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ARTICLE INFO ABSTRACT

Keywords: Grape is among the most pesticide treated crops in Europe. To reduce pesticide use, it is increasingly important to
Ground beetles enhance pest control by natural enemies. However, the provision of biological control in vineyards is highly

Hoverflies context- and taxa-dependent. Here, we selected 60 vineyards across Italy in order to explicitly explore the effect
Leafhoppers . fes .

Natural enemies of vineyard management, temperature and landscape composition on arthropod predators, grapevine pests,
Plants dummy caterpillar predation, and seed predation. We found that plant cover in the inter-row was lower in dry-
Spiders warm climates, and it positively affected only the abundance of hoverflies, while the abundance of carabids,
Ecosystem service ladybugs, harvest spiders and spiders was affected by temperature and the surrounding landscape. Organic
Organic management did not affect predators but supported more abundant populations of the pest Erasmoneura vul-

nerata. Overall, most leafhopper pests showed species specific responses to local management, temperature and
the landscape. The abundance of two leafhopper species decreased with increasing semi-natural areas. By
contrast, pest control rate and grape damage did not respond to any of the selected drivers. In conclusion, our
findings suggest that local vineyard management significantly influences biocontrol and pests, but the effects are
taxon specific and shaped by the surrounding landscape and by the temperature, challenging universal strategies.
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Therefore, we advocate for developing regional strategies for grape protection accounting for local climate and

multiple taxa responses.

1. Introduction

Vineyards are highly intensive agricultural systems, with grape being
among the most pesticide treated crops in Europe (Rusch, 2024; Wol-
kovich et al., 2018). Because of frequent soil tillage and pesticide ap-
plications, intensively managed vineyards usually negatively impact
biodiversity and related ecosystem services (Bruggisser et al., 2010;
Paiola et al., 2020). However, given the temporal stability of these
cropping systems, vineyards hold the potential to sustain high levels of
biodiversity and ecosystem service provision. As there is large vari-
ability in vineyard management practices, it is often difficult to predict
the response of different taxa and, consequently, the provision of asso-
ciated ecosystem services (Beaumelle et al., 2023; Geppert et al., 2024).
Therefore, identifying management strategies and environmental con-
ditions to maximise vineyard sustainability has become an increasingly
important priority (Rusch, 2024).

Besides fungal diseases, pest control of grapevine moths, leafthop-
pers, scales and mites is probably one of the major challenges in vine-
yard management. Several leafhopper species represent a concern for
grape production, because they directly cause yield losses and reduction
of sugar content of berries or because they are vectors of pathogens, such
as of Flavescence dorée (FD) (Chuche and Thiéry, 2014; Pertot et al.,
2017). Usually, pest control relies heavily on insecticides but a change
from current practices is increasingly demanded, due to concern about
their impact on human health and the environment (Pertot et al., 2017).
This is reflected in the current EU strategies, such as the Farm to Fork
Strategy, Biodiversity Strategy, and the Zero Pollution Action Plan,
aiming to reduce pesticide use and associated risks by 50 % by 2030. In
this framework, creating strategies to enhance biological pest control by
natural enemies becomes increasingly important. Several nature-based
solutions operating at different spatio-temporal scales can limit pest
infestations by increasing predators and parasitoids (Rusch, 2024).

A key driver of vineyard natural enemies and biocontrol is the inter-
row management (Winter et al., 2018). Inter-row management practices
are used for weed control and water conservation, and can include
herbicide applications, tillage, alternating tillage, or no tillage with a
permanent vegetation cover. Inter-row management has been shown to
affect the number, diversity and activity of arthropods, with cascading
effects on ecosystem services (Beaumelle et al., 2021; Dainese et al.,
2019; Zanettin et al., 2021). Overall, most studies highlight the benefits
of vegetated inter-rows for pest control (Puig-Montserrat et al., 2017;
Winter et al., 2018). For example, vegetated inter-rows supported higher
abundance of hoverflies, spiders and ground beetles, and lower abun-
dance of pests (Gaigher et al., 2024; Kratschmer et al., 2018; Ostandie
et al., 2021; Rusch et al., 2017). In contrast, bare soil was found to
harbour few arthropods, especially when maintained by herbicides
(Masoni et al., 2017; Sanguankeo and Leon, 2011). Plant cover in the
inter-row, however, can also produce disservices related to pests, by
increasing their abundance (Danne et al., 2010).

In addition to the role of the inter-row management, the effect of
organic farming on biocontrol in vineyards has been widely investigated
(Beaumelle et al., 2023; Muneret et al., 2018). On average, organic
vineyards host higher diversity and abundance of arthropods and pro-
vide higher ecosystem services than conventional ones (Beaumelle et al.,
2023). For example, they can favour the diversity and abundance of
plants, ants and spiders, and natural pest control, pollination, or carbon
sequestration (Beaumelle et al., 2023; Gattinger et al., 2012; Masoni
et al., 2017; Muneret et al.,, 2018; Nascimbene et al.,, 2012;
Puig-Montserrat et al., 2017). However, results are often inconsistent
(Beaumelle et al., 2023; Muneret et al., 2019; Paiola et al., 2020), with
most studies finding large variation and taxon-specific responses. For

example, it has been shown that beetles, earthworms and grasshoppers
tend to be reduced by organic viticulture, while birds and moths are not
affected (Beaumelle et al., 2023; Bruggisser et al., 2010; Caprio et al.,
2015). Most studies investigating arthropods and pest control in vine-
yards focus on the effect of agricultural management, irrespective of
underlying environmental gradients, such as climate and landscape
structure.

Both landscape structure and climate are strong predictors of vine-
yard management, influencing, for example, the frequency of insecticide
and fungicide treatments, and the amount of N-fertilization (Geppert
et al., 2024). Besides the indirect effects through changes in agricultural
practices, landscape and climate can have direct effects on predator taxa
and pests (Paiola et al., 2020). For instance, increasing the amount of
non-crop habitats around the vineyard, such as forests, grasslands or
hedgerows, usually enhances the abundance and diversity of true bugs,
birds and bats, as well as pest control services (Gaigher et al., 2024;
Ostandie et al., 2021; Rusch et al., 2016b). Concerning climate, tem-
perature is one of the main drivers of arthropod abundance and di-
versity, since it affects the physiology, performance, and fitness of
ectotherms (Frazier et al., 2006). Also vegetation cover is affected by
temperature and rainfall due to the direct effect of weather conditions
on water availability and vegetation growth (Wilschut et al., 2022;
Wittwer et al., 2023). Understanding how local management practices
affect both pests and natural enemies depending on climate and land-
scape is needed.

Depending on agricultural management, landscape, and climate,
both beneficial organisms and pests show very high variability in vine-
yards (Paiola et al., 2020). This variability hinders general recommen-
dations and emphasizes the importance of focusing on multiple
functional groups. Here, our experimental design enabled the compar-
ison of conventional and organic vineyards along statistically indepen-
dent gradients in landscape and climate. We selected 60 vineyards
across Italy and tested the effect of vineyard management (organic vs.
conventional), landscape composition and temperature on plant cover,
arthropod predators, pest control, seed predation, leafhopper pests and
grape damage. We hypothesized that: i) multiple arthropod taxa would
co-vary along the landscape and temperature gradients; ii) plant cover
would increase pest control; iii) organic management would increase
plant cover, predators and pest control; iv) landscape composition
would affect the abundance of most arthropods, with a positive effect of
semi-natural areas on pest control and a negative effect on pests; and v)
increasing temperatures would increase the abundance of most
arthropods.

2. Methods
2.1. Study area

The study area covers multiple locations across Italy, where we
selected 30 landscapes of 1 km radius (Fig. 1a). Landscapes were chosen
along two statistically independent gradients: a climatic gradient related
to latitude and a landscape composition gradient, ranging from areas
dominated by viticulture to mostly natural areas. In each landscape, we
selected a pair of vineyards, consisting of one organic and one conven-
tional vineyard (for a total of N = 60 vineyards) (Fig. 1b). The vineyards
belonging to a pair were close to each other with a maximum distance of
approximately 1 km between them (mean distance within pair =
0.885 km =+ 0.526 SD, ranging from 0.08 to 2 km). In addition, the
vineyards in each pair shared the same red grape variety (except for one
pair with a white variety). The most common grape varieties were
Merlot (N = 8) and Primitivo (N = 8). Selected vineyards were a
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subsample of the vineyards studied in (Geppert et al., 2024); from
which, we retrieved information on mean annual temperature (°C), and
rainfall during the growing season (mm), and on the insecticide use
(obtained through face-to-face questionnaires to winegrowers). Organic
vineyards were all managed according to organic regulations, for
detailed information refer to Table S1 and Geppert et al., 2024.

2.2. Landscape composition

To quantify landscape composition as accurately as possible, we used
the program Google Earth Pro 7.3.4.8642 and manually drew polygons
representing vineyard and semi-natural habitat cover around each focal
vineyard. We calculated the semi-natural area and the vineyard area at
multiple spatial scales, i.e., 250, 500, 1000 m radii, as it was shown
previously that landscape properties at such spatial scales affect pred-
ator and pest arthropods (Martin et al., 2013). Semi-natural area was
defined as the total area covered by forests (including coniferous,
broadleaved and mixed forests) and grasslands (including pastures,
meadows and other permanent grasslands). In our experimental design,
we decided to focus on a gradient of semi-natural areas, as its effect on
arthropods is the most commonly considered in agroecological studies
and environmental policies. However, additional land-use categories
(such as urban area or subcategories of semi-natural areas) and land-
scape configuration (such as patch density) could be taken into account
to have a more comprehensive understanding of landscape influences on
arthropod communities.

2.3. Sampling of vegetation cover percentage

To measure plant cover, we used the quadrat method. In each
vineyard, we placed three 1 m x 1 m plots on the ground in three
different inter-rows. In each vineyard, we took one photo of the quadrat
from above of each plot. This sampling procedure was repeated a total of
four rounds, corresponding to the key phenological stages of the
grapevine: winter dormancy, flowering, fruit set, and veraison. This
results in a total of 12 images for each vineyard. Finally, we quantified
total plant cover for each picture using ImageJ (Schneider et al., 2012).
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2.4. Sampling of pest control indicators

Different sampling techniques were used to monitor the arthropods
belonging to the taxa of spiders (Araneae), carabids (Coleoptera: Cara-
bidae), ladybugs (Coleoptera: Coccinellidae), harvest spiders (Opiliones,
also known as “harvestmen”) and hoverflies (Diptera: Syrphidae). We
selected these taxa because they include important predator species.
Abundance is considered for many arthropods a simple but important
proxy for the associated ecosystem service, for example the abundance
of carabids can be used to measure pest control and the abundance of
wild bees to measure pollination (Winfree et al., 2015). In each vine-
yard, arthropod sampling was carried out at three phenological stages of
the grapevine: flowering, fruit set, and veraison (Table S2), in 2022.
Sampling was not performed during winter dormancy because most
arthropods are not active at that time of the year. All taxa were sampled
in the centre of the vineyards, i.e. at least 20 m distant from the edge
(Fig. 1c). For each taxon, the number of sampled vineyards (N) is re-
ported, as it may vary slightly among taxa, due to practical field con-
straints (e.g., occasional trap loss or sample damage).

2.4.1. Carabid, harvest spider and spider sampling

Three pitfall traps per vineyard were placed in three adjacent rows
for three rounds. Each pitfall trap consisted of two plastic cups (400 ml
capacity), placed one on top of the other, buried in the soil with the edge
at the same level as the ground, and filled with 150 ml of 75 % pro-
pylene glycol. In addition, plastic plates were put on top of the traps to
reduce the risk of the glasses being flooded by rain or debris. After 2
weeks in the field, the contents of the traps were taken to the laboratory
to be sorted. Carabids were successfully collected in all vineyards for all
rounds except for one vineyard during the third round, where traps were
destroyed (N = 59 vineyards), while spiders and harvest spiders were
collected in 52 vineyards.

2.4.2. Ladybug sampling

In each vineyard, three yellow sticky traps (40 x24.5 cm) were
positioned near the foliage of the vines at a height of around 1.5 meters
for three rounds: flowering, fruit set and veraison. The traps were
collected 2 weeks later. Sticky traps were initially positioned to capture
leafthoppers but given the high amount of ladybugs collected, we

Fig. 1. Map of the 30 landscapes selected across Italy (a); one landscape including a pair of vineyards managed according to conventional (black square) and organic
(purple triangle) farming, for a total of 60 vineyards (b); and the area within a vineyard where sampling took place (c).
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decided to measure their abundance. Ladybugs were collected in N = 44
vineyards.

2.4.3. Hoverfly sampling

In each vineyard, we placed a total of nine pan traps (three white,
three blue, three yellow) for three rounds. In particular, we positioned
three traps, one per colour, in one inter-row at a distance of approxi-
mately 1.5m, and repeated this combination three times in three
different inter-rows. Pan traps were filled with water and a drop of
organic dish soap and were exposed for 48 h during sunny, windless
days with at least 20°C. Collected specimens were preserved in 70 %
ethanol and brought to the laboratory for identification. Pan-traps were
retrieved in 47 vineyards during the flowering, 41 vineyards during the
fruit set and 42 during the veraison, as some traps were destroyed.

2.5. Sampling of pest control functions

The efficacy of pest control was evaluated through the use of dummy
caterpillars. Dummy caterpillars are commonly used to assess the in-
tensity of pest predation by actively hunting sight predators (Howe
et al., 2009). We moulded 30 mm x 3 mm dummy caterpillars using
green plasticine and glued the caterpillars on green cardboard. We
placed eight dummy caterpillars at each vineyard. In particular, we
placed two caterpillars on the lower part of the vine trunk and two on
the leaves,1 m above the ground, on two different plants. They were
exposed for 48 h. The sampling was carried out once during the fruit set
phase and was successfully completed in 52 vineyards. We then checked
all predation marks on caterpillars and determined the total number of
caterpillars reporting predation marks by arthropods in each vineyard.

In addition, to assess the intensity of potential predation of weed
seeds, we measured seed removal. We used seed cards, made of small
rectangles (8 x 3 cm) of P80 grit sandpaper, on which seeds were glued
using a repositionable glue (3 M Spray Mount) (Westerman et al., 2003).
On each seed card, we glued thirty seeds of poppy, Papaver rhoeas (L.,
1753). In addition, we used Petri dishes containing thirty seeds of sun-
flower, Helianthus annuus L., 1753, as too large to successfully be glued
to the sandpaper. We used two plant species with very different seeds, as
we expected, from previous studies, poppy seeds to indicate invertebrate
seed predation, and sunflower both invertebrate and vertebrate preda-
tion (Farwig et al., 2009; Lami et al., 2020). At each vineyard, we placed
three Petri dishes and three seed cards in the sub-row, ensuring they
were spaced at least 1 m apart. The seed cards were secured to the
ground with nails and positioned next to the Petri dishes. Each Petri dish
was buried so that its rim was in level with the soil surface and then filled
with soil to match the surrounding ground level. The seeds were placed
directly on the soil surface within the Petri dishes. Seeds were exposed
for 48 h, during sunny days with low wind speed. Then, we collected the
seed cards and the Petri dishes and counted the remaining seeds of each
species. The sampling was carried out once during the veraison phase in
all vineyards (N = 60).

2.6. Sampling of pests and grape damage

We sampled leafthopper species (Hemiptera: Auchenorrhyncha) that
are known vine pests because of their direct damage to the plant or their
role as pathogen vectors. As species causing direct damage, we consid-
ered: Empoasca vitis Goethe, 1875 (Hebata vitis (Goethe, 1875)), Eras-
moneura vulnerata (Fitch, 1851), and Zygina rhamni Ferrari, 1882; while
as vectors of pathogens: Dictyophara europaea (Linnaeus, 1767), Hya-
lesthes obsoletus Signoret, 1865, Orientus ishidae (Matsumura, 1902) and
Scaphoideus titanus Ball, 1932. In each vineyard, three yellow sticky
traps (40 x24.5 cm) were positioned near the foliage of the vines at a
height of around 1.5 m. The traps were exposed for 2 weeks and the
sampling took place three times in the three rounds (flowering, fruit set
and veraison). Traps were brought to the laboratory and pests causing
direct damage were counted on Y of the sticky trap, while vectors of
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phytoplasmas on the whole trap. Leafthopper pests were collected in all
vineyards and were the only taxon studied at the species level.

Moreover, we visually estimated the grape damage by the grape
moth, Lobesia botrana (Denis & Schiffermiiller, 1775). The estimate was
carried out during two sampling rounds in the phenological phases most
affected, i.e. fruit set and veraison. We carried out a visual estimate of
damage on 100 randomly selected grape bunches per vineyard. Each
grape bunch belonged to a different plant. We classified the damage
according to an infestation scale with 3 classes: 0: healthy bunch,
absence of eggs or larvae; 1: infested bunch, traces of larval damage
and/or presence of eggs or larvae; 2: severely infested bunch, presence
of erosions/holes on the berries, silk threads, excrement, and/or
exuviae.

2.7. Statistical analyses

2.7.1. Correlation among predictors

We estimated correlations among explanatory variables: mean plant
cover (%), mean annual temperature (°C), rainfall during the growing
season (mm), semi-natural area in a 1 km buffer (%), vineyard area in a
1 km buffer (%), semi-natural area in a 500 m buffer (%), vineyard area
in a 500 m buffer (%), semi-natural area in a 250 m buffer (%), vineyard
area in a 250 m buffer (%), and slope (degrees) (Supplementary
Figure 1). Mean annual temperature and rainfall during the growing
season were highly negatively correlated; vineyard area at 1000 m,
500 m and 250 m were highly positively correlated and semi-natural
area at 1000 m, 500 m and 250 m too. Moreover, slope was positively
correlated with semi-natural areas and negatively with temperature. We
excluded highly correlated predictors (r > 0.5), keeping the more
ecologically relevant to arthropods. Therefore, we removed rainfall and
slope from the analysis and retained temperature, semi-natural area and
vineyard area at only one spatial scale.

2.7.2. Cross-taxon congruence

To observe if predator taxa co-varied in conventional and organic
vineyards, for each pair of taxa, we calculated pairwise correlations for
abundance, including also plant cover (Pearson’s correlations). We
calculated correlations separately for conventional and organic vine-
yards. First, we aggregated the data by vineyard ID and calculated the
mean abundance over the three sampling rounds. For leathoppers, we
summed the abundance of all species considered. Then, we transformed
abundances using natural-logarithm transformation to linearize the
relationship.

2.7.3. Effect of landscape, temperature and management

We fitted linear mixed models to investigate the responses of plant
cover, arthropod abundance, pest control, seed removal and grape
damage, using the R package “glmmTMB” (Magnusson et al., 2017). For
plant cover, we fitted linear mixed model with vineyard ID nested in
landscape ID as random structure, and management (conventional and
organic), mean annual temperature, semi-natural area, and sampling
round as fixed factors. Concerning arthropod abundance, we used as
response variables the abundance of carabids, ladybugs, hoverflies,
harvest spiders, and spiders. We fitted generalised linear mixed models
with vineyard ID nested in landscape ID as random structure assuming a
negative binomial distribution for all arthropods but ladybugs. For la-
dybugs, we assumed a poisson error distribution. Mean plant cover,
management (conventional and organic), mean annual temperature,
semi-natural area and sampling round were used as fixed factors. In
addition, as fixed factor, we considered insecticide application using the
treatment frequency index (TFI), an index frequently used to compare
different active ingredients, that includes the dose sprayed relative to
the recommended dose and its frequency of application (Lechenet et al.,
2014).

For pest control, we fitted generalised linear mixed models assuming
a beta distribution with landscape ID as the random factor and mean
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plant cover, management (conventional and organic), mean annual
temperature, and semi-natural area as fixed factor, and pest control, i.e.
the ratio of predated dummy caterpillars per site over the total number
of dummy caterpillar exposed (also referred to as “attack rate™), as
response variable (see, for example, Cappellari 2023). Moreover, for
seed predation rate, i.e. the ratio of predated seeds over the initial total,
we fitted a linear mixed model with the same fixed factors and the
addition of the fixed factor of seed species (poppy or sunflower) and of
the random factor vineyard ID nested in landscape ID, because we
exposed three seed-cards for seed species for each vineyard.

For leafhopper pests, we fitted one generalised linear mixed model
assuming negative binomial distribution for each species with vineyard
ID nested in landscape ID as random structure. We used the count of the
individuals of each species as response variable and as fixed factors
mean plant cover, management (conventional or organic), mean annual
temperature, semi-natural area, insecticide TFI and sampling round. To
compare the model estimates, we standardized the predictors to mean
= 0 and SD = 1. For three leafhopper species (i.e. E. vulnerata, O. ishidae
and S. titanus), Sardinia and Sicily were excluded from the analysis as
these exotic species have not yet been recorded there. Finally, we tested
the effect of mean plant cover, management (conventional and organic),
mean annual temperature, semi-natural area and sampling round on
grape damage percent. We pooled the total number of damaged grape
bunches belonging to class 1 and 2 (infested and severely infested). This
represents the percentage of grape bunches per vineyard. We used it as a
response variable, and we fitted linear mixed models with vineyard ID
nested in landscape ID as random structure.

2.7.4. Model selection and diagnostics

To select the most appropriate spatial scale, for all response variables
(i.e. carabids, ladybugs, hoverflies, harvest spiders, spiders, pest control,
seed predation, E. vitis, E. vulnerata, Z. rhamni, D. europaea, H. obsoletus,
O. ishidae, S. titanus and grape damage), we fitted three different models
using semi-natural area at 250, 500 and 1000 m as predictors, and
selected the model with the lowest AICc value. To do so, we used the
“AlICc” function of the R package “MuMIn” (Barton, 2023). In a set of n
models, each model i can be ranked using its difference in AICc with the
best-fitting model (AAICci = AICci — AICcMIN). A model in a set was
considered plausible if its AAICc was below 2. When models were
equally supported we reported results at 250 m (see Table S3 for AICc
results of all models). Moreover, we run the same process using as a
predictor vineyard area at 250, 500 and 1000 m. We did not use
semi-natural area and vineyard area as predictors in the same model, to
avoid overfitting the models and because they were weakly negatively
correlated. We report in the main text results of the best fitting model
with semi-natural area as predictor, while in the supplementary mate-
rials results from the best fitting model using vineyard area (Table S4).

After selecting the most appropriate spatial scale with AICc com-
parison, we used a backward deletion procedure starting from the full
model. Full models described above included all of the two-way in-
teractions between the fixed factors and main effects. We removed one-
by-one the interactions if the p-value was higher than 0.05 and re-ran
the model to avoid overfitting and to correctly interpret the main ef-
fects. All main effects were left even if not significant. Variance Inflation
Factors’ (VIFs) values for all models were close to 1, showing low cor-
relations among variables (Akinwande et al., 2015). Residuals were
visually estimated using diagnostic plots to check that no pattern
occurred, using the R package “DHARMa” (Hartig, 2019).

3. Results
3.1. Cross-taxon congruence
In total, we collected 2013 specimens of carabids, 716 of harvest

spiders, 1733 of ladybugs, 2808 of spiders, 300 of hoverflies, and 26,083
of leathoppers, including pests and vectors, the vast majority belonging
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to the species E. vitis (approximately 90 %) (Table S5). We detected only
positive or non-significant pairwise correlations among the abundance
of arthropod taxa (Fig. 2). In both conventional and organic vineyards,
carabids and ladybugs, hoverflies and ladybugs, and hoverflies and plant
cover were positively correlated. In addition, in conventional vineyards,
carabids were positively correlated also with spiders; and so were leaf-
hoppers and ladybugs. By contrast, in organic vineyards, carabids were
positively correlated with hoverflies.

3.2. Effects of landscape, temperature and management on plant cover,
pest control indicators, pests and grape damage

We found that plant cover in the inter-row decreased with increasing
mean annual temperature but this trend varied across sampling rounds,
with the sharpest decline observed during the first round (i.e. winter
dormancy) and the weakest during the fourth round (i.e. veraison)
(Figure S2a, Table S6). Moreover, plant cover decreased with increasing
area of semi-natural habitats (Figure S2 b).

The abundance of carabids and ladybugs decreased with increasing
semi-natural areas and were lower in the second sampling round (Fig. 3a
and 3 b, Table S7). Moreover, ladybugs decreased with increasing plant
cover percentage (Fig. 3c). By contrast, hoverfly abundance responded
only to plant cover, increasing with increasing percentage of plant cover
in the inter-row (Fig. 3d). Harvest spiders increased with increasing
temperature, they increased with increasing semi-natural area and
decreased in the last sampling round (Fig. 4a and 4 b). Spiders respon-
ded to an interaction between management and semi-natural area, i.e.
their abundance increased with increasing semi natural areas in organic
vineyards (Fig. 4c). Moreover, they showed a trend for increasing with
increasing temperature and they decreased over the last sampling round
(Fig. 4d). Dummy caterpillar control was not significantly affected by
any of the selected factors, but it showed a trend for decreasing with
increasing plant cover and in conventional management, and for
increasing with increasing semi-natural area (Table S8). Seed predation
rate was affected only by the plant species, with poppy seeds showing a
higher predation rate than sunflower seeds (Table S8).

Empoasca vitis was not affected by plant cover, management, tem-
perature and insecticide TFI, but it decreased with increasing semi-
natural area and over the sampling rounds (Fig. 5, Table S9). Erasmo-
neura vulnerata was more abundant in organic than conventional vine-
yards. Zygina rhamni increased in warm dry climates. Dictyophora
europaea responded only to the sampling rounds, increasing over time.
H. obsoletus decreased with increasing semi-natural area. Orientus ishidae
decreased in warm-dry climates and increased over the sampling
rounds. Scaphoideus titanus increased over the sampling rounds, while it
showed a marginally significant trend for decreasing with increasing
insecticide TFI. Mean grape damage by L. botrana did not respond to
sampling round, mean plant cover, management, mean annual tem-
perature and semi-natural area (Table S10).

4. Discussion

Our results showed high heterogeneity and taxon specific responses
to vineyard management, landscape and temperature. We found that a
higher cover of inter-row vegetation was maintained in cold and wet
climates. Organic management did not have any positive direct effect on
the plant cover, on the abundance of beneficial predator taxa, nor on
seed predation. Both beneficial predator arthropods and leafhopper
pests showed taxon-specific responses to local management, landscape
and temperature. In particular, the significant effect of semi-natural
areas and temperature on several groups adds to the evidence support-
ing the need of integrating landscape composition in vineyard man-
agement and adapting grape production to current climate change.

As hypothesized, we mostly observed positive cross-taxon congru-
ence between different arthropods. In particular, carabids and ladybugs,
hoverflies and ladybugs and hoverflies and plant cover were positively
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Fig. 2. Pairwise Pearson’s correlation among natural-logarithmic transformed abundance of arthropod taxa and percentage of plant cover in the inter-row in a)
conventional and b) organic vineyards. Blue represent positive correlations, red negative correlations. The circle size is proportional to the magnitude of the cor-

relation. Only significant correlations with r > 0.4 are shown.
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d) plant cover (%) on hoverfly abundance. Only significant effects are showed and shaded areas represent confidence intervals at 95 %. The significant effect of
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Fig. 5. Forest plot showing model-averaged effect sizes (points) and 95 % confidence intervals (bars) for leafthopper pest abundance. The plot includes the scaled
effects of plant cover, management, semi-natural area, temperature, insecticide TFI, and sampling rounds. For Hyalesthes obsoletus only round 1 and 2 are included

because no individuals were collected in round 3.

correlated. However, conventional and organic vineyards showed a few
different correlations. For example, carabids were positively correlated
with spiders only in conventional vineyards, while they were correlated
with hoverflies only in organic vineyards. Overall, we could confirm the
importance of carabid beetles as surrogate group for other ground-
dwelling predators (Bohan et al., 2011; Rainio and Niemela, 2003). In
addition, carabid beetles seem to hold the ability to be bioindicators in a
variety of habitat types both natural and agricultural (Corcos et al.,
2021).

Plant cover in the inter-row changed according to temperature and
sampling round. The negative effect of temperature on inter-row plant
cover was expected, because hot and dry conditions (temperature was
negatively correlated with rainfall) reduce vegetation growth (Eziz
et al., 2017; Wilschut et al., 2022). In addition, the decrease in plant
cover with warming was more pronounced during the winter than in the
summer. This might be related to the traditional practice of reducing
inter-row vegetation during the summer in Mediterranean regions, to
reduce competition for water. We found no difference in the plant cover
of conventional and organic vineyards. This lack of difference may be
due to the fact that mechanical operations and mowing regime did not
differ between conventional and organic farming. Finally, plant cover
decreased with the amount of semi-natural area surrounding the vine-
yard. As plant cover in the inter-row usually benefits biodiversity and
ecosystem services, and prevents soil erosion (Winter et al., 2018), it is
important to consider strategies to counteract the predicted negative
effects of climate warming on inter-row vegetation.

Concerning arthropod predators, the abundance of carabids, lady-
bugs, harvest spiders and spiders changed in response to landscape
composition. Carabid and ladybug abundance increased with decreasing
semi-natural areas, which corresponds to increasing perennial and
annual crops. Carabid and ladybug abundance are often reported to be
positively affected by the amount of agricultural area, because agricul-
tural habitats support several ruderal species, often feeding on crop pests
(Honek et al., 2017; Lami et al., 2021; Vanbergen et al., 2005). By
contrast, semi-natural area had a positive effect on harvest spiders.
Usually, microclimate and vegetation type and structure shape harvest
spider community characteristics, with a positive effect of the amount of
woody vegetation (Papura et al., 2020; Stasiov et al., 2021). The same
positive effect of semi-natural areas was found for spiders in organic
vineyards but not in conventional vineyards. Organic and conventional
vineyards usually sustain spider communities strongly differing in their

composition (Caprio et al., 2015; Kolb et al., 2020). Therefore, this result
might be due to species specific responses to the landscape drivers. In
addition, as expected because of the well-known effect of temperature
on arthropod physiology and fitness of ectotherms (Frazier et al., 2006),
harvest spiders and spiders increased with increasing temperatures.
Finally, increasing plant cover in the inter-row had a negative effect on
ladybugs and a positive on the abundance of hoverflies. The positive
effect on hoverflies is linked to the overall quantity of floral resources for
adults (Biella et al., 2025; Kratschmer et al., 2019, 2018). Plant cover is
not a direct measure of food availability; however, flower cover in
vineyards increases with plant cover because floral resources are
destroyed by frequent soil tillage, mowing or herbicide use (Kratschmer
et al., 2019). The negative effect on ladybugs as well as the lack of effect
on other predator taxa were unexpected, as a positive effect is frequently
reported in the literature (Blaise et al., 2022, 2021; Hanna et al., 2003;
Puig-Montserrat et al., 2017; Winter et al., 2018).

Similar levels of abundance for arthropod predators were sustained
by conventional and organic vineyards. Overall, several studies did not
find a positive effect of organic vineyards on arthropods (Beaumelle
et al., 2023; Bruggisser et al., 2010; Caprio et al., 2015). The lack of
effect can be explained by the extremely high variability within organic
and conventional management (Geppert et al., 2024). In addition, the
absence of beneficial effects of organic farming in vineyards compared
to the well-known positive effect in cereals or other annual crops, can be
explained by different levels of disturbance in annual vs. perennial
cropping systems, following the argumentation of the intermediate
disturbance hypothesis or the intermediate landscape-complexity hy-
pothesis (Bruggisser et al., 2010; Connell, 1978; Tscharntke et al., 2012).
In annual systems, the level of disturbance is much higher than in
perennial systems, such as vineyards, which provide more stable habi-
tats and resource continuity, thereby reducing the relative advantage of
organic management in enhancing arthropods. Moreover, our results
focused on the abundance and did not consider the diversity of predator
species, which may respond more sensitively to organic management.

Concerning pest control and seed predation, we expected plant cover
in the inter-row to positively affect biological control. Usually, diverse
cover crops and permanent green cover enhance the abundance of
natural enemies and the rates of predation, especially in simplified
landscapes (Beaumelle et al., 2021; Menalled et al., 2007; Sanguankeo
and Leon, 2011; Zanettin et al., 2021). However, we found no effect on
seed predation and a trend for a negative effect on pest control. It is
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known that higher predation rates depend on higher activity density and
the activity-density may vary spatially and temporally while predators
search for suitable microclimates, shelter and prey or in response to
changing weed density (Thomas et al., 2006). This means that a lower
predation rates does not necessarily imply low activity density but it
might be due to a dilution effect. Moreover, we found a trend for a
positive effect of organic farming on pest control, which might be linked
to the lower applications of synthetic pesticides (Puliga et al., 2024;
Tortosa et al., 2025). However, the lack of a strong and clear manage-
ment effect on both predation metrics considered (i.e. pest control and
seed predation) has already been reported in the literature in vineyards
and it is partly explained by the large variability in agricultural prac-
tices, both within organic and within conventional systems (Geppert
etal., 2024; Rusch et al., 2016a). Concerning landscape effects, there is a
large inconsistency of such effects on pest populations and crop damages
(Karp et al., 2018; Muneret et al., 2019; Petit et al., 2017; Rusch et al.,
2016a). However, in our study, we considered semi-natural and vine-
yard areas, without exploring additional, more specific land-use cate-
gories or landscape configuration metrics. Finally, concerning seed
predation, rates were higher for poppy than sunflower seeds, which
could suggest a higher predation by invertebrates than vertebrates.
Concerning leafthopper pests, we found species specific responses to
the considered drivers (Trivellone et al., 2012). Only one species,
E. vulnerata, was more abundant in organic than conventional vineyards,
as reported in other studies (Duso et al., 2020). Empoasca vitis and
H. obsoletus were both negatively affected by increasing semi-natural
areas. This negative effect might be due to the barrier effects of un-
suitable natural habitat types, and/or due to the higher pest suppression
capacity of the semi-natural landscapes, that usually sustain a higher
abundance of predators and parasitoids (Ragone et al., 2025; Rusch
et al., 2016a; Veres et al., 2013). However, this is in contrast with pre-
vious studies on E. vitis, that reported a positive effect of semi-natural
areas on its abundance (Veres et al., 2013). Moreover, Zygina rhamni,
and O. ishidae were significantly affected by the temperature with
opposite responses, i.e. Z. rhamni increased in warm dry climates and
O. ishidae decreased. The frequency of use of insecticides had a
marginally significant negative effect on S. titanus (Tirello et al., 2021;
Trivellone et al., 2012), but not on the other species. Scaphoideus titanus
is the main vector of the phytoplasma associated to Flavescence dorée
(FD), a disease causing severe damage in European vineyards and in
several regions in Northern Italy it is mandatory to spray insecticides
against it. The lack of a strong effect of insecticides on S. titanus might be
related to the fact that the control is legally required in the presence of
the vector, regardless of its density. In addition, the lack of the expected
negative effect of warm dry climates on E. vitis might be related to the
mandatory control of FD in Northern Italy. These results highlight the
need of integrating multiple strategies to contain leafhopper pests.

5. Conclusions

Enhancing natural enemy abundance and activity in agroecosystems
is a major challenge for future agriculture. However, predicting pest
control is notably difficult (Alexandridis et al., 2021; Karp et al., 2018;
Petit et al., 2020). Here, we found high heterogeneity and taxon specific
responses of both predators and pests. Concerning the local manage-
ment, we did not find any beneficial effect of organic management on
predators, and organic vineyards showed a higher abundance of the
leafthopper species E. vulnerata. We highlight that for future viticulture it
is crucial to consider landscape and climate change effects to tailor local
efficient control strategies. Temperature affected the plant cover in the
inter-row, the abundance of harvest spiders, spiders and several leaf-
hopper species, while semi-natural areas affected carabids, ladybugs,
harvest spiders, and two species of leafthoppers (i.e. E. vitis and
H. obsoletus). Further research on pest control along environmental
gradients is needed to be able to promote the transformation of grape
production, including additional research on what influences
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winegrowers’ decisions, such as their attitudes, beliefs, and the specific
management needs (Chen et al., 2022).
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