimodel inference approach showed no
evidence of any effects caused by other local or landscape variables.
Additionally, there were no effects of the farming system and semi-

natural habitats at multiple spatial scales on the pest taxa richness.

3.3 | Crop productivity and management intensity

Crop productivity was not affected by the local covariates, local farm-
ing system or any landscape variables. On average, organic fields pro-
duced 11.01t (SD = 4.07) of grape per hectare, while conventional
fields produced on average 10.90 t (SD = 3.58) of grape per hectare,
which highlighted the similar production levels between organic and
conventional systems (Figure 2a). Surprisingly, crop productivity was
not affected by any pest infestations of any taxa despite variabilities
in pest infestations among fields (Table S7). Finally, the total TFI was

Relative variable

Estimates Confidence intervals importance
0.81 0.51-1.10 1
-0.41 -0.74 to -0.08 1
0.47 -0.77 to -0.18 1
0.03 -0.22 to 0.45 0.3
0.63 0.33-0.92 1
-0.44 -0.64 to -0.23 1
-0.19 -0.61to 0.02 0.63
-0.4 -0.68to -0.11 1
-0.38 -0.69 to -0.13 1
0.69 0.48-0.98 1
-0.5 -0.79 to -0.28 1
-0.19 -0.36 to 0.02 1
-1.48 -2.04 to -1.07 1
-0.08 -0.72 to 0.42 0.27
0.5 0.22-0.95 1

lower in organic than in conventional fields but was not affected by
the landscape composition at any scale. On average, the total TFl was
twofold lower in organic than in conventional fields (Figure 2b).

4 | DISCUSSION

To our knowledge, this is the first study investigating how infestations
with multiple pest taxa respond to both organic farming and semi-
natural habitats using a multiple scale design with orthogonal landscape
factors. Contrary to our initial hypotheses, the pest community did not
differ at the field scale between organic and conventional farming sys-
tems. Additionally, the proportion of organic farming in the landscape
was never an important variable for explaining pest infestations. Finally,
our study showed that three out of seven pest species responded to
local farming systems and semi-natural habitats in the landscape.
Nevertheless, it illustrated the importance of considering both farming
practices and landscape context when studying pest dynamics.
Contrary to expectations, the pest community did not differ be-
tween organic and conventional fields. Additionally, increasing the or-
ganic farming area in the landscape (within the range explored in our
study design) did not lead to greater pest infestations. Our results con-
tradict previous results from two theoretical studies investigating the
effects of the spatial arrangement of organic farming in the landscape
(Adl, Iron, & Kolokolnikov, 2011; Bianchi, Ives, & Schellhorn, 2013).
Both studies showed that the deployment of organic farming at the
landscape scale could increase pest outbreaks. However, these studies
assumed that chemical control was less effective, or even absent, in

organic fields compared with conventional ones, which is not the case
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TABLE 3 Model selection table for models explaining phylloxera infestations in vineyards. All models, explanatory variables, estimates,
confidence intervals and relative importances that are reported in this table have been obtained using the same procedure as the data reported

in the Table 1. See the legend in Table 1

Models Explanatory variables selected
MO (R2 = 0.07; R2 = 0.66; Field age
sum Wi < 0.01) Crop vigour
Vine trunk density
Field size
M1 (R2 = 0.07; R2 = 0.66; Field age

sum Wi < 0.01) Local farming system: Conventional

M2 at 1,000 m (R2 = 0.25;
R2=0.72; sum Wi = 0.98)

Field age

Local farming system: Conventional
Proportion of organic farming
Proportion of semi-natural habitats

Local farming system:proportion of
semi-natural habitats

() . (b)

20

Total TFI

Crop productivity (tons/ha)

Conventional Organic Conventional Organic

Farming systems

FIGURE 2 Effects of local farming systems (conventional or
organic) on (a) crop productivity (t/ha) and (b) the total Treatment
Frequency Index (TFI)

here. Our survey of farming practices showed that organic growers
were using organic pesticides to control pests, as indicated by an aver-
age total TFI of approximately 9 for organic fields, while they obtained
similar levels of crop productivity. Furthermore, our results are in line
with two empirical studies that showed no evidence of greater pest
pressure in cereal fields and orchards as the amount of area under
organic farming in the landscape increased (Gosme et al., 2012; Ricci
et al., 2009).

Three out of the seven surveyed pest taxa responded to the pro-
portion of semi-natural habitats in the landscape. Both mealybug
and mite infestations decreased as the proportion of semi-natural
habitats in the landscape increased. Similarly, the phylloxera abun-
dance decreased with the proportion of semi-natural habitats in the
landscape but only in conventional fields. This negative effect of
landscape complexity on pest infestations may be explained by two
complementary hypotheses: (1) direct effects of landscape compo-
sition on pest dynamics and (2) indirect effects of landscape compo-
sition on pests through top-down control by natural enemies (Rusch
et al., 2010; Veres, Petit, Conord, & Lavigne, 2013). Direct effects of

Relative variable

Estimates Confidence intervals importance
-1.11 -1.74 to -0.46 1
-0.22 -0.99 t0 0.13 0.51
-0.08 -1.15t0 0.52 0.24
-0.06 -0.88 to 0.37 0.24
-1.11 -1.76 to -0.47 1
-0.04 -0.54 to 0.25 0.31
-1.12 -1.54 to -0.67 1
-0.36 -0.63 to -0.10 1
0.71 -0.09 to 2.51 0.58
0.72 -0.34 to 1.79 1
1.82 1.37-2.27 1

landscape complexity on pest dynamics include limited pest disper-
sal owing to the direct barrier effects of unsuitable habitat types,
such as semi-natural habitats, and reduced pest sources in more
complex landscapes that support lower proportions of host plant
(Avelino, Romero-Gurdian, Cruz-Cuellar, & Declerck, 2012; Kuefler,
Hudgens, Haddad, Morris, & Thurgate, 2010; Plantegenest, Le May,
& Fabre, 2007; Summerville, 2004). Indirect effects of landscape
complexity on pests are caused by the presence of key resources
for natural enemies (Landis, Wratten, & Gurr, 2000). The increased
availability of semi-natural habitats in the landscape enhances the
diversity and abundance of natural enemies and, in turn, the bio-
logical control of pests (Chaplin-Kramer et al., 2011; Letourneau,
Jedlicka, Bothwell, & Moreno, 2009; Rusch et al., 2016).
Mealybugs, mites and phylloxera were also affected by local
farming systems, either alone or through interactions with the pro-
portion of semi-natural habitats in the landscape. Mites and phyl-
loxera were the two taxa that supported our hypothesis predicting
that the effects of the local farming system on pest infestation
would be modulated by the proportion of semi-natural habitats in
the landscape. In very simple landscapes, mites and phylloxera in-
festations were lower in organic than in conventional fields, while
in complex landscapes, the infestation levels were either similar or
greater in organic than in conventional fields. This illustrates how the
landscape context can modulate the effect of local farming systems
on pest infestations. However, our results seem to not corroborate
the intermediate landscape complexity hypothesis that stated that
organic farming would be more effective in enhancing ecosystem
services, such as biological control, in intermediate landscapes than
in simple and complex landscapes (Tscharntke, Tylianakis, et al.,
2012). Phylloxera infestations were greater in organic fields than in
conventional fields but only in complex landscapes. Thus, processes
other than top-down control by natural enemies might be involved
and other covariates related to bottom-up processes may explain

this pattern. Despite the negative effect of semi-natural habitats,
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infestations by mealybugs were always greater in organic than in
conventional vineyards suggesting that organic vineyards could be
highly beneficial to mealybugs. Indeed, mealybugs are favoured by
the tillage, the presence of Formicidae and a decreased exposure to
synthetic pesticides (Daane et al., 2012; Mgocheki & Addison, 2010;
Muscas et al., 2017).

Pest taxa that responded to the landscape context were affected
by the proportion of semi-natural habitats at two different spatial
scales: the 250-m (for mealybugs and mites) and the 1,000-m radii (for
phylloxera). The most important scale explaining species abundance
can be interpreted as the scale at which a given species perceives and
interacts with the landscape and can be used for management issues
(Jackson & Fahrig, 2012). This scale of response depends on func-
tional attributes, such as the dispersal ability, of the species and on
the structure of the landscape itself. The most important scales found
in our study for these three pest taxa are consistent with available
information on their dispersal abilities (Forneck, Anhalt, Mammerler,
& Griesser, 2015; Grasswitz & James, 2008). Moreover, our results
corroborate those of recent studies in perennial crops in which the
beneficial effects of semi-natural habitats on pest control were great-
est at relatively small spatial scales (<250 m radius) (Henri et al., 2015;
Thomson & Hoffmann, 2013).

Pest pressure at the community level tends to be limited in com-
plex landscapes mainly owing to the negative effect of landscape
complexity on mites. Downy mildew, black rot, leafhoppers and grape
moths were not affected by the proportion of semi-natural habitats
in the landscape. Overall, these findings are consistent with the con-
clusions of two recent meta-analyses that found no clear trend in the
response of pest abundance to the proportion of semi-natural habi-
tats in the landscape, despite the strong positive effects of landscape
complexity on natural enemies and biological control (Chaplin-Kramer
et al., 2011; Veres et al., 2013). One possible explanation is that farm-
ing practices, and pesticide use in particular, may have hidden the ef-
fect of landscape context on pest populations (Tscharntke et al., 2016;
Veres et al., 2013). Indeed, the four pest taxa that did not show any
response to farming practices or landscape context are the main tar-
gets of pesticide use in both organic and conventional vineyards. This
strongly suggests that both farming systems used effective control
strategies that masked potential effects. Second, the thematic resolu-
tion, as well as the spatial extent, used to characterize our landscapes
might differ from the actual functional roles of the habitats and from
the scale of response of the given pest species (Jackson & Fahrig,
2012). The most relevant scale of observation corresponds to the
mean dispersal distance of the species being studied (Gilligan, 2008;
Jackson & Fahrig, 2012). Thus, the lack of landscape context effect
for the four major pests might also result from a too narrow scale of
observation, especially for pathogens that disperse by wind over long
distances (Fontaine et al., 2013).

Finally, our study demonstrated that organic vineyards have TFls
that are twofold less important than those of conventional vineyards
having similar levels of pest infestations and equal productivity levels.
The TFl is clearly a proxy for treatment intensity and is not a measure
of environmental impact. However, increasing the amount of organic

farming at the landscape scale should decrease treatment intensity
without modifying pest pressure or crop performance in the given con-
text of our study. Our results are consistent with a recent study on arable
crops in which the reduction of pesticide use did not affect crop produc-
tivity or economic performances (Lechenet, Dessaint, Py, Makowski, &
Munier-Jolain, 2017). Studies regarding the agronomic consequences of

organic farming expansion should also consider crop quality.

4.1 | Synthesis and applications

Reducing pesticide use, while not altering crop productivity and
quality, is a major challenge for agroecologists. Our study demon-
strates that organic farming can be used as an agri-environmental
scheme to achieve this goal in vineyard agroecosystems that heav-
ily depend on synthetic pesticides. Increasing the area of organic
farming in the landscape did not lead to greater pest pressure but
reduced treatment intensity and maintained crop productivity.
However, the long-term effects of organic inputs largely used in or-
ganic farming such as sulphur and copper should be investigated in
vineyards. Moreover, our results further illustrate how proportions
of semi-natural habitats in the landscape can modulate the local ef-
fects of farming systems on pest infestations by some taxa. These
results highlight the importance of taking into account landscape
composition to optimize farming system allocation and limit pest
pressure. Our study has important implications for both practition-
ers and policymakers concerned with the ecological intensification
of farming systems and land-use planning. However, future research
is still needed to explore potential threshold effects when there
is a much greater proportion of organic farming in the landscape.
Moreover, the relative effects of the spatial composition and con-
figuration (e.g. connectivity) of organic farming on pest pressure and
biological pest control remain largely unknown and require further

investigation.
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