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Abstract

The intensive use of pesticides is one of the main causes for global arthropod decline which can subsequently

affect ecosystem services such as pollination, natural pest control, and soil fertility and cascade to higher trophic

levels  including  bats  and  birds.  However,  agriculture  in  large  parts  is  strongly  dependent  on pesticides,  and

viticulture in particular is one of the major consumers of fungicides. Fungus-resistant grape varieties offer a very

good opportunity to reduce fungicide applications by more than 80 % while maintaining healthy grapes. Here, the

effects of fungicide reduction on arthropods and natural pest control were investigated on the one hand in a long-

term  study  in  an  experimental  vineyard  and  on  the  other  hand  in  32  commercially  managed  vineyards  in

southwestern Germany. In both designs, fungicide reduction resulted in mostly positive effects on arthropods and

natural pest control. Particularly beneficial arthropods such as predatory mites and spiders were promoted by

reduced  fungicide  applications.  Contrastingly,  potential  vineyard  pests  such  as  phytophagous  mites  and

leafhoppers decreased under fungicide reduction. Fungus-resistant grape varieties are thus a promising approach

to foster resilient agroecosystems and a more sustainable viticulture.

Zusammenfassung

Die intensive Anwendung von Pestiziden ist einer der Hauptgründe für den Rückgang von Arthropoden. Dies

kann  entsprechend  Folgen  für  Ökosystemleistungen  wie  Bestäubung,  natürliche  Schädlingskontrolle  und

Bodenfruchtbarkeit haben und auch höhere trophische Ebenen wie Fledermäuse und Vögel betreffen. Weite Teile

der Landwirtschaft sind jedoch stark von Pestiziden abhängig und insbesondere der Weinbau ist einer der größten

Fungizidanwender.  Pilzwiderstandsfähige  Rebsorten  bieten  eine  sehr  gute  Möglichkeit  die  Anwendung  von

Fungiziden um mehr als 80 % zu reduzieren und trotzdem gesunde Trauben zu erhalten. In dieser Studie wurden

die Effekte von reduziertem Fungizideinsatz auf Arthropoden und die natürliche Schädlingskontrolle einerseits als

Langzeitversuch in einem Versuchsweinberg und andererseits in 32 kommerziell bewirtschafteten Weinbergen in

Südwestdeutschland untersucht. Die Fungizidreduktion hatte in beiden Untersuchungen meist positive Effekte auf

Arthropoden  und  die  natürliche  Schädlingskontrolle.  Insbesondere  Nützlinge  wie  Raubmilben  und  Spinnen

wurden unter geringerem Fungizideinsatz gefördert. Im Gegensatz dazu verringerte sich die Zahl der möglichen

Weinbergsschädlinge  wie  Schadmilben  oder  Zikaden.  Pilzwiderstandsfähige  Rebsorten  sind  somit  ein

vielversprechender Ansatz, um resiliente Agro-Ökosysteme und einen nachhaltigeren Weinbau zu fördern. 
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Chapter I

General introduction

Jo Marie Reiff
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The world population is currently reaching eight billion people and is estimated to reach over ten billion by 2060

(Statista Research Department, 2023a). Hence, the demand for food production and agricultural area grows. In

2020 the farmland already accounted for 36.5 % of the earth’s terrestrial surface (The World Bank Group, 2023).

Over the last decade the global cropland increased by 9 % with a simultaneous increase in land productivity as a

result of agricultural intensification (Potapov et al.,  2022).  However, intensive agriculture is one of the main

causes for biodiversity decline (Sánchez-Bayo and Wyckhuys, 2019; Seibold et al., 2019; Raven and Wagner,

2021; Uhler et al., 2021; Caro et al., 2022). Globally, 58 % of the endangered and critically endangered species are

threatened amongst others by agriculture (IUCN, 2023).  In Europe,  41 % of 1675 species currently listed as

endangered and critically endangered are also threatened by agriculture (IUCN, 2023). Particularly strong declines

were found for arthropods (Hallmann et al., 2017). For instance, recent pollinator extinctions in the UK were

associated  with  agricultural  intensification  (Ollerton  et  al.,  2014).  Similarly,  butterfly  species  richness  and

abundance  decreased  in  intensified  agricultural  landscapes  in  Germany (Habel  et  al.,  2019).  Ecosystems are

shaped by complex networks of  interspecies interactions and the loss of  one species can result  in  cascading

extinctions (Kehoe et al., 2021). In a very simplified presentation, the impact of arthropod decline on subsequent

tropical levels is evident in the decline of insectivorous birds and bats in agricultural landscapes ( Newton, 2004;

Bowler et al., 2019; Put et al., 2019). 

Ecosystems harbouring high levels of biodiversity are shown to be more resilient, also in terms of ecosystem

services, such as pollination, natural pest control and soil nutrient cycling (Oliver et al., 2015). For instance, the

fruit sets of crops increased with the visit of a higher diversity of pollinators including bees and non-bees (Rader

et  al.,  2016).  Furthermore,  natural  pest  control  was  promoted  by  agro-ecosystems  with  high  plant  diversity

resulting in less pest damage to crops (Letourneau et al., 2011). Put the other way round: intensive agriculture

impairs ecosystem services such as pollination and pest control. Moreover, agricultural intensification can affect

soil biodiversity and consequently decomposition rates and soil fertility (de Graaff et al., 2019).  It appears rather

ironic that a majority of the agricultural sector is, however, dependent on ecosystem services. For instance, 35 %

of global agricultural production comes from crops that depend on pollinators (Klein et al. 2006). Pollination

services by wild and managed bees were estimated at $ 518 billion per year (IPBES, 2016), while natural pest

control was estimated at $ 4.5 billion per year in the United States alone (Losey and Vaughan, 2006). Preserving

healthy agro-ecosystems with high arthropod biodiversity should therefore be our vital interest. Unfortunately,

healthy crops do not simultaneously imply a healthy ecosystem1. On the contrary, plant protection products are

among the main causes of biodiversity loss (Gibbs et al., 2009; Geiger et al., 2010; Sánchez-Bayo and Wyckhuys,

2019).

The worldwide pesticide consumption accounted for 2.66 million tons in 2020. In other words, on average 1.81 kg

of pesticides were applied per hectare cropland and year (Statista Research Department, 2023b). A large part of

the applied pesticides, however, generally does not remain there. Approximately 99 % of an applied pesticide ends

up in  the  environment  but not  at  the aimed target2 (Sun et  al.,  2018)  where  some of  them persist  and bio-

accumulate (Shama et al., 2019). Large parts of the sprayed pesticides are already dispersed as aerosols during the

1 Actually, a lack of ecological knowledge in agriculture fosters the dependency upon pesticides by farmers (Wyckhuys et al.,
2019).

2 The aimed target can be very small (e.g. pest mites, seedlings, fungal spores), thus the non-target environment can comprise
crops, agricultural soils and non-agricultural areas.
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application (van Lexmond et al., 2015). For instance, pesticides and their residues were detected in the majority of

public sites (e.g. playgrounds) within the intensively managed agricultural area of South Tyrol (Linhart et al.,

2021). Approximately 70 % of sprayed pesticides are contaminating soils where they harm soil invertebrates and

impact soil fertility (Aktar et al., 2009; Sun et al.,  2018; Shama et al.,  2019; Gunstone et al., 2021). Further,

pesticide contaminated runoff from agricultural surfaces also pollutes water bodies. Pesticides and their residues

are meanwhile found in many surface waters where they exceed legal threshold levels (Herrero-Hernández et al.,

2013; Stehle and Schulz, 2015; Umweltbundesamt, 2020). To sum up with the words of Jaques-Yves Cousteau: 

Water and air, the two essential fluids on which all life depends, have become global garbage cans.

Consequently,  it  does  not  appear  surprising  that  pesticide  pollution  globally  affects  non-target  arthropods  in

terrestrial and aquatic systems (Biondi et al., 2012; Sánchez-Bayo, 2021). Regarding aquatic systems, abundances

of vulnerable arthropods were drastically decreased in German streams with contamination of different pesticides

which resulted in a shift in community composition (Liess and von der Ohe, 2005). Further, arthropod species and

family richness were decreased in European streams even under pesticide concentrations which were considered

environmentally safe (Beketov et al., 2013). Comparable patterns were found for terrestrial systems. Pesticides are

suspected to  be one major cause of  pollinator  decline (Potts  et  a.,  2010).  There is  evidence,  that  pesticides,

although applied at recommended rates, strongly affect soil invertebrate communities (Beaumelle et al., 2023a).

Similarly,  pesticide  seed  treatments  affected  above-ground  arthropods  although  residual  amounts  of  those

pesticides in soils were below detection threshold (Dubey et al., 2020). And it has long been understood that

disturbances of arthropod communities by pesticides affect overall ecological interrelationships in agricultural

systems (Ripper, 1956). Disruption of arthropod communities and predators in particular can result in turn in the

promotion of pest species (Hanna et al., 1997; Nash et al., 2010; Hill et al., 2017). Trophic interactions within

ecosystems can be complex and boundaries between them are blurred (Schulz et al., 2015). Thus, impacts of

pesticides on aquatic systems may in return also affect terrestrial systems and consequently also agriculture.

Although  single  pesticides  undergo  a  strict  risk  assessment  when  they  are  registered  the  regulations  fail  to

adequately protect the environment (Brühl and Zaller, 2019).  For instance, mixtures of different pesticides with

different active ingredients and adjuvants are more toxic than the single product evaluated for risk assessment

(Chen and Stark, 2010; Mullin et al., 2015; Jansen et al., 2017). And although sublethal effects on non-target

organisms are rarely considered during risk assessment, pesticides are certainly known to have them (Desneux et

al.,  2007, Niedobová et  al.,  2016).  We are thus only beginning to suspect the extent of the consequences of

intensive pesticide use. 

With growing environmental awareness, society, governments and scientists are also becoming more concerned

about  the  effects  of  intensive  pesticide  use  (Jaquet  et  al.,  2022).  Within  the  EU Green  Deal  the  European

Commission is willing to reduce the current use of pesticides3 by 50 % by 2030 (European Commission, 2023).

Moreover,  there is  demand for  a  pesticide-free agriculture by 2035 (PAN Europe,  2023).  However,  it  seems

unlikely that these objectives will be achieved in the current context (Guyomard et al., 2020). Many crops are still

depending on pesticides to ensure or improve productivity and quality of yield (Aktar et al. 2009; Shama et al.,

3 However, this accounts only for the synthetic and hazardous pesticides.
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2019). Grapevine is no exception to that. On the contrary, it is the second intensively pesticide treated crop in

Germany with a particularly high consumption of fungicides (JKI, 2022). Powdery mildew (Erysiphe necator) and

downy mildew (Plasmopara viticola) were accidentally introduced to Europe in the second half of the 19th century

and have been among the most important diseases of grapevine ever since (Töpfer and Trapp, 2022). Without an

adequate plant protection with fungicides wine production would be seriously threatened. In contrast to arable

crops, organic viticulture offers no solution and contrarily consumes equal or even higher amounts of pesticides

(Bengtsson et al., 2005; Muneret et al., 2018; Beaumelle et al., 2023b; Kaczmarek et al., 2023). Thus, there is

need for alternative approaches to reduce pesticides. The most promising strategy is the cultivation of fungus-

resistant grape varieties. Cross-breedings between the susceptible European grapevine Vitis vinifera and resistant

grapevine species from North America and Asia (e.g.  V. riparia,  V. amurensis,  V. rupestris) and marker-assisted

selection with additional  reverse  cross-breedings  allowed for  varieties  with  fungus resistance and good wine

quality (Sivčev et al., 2020; Töpfer and Trapp, 2022).  Depending on climatic conditions and resulting pathogen

pressure a reduction of fungicide applications by 85-100 % is possible in fungus-resistant varieties with multiple

resistance  loci  although  not  recommended  for  the  sake  of  resistance  durability  (Wingerter  et  al.,  2022).

Consequently, a reduction in fungicide applications not only enables savings in purchase costs of plant protection

products, but also in labour hours and machine hours. For instance, the cultivation of fungus-resistant varieties

allowed fuel savings of approximately 200 litres per hectare and year in a Swiss winery (Strasser and Coray,

2009). In total the adoption of fungus resistant varieties can result in annual cost reductions of 400-1000 € per

hectare (Schwab et al., 2001; Fuller et al., 2014). It should be noted that external costs arising with pesticide

pollution were not yet internalised in these calculations. Fungus-resistant varieties thus seem to be a win-win

solution for winegrowers and environment. 

Figure 1 Schematic illustration of pesticide impacts on trophic interactions in ecosystems and their consequences for agriculture. The
aspects covered in this study are highlighted in red. Note, the illustration is certainly not exhaustive (for more insight in pesticide
sublethal effects compare e.g. Sánchez-Bayo, 2021).
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Figure 1 provides a schematic illustration of the described complex relationships within and between ecosystems

exposed to  pesticides.  The aspects  to  be elaborated in this  work are highlighted in red in  this illustration to

contextualise  the  relevance  of  this  research.  The  aim of  this  work  was  to  investigate  the  effects  of  reduced

fungicide  applications  on  arthropod  biodiversity  and  natural  pest  control  in  the  grapevine  canopy  with  the

following hypotheses:4 

(1) Fungicide reduction enhances arthropod abundance and richness. This point is relevant for nature conservation

and to maintain resilient agro-ecosystems.

(2) Fungicide reduction particularly enhances beneficial arthropods and consequently fosters natural pest control,

which should be of particular interest for winegrowers.

In the first step, the effects of reduced fungicide applications were investigated under experimental conditions

over a study period of five years. However, results from one standardized experimental vineyard cannot be readily

extrapolated to viticulture in general. Consequently, in the second step, 32 commercially managed vineyards were

investigated to clarify the extent of reduced fungicide applications under actual viticultural practice. 

Chapter II of this dissertation focusses on the experimental vineyard planted with four fungus-resistant grape

varieties.  This allowed a determined reduction of fungicide sprayings by approximately 85 % and 70 %. The

management  was  standardized  as  far  as  possible  and  only  fungicides  certified  for  organic  production  were

sprayed. The study comprises the predator-prey-interaction of mites inhabiting grapevine leaves as well as the

abundance of canopy dwelling arthropods and the predation rates on one major grapevine pest, the European

grapevine moth Lobesia botrana. The results highlight that benefits of reduced fungicide sprayings are consistent

over the five consecutive study years despite of varying weather conditions.

Contrasting Chapter II, all experiments in Chapters III-VI were conducted in commercially managed vineyards in

the same study year.  However,  in  this  case organic and conventionally managed vineyards of  self-marketing

wineries were investigated. Under both management types half of the vineyards were planted by either susceptible

or fungus-resistant grape varieties. This 2×2 design resulted in a gradient of fungicide sprayings as well as in

varying  toxicity  of  plant  protection  products.  Within  this  setting  Chapter  III  analyses  densities  of  different

beneficial  and phytophagous  mites  on  the  grapevine  leaves.  The  study focusses  on  the  generalist  phytoseiid

predator Typhlodromus pyri as well as the tydeid mite Tydeus götzi, and the two eriophyid pest mites Colomerus

vitis and  Calepitrimeus  vitis,  and  further  incorporates  two  other  predatory  mite  families,  Anistydae  and

Trombidiidae. Chapter IV illustrates the abundance of canopy dwelling arthropods and the pest control potential

on L. botrana eggs. The analysis comprises arthropod family richness and composition, differences in functional

groups, and highlights the impact of fungicides on several abundant families. In Chapter V the effects on spiders

in different taxonomic levels are addressed in more detail. Spider communities were analysed at family, genus,

and species level,  revealing  different patterns  at  the three  taxonomic  levels.  Several  families  and genera  are

affected by fungicide sprayings and the varying toxicity of the sprayed products. Finally, Chapter VI emphasises

natural enemies of grapevine pests. Camera observations of sentinel cards with eggs and pupae of L. botrana and

the spotted wing drosophila (Drosophila suzukii) highlight the predatory potential of particularly earwigs.

4 Effects of reduced fungicide applications on infestations with fungal diseases were covered in the same project by Kraus et al.
(2018). Furthermore, amongst others physical aspects of fungus-resistant varieties for future grapevine breeding (Herzog et al.,
2022), the consumers’ acceptance of wines from fungus-resistant varieties (Nesselhauf et al., 2020), and new technologies for
phenotyping of vineyards (Rose et al., 2016; Bömer et al., 2020) were covered within the same project.
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Abstract

For reliable pest suppression, benefits of habitat management for natural enemies of agricultural pests need to be

consistent over time. Unfortunately, most research projects allow only for 1 or 2 years of data collection. Here, we

present a five-year study on effects of fungicide reduction and altered plant architecture on arthropod abundances

and natural pest control in an experimental vineyard. The vineyard rows were divided into eight groups, half of

which were trained in vertical shoot position (“trellis system”) and the other half as semi-minimal pruned hedge

(“minimal pruning”). Every row was divided in three sections receiving three different plant protection intensities,

respectively,  with  fungicides  certified  for  organic  viticulture.  In  each  year  we  sampled  arthropods  from the

grapevine canopy by standardized leaf collection and beat-sheet sampling, and exposed baits of a major grapevine

pest (Lobesia botrana) to assess natural pest control. Arthropods, in particular predators, benefited from reduced

fungicide sprayings and in turn promoted natural pest control. In contrast, effects of minimal pruning were less

strong,  and restricted to  the leaf  mesofauna,  earwigs and leafhoppers.  Across the five study years  with their

variable weather conditions, we conclude that the advantages of reduced fungicide sprayings in fungus-resistant

varieties are consistent over time. 

Keywords

organic  viticulture,  fungus-resistant  grape  varieties,  minimal  pruning,  natural  pest  control,  Lobesia  botrana,

Phytoseiidae, Eriophyidae 
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1 Introduction

Arthropods are involved in important ecosystem services such as natural pest regulation. However, many species

are  sensitive  to  agricultural  practices.  For  example,  soil  disturbances  such  as  tillage,  chemical  inputs  like

pesticides and fertilizers, and mechanical harvesting strongly impair arthropod communities (Attwood et al., 2008;

Sánchez-Bayo and Wyckhuys, 2019). Nonetheless, habitat management can improve environmental conditions

such as the availability of alternative food and shelter, particularly for beneficial arthropods (Landis et al., 2000).

In contrast to annual crops, perennial crops such as orchards and vineyards are stable habitats with continuous

vegetation cover. However, they can receive high levels of pesticide input (Bakker et al., 2022). In temperate

regions  with  humid  climate  where  pathogen  pressure  is  high,  vineyards  typically  receive  12-15  fungicide

sprayings per year (Pertot et al., 2017; Reiff et al., 2023). Beneficial arthropods like parasitic wasps, ants, spiders,

as well as predatory mites and beetles, are susceptible to fungicides (Nash et al., 2010; Thomson and Hoffmann,

2006). Thus, frequent fungicide treatments may impede natural pest control in vineyards. A promising approach to

fostering arthropod biodiversity and natural pest control is the cultivation of fungus-resistant grape varieties which

allows to reduce fungicide applications by 60-100 % (Pertot et al., 2017; Reiff et al., 2021a; Thiollet-Scholtus et

al.,  2021). However,  the amount of wine produced from fungus-resistant varieties is still  low, due to limited

acceptance of new varieties by consumers (Borrello et al., 2021; Nesselhauf, 2018; Wiedemann-Merdinoglu and

Hoffmann, 2010).

Another approach for a more sustainable

viticulture is minimal pruning. While in

traditional trellis systems 85-98 % of the

annual  growth  are  pruned  in  winter

(Sommer et al., 1995), minimally pruned

vineyards  are  characterized  by  high

amounts  of  wooded  shoots  that  persist

over  the  years.  Thereby,  canopies  of

minimally  pruned  vines  sprout  more

quickly,  develop  a  full  leaf  canopy

sooner, and have higher volumes due to

increased numbers of  shoots  and nodes

compared to plants in traditional trellis systems (Intrieri et al., 2011; Kraus et al., 2018; Sommer et al., 1995).

However, denser canopies can be less permeable to pesticide applications. Further, this shift in vine architecture

results in altered microclimatic conditions (Kraus et al., 2018; Pangga et al., 2013). As a consequence, minimal

pruning  may amplify  pathogen pressure  of  fungal diseases  such as powdery mildew (Erysiphe  necator)  and

downy mildew (Plasmopara viticola). Arthropods may also be affected by microclimatic conditions. A denser and

more complexly-structured canopy may provide additional  shelter  for  beneficial  arthropods and promote top-

down effects on herbivores (Langellotto and Denno, 2004). For instance, some spiders and mites overwinter in

tree bark and on branches (Bower and Snetsinger, 1985; Duso and Vettorazzo, 1999) and their densities may thus

be enhanced by higher abundance of wooded branches in minimal pruned vineyards.
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For reliable pest suppression, effects of habitat management on natural enemies need to be consistent over time.

Unfortunately, most research projects allow only for one or two years of data collection (Estes et al., 2018). Some

snapshots  already  highlight  the  benefits  of  reduced  fungicide  sprayings  and  minimal  pruning  on  arthropod

predators and natural pest suppression (Pennington et al., 2017, 2018, 2019). However, these studies lack evidence

for  long-term validity.  To  fill  this  gap,  we investigate  the  single and combined effects  of  reduced fungicide

sprayings in fungus-resistant grape varieties and altered grapevine architecture in minimally pruned vineyards on

arthropods in five successive years. Since exposure to pesticides is highest in the grapevine canopy, we focussed

on  biodiversity  sampling  from  the  foliage,  including  both  mesofauna  and  macrofauna.  We hypothesize  that

arthropod abundances and natural pest control in the grapevine canopy is enhanced by both fungicide reduction

and minimal pruning.

2 Materials and Methods

2.1 Study site

The experiments took place in an experimental vineyard of the Julius Kühn-Institute in Siebeldingen, Germany

(N 49.218950,  E 8.040500).  Inter-row distance  was  2  m and grapevine  spacing  was  1  m.  The vineyard  was

planted with four different Vitis vinifera cultivars: ‘Reberger’ (red), ‘Villaris’ (white), ‘Felicia’ (white) and ‘Gf 84-

58-988’ (red)  which  are  resistant  against  powdery  mildew  and  downy  mildew.  Cultivating  fungus-resistant

varieties allowed for reduced plant protection regimes while maintaining healthy plants. The varieties were used

as replicates of the pruning and plant protection treatments and to represent a diversity of cultivars. Specific

differences between these four varieties were beyond the scope of this study. Each variety was cultivated in six to

ten rows, half of which were trained in vertical shoot position (VSP; “trellis system” hereafter) and half were

trained in  semi-minimal  pruned hedge (SMPH; “minimal  pruning” hereafter).  Each of  these rows was again

divided into three sections which received different plant protection regimes by using a plot sprayer to avoid spray

drift  to  adjacent  rows  (Tunnel  plot  sprayer  ABS  6/25-TU,  Christian  Schachtner  Fahrzeug-  und  Gerätebau,

Ludwigsburg, Germany). Thus, each combination of plant protection intensity and pruning system was replicated

four times in the different varieties, resulting in 24 treatment plots (see supplementary Figure S1 for a detailed

plan). We chose a spraying regime with products certified for organic viticulture. The regime consisted of standard

(10–13),  reduced  (4–7)  or  minimal  (2–4)  sprayings  of  Funguran  progress®  (350 g  copper  per  kg  [copper

hydroxide]), Netzschwefel Stulln (796 g sulfur per kg) and VitiSan® (9949 g potassium bicarbonate per kg) per

season.  Under  standard  sprayings,  fungicides  were  applied  weekly  between  May  and  August  following  a

standardized  scheme.  The  number  of  sprayings  and  spraying  intervals  varied  between  years  depending  on

phenological  stages of the grapes and pathogen pressure,  following recommendations of  viticultural advisory

authorities (supplementary Table S1). While conventional spraying regimes require a change of products between

sprayings, the use of an organic spraying regime allowed us to spray the same products every time. This way, the

impact  of  one  spraying  on the  arthropod fauna  was  as  standardized  as  possible.  However,  organic  spraying

products must be applied before disease incidence to allow adequate protection, which leads to relatively frequent

10



sprayings in the studied region. No insecticides, acaricides or any other foliage spray (e.g., growth regulators,

fertilizers)  were  applied  in  the  vineyard,  which  allowed  us  to  ascribe  spraying  effects  solely  to  fungicide

applications.

2.2 Leaf mesofauna

Mites  were  sampled  during  the  vegetation  period  between  May  and  October.  Sampling  frequency  differed

between study years, resulting in two sampling dates in 2015, seven sampling dates in 2016, five sampling dates

in 2017, and four sampling dates in 2018 and 2019 (supplementary Table S2). At each sampling, we randomly

selected 25 leaves from different vines in each of the 24 plots. Collected leaves were washed onto a filter paper

following  Hill  and  Schlamp  (1984).  All  mites  were  counted  and  identified  to  family  level  using  a

stereomicroscope (Stemi 2000, Zeiss, Jena, Germany). As the focus of our study was mostly on functional aspects,

we identified only a subsample of adult individuals to species level every year using the preparation method

described by Krantz (1978) and the keys introduced by Schruft (1972), Karg (1994), Schliesske (1995), and Tixier

et al. (2013). After the mites were washed off, the leaf area was determined using a leaf area meter (Li-COR,

Modell 3100 area meter, Lincoln, NE, USA). Leaf area was used to calculate mite densities per square meter of

leaf area, which was necessary due to differing leaf sizes of the four varieties being affected by the pruning

method. We counted beneficial mites (Acari:Tydeidae and Phytoseiidae), the phytophagous mites Colomerus vitis

Pagenstecher  and  Calepitrimerus  vitis Nalepa (Acari:Eriophyidae),  thrips  (Thysanoptera)  and  immature

leafhoppers (Empoasca sp., Hemiptera:Cicadellidae).

2.3 Macrofauna

Arthropods were sampled during the vegetation period between April and October. Sampling frequency differed

between study years,  resulting in  three sampling dates in  2015, five sampling dates in  2016 and 2018, nine

sampling dates in 2017, and four sampling dates in 2019 (supplementary Table S2). We took samples of the whole

grapevine canopy using a beat-sheet with a diameter of 72 cm (beat-sheet by Dynort, bioform Dr. J. Schmidl e.K.,

Nürnberg, Germany). The sheet was placed under the vines while they were shaken vigorously. All arthropods

falling on the sheet were collected and stored in 70 % ethanol for further identification. We repeated the shaking

on 10 vines per plot in 2015–2017 and 20 vines per plot in 2018 and 2019, respectively. All arthropods were

counted and identified at least to order level using a stereomicroscope (Stemi 2000, Zeiss, Jena, Germany) and the

identification key by Schaefer (2017).

2.4 Predation rate assessment

To assess the natural  pest  control  potential in  the vineyard,  we used eggs of  the grape berry moth (Lobesia

botrana Denis & Schiffermüller)(Lepidotpera:Totricidae) as a proxy, since it  is  of  major concern in a global

context (Benelli et al., 2023).  Viticulture in the study area was more or less insecticide-free because the grape

berry moth was controlled with mating disruption, and  Scaphoideus titanus Ball (Hemiptera: Cicadellidae),  a

vector  of the  grapevine phytoplasma  disease  flavescence dorée, was not present. For rearing of  L. botrana we
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followed Markheiser et al. (2018). Inside of the rearing containers, retainers were installed to allow for oviposition

on exchangeable polyethylene strips. Egg-laden strips were harvested after 24 h and stored at 4 °C for a maximum

of four days until exposure. Strips contained 45 ±16 eggs on average. To determine predation rates, baits were

attached to randomly selected one-year-old branches and were exposed there for 72 hours. We exposed five baits

per  plot  between  May  and  September.  Sampling  frequency  differed  between  study  years,  resulting  in  two

sampling dates in 2015 and 2017, four sampling dates in 2016 and 2019, and five sampling dates in 2018. The

eggs were counted before and after exposition using stereomicroscopes (Zeiss, Jena, Germany). We stored eggs

that remained on the baits in a climate chamber at 70 % rh and 21 °C for two weeks to check for parasitism, but

did not find any parasitised eggs.

2.5 Data analysis

All statistical analyses were done in R version 3.6.3 (R Core Team, 2023). To account for the different sampling

intensities, data were combined for each year. Densities of mites, thrips and leafhoppers on leaves were averaged

over all sampling dates of each year to obtain one observation per year per plot. Numbers of sampled arthropods

by beat-sheet were averaged to obtain one observation per year per 10 vines shaken per plot. To obtain a general

predator abundance, abundances of spiders, earwigs, ants, lacewings, harvestmen and ladybirds were summed.

Percentages of predated L. botrana eggs were averaged to obtain one observation per year per plot.

The distribution of response variables was checked visually using ‘qqp’ (R package car) (Fox and Weisberg,

2019).  Accordingly,  all  variables  were  analyzed  with  negative  binomial  distribution  using  generalized  linear

models fitted with the function ‘glm.nb’ and log link (R package MASS; Venables and Ripley, 2002). Models

contained pruning (2 categories), spraying frequency (continuous), year (5 categories) and variety (4 categories)

as well as the interactions pruning*year, spraying frequency*year, and pruning*spraying frequency as explanatory

variables. No further model simplification was done. Post hoc tests were conducted if there was a significant

effect  of  the  variables  ‘year’,  ‘variety’ and  the  interaction  ‘year*pruning’ using  the  function  ‘emmeans’ (R

package emmeans). P values were adjusted with the Tukey method. Effects of densities of the two beneficial mite

families (Phytoseiidae, Tydeidae) on densities of phytophagous mites (Cal. vitis, Co. vitis), thrips and Empoasca

sp. were analyzed using generalized linear models fitted with the function ‘glmer.nb’ and log link (R package

MASS; Venables and Ripley, 2002). Models contained Phytoseiidae and Tydeidae as explanatory variables and

year as a random factor. Cook's Distance was used to check for outliers. Assumptions were checked for all models

using graphical validation procedures (Zuur et al., 2009).
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3 Results

Climatic conditions varied greatly over the five studied years. Highest sums of cumulative precipitation during the

study period  occurred  in  2017 with more  than 272 mm. Average leaf  moisture was highest  in  2016 (41 %).

Average temperatures varied between 18.3 °C in 2017 and 19.8 °C in 2018, while highest temperature maxima

occurred in 2015 (39.8 °C).   Similarly,  pathogen pressure varied over the five studied years.  Downy mildew

occurred in 2016 only, with lowest incidences under full fungicide applications and in trellis system (Kraus et al.,

2018). Powdery mildew mostly occurred in 2019 with lowest incidences under full fungicide applications and in

trellis system (Kraus, personal communication).

Arthropod abundances, mite densities, and predation rates differed over the study period, with no clear overall

temporal trend (Fig.  1, 2, and 3; supplementary Table S3).  For instance, phytoseiid density was significantly

higher in 2018 and 2019 compared to 2015-2017, while densities of Cal. vitis differed in all years except for 2017

and 2018 (supplementary Table S4). Furthermore, seven arthropod taxa were affected by the grape variety with no

clear overall trend. Densities of the leaf mesofauna were similar in the varieties Villaris and Gf 84-58-988 but

differed  in  the  other  two  varieties.  Cicadellid  abundances  were  higher  in  red  than  in  white  varieties

(supplementary Table S4). 

Table 1 Effects of minimal pruning and reduced fungicide spraying on arthropod densities and predation rates. Significant p-values
(< 0.05) are displayed in bold. 

pruning
(df 1)

spraying 
frequency
(df 1)

year
(df 4)

variety
(df 3)

interaction
(year * pruning)
(df 4)

interaction
(year * spraying 
frequency)
(df 4)

interaction
(spraying 
frequency * 
pruning)
(df 1)

X
2

p X
2

p X
2

p X
2

p X
2

p X
2

p X
2

p

Leaf mesofauna

Phytoseiidae 30.07 < 0.001 44.42 < 0.001 82.16 < 0.001 17.09 < 0.001 27.15 < 0.001 18.27 0.001 1.26 0.263

Tydeidae 11.20 < 0.001 30.23 < 0.001 259.55 < 0.001 7.01 0.072 8.03 0.091 4.16 0.385 0.99 0.321

Cal. vitis 2.28 0.131 8.67 0.003 185.90 < 0.001 89.04 < 0.001 15.06 0.005 7.59 0.108 10.34 0.001

Co. vitis 4.61 0.032 7.68 0.006 175.05 < 0.001 98.03 < 0.001 9.70 0.046 4.93 0.295 4.66 0.031

Empoasca sp. 0.65 0.419 1.21 0.271 136.65 < 0.001 2.23 0.527 7.80 0.099 0.73 0.948 0.53 0.467

Thrips 31.83 < 0.001 0.14 0.707 213.28 < 0.001 18.18 < 0.001 5.03 0.284 2.71 0.607 1.14 0.286

Macrofauna

total abundance 1.73 0.188 27.67 < 0.001 123.57 < 0.001 5.84 0.120 6.15 0.188 2.31 0.679 1.43 0.232

predators 1.63 0.202 14.90 < 0.001 84.50 < 0.001 1.83 0.608 5.29 0.259 2.88 0.578 1.74 0.187

spiders 0.59 0.441 11.42 < 0.001 96.69 < 0.001 7.44 0.059 4.19 0.381 3.48 0.481 0.02 0.881

earwigs 30.23 < 0.001 0.04 0.838 13.74 0.008 10.85 0.013 1.28 0.864 0.46 0.977 2.68 0.101

ants 0.43 0.511 5.08 0.024 137.79 < 0.001 13.12 0.004 9.29 0.054 1.52 0.823 2.60 0.107

leafhoppers 8.61 0.003 2.20 0.138 77.71 < 0.001 26.95 < 0.001 17.15 0.002 1.06 0.901 0.06 0.809

Predation rates

L. botrana eggs 0.67 0.412 10.89 < 0.001 156.84 < 0.001 2.23 0.526 12.32 0.015 4.15 0.386 5.30 0.021
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Figure 1 Mite densities of Phytoseiidae (a, b), Tydeidae (c, d), and the two eriophyid mites Cal. vitis (e, f) and Col. vitis (g, h) in five
consecutive years with respect to pruning system (a, c, e, g) and spraying frequency of fungicides (b, d, f, h). Larger dots show model
predicted means with respective error bars (95 % confidence interval), while smaller grey dots represent individual plots of the
experimental vineyard. P-values for the impact of pruning and spraying frequency are indicated in the upper middle of the panels,
respectively. Differences between the pruning systems were indicated with asterisks (p<0.001 ‘***’; p<0.05 ‘*’) for the respective
year when overall interactive effects between pruning system and year occurred. The significance of the differences between spraying
frequencies are not displayed since no interactive effects between spraying frequency and year occurred.
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3.1 Leaf mesofauna

The densities of the two beneficial mite families, Phytoseiidae and Tydeidae, as well as the two phytophagous

mites,  Co. vitis and  Cal. vitis,  were  higher  in  reduced  fungicide  sprayings  (Tab. 1,  supplementary  Table  S3,

Fig. 1). Phytoseiid and tydeid mite densities were 37 % and 45 % higher under minimal compared to standard

sprayings,  respectively.  These  effects  were strongest  in  2017 for  Phytoseiidae (68 % increase under  minimal

sprayings).  Smallest  effects  of  reduced sprayings were found in 2016 for  Phytoseiidae (17 % increase under

minimal sprayings).  Co. vitis and  Cal. vitis densities were 26 % and 27 % higher, respectively, under minimal

compared to standard sprayings. 

Both beneficial mite families as well as Co. vitis benefitted from minimal pruning (Tab. 1, supplementary Table

S3, Fig. 1). Phytoseiid mite densities were 25 % higher in minimal pruning, with strongest effects in 2019 (46 %

increase in minimal pruning). Tydeid mite densities were 41 % higher in minimal pruning. Densities of Co. vitis

were  10 % higher  in  minimal  pruning,  with  strongest  effects  in  2017  (53 % increase  in  minimal  pruning).

Although densities of Cal. vitis were significantly higher in 2017 and 2018 (37-49 % increase in minimal pruning)

there  was  no  clear  temporal  trend.  Densities  of  both  phytophagous  mites  were  higher  in  reduced  fungicide

sprayings  under  minimal  pruning.  In  contrast,  Co. vitis and  Cal. vitis  densities  were  higher  under  intensive

fungicide sprayings in trellis system (Tab. 1, supplementary Table S3).

Thrips densities were 38 % higher in trellis system. Densities of Phytoseiidae and Tydeidae were not related to

thrips densities (supplementary Table S5). Densities of Empoasca sp. were neither affected by pruning system nor

by spraying frequency, but decreased with increasing phytoseiid mite densities (Tab. 1, supplementary Tables S3,

S5).  Densities  of  both  phytophagous  mite  species  were  higher  when  tydeid  mite  densities  were  low

(supplementary Table S5).

3.2 Macrofauna and predation rates

In five years, we identified a total of 12590 arthropods that belonged to 20 orders. Highest arthropod abundances

were observed in 2015 (21.2 ±8.8 individuals per 10 vines) and lowest in 2017 (9.4 ±2.0). Predation rates of

L. botrana eggs were highest  in 2019 (67.6 ±10.7 %) and lowest in  2017 (42.3 ±15.6 %).  Reduced fungicide

sprayings enhanced total arthropod abundance, predator abundance, and predation rates (Tab. 1, supplementary

Table S3, Fig. 2). However, no clear effects of the pruning system could be observed. Total arthropod abundance

was 27 % higher under minimal compared to standard sprayings. Likewise predator abundance was 24 % higher.

Predation rates were 19 % higher under reduced sprayings. Further, effects of trellis system on predation rates

were highest in 2015 (34 % increase in trellis system; Tab. 1), but with no clear temporal trend (Fig. 2 e). 

Abundances of spiders and ants were 26 and 35 % higher, respectively, under fungicide reduction, while earwig

and cicadellid leafhopper abundances were not affected (Tab. 1, supplementary Table S3, Fig. 3).  In contrast,

earwig and cicadellid leafhopper abundances were 59 % and 37 % higher in trellis system, respectively (Tab. 1,

supplementary  Table  S3,  Fig. 3).  Nevertheless,  the  effects  of  trellis  system on leafhopper  abundances  varied

significantly over time with strongest effects of trellis system in 2015 (90 % increase; Tab. 1, Fig. 3 g).
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Figure 2 Arthropod abundance (a, b), predator abundances (c, d) and predation rates of  L. botrana eggs (e, f) in five consecutive
years with respect to pruning system (a, c, e) and spraying frequency of fungicides (b, d, f). Larger dots show model predicted means
with respective error bars (95 % confidence interval), while smaller grey dots represent individual plots of the experimental vineyard.
P-values for the impact of pruning and spraying frequency are indicated in the upper middle of the panels, respectively. Differences
between the pruning systems were indicated with asterisks (p<0.01 ‘**’) for the respective year when overall interactive effects
between pruning system and year occurred. The significance of the differences between spraying frequencies are not displayed since
no interactive effects between spraying frequency and year occurred.
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Figure 3 Abundances of spiders (a, b), earwigs (c, d), ants (e, f) and cicadellid leafhoppers (g, h) in five consecutive years with
respect to pruning system (a, c, e, g) and spraying frequency of fungicides (b, d, f, h). Larger dots show model predicted means with
respective error bars (95 % confidence interval), while smaller grey dots represent individual plots of the experimental vineyard. P-
values for the impact of pruning and spraying frequency are indicated in the upper middle of the panels, respectively. Differences
between the pruning systems were indicated with asterisks (p<0.001 ‘***’) for the respective year when overall interactive effects
between pruning system and year occurred. The significance of the differences between spraying frequencies are not displayed since
no interactive effects between spraying frequency and year occurred.
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4 Discussion

4.1 Effects of reduced fungicide applications

In agreement with our hypothesis,  we found strong effects  of  reduced fungicide applications on most of the

studied arthropods every year. Significant variation of the fungicide effect over time was found for only one taxon,

the Phytoseiidae. We conclude that the impacts of fungicide sprayings are consistent even under strong variation

of environmental conditions. In spite of

the  high  number  of  applications,

fungicide  use  was  restricted  to  three

months  per  year.  Non-target  effects  of

pesticides  are  strongest  shortly  after

spraying (Schindler  et  al.,  2022).  Thus,

we  assume  that  arthropod  populations

levelled out between our plots over the

non-sprayed  period  of  the  year  due  to

population  recovery  and  movement

between  plots,  making  cumulative

effects of fungicides unlikely to appear. 

Beneficial  mites  as  well  as  pest  mites

benefitted from reduced sprayings. Both

Phytoseiidae and Tydeidae are susceptible to numerous fungicides and strongly affected by frequent sprayings

(Gadino et al., 2011; Möth et al., 2021; Peverieri et al., 2009; Pozzebon et al., 2010; Reiff et al., 2021a). Further,

sulphur is used to control pest mites (Duso et al.,  2012). Thus, adverse effects of sulfur-based fungicides on

eriophyid mites were expected. We further found strong effects of reduced fungicide treatments on total arthropod

abundances as well as on predators and predation rates. Spiders are the most abundant predators in vineyards

(Costello and Daane, 2005). Unlike previous studies on canopy dwelling spiders in vineyards (Nash et al., 2010;

Pennington et al., 2019) we found clear benefits of reduced fungicide sprayings on spider abundance. Ants are

susceptible to insecticides but less so to other pesticides and particularly sulphur (Chong et al., 2007; Masoni et

al., 2017; Olotu et al., 2013). However, we found small but consistent effects of reduced fungicide applications on

ants, which might be attributed to the copper content of the sprayings (Diehl et al., 2004; Migula and Głowacka,

1996).  Since  most  ants  live  in  colonies  in  the  soil,  the  catches  in  the  grapevine  canopy  are,  however,  not

representative of ant densities (Schlick-Steiner et al., 2006). By contrast, densities of Empoasca sp. and thrips, as

well as the abundance of earwigs were not affected by fungicide intensities. James et al. (2002) already reported a

certain tolerance of thrips towards fungicides. Although earwigs are susceptible to insecticides, fungicides appear

to have no or low effects on them (Huth et al., 2011; Malagnoux et al., 2015; Orpet et al., 2019). The experimental

vineyard was not treated with insecticides, which could thus explain why earwigs were not affected by reduced

sprayings. Similar results were also observed in vineyards of self-marketing wineries in the same study region

(Reiff et al., 2023).
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4.2 Effects of minimal pruning

In contrast to the consistent effects of fungicides, effects of minimal pruning were less strong, and restricted to the

leaf  mesofauna,  earwigs,  and  leafhoppers.  Contrarily,  total  arthropod  abundance  and,  particularly,  predator

abundance  were  not  affected  by  minimal  pruning.  This  contrasts  findings  of  Langellotto  and  Denno  (2004)

highlighting that increased architectural complexity of plants promotes natural enemies. However, the effects of

the different pruning systems were strongly modulated by the studied years and presumably affected by weather

conditions. Beneficial mites as well as Co. vitis densities were higher in minimal pruning. Both pest and beneficial

mites overwinter on wooded parts of the grapevine, e.g. in bark fissures and under grape bud scales (Duso and de

Lillo, 1996;  Kinn and Doutt, 1972). The higher amounts of wood and increased abundance of buds in minimal

pruning might thus have already increased overwintering populations. Further, Duso and de Lillo (1996) describe

a favourable development of Co. vitis inside leaf patches with high relative humidity. Similarly, high humidity and

leaf  moisture  favours  phystoseiid  development  (Nakai  et  al.,  2021).  In  agreement  with  this,  the  densities  of

Co. vitis and Phytoseiidae were higher in  minimal pruning with increased humidity in  the grapevine canopy

(Kraus et al., 2018). By contrast, thrips densities were higher in trellis system despite their development being also

favoured by humidity (Omkar, 2021). This indicates increased natural pest control in minimal pruning. However,

the abundance of omnivorous earwigs was higher in trellis  system. Huth (2011) found more earwigs in tight

compared to loose grape clusters. Since minimal pruned vines have less compact grape clusters than vines in

trellis system (Intrieri et al., 2011) we assume that earwigs find more shelter in trellis systems despite the higher

wood proportion  in  minimal  pruning.  Despite  possible  differential  effects  of  altered  canopy architecture  and

resulting microclimatic variation on some spider families (Entling et al., 2007; Herrmann et al., 2010), overall

spider abundance remained unaffected by minimal pruning. Pennington et al. (2019) describe opposing effects of

minimal pruning for some spider families, but detected no overall effect on spider abundance either. 

4.2 Implications for pest control

L. botrana is consumed by a wide range of predators, including spiders, earwigs, and ants (Marchesini and Dalla

Montà, 1994; Reiff et al., 2021b). Both predator abundance and predation rates on L. botrana eggs increased in

reduced fungicide sprayings. These findings are in line with studies in vineyards of self-marketing wineries in

Austria and Germany (Reiff et al., 2023, 2021b). Further, reduced pesticide input fostered predator abundances

and pest control also in other viticultural regions (Caprio et al., 2015; Gaigher and Samways, 2010; Muneret et al.,

2019a,  2019b),  but  it  remains  unclear  to  which  extent  this  effect  results  from  the  reduction  of  fungicides,

herbicides and/or insecticides. While predator abundance decreased in 2019, predation rates were still high. On

the one hand, predators could have been more effective. For instance, a single individual of Tettigonia viridissima

(Orthoptera:Tettigoniidae)  predated  five  pupae  of  L. botrana in  one  night  of  camera-surveyed  sentinel  card

exposition (Reiff et al., 2021b). On the other hand, predator communities with high biomass species (like earwigs)

may have higher intra-guild predation and, thus, reduced effects on pest populations (Ostandie et al., 2021).

In the study region,  Typhlocibynae such as  Empoasca sp. were the most abundant leafhoppers in  beat-sheet

samples (Reiff  et  al.,  2023).  Despite  being  susceptible  to  organic  spraying  regimes with copper  and sulphur

(Pavan, 1994) we found no effects of reduced sprayings on leafhopper abundance. Nevertheless, regarding the
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overall low number of leafhoppers we assume that generally high numbers of predators kept leafhopper densities

below economic relevance.

All four pest taxa of the leaf mesofauna occurred in relatively low densities. For instance, economic thresholds

280 mites/leaf of Cal. vitis (Hluchý and Pospíŝil, 1992) were undercut by almost factor ten in our study. Similarly,

even the highest thrips densities in our study undercut the economic threshold by factor eight (James et al., 2002).

Infestations with  Empoasca sp.  in vineyards can cause severe damage to quality and yield (Bosco et al., 1997;

Olivier et al., 2012). However, even in 2018 their density undercut the economic threshold by almost factor three

(Popa and Roşca,  2011).  Furthermore,  it  is  assumed that the infestation with  Co. vitis does not cause severe

damages (Duso and de Lillo, 1996). Both eriophyid mites responded negatively to increased densities of Tydeidae,

and Empoasca sp. appeared to be negatively affected by increasing densities of Phytoseiidae. Both Phytoseiidae

and Tydeidae can feed on several pests such as eriophyid mites and thrips (Schruft, 1972; Engel and Ohnesorge,

1994). We thus assume that natural pest control was effective throughout the study period, particularly in the

treatments with reduced fungicide applications.

4.4 Limitations and future perspectives

Experimental vineyards allow to investigate effects in a standardized way. However, upscaling to display real-

world conditions must be done with caution. Given the small plot  size in our studied vineyard and the high

mobility of certain taxa, arthropod movement between plots could have dampened the results.  Further, grape

varieties affected several taxa without a clear pattern which fails to fit with morphological characteristics (e.g.,

leaf hairiness). Despite these limitations, similar impacts of fungicides were found in single-year studies across

multiple vineyards of the same study region under production conditions of commercial vineries with multiple

grape varieties (Reiff et al., 2023, 2021a). Taken together, the long-term study in the experimental vineyard and

the observations in the commercial vineries suggest that most of the observed effects can be generalized in our

study region.

Arthropods in general and especially phytoseiid mites are directly affected by weather conditions, such as heat and

drought, but also indirectly by plant growth (habitat, food, shelter) and pathogen pressure (Yarwood, 1943; Cerdá

et al., 1998; Duso et al., 2005; Pozzebon and Duso, 2008; Gadino and Walton, 2012; Orpet et al., 2019; Fricke et

al.,  2022; Kaczmarek et al.,  2022).  However,  given the large number of variables likely to  affects  arthropod

abundances, we cannot adequately address inter-annual variances. Hence, it underlines once more the persistent

benefits of reduced fungicide sprayings. In the studied varieties disease incidence was low in all years even under

the strongest fungicide reduction. We conclude, that fungicide applications can be strongly reduced in fungus-

resistant varieties while maintaining healthy grapes.

With generally high numbers of predators (Reiff et al., 2023; Retallack et al., 2019; Sáenz-Romo et al., 2019;

Shapira et al., 2018), vineyards are habitats with high potential for natural pest control. Our study revealed that

natural  pest  control  can  be  fostered  even  more  by  reducing  fungicide  sprayings.  Despite  altered  climatic

conditions in the five consecutive years of the study and arthropods of different trophic levels being studied, we

found consistently strong benefits of reduced fungicide sprayings. However, effects of minimal pruning were less

constant over the studied years. We conclude that short-term studies may be sufficient to predict the effect of
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strong-impact variables like fungicide sprayings.  Nevertheless,  long-term studies remain important  to  display

effects of other predictor variables. Moreover, with increasing effects of habitat disruption and climate change,

short-term studies may fail to predict the direction of shift. In this sense, the benefits of altered microclimatic

conditions in minimal pruned grapevine canopies may become more prominent with climate change.
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Abstract

Pesticides  can  have  detrimental  effects  on  non-target  biodiversity,  especially  in  intensively  managed  agro-

ecosystems such as vineyards. However, new fungus-resistant grape varieties can greatly reduce the need and use

of fungicides. Fungicides can have direct and indirect effects on economically important predatory mites (mainly

Phytoseiidae) and on phytophagous mites (Tetranychidae, Eriophyidae) on which they prey. We investigated the

impact of fungicide treatments on beneficial and phytophagous mite densities in 32 vineyards of organic and

conventional  wineries  planted  with  susceptible  and  fungus-resistant  grape  varieties  in  the  Palatinate  region,

Germany.  Organic  vineyards  were  sprayed  with  different  formulations  of  sulfur,  copper  and  potassium

bicarbonate,  while  conventional  vineyards  received  mostly  synthetic  fungicides.  Fungicide  applications  were

reduced by 47-80 % in fungus-resistant varieties, with stronger reductions under organic than under conventional

management. Regardless of organic or conventional management, predatory mites (Phytoseiidae and Tydeidae)

were significantly enhanced in  vineyards planted  with fungus-resistant  varieties.  Contrastingly,  phytophagous

mites (Eriophyidae) were enhanced in vineyards with fungus-susceptible varieties and in those under organic

management. Densities of further predatory mite families increased under organic farming (Anystidae) or showed

an interactive  response  to  farming  system and grape  variety  (Trombidiidae).  Reduced fungicide  applications

through cultivation of fungus-resistant varieties enhance predatory mite densities and thus contribute to higher

natural pest control potential. Thus, the cultivation of fungus-resistant grape varieties is an effective approach

towards more environmentally friendly viticulture. 

Keywords

fungus-resistant crops, pest control, non-target effects, Phytoseiidae, predatory mites,  Eriophyidae
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1 Introduction

Agricultural intensification is leading to global declines of arthropods (Hallmann et al., 2017; Sánchez-Bayo and

Wyckhuys, 2019; Seibold et al., 2019). The use of pesticides and fertilizers is considered to be among the main

drivers (Sánchez-Bayo and Wyckhuys, 2019). Pesticides can have a detrimental effect on arthropod biodiversity in

agricultural landscapes (Benton et al., 2002; Ewald et al., 2015; Geiger et al., 2010) and thus impacts ecosystem

services such as natural pest control (Bianchi et al.,  2006; Gurr et al.,  2003). Therefore,  reducing the use of

pesticides  and  creating  a  stronger  reliance  on  alternative  pest  management  strategies  would  be  a  promising

approach for a more sustainable agriculture (Brühl and Zaller, 2019, Zehnder et al., 2007). 

Due to their susceptibility to numerous pests and diseases, vineyards receive multiple plant protection treatments

per year, in particular fungicides (Gary et al., 2010; Gregoire

et al., 2010; Mezière et al., 2009; Pertot et al., 2017). While in

conventional  viticulture  mainly  synthetic  fungicides  are

sprayed  (Cabras  and  Conte,  2001;  Katayama  et  al.,  2019;

Pozzebon et al., 2002), organic winegrowers are using non-

synthetic fungicides such as copper and sulfur (Provost and

Pedneault, 2016). Both synthetic and non-synthetic fungicides

are reported to affect non-target organisms (Brühl et al., 2013;

Desneux et al., 2007; Nicòtina and Capone, 2007; Pozzebon

et  al.,  2010;  Yasmin  and  D’Souza,  2010).  A  promising

approach  towards  more  sustainable  viticulture  is  the

cultivation of new fungus-resistant varieties (Töpfer et al., 2011). Fungicide treatments can be reduced by 80 % in

some multi-resistant  cultivars (Pedneault  and Provost,  2016). Although this fungicide reduction could greatly

benefit  non-target  organisms,  we  are  aware  of  only  a  single  study  that  evaluated  its  effects  in  commercial

vineyards (Pennington et al., 2019). 

Despite the high use of agrochemicals, vineyards are providing habitat for a variety of animals. Among arthropods

the interactions between predatory mites (Phytoseiidae) and phytophagous mites (Eriophyidae and Tetranychidae)

are among the most studied (Ahmad et al., 2015; Duso and Vettorazzo, 1999; Engel and Ohnesorge, 1994; James

and Whitney, 1993; Pennington et al., 2017; Prischmann et al., 2006). While infestations of phytophagous mites

such as spider mites (Tetranychidae) and Eriophyidae can be economically damaging in viticulture (Duso et al.,

2012), several beneficial mite species occur in vineyards being able to suppress pest mite outbreaks. Phytoseiidae

are important predators of phytophagous mites (Duso and Vettorazzo, 1999; Walton et al., 2012). They are mostly

generalists that can sustain stable populations without prey by feeding on alternative sources such as pollen and

fungi (Ahmad et al., 2015; Duso et al., 2012; Engel and Ohnesorge, 1994; McMurty and Croft, 1997; Walton et

al., 2012). Tydeid mites are another group of important predatory mites feeding on Eriophyidae, but also feed on

fungi and plant tissue (Duso et al., 2005; Khederi and Khanjani, 2014; Perring and McMurtry, 1996; Schruft,

1972).  Furthermore,  mite  families  such  as  Bdellidae,  Cunaxidae,  Anystidae  and Trombidiidae  play  a  role  in

eriophyid and tetranychid mite predation (Castagnoli, 1989; Gerson, 1992; Khederi and Khanjani, 2014; Schruft,

1969; Walton et al., 2012; Zhang, 1992). Additional taxa such as Oribatida occur mainly on the trunk of vines,
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without having clear management relevance for natural pest control (Castagnoli, 1989; Johann et al., 2014). For an

overview of the roles of the different mite families, see Table S1. While some pesticides, such as acaricides and

sulfur, are used against phytophagous mites (Duso et al., 2012) they can also have adverse effects on predatory

mites.  Several  synthetic  fungicides  as  well  as  copper,  sulfur  and plant  strengthening  agents  used  in  organic

farming can impact amongst others fecundity of phytoseiid mites such as Typhlodromus pyri (Fischer-Trimborn et

al., 2000; Gadino et al., 2011; Morgan et al., 1958; Pozzebon et al., 2010, 2002; Walton et al., 2012). Also, some

tydeid mites such as  Tydeus  sp. and  Homeopronematus anconai  are known to be affected by certain fungicides

(Ball, 1982; Knop and Hoy, 1983; Schwartz, 1993). However, little is known about the impacts of fungicides on

anystid, trombidiid, cunaxid, and bdellid mites (Childers and Enns, 1975; James and Prischmann, 2010, 2010;

Jubb et al., 1985; Kishimoto, 2002). 

The objective of this study was to investigate the single and combined effects on mites of reduced spraying

regimes through the cultivation of fungus-resistant grape varieties and organic versus conventional management.

We expect higher densities of predatory mites in fungus-resistant varieties and organic management compared to

classical varieties and conventional management. While phytophagous mites may also benefit from fungicide

reduction, they should be suppressed by higher densities of predatory mites. Correspondingly, we expect higher

densities of phytophagous mites in intensively sprayed susceptible varieties. 

2 Materials and methods

2.1 Study sites

We  investigated  mites  in  32  vineyards  with  contrasting  spraying

regime  in  the  Palatinate  region  between  Weyher  and

Klingenmünster, Germany (supplementary Fig. S3). Vineyards were

provided for the experiment by 16 winegrowers. Nine winegrowers

managed their vineyards by organic standards, including an organic

spraying  regime.  Seven  winegrowers  treated  their  vineyards  with

conventional plant protection products. Each winegrower provided

two vineyards, one planted with susceptible cultivars and one with

fungus-resistant  varieties,  resulting  in  16  vineyard  pairs  with

different  fungicide  intensity  but  otherwise  similar  management.

Information  on  the  spraying  regimes  was  provided  by  the

winegrowers (Table S4). 

2.2 Grapevine leaf fauna

Mites were sampled monthly during the vegetation period between the end of May and mid-October in 2018. Leaf

collection was done at 5 sampling dates, beat-sheet sampling at 6 dates, respectively. 

25



2.2.1 Leaf collection

To assess  the  mite  fauna  on  grapevine  leaves,  we followed Pennington  et  al.  (2017).  Twenty-five  randomly

selected leaves from different vines in each of the 32 vineyards were collected and washed onto a filter paper.

After the mites were washed off, the leaf area was determined using a leaf area meter (Li-COR, Modell 3100 area

meter, Lincoln, NE, USA). Leaf area was used to calculate mite densities per square meter of leaf area, which was

necessary due to the different varieties studied differing in leaf size. Mites were counted and identified using a

stereomicroscope (Stemi 2000, Zeiss, Jena, Germany). We directly identified phytophagous mites Colomerus vitis

Pagenstecher, Calepitrimerus vitis Nalepa (Eriophyidae) and Panonychus ulmi Koch (Tetranychidae) and counted

individuals of beneficial mites (Tydeidae and Phytoseiidae) at the family level. We randomly selected a subsample

of 841 adult beneficial mites (Tydeidae and Phytoseiidae) from the filter paper for species determination using the

preparation method described by Krantz (1978). Determination was done using a microscope with phase contrast

(Leica DM 4000 B, Leica Microsystems, Wetzlar, Germany). 

2.2.2 Beat-sheet sampling

To assess the abundance of further mite families, we took samples of the whole grapevine canopy using a beat-

sheet with a diameter of 72 cm (beat-sheet by Dynort, bioform Dr. J. Schmidl e.K., Nürnberg, Germany). The

sheet was placed under the vines while they were shaken vigor- ously. All arthropods falling on the sheet were

collected and stored in 70 % ethanol for further identification. We repeated the shaking on 30 vines per vineyard.

Mites were separated from the samples, counted and identified using a stereomicroscope (Stemi 2000, Zeiss, Jena,

Germany). 

2.3 Data analysis

Densities of Phytoseiidae, Tydeidae and Eriophyidae per leaf area were averaged, and numbers of Anystidae and

Trombiidae from the beat sheet sampling summed over all sampling dates, resulting in one observation for each

vineyard (for dataset see supplementary Table S5). The densities of both eriophyid species were summed to obtain

a “eriophyid mite density” dataset. Data were analyzed in R

version 3.4.2 (R Core Team, 2015) using the package lme4

(Bates et al., 2015). Model distribution was chosen according

to  the  distribution  of  response  variables  and  was  checked

visually  using  ‘qqp’.  Number  of  sprayings  and  phytoseiid

mite  densities  were  analyzed  with  linear  mixed-effect

models, fitted with the function ’lmer’. Eriophyid and tydeid

mite  densities,  and trombidiid and anystid  mite  abundance

were  analyzed  with  negative  binomial  generalized  linear

mixed-effect models, fitted with the function ‘glmer.nb’ (see

Table S2). 

In a first step, response variables were tested against “management” (organic/conventional) and “grape variety”

(resistant/susceptible) with their interactions as fixed factor and “site” as random factor. In case fungus-resistance

26



showed significant effects on mite densities or abundances, these response variables were fitted with “site” as

random factor and “number of sprayings” as fixed factor. “Number of sprayings” was not included as fixed factor

in the first model to avoid collinearity of variables. A correlation test was conducted with eriophyid mite densities

and phytoseiid or tydeid mite densities, respectively, using the function ‘cor.test’. Cook’s Distance was used to

check for outliers, and did not exceed 0.5. Assumptions were checked for all models using graphical validation

procedures (Zuur, 2009). 

3 Results

3.1 Plant protection

Organic and conventional spraying regimes differed considerably in number of treatments and type of applied

compounds (Table 1).  Organic  spraying  regimes included variable  combinations of  sulfur,  copper,  potassium

bicarbonate and plant strengthening agents. Conventional spraying regimes included the products used by organic

farmers plus a broad spectrum of synthetic fungicides. Out of 29 applied synthetic fungicides, 8 were classified

moderately harmful towards predatory mites (3 specifically towards T. pyri; BVL, 2018). 

The number of fungicide applications differed significantly between susceptible and fungus-resistant varieties (but

see Table 2 for statistics; Fig. 1). Susceptible varieties in organic management were sprayed the most (9-15 times),

whereas fungus-resistant varieties in organic management were sprayed the least (0-4 times). In conventional

vineyards, fungus-resistant varieties were sprayed more often (3-7 times) and susceptible varieties less often (6-10

times) than in organic vineyards. As a result, the mean number of fungicide applications did not differ between

organic and conventional viticulture. 

Table 1 Mean number of total sprayings and applications per compound with respective standard deviations by vineyard type. 

organic conventional

resistant susceptible resistant susceptible

number of sprayings 2.2 ± 1.2 10.8 ± 1.9 4.3 ± 1.6 8.1 ± 1.6 

with

copperab* 1.8 ± 1.5 8.3 ± 4.8 0.3 ± 0.8 0.7 ± 1.5 

sulfura 2.0 ± 1.0 8.7 ± 1.7 1.7 ± 1.1 2.7 ± 0.1

potassium 
bicarbonateb

0.6 ± 0.7 5.0 ± 1.2 – 0.3 ± 0.8

synthetic
fungicides

a – – 2.3 ± 1.1 5.4 ± 3.3 

b – – 3.1 ± 3.2 4.9 ± 2.4 

a products are classified as harmless towards predatory mites; b products are classified as harmful towards predatory mites (BVL, 2018); * Two different 

copper formulations sprayed (see Table S4, for a complete list). 
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Table 2  Model outputs for six tested response and four explanatory variables. Significant  P-values are displayed in bold. Model
estimates and standard errors are displayed as difference between first and second level of the respective variable. See Table S2 for
model types and families. 

management 
(conventional/organic)

grape variety 
(resistant/susceptible)

interaction 
(management x grape variety)

number of sprayings

Est. SE X2 P Est. SE X2 P Est. SE X2 P Est. SE X2 P

number of sprayings –2.35 0.87 <0.01 0.724 3.86 0.68 209.94 <0.001 4.70 0.90 26.99 <0.001 – – – –

Phytoseiid mite density 81.93 57.66 0.11 0.737 –46.08 47.85 14.40 <0.001 –131.58 63.80 4.25 0.039 –19.35 4.07 22.62 <0.001

Tydeid mite density –0.04 0.55 0.92 0.339 –0.26 0.31 12.53 <0.001 –0.89 0.42 4.42 0.035 –0.11 0.03 10.80 <0.001

Eriophyid mite density 0.47 0.21 3.30 0.069 0.41 0.15 7.27 0.007 -0.26 0.20 1.79 0.181 0.03 0.01 5.72 0.017

Anystid mite abundance 0.79 0.46 4.12 0.042 0.38 0.39 2.32 0.128 –0.06 0.48 0.01 0.908 – – – –

Trombidiid mite abundance 0.08 0.48 1.18 0.277 0.34 0.33 0.97 0.326 –1.11 0.46 5.84 0.016 – – – –

Figure  1  Relationship  between  management  (organic/
conventional), grape variety (susceptible/resistant) and number of
fungicide treatments in N = 32 vineyards (model predicted means
± standard errors). 

3.2 Leaf mesofauna

Beneficial  mites  were  dominated  by  Typhlodromus  pyri  Scheuten  (91 % of  Phytoseiidae)  and  Tydeus  goetzi

Schruft (100 % of Tydeidae; see Table S6 for a complete list). Phytoseiidae had 35 % higher densities in vineyards

with  fungus-resistant  compared  to  susceptible  varieties,  whereas  organic  versus  conventional  management

resulted in similar densities. In organic vineyards, phytoseiid mite densities were two times higher in fungus-

resistant compared to susceptible varieties, while in conventional vineyards the increase was only 20 % (Table 2;

Fig.  2A).  Tydeidae  had  almost  two  times  higher  densities  in  vineyards  with  fungus-resistant  compared  to

susceptible  varieties.  In  organic  vineyards  tydeid  mite  densities  were  three  times  as  high  in  fungus-resistant

compared to susceptible varieties, while in conventional vineyards the increase was only 20 % (Table 2; Fig. 2A). 
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Figure 2  Relationships between management (organic/conventional),  grape variety (susceptible/resistant) and  A) beneficial  mite
densities (Phytoseiidae and Tydaeidae) and  B)  phytophagous mite densities (Eriophyidae) in N = 32 vineyards (model predicted
means ± standard errors). Relationships between the number of fungicide treatments and C) beneficial mite densities (Phytoseiidae
and Tydaeidae), and D) phytophagous mite densities (Eriophyidae) in N = 32 vineyards (black dots = mite densities per vineyard;
line = model-predicted densities; grey area = 95%-confidence-interval). 

Contrary to  beneficial  mites,  eriophyid mite  densities  were increased by 20 % in vineyards with susceptible

compared  to  fungus-resistant  varieties.  Additionally,  densities  were  30  %  higher  in  organic  compared  to

conventional vineyards (Table 2; Fig. 2B). Densities of Eriophyidae were neither correlated with densities of

Phytoseiidae (r = -0.038, P = 0.835) nor with densities of Tydeidae (r = 0.276, P = 0.127). Occurring in only 12

out of 32 studied vineyards, spider mites (Panonychus ulmi) were not frequent enough for analysis. The highest

densities of spider mites were observed in two vineyards with resistant varieties, of which one was organic (694

mites/sq.m) and one conventional (289 mites/sq.m). Increasing numbers of fungicide applications decreased both,
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densities of phytoseiid and tydeid mites, with stronger decrease of Tydeidae (Table 2; Fig. 2C). Contrastingly,

increasing numbers of fungicide applications increased eriophyid mite densities (Table 2; Fig. 2D). 

3.3 Beat-sheet samples

The most numerous mites in the beat-sheet samples were trombidiid mites with 741 individuals followed by the

anystid mites with 189 individuals. Additionally, we identified 18 individuals of the family of Bdellidae and 4

individuals of the order of Oribatida. The abundance of Trombidiidae was not significantly affected by either the

farming management nor the grape variety. However, the interaction of both did affect trombidiid mite abundance

(Table 2; Fig. 3A). In vineyards with susceptible varieties, Trombidiidae occurred 2.5 times more often under

conventional management compared to organic management. The abundance of Anystidae was more than two

times  higher  in  organic  compared  to  conventional  vineyards,  whereas  the  abundance  was  not  significantly

increased in susceptible compared to fungus-resistant varieties (Table 2; Fig. 3B). 

Figure 3  Relationships between management (organic/conventional), grape variety (susceptible/ resistant) and abundances of  A)

Trombidiidae and B) Anystidae in N = 32 vineyards (model predicted means ± standard errors). 

4 Discussion
As expected, beneficial mites (Phytoseiidae, Tydeidae) showed strong benefits from fungicide reduction in both

management systems. Oppositely, phytophagous mites had higher abundance in intensively sprayed varieties, and

in organic farming. Higher predatory mite density was also found in untreated or less sprayed vineyards in Italy

and Germany (Bigot, 2000; Pennington et al., 2017; Peverieri et al., 2009). Although higher numbers of fungicide

application strongly affected phytoseiid and tydeid mite densities, sufficient  mites were found in all cases to
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ensure pest regulation (3.5 mites/leaf; Mohr, 2005). In contrast to our study, phytoseiid mites were reduced in

conventional compared to organic vineyards in Italy (Bigot, 2000; Peverieri et al., 2009). This may be due to the

application of Mancozeb, a conventional fungicide which is highly toxic to phytoseiid mites (Gadino et al., 2011)

and which was not sprayed in  our  investigated  conventional  vineyards.  Contrastingly,  phytoseiid  mites  were

harmed by frequent use of fungicides and plant protection agents in organic vineyards in Switzerland (Linder et

al.,  2006).  We  speculate  that  if  highly  harmful  fungicides  are  avoided,  the  type  of  management

(organic/conventional) is less important than the number of fungicide treatments per season. Further aspects of

organic management, such as implementation of cover crop mixtures, might enhance predatory mite abundance

(Hoffmann  et  al.,  2017;  McGourty,  2004;  Vogelweith  and  Thiéry,  2017)  and  mediate  fungicide  impacts  by

alternative food supply (Pozzebon et al., 2014). 

Eriophyid  mite  densities  were  significantly  higher  in  organic  vineyards,  the  reasons  for  which  are  unclear.

Contrastingly,  Muneret  et  al.  (2018b)  observed  higher  densities  of  gall  mites  (Eriophyidae)  in  conventional

compared  to  organic  vineyards  in  landscapes  with  low complexity.  Eriophyid  mite  densities  were  higher  in

susceptible  varieties  with  their  intense  spraying  regimes  than  in  fungus-resistant  varieties.  This  is  surprising

because pest mites can also be negatively affected by fungicides, with some substances such as sulfur even being

used  as  acaricides  (Duso  et  al.,  2012).  Opposite  to  the  expected  direct  effect,  phytophagous  mites  showed

increased densities under higher numbers of fungicide applications in our study. This is consistent with the results

of  Pennington  et  al.  (2017)  in  a  field  experiment  that  varied  fungicide  intensity  within  standardized  grape

varieties. As direct effects of fungicides on pest mites would be negative, we suggest that their higher densities in

susceptible  varieties  are  indirect.  Most  likely,  the  reduced  densities  of  predatory  mites  in  intensely  sprayed

vineyards favored high densities of pest mites. However, as the direct correlation of phytophagous and beneficial

mite densities was non-significant, this mechanism requires further study. As a cautionary note, other properties of

grape varieties than fungicide intensity can influence mite densities. For example, the leaf hairiness can promote

several mite species to different degrees (Peverieri et al.,  2009; Roda et al., 2003). However, due to the high

number of grape varieties involved (Fig. S3), we cannot distinguish direct effects of grape variety from the effects

of the spraying regime. Still, as Pennington et al. (2017) observed similar effects of reduced fungicide application

on mites in a field experiment with standardized grape varieties, we suggest that the effects observed here are

most likely due to the spraying regime rather than due to other properties of fungus-resistant versus traditional

grape varieties. Overall, the density of pest mites was very low in all investigated vineyards, and more than 100

times below thresholds of economic damage (Hluchý, 1993). In Europe, both eriophyid mites (Co. vitis, Ca. vitis)

rarely damage grapes due to population regulation by phytoseiid mites (Duso et al., 2012). Although Phytoseiidae

are mainly held responsible for the natural pest control of Eriophyidae, we also investigated Tydeidae in the group

of beneficial mites due to their pest control potential (Duffner, 1999; Perring and McMurtry, 1996). 

Anystid  mites  benefitted  from  organic  management.  They  seem  to  be  less  susceptible  to  fungicides  than

phytoseiids (Cuthbertson and Murchie, 2003; Laurin and Bostanian, 2007). The occurrence in organic vineyards

can be explained by higher alternative prey incidence. Anystidae can feed on a broad spectrum of prey, including

phytophagous mites, leafhoppers, thrips and springtails (Cuthbertson and Murchie, 2004; Khederi and Khanjani,

2014; Sorensen et al., 1976), which could be more present in organic vineyards due to the implementation of
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cover crop mixtures (Katayama et  al.,  2019).  We did not detect  a  clear  effect  of  management  or  variety on

trombidiid mites. Similar to anystid mites, the prey spectrum of adult trombidiids is broad, including spider mites,

moth eggs and aphids (Zhang, 1999, 1992). Both Anystidae and Trombidiidae are highly mobile and oviposit on

the ground (Cuthbertson and Murchie, 2004; Sorensen et al., 1976; Zhang, 1999). Thus, they may be less affected

by the fungicide applications that are focused on the canopy. 

The implications of our results for other wine growing regions or other crop types need to account for differences

in pesticide regimes. Pesticide treatments in vineyards strongly depend on the growing region. In Italy, pesticides

were sprayed on average 12 times per season (ISTAT, 2011), whereas in France, 16 pesticide applications per year

are  common  (Rusch  et  al.,  2017).  Pertot  et  al.  (2017)  stated  even  up  to  25-30  fungicide  treatments  under

unfavorable conditions per year. By comparison, on average 11 pesticide (10 fungicide) applications per season

have been reported for German vineyards (Roßberg and Ipach, 2015). This corresponds to the average spraying

number of susceptible varieties under organic management in this study. Thus, most of the investigated vineyards

are generally treated less often than the European average. Positive effects of fungus-resistant varieties could

therefore be even greater in other wine-growing regions. Another peculiarity of the study region is the higher

number  of  fungicide  treatments  in  organic  vineyards  compared  to  conventional  ones.  Similar  frequencies  of

fungicide treatments were found elsewhere in Germany (15.3 in organic versus 11.2 in conventional; Uzman et al.,

2019) and in  Switzerland  (13.6  in  organic  and 11.6  in  conventional;  Linder  et  al.,  2006).  This  contrasts  for

example with higher treatment frequencies in conventional viticulture in France (9 in organic vs. approx. 18 in

conventional; Muneret et al., 2018b). Vineyards in our study region rarely receive insecticides, and herbicides are

restricted to  conventional viticulture and to  the zone directly  below the grape plants.  Thus,  overall  pesticide

intensity  between  conventional  and  organic  vineyards  is  quite  similar.  This  contrasts  with  annual  cropping

systems,  where  agrochemicals  are  used  in  much  higher  frequency  under  conventional  compared  to  organic

management (Mäder, 2002; Schneider et al., 2014). This can explain why we did not find the commonly observed

benefits of organic farming on predatory arthropods (Bengtsson et al., 2005; Muneret et al., 2018a). 

Apart from the fungicide regime, other differences between organic and conventional viticulture can influence

mites. In the majority of the here studied organic vineyards, diverse cover crop mixtures were sown, whereas

conventional vineyards were mainly managed with short  grass cover.  Pollen is  an important  food source for

predatory mites (Duso et al., 2012) and could be more present in flowering cover crops. However, Hoffmann et al.

(2017) found no influence of cover crops on predatory mite abundance compared to spontaneous vegetation in a

field experiment. Since cover crop management was not the scope of this study, the management was not reported.

Thus,  we  cannot  exclude  that  differences  in  cover  crop  management  have  contributed  to  the  different  mite

abundances between organic and conventional vineyards in addition to the differing fungicide applications.

5 Conclusion

As expected,  fungicide  reduction  in  fungus-resistant  varieties  enhanced  beneficial  mites,  along with  reduced

phytophagous  mite  densities.  Phytophagous  mite  densities  were  higher  in  organic  compared  to  conventional

viticulture.  Also,  predatory  Anystidae  had  higher  densities  in  organic  vineyards,  but  densities  of  predatory
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Phytoseiidae and Tydeidae showed no significant difference. Thus, organic farming had no clear benefit on mites

in  viticulture,  which  may be  due  to  the  low use  of  particularly  harmful  fungicides  (such  as  Mancozeb)  by

conventional winegrowers in our region.  Overall,  fungus-resistant varieties had a dominant positive effect on

beneficial mites and phytophagous mite suppression and should be promoted to improve the sustainability of

viticulture.
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Graphical Abstract The reduction of fungicides in vineyards through the cultivation of fungus-resistant grape

varieties,  under  both  organic  and  conventional  management, enhances  the  abundance  of  natural  enemies,

particularly theridiid and philodromid spiders.
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Abstract

Background Pesticides are considered main contributors to global arthropod declines and therefore may decrease

the  provision  of  ecosystem services  such  as  natural  pest  control.  Organic  farming  and  cultivating  pest-  and

disease-resistant varieties can allow to reduce pesticide applications and their impacts on non-target organisms and

the environment.  We investigated the effects of organic vs. conventional management and fungus-resistant vs.

susceptible wine grape varieties on arthropod biodiversity and pest control of grape berry moths in 32 vineyards in

the Palatinate region, Germany. Hazard quotients of applied pesticides were calculated for each vineyard. 

Results The cultivation of fungus-resistant varieties  led to significantly reduced  hazard quotients and in  turn

enhanced abundances of natural enemies, particularly theridiid and philodromid spiders. Unexpectedly, organic

management resulted in higher hazard quotients than conventional management and reduced numbers of natural

enemies, particularly earwigs. Pest predation rates showed no significant differences between grape varieties or

management types.

Conclusion Widespread benefits of organic management on arthropod biodiversity found in other crops were

absent in our viticultural study region. This is likely due to the dominant role of fungal diseases in viticulture,

which  requires  high  numbers  of  fungicide  treatments  under  both  conventional  and organic  viticulture.  Thus,

fungicide reduction through the cultivation of fungus-resistant grape varieties is one key element to fostering the

abundance of arthropods in general and beneficial arthropods in particular. Beyond vineyards, this is potentially

relevant in numerous other crop types. 

Keywords

pesticide  toxicity,  fungus-resistant  grape  varieties,  natural  pest  control,  Lobesia  botrana,  spiders,  Forficula

auricularia
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1 Introduction

Agricultural intensification counts as one of the main drivers of global declines in arthropods (Hallmann et al.,

2017; Sánchez-Bayo and Wyckhuys, 2019; Seibold et al., 2019), reducing food availability to subsequent trophic

levels such as birds (Bowler et al.,  2019) and further decreasing the provision of ecosystem services notably

natural pest control (Bianchi et al., 2006; Gurr et al., 2003). Organic farming can enhance abundance and richness

of natural enemies of pest species and, consequently, their effectiveness in pest control (Bengtsson et al., 2005;

Muneret et al., 2018a).  However, biodiversity impacts may depend on the specific differences between organic

and conven- tional farming, which can vary across crops and growing regions. For example, organic vineyards

tend to have higher ground cover than conventional vineyards in the Mediterranean but not in the Temperate

regions  (Geldenhuys  et  al.,  2021;  Kolb  et  al.,  2020;  Kratschmer  et  al.,  2019;  Puig-Montserrat  et  al.,  2017).

Furthermore, pest pressure varies between regions. Areas with higher humidity during summer have stronger

pressure  of  fungal  diseases,  while  different  insect  pests  prevail  depending  on  their  geographic  distribution

(Gutierrez  et  al.,  2012;  Martínez-Bracero  et  al.,  2020;  Reineke  and  Thiéry,  2016). The  benefits  of  organic

viticulture on biodiversity and natural pest control may thus be absent or even reversed depending on the study

region. 

Negative  effects  of  synthetic  pesticides  are  expected  to  prevail  in  conventional  vineyards  where  insecticide

applications are widespread (Masoni et al., 2017; Nash et al., 2010) or where regulations on fungicide specificity

are lax. Organic  viticulture can have positive  effects  on biodiversity  and  arthropod abundance (Gaigher and

Samways,  2010;  Katayama  et  al.,  2019;  Meissner,  2015;

Paiola  et  al.,  2020). In  particular,  the  abundance  of

predatory arthropods such as spiders, ants and coccinellid

beetles has been enhanced by organic viticulture (Caprio et

al., 2015; Fleury and Fleury, 2016; Froidevaux et al., 2017;

Gaigher  and  Samways,  2010;  Masoni  et  al.,  2017).

However,  the  degree  to  which  arthropods  benefit  from

differences  in  ground cover  management,  fertilization,  or

plant  protection  in  organic  viticulture  is  poorly  known.

When organic  vineyards  receive  less  pesticide  input  than

conventional  vineyards,  organic  management  is  likely  to

show positive effects on arthropod biodiversity and abundance (Gaigher and Samways, 2010; Katayama et al.,

2019;  Muneret  et  al.,  2018b).  Conversely,  pesticide  applications  can  be  more  frequent  in  organic  than  in

conventional vineyards in some regions with high disease pressure (Kolb et al., 2020).  Furthermore, fungicides

such as copper and sulphur which are applied in organic viticulture can also have detrimental effects on beneficial

arthropods (Daniel et al., 2001; Komárek et al., 2010; Thomson et al., 2000). In addition, plant protection products

are rapidly changing and pesticide regulations in many countries are imposing increasingly strict requirements on

environmental safety (Ansari et al., 2021; Islam et al., 2017; Nishimoto, 2019; Singh et al., 2020). Considering all

these  factors,  the  effects  of  conventional  versus  organic  management  on  biodiversity  and  ecosystem service

provisioning are expected to vary with time and region. 
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Regardless  of  these  variations,  in  both organic  and conventional  viticulture,  grapes are  highly susceptible  to

several fungal disease and thus are strongly depending on fungicide applications, which account for 70-100 % of

all pesticide  input (Pertot,  2016).  Thus,  a  vast  potential  to  reduce  pesticide  inputs  can  be  achieved  by  the

cultivation of fungus-resistant grape varieties (Thiollet-Scholtus et al., 2021). Field experiments suggest strong

benefits of reduced plant protection in fungus-resistant varieties on arthropod biodiversity and natural pest control

(Pennington et al., 2018, 2017). Herein, for the first time, we investigated whether organic farming and fungus-

resistant grape cultivars affect the hazard quotient of plant protection regimes, the abundance of a wide range of

arthropods, and their pest control potential in viticulture.

One of the major grapevine pests in Europe and beyond is Lobesia botrana (Denis & Shiffermüller) (Lepidoptera:

Tortricidae). Predatory arthropods like Dermaptera, Hemiptera, Neuroptera, Diptera, and Coleoptera, as well as

ants  and several  families  of  spiders  and mites  predate on

L. botrana (Marchesini and Dalla Montà, 1994; Pennington

et  al.,  2018;  Reiff  et  al.,  2021b).  Furthermore,  numerous

parasitic  hymenopterans  attack  different  stages  of

L. botrana (Bagnoli  and  Lucchi,  2006;  Hoffmann  and

Michl,  2003;  Xuéreb  and  Thiéry,  2006).  Several  of  these

natural  enemies are susceptible  to  fungicides like sulphur,

which is applied mainly in organic viticulture, as well as to

synthetic fungicides in conventional vineyards (Güven and

Göven,  2003;  Nash  et  al.,  2010;  Thomson  et  al.,  2000;

Thomson and Hoffmann, 2006). Consequently, Muneret et al. (2019b) found increased tortricid egg predation

with  decreasing  pesticide use in  French  vineyards.  This  indicates a  high potential  by which fungus-resistant

varieties facilitate the natural control of L. botrana using its natural enemies. 

In this study, we focused on the biodiversity of the grape canopy in particular, as this is the stratum of the vineyard

where natural  control of grape pests occurs and exposure to pesticides is  highest.  Here,  we hypothesize that

reduced pesticide use in fungus-resistant grape varieties leads to a higher abundance of beneficial arthropods and

consequently  higher  pest  control.  Our  second  hypothesis  was  that  the  hazard  quotient  (toxicity  of  applied

pesticides), arthropod biodiversity, and pest control potential differ between organic and conventional vineyards.

Third,  we expect  that  the  effects  of  reduced  pesticide  use  in  fungus-resistant  varieties  might  differ  between

organic and conventional management.

2 Materials and Methods

2.1 Study sites

We investigated 32 vineyards with contrasting spraying regimes in a 10-km radius around Landau in the Palatinate

region (Table S1). These vineyards belonged to a total of 16 winegrowers. Nine winegrowers  were organically

certified and applied organic spraying regime (mostly sulphur, copper, and potassium bicarbonate). The other
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seven  winegrowers  treated  their  vineyards  with  conventional  plant  protection  products  (mostly  synthetic

fungicides). Each winegrower provided two vineyards, one planted with cultivars susceptible towards  powdery

and  downy  mildew (e.g.,  Riesling, Pinot blanc) and one with fungus-resistant varieties (e.g.,  Cabernet blanc,

Regent), resulting in 16 vineyard pairs with different fungicide intensity but otherwise similar management ( see

Table S2).  To display acute toxicity of spraying regimes, hazard quotients for applied pesticides (HQ hereafter)

were calculated by dividing the amount of applied active ingredients (g or mL per ha) by their corresponding

contact acute median lethal dose (LD50; Campbell et al.,  2000) values for honeybees (µg or µL per bee)  and

summed over all sprayings of the sampling year for each vineyard (see Table S2). Contact acute LD50 values for

honeybees were obtained through the Pesticide Properties DataBase (Lewis et al., 2016).  Overall, 499 pesticide

applications  (two  insecticides,  497  fungicides)  were  reported  of  which  three  applications  of potassium

phosphonates in conventional vineyards as well as seven applications of aluminium sulphates in organic vineyards

were excluded from calculation due to missing LD50 values. 

2.2 Arthropod sampling

Arthropods  were  sampled  monthly during  the vegetation  period from the end of  May to mid-October  2018,

resulting in six sampling dates. We sampled the whole grapevine canopy using a beat-sheet with of diameter

72 cm (beat-sheet by Dynort, bioform Dr. J. Schmidl e.K., Nürnberg, Germany). The sheet was placed under the

vines, which were shaken vigorously for 5 s. All arthropods falling on the sheet were collected and stored in 70  %

ethanol for further identification. We repeated the shaking on 30 randomly selected vines spread throughout the

vineyard excluding a 5 m buffer from the field margins. The sampled arthropods were counted and taxonomically

classified at least to the family level using a stereomicroscope (Stemi 2000, Zeiss, Jena, Germany).

2.3 Predation rate assessment

To assess the pest control potential on grape berry moths, we exposed  L. botrana egg-baits to predation. For

rearing  L. botrana we followed Markheiser et al. (2018). Following Pennington et al. (2018), we allowed the

oviposition of female  L. botrana on replaceable polyethylene strips. Egg-laden strips were harvested after 24 h

and stored at 4 °C until exposure. Eggs were evenly distributed across the strips, resulting in average occupancy of

49±26 eggs per strip. The predation rates were determined by randomly attaching the baits to selected one-year-

old branches and exposing them for 72 hours. We exposed five baits per vineyard between the end of May and the

end of August (five sampling dates), resulting in overall 25 baits per vineyard. The number of eggs was counted

before and after exposure using stereomicroscopes (Zeiss, Jena, Germany). We stored the eggs that remained on

the baits in a climate chamber at 70 % R.H. and 21 °C for four weeks to check for parasitism but did not find any

parasitized eggs.
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2.4 Data analysis

Data obtained were summed over all sampling dates, resulting in one observation  per vineyard. All statistical

analyses were executed in R version 3.6.3 (The R Development Core Team, 2015). To identify possible predator

and pest ratios, individuals were grouped according to their feeding behaviour into guilds of carnivores (including

predators, parasites, parasitoids, and partly carnivorous omnivores), herbivores and others (including detritivores,

fungivores, palynivores, nectarivores and haematophages; see Table S3 for additional information).  The eight

most abundant families were analysed separately.

The distribution of response and predictor variables was checked visually using ‘qqp’ (R package car; Fox and

Weisberg,  2019).  Accordingly,  HQ,  spraying  frequency,  abundances  of  individuals,  families,  predators,  and

herbivore  arthropods,  Araneidae,  Theridiidae,  Salticidae,  Cicadellidae,  and predation  rate  were  analyzed  with

Gaussian  distribution  using  linear  mixed-

effect  models  fitted  with the function  'lmer'

(R  package  lme4;  Bates  et  al.,  2015).

Abundances of other arthropods, Forficulidae,

Latridiidae,  Formicidae,  and  Philodromidae

were  analyzed  with  negative  binomial

distribution  using  generalized  linear  mixed-

effect  models  fitted  with  the  function

‘glmer.nb’(R  package  lme4;  Bates  et  al.,

2015).  The  correlation  of  the  two  numeric

explanatory  variables  ‘spraying  frequency’

and ‘hazard quotient’ was evaluated using a

linear  mixed-effects  model  with  ‘site’ as  a

random  factor.  Due  to  a  strong  correlation

with  HQ,  spraying  frequency  was  omitted

from further analysis (Table 2). For all other

variables,  two models  were  calculated:  Model 1  contained  ‘site’ as  a  random factor  and ‘grape  variety’ plus

‘management’ as the explanatory variables, including their interaction. To test in how far accumulated toxicity of

applied pesticides renders an equivalent explanation to the effects of grape variety and management, we calculated

a second model for each dependent variable, containing ‘site’ as a random factor and ‘hazard quotient’ as the sole

explanatory variable. Some of the less abundant families were tested the same way (Table S3).

Effects on the family composition of grape variety and management type on the one hand and HQ, on the other

hand,  were  analyzed  using  the  R  package  vegan (Oksanen  et  al.,  2018).  Partial  distance-based  redundancy

analysis (dbRDA) using Bray-Curtis distance as a dissimilarity measure was used with the function ‚capscale'

(Oksanen et al., 2018). To account for the pairwise study design, a permutation design based on ‘site’ and 9999

permutations was used  and ‘site’ was  added as a  condition  term in the dbRDA. To reduce  the  influence of

dominant families,  community data  were log10 (x + 1)  transformed. Cook's Distance was used to  check for

outliers. Assumptions were checked for all models using graphical validation procedures (Zuur et al., 2009).
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3 Results

In total,  we identified 17715 individuals  from  188 arthropod families.  Dominant orders  were Araneae (6813

individuals in 21 families), Dermaptera (3666 individuals of one species: Forficula auricularia), Hemiptera (2414

individuals in 25 families), Coleoptera (1461 individuals in 30 families), Trombidiformes (948 individuals in 3

families) and Hymenoptera (883 individuals in 29 families). Of all families, Forficulidae (Dermaptera) was by far

the most abundant (see Table S3 for a complete list).

Spraying  frequency  and  hazard  quotient of  applications  differed  greatly  between  the  studied  vineyard  types

(Tab. 1, 2). Spraying frequency was more than three times higher in susceptible than in resistant grape varieties,

with higher reduction under organic than under conventional management (Fig. 1A; Tab. 2).  Hazard quotients

were three times higher in susceptible than in resistant grape varieties and almost twice as high under organic than

under conventional management (Fig. 1B; Tab. 2).  Similar to the spraying frequency, the reduction  of  hazard

quotients in resistant varieties was higher under organic management.

Table 1  Model  outputs  for  plant  protection  parameters,  arthropod abundances,  and predation rates,  and  two tested  models:  1)
interactive effects of grape variety and management, 2) hazard quotient of applications. Negative and positive correlations of hazard
quotient and response variables are highlighted with +/–. Significant  p-values are displayed in bold, respective Chisq-values are
given in brackets.

Model 1 (Df = 26) Model 2 (Df = 28)

grape variety
(resistant / susceptible)

management
(organic / conventional)

management 
x 
grape variety

hazard quotient

hazard quotient < 0.001 (101.38) 0.003 (8.92) < 0.001 (33.65) /

spraying frequency < 0.001 (500.31) 0.981 (0.00) < 0.001 (48.52) + < 0.001 (21.81)

total abundance of individuals 0.283 (1.15) 0.021 (5.32) 0.911 (0.01) 0.881 (0.02)

     (without Forficulidae) 0.196 (1.67) 0.419 (0.65) 0.783 (0.08) 0.492 (0.47)

abundance of carnivores 0.026 (4.98) 0.034 (4.48) 0.811 (0.06) – 0.005 (7.74)

     (without Forficulidae) 0.007 (7.25) 0.462 (0.54) 0.567 (0.33) – 0.001 (10.48)

abundance of herbivores 0.038 (4.30) 0.107 (2.60) 0.016 (5.77) 0.929 (0.01)

abundance of others 0.068 (3.33) 0.688 (0.16) 0.023 (5.17) – < 0.001 (21.26)

predation rate 0.087 (2.94) 0.094 (2.81) 0.457 (0.55) – 0.0504 (3.83)

family richness 0.827 (0.05) 0.476 (0.51) 0.809 (0.06) 0.592 (0.29)

family composition* 0.016 (0.06) 0.074 (0.13) 0.557 (0.04) 0.005 (0.09)

abundance of Araneidae 0.270 (1.22) 0.343 (0.90) 0.422 (0.64) – 0.062 (3.47)

abundance of Philodromidae 0.049 (3.86) 0.415 (0.66) 0.608 (0.26) – 0.024 (5.09)

abundance of Theridiidae < 0.001 (16.58) 0.148 (2.09) 0.635 (0.23) – 0.003 (8.79)

abundance of Salticidae 0.061 (3.52) 0.646 (0.21) 0.198 (1.65) 0.906 (0.01)

abundance of Cicadellidae 0.007 (7.31) 0.079 (3.10) 0.016 (5.75) 0.864 (0.03)

abundance of Forficulidae 0.920 (0.01) 0.010 (6.55) 0.615 (0.25) 0.477 (0.51)

abundance of Formicidae 0.730 (0.12) 0.132 (2.27) 0.279 (1.17) 0.656 (0.20)

abundance of Latridiidae 0.015 (5.96) 0.768 (0.09) 0.975 (0.00) – < 0.003 (9.11)

*F-values and respective Sum of Squares displayed; model 1: Df = 27; model 2: DF = 29.
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Table 2 Plant protection parameters, arthropod abundances, and predation rates with respect to grape varieties (resistant/susceptible)
and management (organic/conventional). Displayed are model-predicted means ± standard errors (N=32 vineyards). 

organic conventional

resistant susceptible resistant susceptible

hazard quotient 0.88 ±0.31 4.17 ±0.31 0.92 ±0.35 1.67  ±0.35

spraying frequency 2.22 ±0.49 10.67 ±0.49 4.29 ±0.56 8.57 ±0.56

total abundance of individuals 447.00 ±60.64 505.78±60.64 629.14 ±68.76 676.57 ±8.76

     (without Forficulidae) 379.77 ±69.21 434.33 ±69.21 438.43 ±78.48 521.86 ±78.48

abundance of carnivores 377.00 ±49.64 312.56 ±49.64 528.29 ±56.28 448.43 ±56.28

     (without Forficulidae) 309.78 ±38.89 241.11 ±38.89 337.57 ±44.09 293.71 ±44.09

abundance of herbivores 79.56 ±12.36 79.11 ±12.36 80.00 ±14.02 129.00 ±14.02

abundance of others 37.72 ±0.33 26.53 ±0.33 37.72 ±0.37 39.87 ±0.37

predation rate [%] 80.34 ±2.77 73.38 ±2.77 83.10 ±3.14 80.54 ±3.14

family richness 47.33 ±2.93 46.22 ±2.93 44.14 ±3.33 44.29 ±3.33

abundance of Araneidae 27.44 ±4.31 22.11 ±4.31 30.57 ±4.89 30.00 ±4.89

abundance of Philodromidae 72.46 ±0.21 45.29 ±0.21 54.17 ±0.24 41.47 ±0.24

abundance of Theridiidae 58.56 ±10.19 40.56 ±10.19 82.00 ±11.55 59.29 ±11.55

abundance of Salticidae 24.33 ±5.11 26.78 ±5.11 16.86 ±5.79 27.86 ±5.79

abundance of Cicadellidae 44.22 ±10.39 49.33 ±10.39 46.14 ±11.78 93.29 ±11.78

abundance of Forficulidae 50.84 ±0.28 56.50 ±0.27 142.46 ±0.31 129.94 ±0.31

abundance of Formicidae 5.56 ±0.44 8.63 ±0.44 18.44 ±0.48 14.67 ±0.48

abundance of Latridiidae 9.08 ±0.56 5.53 ±0.56 11.64 ±0.63 6.99 ±0.64

Over the season, between 225 and 980 arthropods were sampled per vineyard, of which 73.5 % on average were

natural enemies of arthropods (predators, parasites, parasitoids, omnivores; “carnivores” hereafter). The group of

carnivores was dominated by spiders (52.2 %) and earwigs (28.3 %). Resistant grape varieties increased carnivore

abundance by 19 % (21 % without Forficulidae), whereby the effects were greater in organic vineyards than in

conventional vineyards.

Figure  1  Differences  in  (A)  spraying  frequency  and  (B)  hazard  quotient  of  applications  between  management  types
(organic/conventional) and grape varieties (susceptible/resistant) in N = 32 vineyards (model predicted means ± standard errors).
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By contrast, resistant varieties had fewer herbivores (-23 %) mostly in conventional vineyards (Tab. 1, 2; Fig. 2B).

Total abundance of arthropods, the abundance of other arthropods, and predation rates did not differ significantly

between grape varieties (Tab. 1, 2). Conventional management increased the total abundance of arthropods by

37 % and carnivore abundance by 42 % but had no effect on the abundance of carnivores other than earwigs,

predation rates, and abundance of herbivores and other arthropods (Tab. 1, 2; Fig. 2). Further, the abundance of

carnivores correlated negatively with  hazard quotients of applied pesticides (Tab. 1). With a predation rate of

73.5 %, the predation of  L. botrana eggs was relatively high.  However, neither resistant varieties nor organic

management had a significant effect on predation rates.

Figure 2 Differences in (A) carnivore abundance and (B) herbivore abundance between management types (organic/conventional)
and grape varieties (susceptible/resistant) in N = 32 vineyards (model predicted means ± standard errors).

On average, 46 different arthropod families were sampled per vineyard. While family richness was not affected by

the  investigated variables,  family  composition differed  between resistant  and susceptible  grape  varieties,  and

correlated with hazard quotients of applications (Tab. 1, Fig. 3). Resistant grape varieties had higher densities of

three of the dominant families (Philodromidae +46 %; Theridiidae +41 %; Latridiidae +65 %), lower densities of

Cicadellidae (-37 %), and no significant difference of four of the dominant families (Araneidae,  Forficulidae,

Formicidae,  Salticidae)  (Tab. 1,  2;  Fig. 4).  Conventional  management  had  more  than  doubled  densities  of

Forficulidae (+154 %) compared to organic management, and showed no significant difference in any of the other

seven families (Tab. 1, 2; Fig. 4).  Abundances of Theridiidae, Philodromidae, and Latridiidae, were negatively

correlated to hazard quotients (Tab. 1). Four of the less abundant families as well as two taxonomic orders showed

significantly higher densities in fungus-resistant than susceptible varieties, and three taxonomic orders had higher

densities in organic compared to conventional management (Table S3).
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Figure 3 Relationship of arthropod
families with vineyard management
(organic/conventional)  and  grape
variety  (susceptible/  resistant)
analysed using  dbRDA with  Bray-
Curtis  distance  as  dissimilarity
measure.  Blue  symbols  represent
conventional  and  green  symbols
organic  vineyards,  while  circles
represent  susceptible  and  squares
resistant  varieties  respectively.  If
there were overlapping labels, more
common species were displayed as
text  and  less  common  species  as
small grey surrounded dots. 
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Figure 4  Abundance of the most abundant spider and insect families with respect to grape varieties (resistant/susceptible) and
management  types  (organic/conventional)  in  N  =  32  vineyards  (model  predicted  means  ±  standard  errors):  A)  Araneidae,  B)
Philodromidae, C) Theridiidae, D) Salticidae, E) Cicadellidae, F) Forficulidae, G) Formicidae, H) Latridiidae.
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4 Discussion

As expected, arthropod communities on grapes differed between fungus resistant and susceptible grape varieties.

Reduced fungicide use in resistant varieties had positive effects on arthropods and on carnivores in particular.

Positive effects of lower pesticide inputs on vineyard predators are also prominent in other studies, but more likely

related to insecticide use (Caprio et al., 2015; Gaigher and Samways, 2010; Isaia et al., 2006; Muneret et al.,

2019a;  Ostandie  et  al.,  2021).  Nevertheless,  lethal  effects  of  single  fungicides  on  non-target  organisms,

particularly beneficial arthropods, are well documented (Fiedler and Sosnowska, 2014; Lewis et al., 2016; Miles

and Green, 2004; Pekár, 2002). Further, sublethal effects of fungicides on predatory arthropods were observed e.g.

by reduced fecundity (Gadino et al., 2011), reduced prey consumption (Beers and Schmidt, 2014) or population

decrease due to altered prey availability (Pekár, 2012). Consequently, higher pesticide toxicity affected predatory

arthropods in Australia (Thomson and Hoffmann, 2006). By contrast, we were unable to detect any clear effect of

fungus-resistant  varieties  on the  predation rates  of  L. botrana eggs in  our  study.  However,  decreased  hazard

quotients appeared to enhance predation rates. Positive effects of reduced fungicides on L. botrana egg predation

were  also  found by  Pennington  et  al. (2018) in  resistant  grape  varieties.  In  other  viticultural  areas,  reduced

pesticide  use  enhanced  natural  pest  control  of  L.  botrana regardless  of  organic  or  conventional  vineyards

(Muneret et al.,  2019b; Reiff et al., 2021b; Rusch et al., 2015).  Given the widespread empirical evidence for

positive effects of predator densities and fungicide reduction on egg predation, we assume that the overall high

predation rates of 73.5 % in our vineyards precluded the significant effects of studied management factors on pest

control.

Among the eight dominant arthropod families, four were affected by reduced fungicide applications in resistant

varieties.  Cicadellidae,  the  dominant  herbivores  in  our  study,  were  enhanced  under  increased  fungicide

applications in susceptible varieties. The subfamily of Typhlocybinae and particularly the species of  Empoasca

vitis is the most abundant leafhopper in vineyards and can cause severe damage (Bosco et al., 1997; Olivier et al.,

2012; Sáenz-Romo et al., 2019). Cicadellid abundances negatively correlated with higher predator abundances in

fungus-resistant vineyards, suggesting that fungicide reduction constitutes higher levels of natural pest control

(results not shown). This higher natural resistance of the vineyard ecosystem to herbivores, may become important

with the expected arrival of new invasive insect pests, such as the phloem-feeding leafhopper Scaphoideus titanus

or the recently arrived spotted wing drosophila Drosophila suzukii (Reineke and Thiéry, 2016; Santos et al., 2020).

Fungivore  arthropods,  such  as  latridiid  beetles  may,  apart  from direct  effects  of  the  applied  pesticides,  also

indirectly benefit from reduced fungicide applications through higher availability of fungal food sources (Markó

et al., 2010). Latridiidae do not directly contribute to ecosystem services such as pest control or pollination, but

they  can  contribute  to  a  stable  ecosystem e.g.,  as  detrivores  or  as  alternative  prey  for  carnivores.  The  two

dominant spider families, Theridiidae and Philodromidae, benefitted from reduced fungicide applications, and

both were also highly affected by hazard quotients in our study. Similar susceptibility of Theridiidae towards

fungicide applications was also found by Pennington et al. (2019) in the Palatinate study region. In contrast to

other spider families, the observed species of Philodromidae and Theridiidae occur almost exclusively in the

canopy of woody plants (Herrmann et al., 2010; Hogg and Daane, 2010) and are, therefore, exposed to higher

levels of fungicides. Effects of fungicides may be less prominent in other arthropods that also occur on the ground
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and in the inter-row vegetation of the vineyard.  Ants and earwigs, for example reproduce in the soil, have high

foraging ranges, and may therefore be less affected by fungicide applications in the canopy but rather by soil

management (Gobin et al., 2008; Orpet et al., 2019; Schlick-Steiner et al., 2006). Both ants and earwigs play a

crucial role in vineyard pest control (Blaise et al., 2021; Frank et al., 2007; Pennington et al., 2019; Reiff et al.,

2021b) and tend to be susceptible to pesticides, particularly insecticide applications, in vineyards and orchards (Le

Navenant et al., 2021; Malagnoux et al., 2015; Masoni et al., 2017; Nash et al., 2010; Pennington et al., 2018).

Nonetheless, neither ants nor earwigs were affected by reduced fungicide sprayings in our study.

The negative effect of organic farming on earwigs, total carnivore, and total arthropod abundance contrast with the

positive effects of organic management in other crop systems.  Our results contrast with a number of previous

studies in vineyards, where organic management enhanced the abundance of carnivores, such as spiders, earwigs,

lacewings, and harvestmen (Caprio et al., 2015; Froidevaux et al., 2017; Isaia et al., 2006; Muneret et al., 2019a;

Ostandie et al., 2021). However, it is unclear to what extent the benefit of organic farming in these studies resulted

from non-crop vegetation or from the exclusion of synthetic insecticides and herbicides in organic vineyards.

Overall, the effects of organic management appear less prominent in temperate viticultural areas than in warmer

regions. For instance, the abundance of ground-dwelling spiders did not differ between organic and conventional

vineyards in two temperate regions (Switzerland, Bruggisser et al., 2010;  Germany, Kolb et al., 2020). In both

studies  insecticide  use  was  scarce  and  inter-row  vegetation  was  present  in  both  organic  and  conventional

vineyards. It appears that if fungicides with low hazard to arthropods are used, no insecticides are applied and

inter-rows are vegetated, conventional viticulture can be equivalent or even favourable for arthropods.

Among  the  eight  dominant  arthropod  families,  solely  earwigs  profited  from  conventional  management.  The

positive effects of conventional management on total arthropod and carnivore abundances detected in our study

resulted solely from higher earwig abundances in the conventional vineyards. Excluding earwig abundance, we

found no effect of organic versus conventional management on total arthropod and carnivore abundance. Earwigs

(exclusively  the  species  F. auricularia)  accounted  for  20 %  of  all  sampled  arthropods  and  almost  30 %  of

carnivores in our study and thus dominated arthropod assemblages. Although earwigs are considered beneficial

insects, they can become pests in viticulture. When occurring at high densities, earwigs may feed on grape berries

and contaminate grape bunches with faeces which decreases the must quality of the grapes (Huth et al., 2011;

Kehrli et al., 2012).

The abundance and richness of arthropods that we sampled in the vine canopy were similar to other viticultural

regions worldwide (Nobre et al., 2000; Ostandie et al., 2021; Retallack et al., 2019; Sáenz-Romo et al., 2019;

Wilson et al., 2015). Highest proportions of beneficial arthropods such as predators and parasitoids (i.e., 73.5 % in

this study) were also found in Spanish and Australian vineyards, with remarkably high numbers of earwigs (F.

auricularia), ladybirds, and spiders (Retallack et al., 2019; Sáenz-Romo et al., 2019). Spiders were observed to be

the most abundant group of predators elsewhere (Costello and Daane, 2005; Ostandie et al., 2021; Shapira et al.,

2018). However, this composition of arthropod assemblages differs strongly from other cropping systems. With a

comparable  beat-sheet  sampling  method, overall  arthropod abundance  was higher  in  soy-bean and asparagus

fields, with herbivores and pest species dominating these communities (Buchanan et al., 2018; González et al.,

2017). Under similar conditions, total arthropod abundance and family richness were even considerably lower in
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cotton fields, highlighting the dominance of herbivore guilds (Thomazoni et al., 2013). Vineyards, thus, seem to

have a higher potential for natural pest control compared to other crops. This was confirmed by a meta-analysis of

spider’s effects on pest control and yield, where vineyards were the crops with the second-strongest top-down

effects from spiders worldwide (Michalko et al., 2019). Further, most of the sampled herbivore arthropods do not

feed on vines but on non-crop vegetation in vineyards (Gonçalves et al., 2018), and thus offer food supply for

predators without affecting yield and grape quality. 

Meanwhile, fungal diseases require the majority of plant protection treatments in our study region. Approximately

80 % of the viticultural area in the investigated region is treated with mating disruption products against grape

berry moths which allows a largely insecticide free viticulture. The subsidies for these pheromone applications are

linked to the ban on insecticide use (Chen et al., 2022). Given these insecticide free plant protection regimes,

conventional vineyards had lower HQs than organic vineyards in our study. On the one hand, organic winegrowers

sprayed more frequently due to the necessity of application prior to potential disease occurrence and the mode of

action  of  the  allowed  fungicides.  Non-selective  compounds  such  as  copper  and  sulphur  applied  in  organic

viticulture resulted in high levels of toxicity towards non-target organisms (Lewis et al., 2016). Further, according

to Schulz et al. (2021) the toxicity of applied pesticides (mainly insecticides) has increased in the last few years.

Moreover, studies show that the cumulative effect  of multiple spray applications across one or more seasons

highly increases the adverse effects. Given this, every single spray application further contains combinations of

different pesticide products with different active ingredients and adjuvants (Mullin et al., 2015; Nash et al., 2010;

Thomson, 2012). Such mixes may be more harmful to non-target organisms than the single products (Chen and

Stark, 2010). To date, alternatives to chemical control of grape fungal diseases are unavailable in both organic and

conventional  viticulture.  Thus,  the  most  promising  approach  to  fostering  more  sustainable  viticulture  is  the

avoidance  of  fungicide  applications.  This  can  be  achieved  through  the  cultivation  of  fungus-resistant  grape

varieties without losses in quality or quantity of the yield.

5 Conclusion

To sum up, we found clear benefits of fungus-resistant varieties but not of organic farming on hazard quotients of

plant protection in vineyards. Fungus-resistant  varieties allowed increased densities of carnivorous arthropods

along with reduced densities of leafhoppers. The intensive use of fungicides even in organic viticulture appears to

preclude the otherwise often observed benefits of organic farming on arthropod biodiversity. Thus, the reduction

of fungicides in vineyards through the cultivation of fungus-resistant  grape varieties,  under both organic and

conventional management, is strongly recommended to fostering functional biodiversity and natural pest control.

Fungus-resistant  cultivars  offer  a  higher  potential  to  minimise  adverse  effects  of  intensive  agriculture  on

ecosystems, and should therefore be more widely cultivated to enhance the sustainability of agriculture.
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Abstract

Spiders are the most abundant predators in vineyards and play a crucial role in natural pest control. However,

vineyards receive high numbers of particularly fungicide sprayings which can in turn harm spider communities.

Fungus-resistant  grape  varieties  can  drastically  reduce  this  fungicide  input.  We  studied  how  spiders  in  the

vineyard canopy are affected by the intensity of fungicide applications in 32 vineyards with different landscape

composition in Southwestern Germany. Vineyards received between 0 and 14 fungicide sprayings with varying

toxicity  of  products  (cumulated  hazard  quotients  up  to  6).  The  majority  of  spiders  benefited  from  reduced

fungicide  sprayings,  particularly  Dictynidae,  Philodromidae,  Theridiidae  and Thomisidae.  Overall,  space  web

weavers, orb web weavers, and ambush hunters were most strongly affected by the frequency and toxicity of

fungicide applications. Spider responses to landscape composition were highly variable and included both positive

and  negative  effects  of  the  cover  of  woody  habitats.  In  conclusion,  reducing  cumulated  hazard  effects  of

fungicides by reducing the number of fungicide applications is a key element to fostering spiders in vineyards.

Keywords

fungus-resistant varieties, hunting strategy, agroecology, taxonomic resolution, pesticide toxicity
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1 Introduction

Spiders are highly abundant predators in  agroecosystems and constitute a crucial  component for  natural  pest

control  (Cahenzli  et  al.,  2017).  Although  most  spiders  are  generalists,  their  hunting  strategies  differ  greatly

(Cardoso et al., 2011). For instance, ambush hunters have the greatest share of Hymenoptera amongst their prey

while orb web weavers catch particularly Diptera (Michalko and Pekár, 2016). And even within the same family

of web-building spiders, prey preference varies between the different spider species (Birkhofer et al., 2017). This

suggests, that the potential for natural pest control of different pest species and life stages is promoted with high

spider biodiversity.

However,  agroecosystems are characterized  by frequent  disturbances such  as  tillage  and pesticide treatments

(Landis et al., 2000). Particularly pesticides can have detrimental effects on spiders. Some insecticides, acaricides

and fungicides showed lethal effects on single spider species in laboratory experiments  (Mansour and Nentwig,

1988;  Pekár,  2002).  Additionally,  web building  behaviour  such  as  web  size,  frequency of  web renewal  and

accuracy of the web construction can be affected by pesticides  (Samu and Vollrath, 1992). In the field, mostly

insecticides  but  also  some  fungicides  affected  spider  abundances  in  orchards,  vineyards  and  cereal  fields

(Bostanian et al., 1984; Holland et al., 2005; Markó et al., 2010; Marliac et al., 2016; Thomson and Hoffmann,

2006; Wisniewska and Prokopy, 1997). Although the majority of fungicides appears to be harmless to spiders, at

least under field conditions  (Pekár, 2012), there is evidence that frequent applications of fungicides can have

detrimental effects on arthropod communities including spiders (Nash et al., 2010). Vineyards are among the most

pesticide depending crops worldwide. Grapes are highly susceptible to several fungal diseases which can result in

12-15 fungicide sprayings per year (Pertot et al., 2017). A frequent use of fungicides is further related to increased

accumulated  toxicity  and  thus  exposes  greater  hazard  to  non-target  organisms  (Möth  et  al.,  2023).  Fungus-

resistant grape varieties can reduce this fungicide input on average by 80 % (Thiollet-Scholtus et al., 2021) and

consequently foster natural enemies (Pennington et al., 2017, 2018; Reiff et al., 2021a, 2023). 

In  addition  to  local  factors,  spiders  are  known  to  be  greatly  influenced  by  the  composition  of  agricultural

landscapes  (Chaplin-Kramer  et  al.,  2011;  Schmidt  et  al.,  2008).  Usually  natural  habitats  harbour  a  greater

arthropod richness and abundance, and particularly of predators, than intensive agriculture (Attwood et al., 2008;

Mestre et al., 2018). Accordingly, natural pest control is promoted in complex landscapes (Bianchi et al., 2006;

Veres et al., 2013). However, effects of landscape composition on arthropods in vineyards are highly variable, and

may be less strong than in annual crops (González et al., 2017; Judt et al., 2019; Kaczmarek et al., 2023; Möth et

al., 2021; Papura et al., 2020; Thomson et al., 2010; Wilson et al., 2015). However, previous studies on landscape

effects on spiders in vineyards focused on ground-dwelling species  (Kolb et al., 2020). Thus, there is a lack of

research on how spiders in the vineyard canopy respond to the landscape context. 

Here, we studied how spiders in the vineyard canopy are affected by the intensity of fungicide applications and the

composition of the landscape in 32 vineyards in Southwestern Germany. Within this setting negative effects of

frequent fungicide application were already described for two of the four analysed dominant spider families (Reiff

et  al.,  2023).  In  the  current  manuscript,  we use the same samples  as  in  Reiff  et  al.  (2023),  but  expand the

taxonomic coverage to all spiders, examine trait composition and spider diversity at different taxonomic level, and

add analyses of landscape effects. We hypothesize that the frequency of fungicide treatments and the overall

52



toxicity of applications have a dominant negative effect on spiders. Secondly, we expect higher spider diversity in

landscapes with high cover of seminatural habitats.

2 Materials and Methods

2.1 Study sites

We investigated 32 vineyards in the Palatinate region, Germany. Vineyards were on the one hand either managed

conventionally or by organic standards and on the other hand either planted with fungus-resistant or susceptible

grape varieties. These four combinations resulted in a highly variable plant protection regime, including different

frequencies of fungicide treatments and hazard quotients of applied products. No insecticides were applied in the

studied vineyards, with the exception of one application each in two conventionally managed vineyards. Hazard

quotients were calculated by summing up the quotient between application rates and contact acute LD50 values

for honeybees across all applied fungicides and insecticides (Reiff et al., 2023). We did not consider half-lives of

pesticides, as we assumed direct effects in the canopy where spraying and spider sampling took place, and as

persistent  pesticides  such  as  copper  would  influence  disproportionally  the  calculated  hazard  quotient  (e.g.

dislocation to  soils  after  rain events).  Further,  we analysed coverage of  woody semi-natural  habitats  (mainly

hedgerows, woodlands, and forest) in a 500 m radius around the vineyards using QGIS  (QGIS Development

Team, 2016) and satellite images obtained from Landesamt für Vermessung und Geobasisinformation Rheinland-

Pfalz, Koblenz, 2014. 

2.2 Spider sampling

Spiders were sampled from the grapevine canopy where the impact of fungicide applications is expected to be

highest. Sampling took place during the vegetation period from the end of May to mid-October 2018, resulting in

overall six sampling dates. Each time we sampled 30 randomly selected vines per vineyard by placing a beat-sheet

of diameter 72 cm (Dynort, bioform Dr. J. Schmidl e.K., Nürnberg, Germany) underneath the canopy and then

shaking the vines vigorously for approximately 5 seconds. Spiders falling on the sheet were collected and stored

in 70 % ethanol. Adult spiders were identified to species level, whilst juvenile spiders were identified to family

level. Several juveniles were further identified to genus level when habitus was unique.

2.3 Data analyses

To account for the study design and to reduce seasonal effects, we summed spider abundances over all sampling

dates, resulting in one observation per vineyard. All statistical analyses were done in R version 3.6.3  (The R

Development  Core  Team,  2015).  Individuals  were  classified  into  guilds  according  to  their  hunting  strategy

described in (Cardoso et al., 2011).

We checked for distribution of response and predictor variables visually using ‘qqp’ (R package car) (Fox and

Weisberg, 2019) and used either Gaussian or negative binomial distribution, accordingly (see Table 1). We used
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(generalized) linear mixed-effect models containing “site” as a random factor fitted with the functions ‘lmer’ or

‘glmer.nb’ (R package lme4)(Bates et al., 2015). We further ran a separate lmer with “spraying frequency” as

explanatory and “hazard quotient” as response variable to test for correlation (see Fig. 1). To calculate the R2-

value for this correlation we used thefunction’rsquare’ (R package modelr)(Wickham, 2023) (see Fig. 1). Due to

strong dependency of the two explanatory variables “spraying frequency” and “hazard quotient” we calculated

two models for all variables. Both models contained “% woody semi-natural habitat” as explanatory variable,

model 1 further contained “spraying frequency” while model 2 further contained “hazard quotient” (see Table 1).

Effects on the composition of families, genera, species, and guilds were analyzed using the R package vegan

(Oksanen et  al.,  2018).  Partial  distance-based redundancy analysis  (dbRDA) using Bray-Curtis  distance as a

dissimilarity measure was used with the function ‚capscale'  (Oksanen et al., 2018). To account for the pairwise

study design, a permutation design based on “site” and 9999 permutations was used and “site” was added as a

condition term in the dbRDA. To reduce the influence of dominant families, genera, and guilds, community data

were log10 (x + 1) transformed. Again, we conducted two analyses for all variables. Both dbRDAs were fitted

with “% woody semi-natural habitat” whereas either “spraying frequency” or “hazard quotient” was further added.

Cook's  Distance  was  used  to  check  for  outliers.  Assumptions  were  checked  for  all  models  using  graphical

validation procedures (Zuur et al., 2009).

3 Results

The number of fungicide sprayings and their toxicity were strongly correlated and 57% lower in fungus-resistant

than in susceptible varieties (Fig. 1). Fungicide savings in fungus-resistant varieties were stronger under organic

management, but overall hazard quotients of sprayings were lower under conventional management.

We identified a total of 6867 spiders of which 5 % were adult.  Among the 349 adult induviduals,  Synageles

venator was the most abundant species (17 %), followed by  Heliophanus auratus (14 %),  Tenuiphantes tenuis

(13 %), and Philodromus cespitum (12 %). The dominant spider guilds were other hunters (38.91 %), space web

weavers (32.52 %), and orb web weavers (13.89 %). With 27 % Theridiidae and Philodromidae were the most

abundant  families,  followed  by  Araneidae  (13 %)  and  Salticidae  (11 %;  Tab.  1).  The  genus  Philodromus

dominated with almost 24 % amongst different genera. Spider communities included 21 families, 63 genera, 34

species, and 8 different guilds of hunting strategies (Tab. 1). Family, genus, and guild composition were clearly

affected by fungicide spraying frequency and hazard quotient, but did not respond to altered proportions of woody

semi-natural habitats (Fig. 2, Tab. 2). Although species composition was similar, species richness decreased by

31 % with an increase of sprayings from 0 to 14 and by 43 % with an increased hazard quotient from 0 to 6 (Tab.

2, 3). Neither family richness nor genus richness were significantly affected by pesticide sprayings. An increased

proportion of woody semi-natural habitats from 0 % to 45 % increased genus richness by 28 % (Tab. 3). Neither

family richness nor species richness responded to landscape composition.
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Figure  1 Correlation  of  hazard  quotients  of  applied  pesticides
with  the  actual  number  of  applications  in  32  vineyards:
P = <0.001 (X2 = 137.54; df = 1);  R2  = 0.924.  Displayed are
organic (green) and conventional (blue) management as well as
fungus-resistant  (diamonds)  and  susceptible  (circle)  grape
varieties.

The reduction of spraying frequencies from 14 to 0 increased the total abundance of spiders by 41 %. The same

range of spraying reduction promoted the abundance of the families Philodromidae (52 %), Theridiidae (49 %),

and Thomisidae (59 %), the abundance of the genus Misumena (69 %), and the abundance of the guilds space web

weavers (56 %) and ambush hunters (59 %; Tab. 3). In 29 of 33 investigated groups spider abundances decreased

with increasing fungicide sprayings, however, in some cases without statistical significance (Tab. 3). Total spider

abundances were increased by 49 % in reduced hazard quotients (0 compared to 6; Tab. 3, Fig. 3A). Reduced

hazard  quotients  further  increased  the  abundance  of  the  families  Dictynidae  (84 %),  Philodromidae  (54 %),

Theridiidae (53 %), and Thomisidae (58 %), the abundance of the genus  Araniella  (69 %) and  Dictyna (77 %),

and the abundance of the guilds other hunters (44 %), orb web weavers (41 %), space web weavers (61 %) and

ambush hunters (54 %, Tab. 3, Fig. 3A, B). In 31 of 33 investigated groups spider abundances decreased with

increasing hazard quotients albeit some groups showed no significant effects (Tab. 3). In landscapes with higher

proportions of woody semi-natural habitats (45 % compared to 0 %) abundances of the genera Philodromus and

Misumena were increased (67 %, 90 %) but abundances of Dictynidae were decreased by 98 %, as well as those

of the genera Dictyna (99 %), Marpissa (98 %), and Salticus (72 %, Tab. 3, Fig. 3C). Spider abundances increased

with higher proportions of woody semi-natural habitats in 14 of 33 investigated groups (Tab. 3).
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Table 1 Abundances of spider species and their relative proportions ordered by family.

taxon number of individuals proportion [%] guild

Agelenidae 1 0.01 sheet web weaver

Amaurobiidae 1 0.01 sheet web weaver

Amaurobius sp. Koch 1 0.01

Anyphaenidae 30 0.44 other hunter

Anyphaena sp. Sundevall 30 0.44

Araneidae 870 12.67 orb web weaver

Aculepeira sp. Chamberlin & Ivie 20 0.29

Araneus sp. Clerck 87 1.27

Araniella sp. Chamberlin & Ivie 239 3.48

Araniella opistographa Kulczysńki 2 0.03

Cyclosa sp. Menge 4 0.06

Gibbaranea sp. Archer 2 0.03

Lariniodes sp. Caporiacco 4 0.06

Mangora sp. O.P.-Cambridge 466 6.79

Mangora acalypha Walckenaer 3 0.04

Metellina sp. Chamberlin & Ivie 1 0.01

Nuctenea sp. Simon 28 0.41

Nuctenea umbratica Clerck 2 0.03

Zygiella sp. Pickard-Cambridge 3 0.04

Zygiella x-notata Clerck 1 0.01

Cheiracanthiidae 13 0.19 other hunter

Cheiracanthium sp. C.L. Koch 13 0.19

Clubionidae 23 0.33 other hunter

Clubiona sp. Latreille 18 0.26

Dictynidae 380 5.53

Dictyna sp. Sundevall 334 4.86 space web weaver

Dictyna uncinata Thorell 12 0.17 space web weaver

Lathys sp. Simon 14 0.20 ground hunter

Nigma sp. Lehtinen 4 0.06 space web weaver

Nigma puella Simon 1 0.01 space web weaver

Gnaphosidae 12 0.17 ground hunter

Drassodes sp. Westring 2 0.03

Scotophaeus sp. Simon 2 0.03

Linyphiidae 397 5.78

Agyneta fuscipalpa C.L. Koch 3 0.04 sheet web weaver

Agyneta rurestris Koch 24 0.35 sheet web weaver

Araeoncus humilis Blackwall 1 0.01 other hunter

Erigone atra Blackwall 2 0.03 other hunter

Erigone dentipalpis Wider 1 0.01 other hunter

Frontinellina sp. Cambridge 1 0.01 sheet web weaver

Linyphia sp. Latreille 1 0.01 sheet web weaver

Mermessus trilobatus Emerton 1 0.01 sheet web weaver

Microlyniphia sp. Gerhardt 2 0.03 sheet web weaver

Neriene sp. Blackwall 7 0.10 sheet web weaver

Porrhomma microphthalmum O.P.-Cambridge 1 0.01 sheet web weaver

Tenuiphantes sp. Saaristo & Tanasevitch 240 3.49 sheet web weaver

Tenuiphantes tenuis Blackwall 47 0.68 sheet web weaver

Lycosidae 11 0.16 ground hunter

Mimetidae 6 0.09 specialist

Ero aphana Walckenaer 1 0.01

Philodromidae 1821 26.52 other hunter

Philodromus sp. Walckenaer 1623 23.63

Philodromus cespitum Walckenaer 41 0.60

Tibellus sp. Simon 13 0.19

Tibellus oblongus Walckenaer 1 0.01

Pholcidae 1 0.01 space web weaver

Pholcus opilionoides Schrank 1 0.01
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Pisauridae 3 0.04 sheet web weaver

Pisaura sp. Simon 3 0.04

Salticidae 773 11.26 other hunter

Ballus sp. C.L. Koch 3 0.04

Euophrys sp. Koch 4 0.06

Evarcha sp. Simon 3 0.04

Evarcha arcuata Clerck 1 0.01

Heliophanus sp. Koch 190 2.77

Heliophanus auratus Koch 49 0.71

Leptorchestes beroliensis C.L. Koch 1 0.01

Marpissa sp. C.L. Koch 162 2.36

Marpissa muscosa Clerck 29 0.42

Salticus sp. Latreille 158 2.30

Salticus scenicus Clerck 24 0.35

Synageles sp. Simon 77 1.12

Synageles venator Lucas 58 0.84

Segestriidae 2 0.03 sensing web weaver

Segestria sp. Latreille 2 0.03

Sparassidae 3 0.04 other hunter

Micrommata sp. Latreille 1 0.01

Tetragnathidae 83 1.21 orb web weaver

Meta sp. C.L. Koch 2 0.03

Tetragnatha sp. Latreille 81 1.18

Theridiidae 1881 27.39 space web weaver

Anelosimus sp. Simon 3 0.04

Dipoena sp. Thorell 18 0.26

Enoplognatha sp. Pavesi 2 0.03

Enoplognatha latimana Hippa & Oksala 8 0.12

Neottiura sp. Menge 322 4.69

Neottiura bimaculata Linneaus 5 0.07

Paidiscura sp. Archer 8 0.12

Paidiscura pallens Blackwall 5 0.07

Phylloneta sp. Archer 367 5.34

Phylloneta impressa Koch 9 0.13

Platnickina sp. Koçak & Kemal 5 0.07

Platnickina tincta Walckenaer 1 0.01

Rugathodes sp. Archer 1 0.01

Simitidion sp. Wunderlich 1 0.01

Theridion sp. Walckenaer 599 8.72

Theridion boesenbergii Strand 2 0.03

Theridion mystaceum L. Koch 1 0.01

Theridion varians Hahn 1 0.01

Thomisidae 501 7.30 ambush hunter

Diaea sp. Thorell 2 0.03

Misumena sp. Latreille 45 0.66

Misumena vatia Clerck 9 0.13

Ozyptila praticola C.L.Koch 1 0.01

Runcinia sp. Simon 2 0.03

Synema sp. Simon 7 0.10

Tmarus sp. Simon 2 0.03

Xysticus sp. C.L.Koch 427 6.22

Uloboridae 1 0.01 orb web weaver

unidentified spiderlings 54 0.79

total 6867 100 
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Figure 2 Relationship of spiders with hazard quotients of
applied  pesticides  and  landscape  complexity  in  500  m
radius analysed using dbRDA with Bray-Curtis distance
as  dissimilarity  measure.  Spiders  are  grouped  by  A)
different hunting strategies, and communities at B) family
level  and  C)  genus  level.  Blue  symbols  represent
conventional and green symbols organic vineyards, while
circles represent susceptible and squares resistant varieties
respectively.  If  there  were  overlapping  labels,  more
common species were displayed as text and less common
species as small grey surrounded dots. 

Table 2 Model output of redundancy analyses for two models and 33 tested response variables. Significant P-values are highlighted
in bold.

model 1 model 2

spraying frequency % woody SNH hazard quotient % woody SNH

F P F P F P F P

family composition 3.145 0.008 0.997 0.860 3.457 0.014 1.025 0.806

genus composition 1.969 0.009 1.472 0.540 1.905 0.013 1.340 0.653

species composition 1.097 0.526 0.659 0.660 0.783 0.542 0.919 0.730

guild composition 3.210 0.007 0.692 0.904 3.675 0.009 0.599 0.919
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Figure  3 Effects  of  increasing  hazard  quotients  of
applied pesticides on the abundances of A) all spiders
and  three  different  hunting  strategies  and  B)  four
families, and C) effects of landscape composition in 500
m radius on five genera. Displayed are model-predicted
abundances  and  corresponding  95 %-confidence-
intervals.
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Table 3 Family distribution and model output for two models and 33 tested response variables. Model predicted effect sizes for the
number of sprayings (from 0 to 14), hazard quotients (from 0 to 6), and proportion of semi-natural habitats (from 0 to 45  %) are
given as percentage increase or decrease. Significant P-values (α = 0.05) are highlighted in bold.

model 1 model 2

spraying frequency % woody SNH hazard quotient % woody SNH

family distribution X2 P % X2 P % X2 P % X2 P %

spider abundance Gaussian 12.176 <0.001 –41.42 0.021 0.885 +4.75 13.263 <0.001 –48.65 0.020 0.888 +4.67

family richness Gaussian 0.452 0.501 –4.84 1.760 0.185 +16.53 0.295 0.530 –4.78 1.846 0.174 +16.99

genus richness Gaussian 0.438 0.508 –5.31 6.279 0.012 +28.59 2.082 0.149 –11.23 6.318 0.012 +28.32

species richness Gaussian 3.999 0.046 –31.30 0.075 0.785 +7.29 7.761 0.005 –42.73 0.084 0.772 +7.38

ambush hunters Gaussian 7.419 0.006 –62.72 0.005 0.946 –3.56 5.112 0.024 –62.61 0.009 0.924 +5.53

orb web weavers Gaussian 2.553 0.110 –29.11 0.445 0.505 –27.11 4.758 0.029 –40.89 0.428 0.513 –26.66

other hunters Gaussian 2.949 0.086 -35.54 1.593 0.207 +53.65 3.833 0.050 -42.93 1.708 0.191 +55.93

sheet web weavers negative binomial 0.001 0.994 +1.19 0.073 0.788 +23.05 0.266 0.606 –20.74 0.015 0.902 +8.21

space web weavers negative binomial 70.063 <0.001 –55.80 0.161 0.688 –12.78 31.910 <0.001 –61.35 0.715 0.398 –29.79

Araneidae Gaussian 1.839 0.175 –25.83 0.689 0.407 –31.97 3.671 0.055 –37.21 0.651 0.420 –31.36

Araneus sp. negative binomial 0.023 0.880 –8.97 0.101 0.750 +28.78 0.009 0.923 +6.70 0.114 0.736 +30.88

Araniella sp. negative binomial 1.777 0.183 –41.73 0.001 0.976 –1.53 5.324 0.021 –59.98 0.008 0.928 –4.28

Mangora sp. Gaussian 0.660 0.417 –24.44 3.656 0.056 –69.48 0.562 0.453 –26.56 3.473 0.062 –68.72

Dictynidae negative binomial 3.777 0.052 –74.30 12.771 <0.001 –97.72 7.818 0.005 –84.41 12.103 <0.001 –97.56

Dictyna sp. negative binomial 2.169 0.141 –62.26 13.523 <0.001 –99.63 4.668 0.031 –77.14 13.149 <0.001 –99.67

Linyphiidae negative binomial 0.075 0.784 –10.00 0.018 0.894 +11.38 0.429 0.513 –24.86 0.001 0.982 +1.92

Tenuiphantes sp. negative binomial 0.076 0.783 +30.28 0.096 0.757 –26.38 0.757 0.384 –50.23 0.493 0.483 –42.92

Philodromidae negative binomial 4.361 0.037 –51.17 2.715  0.099 +118.11 4.461 0.035 –52.57 2.979 0.084 +122.49

Philodromus sp. negative binomial 2.867 0.090 –44.20 5.892 0.015 +203.53 2.302 0.129 –41.26 5.779 0.016 +201.05

Salticidae Gaussian 0.435 0.510 +21.77 1.517 0.218 –60.41 0.020 0.889 –4.53 1.942 0.163 –66.47

Heliophanus sp. negative binomial 0.477 0.490 –36.02 0.591 0.442 –41.88 2.302 0.129 –62.45 0.566 0.452 –40.33

Marpissa sp. negative binomial 0.008 0.929 –7.91 5.855 0.016 –97.99 0.141 0.707 +37.44 5.782 0.016 –97.72

Salticus sp. negative binomial 0.299 0.584 +25.56 4.407 0.036 –71.00 0.022 0.881 –6.25 4.739 0.029 –72.35

Synageles sp. negative binomial 0.042 0.838 –11.87 0.001 0.982 +1.88 0.567 0.452 –38.07 0.007 0.934 –7.43

Tetragnathidae negative binomial 3.237 0.072 –58.16 0.011 0.918 –9.64 3.561 0.059 –65.43 0.022 0.881 –13.40

Tetragnatha sp. negative binomial 1.395 0.238 –54.24 0.001 0.978 +2.59 2.180 0.140 –66.78 0.042 0.837 –18.05

Theridiidae Gaussian 12.033 <0.001 –49.26 0.379 0.538 +73.48 8.731 0.003 –52.86 0.353 0.552 +73.20

Phylloneta sp. negative binomial 1.222 0.269 –33.43 0.065 0.799 –10.62 2.481 0.115 –45.98 0.139 0.709 –15.58

Neottiura sp. negative binomial 0.331 0.565 –22.96 0.416 0.519 –33.60 1.842 0.175 –45.42 0.443 0.506 –33.20

Theridion sp. negative binomial 3.676 0.055 –67.56 0.004 0.950 –5.38 2.373 0.123 –61.46 0.026 0.873 –13.44

Thomisidae Gaussian 7.419 0.006 –62.72 0.005 0.946 –3.56 5.112 0.024 –62.61 0.009 0.924 +5.53

Misumena sp. negative binomial 4.153 0.042 –69.27 10.287 0.001 +811.11 3.814 0.051 –70.68 11.060 <0.001 +883.72

Xysticus sp. negative binomial 3.141 0.076 –47.37 0.059 0.808 –11.51 0.921 0.337 –30.37 0.033 0.856 –9.05

60



4 Discussion

Overall spider abundance was affected by both the frequency and the hazard of applied fungicides. Given that the

most  dominant  families  Philodromidae  and  Theridiidae  as  well  as  the  abundant  Thomisidae  responded

significantly to fungicide applications, it becomes obvious that they shaped overall patterns. However, the equally

abundant families  Salticidae  and Araneidae were not  significantly  affected by fungicide applications.  (Pekár,

2012) proposes that some pesticides have guild-specific effects. Hunting spiders appear to be more impacted by

pesticide treatments than web building spiders (Bostanian et al., 1984; Pekár and Haddad, 2005). However, it is

discussed wether webs protect spiders  from contact  with pesticides or  even accumulate them to lethal  levels

(Pekár, 1999; Samu et al.,  1992).  We observed that  families in both groups,  hunters  and web builders,  were

affected by fungicide applications to variable extent. 

Although  the  effects  were  significant  only  for  some  groups,  almost  all  spiders  responded  negatively  to  the

frequency  of  fungicide  applications  and  their  hazard  quotient.  For  instance,  abundances  of  Heliophanus,

Philodromus, Tetragnatha,  and  Theridion decreased strongly albeit  not  significantly.  For some taxa a  certain

vulnerability  towards  fungicides  is  already  documented.  For  instance,  Theridiidae  benefited  from  reduced

fungicide applications in previous studies  (Pennington et al., 2019; Wisniewska and Prokopy, 1997). Likewise,

Phylloneta was reported being susceptible towards one fungicide (Pekár, 2002). Further, Araniella was decreased

by sulphur applications in a previous study (Clymans et al., 2015). Contrastingly, Philodromus was described to

be relatively unsusceptible towards fungicides by (Mansour and Nentwig, 1988). Further, Philodromidae were not

affected by reduced fungicide applications in previous studies (Pennington et al., 2019; Wisniewska and Prokopy,

1997). Here, we found strong effects of fungicide applications on both, Philodromidae and Philodromus.  In brief,

we can conclude that the majority of spiders were harmed by fungicides. However, Salticidae and particularly

Salticus and Marpissa appear relatively unaffected. Nevertheless, the decreased abundances of Heliophanus and

Synageles with regard to fungicide applications, albeit not significant, suggest that the responses were specific to

the taxonomic resolution of the data. This inconsistent pattern suggests that the revealed effects on spiders can be

more likely explained by phylogenetic sensitivity to fungicides (Duque, under review) rather than by exposition to

them (e.g., foraging behaviour). Some spider responses to fungicides were revealed in the same intensity for both

frequency and hazard quotients of applications. Nevertheless, in some cases the shifts in abundance were better

explained  by  either  hazard  quotients  (e.g,  orb  web  weavers,  Dictynidae,  Araniella,  Dictyna)  or  frequency

(Misumena). We thus assume that several proxies are necessary to adequately display the impacts of fungicides.

Nevertheless, as the strong correlation of hazard quotients with the spraying frequency highlights, one of the

spraying variables can be used if complete information on spraying schemes is lacking. The calculated gradients

for the frequency of sprayings and the hazard quotients of applications clearly illustrate the differences between

organic and conventional spraying regimes in fungus-resistant and susceptible grape varieties. Organic farming is

often said to use less pesticides with lower toxicity which in turn promotes arthropod biodiversity and natural pest

control  (Bengtsson et al., 2005; Muneret et al., 2018a). However, pesticide use of viticulture is similar or even

higher under organic management (Beaumelle et al., 2023b; Kaczmarek et al., 2023; Reiff et al., 2021b). Thus,

benefits of organic management in the studied viticultural region prevail solely in fungus-resistant varieties. 
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Landscape complexity had contrasting effects which were revealed particularly at genus level. However, neither

overall abundance nor spider guilds were affected by increased proportions of semi-natural habitats. Similarly,

spiders were not affected by the surrounding landscapes or even promoted by increased proportions of agricultural

surfaces in other viticultural  regions  (Caprio et al.,  2015; Judt et al.,  2019; Kolb et al.,  2020).  Nevertheless,

ambush  hunters  such  as  Misumena and  also  Philodromus strongly  benefited  from higher  proportions  or  the

proximity of woody habitat (Isaia et al., 2006; Picchi et al., 2020). Shrubs and trees are the preferred habitat of

Philodromus (Nentwig et al., 2023) which makes vineyards suitable habitats. Contrastingly, negative correlations

of abundances of Dictyna and Salticus with woody habitats in the landscape were already described by (Herrmann

et al., 2010). As open-habitat species (Nentwig et al., 2023), Salticus prefers less complex structures even within

vineyards  (Pennington  et  al.,  2019).  Spider  guilds  in  the  canopy  of  our  studied  vineyards  were  shaped  by

communities similar to those that have been found on trees, comprising orb web weavers (mainly Araneidae),

space  web  weavers  (mainly  Theridiidae)  and  hunters  such  as  Philodromidae,  Thomisidae,  and  Salticidae

(Herrmann et al., 2010; Pekár, 2012). Although these taxa are observed ballooning, their aeronautic dispersal is

less frequent than that of many species occurring in annual crops (Blandenier, 2009; Bonte et al., 2003; Entling et

al., 2011). This suggests that vineyard recolonisation by these spiders from surrounding semi-natural habitats is

presumably less important than in annual crops. Since landscape composition had contrasting effects on genus

level, we conclude that local management effects such as pesticide input are of clearly higher importance for

spider abundance and diversity than the effects of the surrounding landscape.

Spiders are the most abundant predators in vine canopies  (Costello and Daane, 1999; Reiff et al., 2023) which

makes them key species for natural pest control. For instance, spiders are observed attacking larvae and pupae of

lepidopteran  grapevine  pests (Frank  et  al.,  2007;  Marchesini  and  Dalla  Montà,  1994;  Reiff  et  al.,  2021b).

Furthermore, web building spiders play an important role in capturing flying adult vineyard pests (Michalko et al.,

2019).  Preserving a diverse spider community comprising different hunting strategies may thus be crucial  to

suppress vineyard pests in different life stages.

Effects of fungicide applications on spiders in vineyard canopies prevail over effects of landscape complexity.

Here, we demonstrate that these effects are depending on the considered taxonomic level. Dominant effects of

fungicide  applications  were  already  visible  on  total  spider  abundance  and  appeared  in  all  taxonomic  levels

(family, genus, species) as well as amongst different hunting strategies but not in all groups to the same extent.

However,  effects  of  landscape  complexity  appeared  only  on some genera.  Particularly  in  samples  with  high

numbers  of  juveniles  it  might  be  worth  to  identify  morphologically  to  genus  level.  In  conclusion,  reducing

cumulated hazard effects of fungicides by reducing the number of fungicide applications is a key element to

fostering spiders in vineyards. Up to date a relevant reduction can only be achieved by the cultivation of fungus-

resistant grapevine cultivars in both organic and conventional viticulture.
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Surveying predatory arthropods in vineyards

Abstract

Grape berry moths (particularly Lobesia botrana, Denis & Schiffermüller [Lepidoptera: Tortricidae]) and vinegar

flies (Drosophila melanogaster, Meigen, Drosophila suzukii, Matsumura [Diptera: Drosophilidae]) are important

vineyard pests, causing severe quality loss of grapes. Several arthropod taxa may be involved in natural pest

control. However, the comparative efficacy of arthropod predators in vineyards remains unclear. We investigated

32 vineyards in the Palatinate region, Germany, under organic and conventional management receiving full and

reduced  fungicide  applications,  respectively.  Predation  of  exposed  L. botrana  eggs  and  pupae  and

D. melanogaster pupae was observed with infra-red cameras. In total, nine different predators could be identified.

The most dominant predator was the European earwig (Forficula auricularia) with 90 % of all predation events.

We conclude that F auricularia is likely a key predator of vineyard pests, and that special attention should be paid

to maintain it at high population densities. 

Keywords

natural pest control, Lobesia botrana, Drosophila sp., camera observation, Forficula auricularia 

64



1 Introduction

Vineyards must produce both yield and high most quality.  To ensure this,  high quantities of  plant  protection

products  are  frequently  applied.  This  may affect  non-target  organisms and  can  therefore  impact  natural  pest

control (Bianchi et al., 2006; Geiger et al., 2010; Gurr et al., 2003). However, if natural enemies of pests are

protected, this can also lead to increased resilience and reduce reliance of insecticide applications (Cahenzli et al.,

2017).

The European grapevine moth Lobesia botrana, Denis & Schiffermüller (Lepidoptera: Tortricidae), is one of the

major grapevine pests in Europe and beyond. Larvae feed on inflorescences and grape berries. However, the main

damage arises in quality loss due to subsequent infections with bunch rot (Botrytis cinerea) and sour rot. The latter

disease complex induces the development of volatile acidity causing sensorial interference in wine (Lemperle,

2007). 

Vinegar  flies  such  as  Drosophila  melanogaster,  Meigen,  and  Drosophila  suzukii,  Matsumura  (Diptera:

Drosophilidae), can severely impact most quality by infecting grapes with sour rot (Entling and Hoffmann, 2020).

Unlike D. melanogster, which is able to oviposit only in overripe or damaged berries,  D. suzukii can actively

oviposit in healthy berries (Atallah et al., 2014). Both vinegar flies act as vector for yeasts and bacteria associated

with sour rot but also trigger the development of the disease directly by larval development inside the grape

berries (Barata et al., 2012; Hall et al., 2018). 

Several species of mites, spiders, and bush crickets as well as harvestmen, earwigs, ants, and lacewings are known

to predate on L. botrana (Marchesini and Dalla Montà, 1994; Papura et al., 2020; Pennington et al., 2018; Reiff et

al., 2021b).  Drosophila sp. and particularly D. suzukii  are predated by earwigs, ants, bugs, harvestmen, spiders,

rove beetles and centipedes (Wolf et al., 2018; Woltz and Lee, 2017). However, the efficacy of this wide range of

arthropod predators in vineyards remains poorly investigated (Thiéry et al., 2018). The aim of this study was to

identify predators of L. botrana and Drosophila sp. and their natural pest control capacity in the Palatinate region.

2 Materials and Methods

2.1 Study sites

We investigated 32 vineyards in a 10 km radius around Landau in the Palatinate region, Germany (compare Reiff

et al., 2023, for detailed information). Of these vineyards, 18 were managed by organic standards, including an

organic spraying regime. The other 14 vineyards were treated with conventional plant protection products (mostly

synthetic fungicides). In both management type, half of the vineyards were planted with susceptible cultivars (e.g.

Riesling, Pinot blanc), and the other half with fungus-resistant varieties (e.g. Cabernet blanc, Regent). 
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Figure  1 Identified predators of  Lobesia botrana and  Drosophila melanogaster: A) Chrysopidae larvae, B)  Forficula auricularia,
C) Vespula  sp.,  D)  Blattoptera  nymph,  E)  Meconema meridionale  male,  F)  Formicidae,  G)  Opiliones,  H)  Cheiracanthium sp.,
I) Philodromus sp. on camera surveilled sentinel cards.

2.2 Camera surveillance of sentinel cards

Sentinel  cards  combined  L.  botrana eggs  and  pupae  of  both  L.  botrana and  D.  melanogaster.  We  chose

D. melanogaster rather than  D. suzukii because of its easier cultivation. For rearing of  L. botrana we followed

Markheiser  et  al.  (2018)  and  for  rearing  of  D.  melanogaster Entling  and  Hoffmann  (2020).  Egg-laden

polyethylene strips were harvested after 24 hours from L. botrana rearing containers. Pupae of both insect species

were  harvested  twice  per  week  and  stored  at  4 °C  until  field  exposure.  Five  pupae  of  L.  botrana and

D. melanogaster were  attached  to  the  adhesive  surface  of  approximately  20  by  40  mm  cutting  duct  tape,

respectively (HEB19L10GC, TOOLCRAFT, Conrad Electronic SE, Hirschau, Germany). The remaining adhesive
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surface  was  covered  with  sand  to  prevent  predators  from sticking.  Sentinel  cards  were  stored  at  4 °C until

exposure. Sentinel cards were randomly attached to selected one-year-old branches of grape plants and exposed

for 24 hours. The number of eggs and pupae was counted before and after exposure. Predation was monitored

with two cameras in  each vineyard.  Monitoring was repeated four times between May and August  of  2018,

resulting in 256 days of camera observations. We used the camera system described in Pennington et al. (2018)

consisting of a raspberry pi computer (Raspberry Pi Foundation, UK) and a camera module with two infrared

light-emitting diodes (IR-LEDs; Electreeks, Dresden, Germany). The cameras were programmed to take a picture

every 10 second for 24 hours. 

2.3 Data analysis

Due to low numbers of predation events, statistical analysis was only possible for predation by earwigs. Data were

summed over all sampling dates, resulting in one observation per vineyard. All statistical analyses were executed

in R version 3.6.3 (The R Development Core Team, 2015). Taking zero counts into account, we used generalized

linear mixed-effect models fitted with the function ‘glmmTMB’ (R package glmmTMB; Brooks et al.,  2017).

Models contained “site” as a random factor and “grape variety” plus “management” as the explanatory variables,

including their interaction. Model distribution was checked graphically using the function ‘simulateResiduals’ (R

package DHARMa; Hartig and Lohse, 2022) and family distribution was chosen accordingly (Table S1).

Table 1 Number of  predated  eggs and  pupae and  respective  identified predators.  Sum of  initially  exposed  eggs and  pupae  is
displayed in the bottom row.

Lobesia botrana eggs Lobesia botrana pupae Drosophila melanogaster pupae

organic conventional organic conventional organic conventional

resistant susceptible resistant susceptible resistant susceptible resistant susceptible resistant susceptible resistant susceptible

Forficula 

auricularia
242 346 717 439 54 61 41 16 75 94 84 60

Formicidae 33 - - 33 1 - - 1 12 - 6 3

Chrysopidae 
larvae

- - 4 - - - 1 - - - - -

Vespula sp. - - - - - - 1 - - 2 - -

Meconema 

meridionale
- - - - 3 - - - - - - -

Blattoptera - - - - - - - - 2 - - -

Opiliones - - - - 5 5 1 1 5 2 2 1

Cheiracantium 

sp.
- 40 - - - - 2 - - - - -

Philodromus sp. - 13 - - - - - - - - - 2

exposed 3051 3144 2705 2640 360 359 279 280 360 360 280 280

3 Results

We observed nine different taxa preying on the sentinel cards (Table 1, Figure 1). The European earwig Forficula

auricularia, Linnaeus (Dermaptera: Forficulidae), accounted for 93 % of  L. botrana egg predation, for 90 % of
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L. botrana pupae  predation,  and  for  89 %  of  D.  melanogaster predation.  Predation  rates  did  not  differ

significantly between organic vs. conventional management and resistant vs. susceptible grape varieties. However,

we  found  a  trend  that  L.  botrana eggs  were  predated  more  frequently  resistant  grapes  under  conventional

compared to organic management. In addition  L. botrana pupae were predated more frequently in susceptible

grapes under organic than under conventional management (Table S1). Overall predation rates of L. botrana eggs

were highest in May (28.8 %) whilst those of L. botrana and D. melanogaster pupae were highest in June (22.8 %

and 42.8 %, respectively; Supplementary Table S2). Highest predator diversity on sentinel cards was found in

May and July with 6 different predatory taxa observed (Supplementary Table S2).

Figure  2 Observed  predation  rates  of  Forficula  auricularia on
A) Lobesia  botrana eggs,  B)  Lobesia  botrana pupae  and
C) Drosophila melanogaster pupae in 32 vineyards under organic vs.
conventional  management  planted  with  resistant  vs.  susceptible
varieties. Displayed are model predicted means and the corresponding
95 % confidence interval.predators 
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4 Discussion

Earwigs were by far the most dominant predators in all studied vineyards the sole taxon that was observed in all

vineyards and at all sampling dates. Likewise, Frank et al. (2007) detected highest predation activities of earwigs

in New Zealand vineyards. Despite being sometimes considered pest in viticulture (Huth et al., 2011; Kehrli et al.,

2012) earwigs can greatly contribute to pest control (Englert and Herz, 2019; Pennington et al., 2018; Reiff et al.,

2021b). However, earwig abundances strongly vary between viticultural regions and pest control potential by

earwigs  may  vary  accordingly.  For  instance,  harvestmen  abundances  were  considerably  higher  than  earwig

abundances in southern France (Muneret et al., 2019a). Increased proportions of high biomass generalist predators

(like  harvestmen and earwigs)  may on the other  hand promote intra-guild predation (Ostandie et  al.,  2021).

Further, shifts in predator communities towards single dominant generalist predators can weaken resilience for

biological control (Tscharntke et al., 2008).

Eight other taxa were identified to be involved in predation incidents. To our knowledge, we recorded for the first

time predation on L. botrana and Drosophila sp. by Blattoptera and Vespula sp. in vineyards. We assume that the

range of natural enemies of important vineyard pests may be even broader than currently assumed. For example,

bush crickets are important predators of  L. botrana in Austrian vineyards (Reiff et al., 2021b). By contrast, our

observations in the Palatinate region revealed just one predation event of the bush cricket Meconema meridionale.

However, bush crickets may become more prominent predators in Palatinate vineyards with climate change (Buse

and Griebeler, 2011). 

Overall, 17 % of L. botrana eggs, 15 % of L. botrana pupae and 27 % of D. melanogaster pupae were predated in

only 24 h.  Under real  conditions,  both pest  species are  exposed to  potential  predators  for  longer periods.  L.

botrana develops in approximately five weeks from egg to pupation with an additional pupation time of more than

a week  (Thiéry and Moreau, 2005). Development time of  D. suzukii varies between 10-30 days depending on

temperature (Winkler et al., 2020). Accordingly, increased predation rates were expected with longer exposure

time. For instance, predation rates of L. botrana eggs were 2-5 fold higher than in our study when sentinel cards

were exposed for 72 h in the same study region (Reiff et al., 2023; Pennington et al., 2018). Further, adult stages

of L. botrana and Drosophila sp. which were not observed in this study are more easily regulated by e.g. spiders

than by earwigs (Englert and Herz, 2019; Michalko et al., 2019). In conclusion, the overall potential for natural

pest control in vineyards is expected to be even higher than observed by our sentinel card snapshots. Earwigs were

the dominant predators during our study, but the prevalence of different enemies can vary between study regions.
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Summed up in a nutshell, reduced fungicide applications promoted arthropods in vineyards. Benefits of fungicide

reduction prevailed over other variables such as minimal pruning (Chapter II), organic management (Chapters III

and IV), and landscape complexity (Chapter V). Further, the effects were consistent over five years of study in the

experimental vineyard (Chapter II) and were confirmed in commercially managed vineyards of the same study

region (Chapters III-V). At a glance, the effects of reduced fungicide applications are presented in Figure 1 for the

experimental vineyard (Chapter II) and in Figure 2 for the commercially managed vineyards (Chapters III-VI). 

In  the experimental  vineyard  (Chapter  II)  the  majority  of  arthropods  was significantly promoted  by reduced

fungicide sprayings (Fig. 1). Most affected by fungicide applications was the beneficial mite family Tydeidae with

313 % increase  under  reduced  fungicide  sprayings.  Foliar  arthropods  such  as  mites  are  directly  exposed  to

fungicide sprays, so strong effects on the leaf mesofauna were to be expected. However, ants, which also live both

in and on the soil, also strongly benefited from reduced fungicide sprayings (198 % increase). Only four taxa were

not significantly affected, three of them potential vineyard pests. Accordingly, the increased predation rate and the

higher predator abundance under reduced sprayings make vineyards with lower treatment intensity more resilient

in the long term. Thus, under largely standardised experimental conditions, viticulture appears to be consistently

more sustainable under reduced fungicide sprays. However, it is important that this can also be implemented in

actual practice under commercial conditions.

Figure 1 Percentage changes of different arthropod taxa, functional
groups and predation rates by reduction in fungicide sprayings from
13  to  2  per  season  in  one  experimental  vineyard.  Levels  of
significance are highlighted in different shades of grey (‘*’ p < 0.05;
‘**’ p < 0.01; ‘***’ p < 0.001).

Chapters III-VI focus on actual viticultural practices in 32 commercially managed vineyards. A visual summary of

the results is provided in Figure 2. The majority of investigated taxa and functional groups responded positively to

fungus-resistant  varieties  which  allow  for  reduced  fungicide  applications  and  thus  lower  cumulative  hazard

quotients.  Of  particular  interest  for  sustainable  agroecosystems  are  arthropods  providing  ecosystem services.

Fungus-resistant  varieties,  and  thus  reduced  fungicide  applications  and  lower  hazard  quotients  enhanced

abundances of natural enemies (here beneficial arthropods) and particularly spiders and predatory mites. Further,

pollinators as well  as fungivorous and detrivorous arthropods (here other arthropods) benefited from reduced

fungicide sprayings and lower hazard quotients. Consequently, ecosystem services apart from pest control such as
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pollination  and  nutrient  cycling  which  were  not  covered  in  this  study  should  be  promoted  with  increased

arthropod  abundance  and  diversity  (Kremen  and  Miles,  2012;  Oliver  et  al.,  2015).  Even  though  arthropod

diversity was not affected at the family level, the species richness of spiders increased under fungicide reduction.

This suggests that species-level diversity could be higher in other groups as well, although the resolution of the

data was unable to reveal this. Particularly dictynid spiders (329 % and 627 % increase, respectively), tydeid mites

(433 % and 559 % increase, respectively), and the thomisid spider genus Misumena (417 % and 340 % increase,

respectively) benefited from reduced fungicide sprayings and lower hazard quotients (Fig. 2A, B). The thomisid

spider  genus  Xysticus was  the  most  affected  taxon  in  fungus-resistant  varieties  (90 %  increase;  Fig.  2C).

Significantly  negative  effects  of  reduced  fungicide  applications occurred  in  solely  two groups,  the pest  mite

family Eriophyidae and in the camera surveyed predation experiment. Similarly, fungus-resistant varieties had

lower abundances of herbivores in general and of two phytophagous families in detail, the Cicadellidae and the

Eriophyidae. The decline of pest species under reduced fungicide applications in resistant varieties highlights their

potential for natural pest regulation. In conclusion, fungicide reduction had either positive or no effect on non-pest

arthropods.

Although there was a great potential for fungicide reduction in fungus-resistant varieties (one vineyard received

no sprayings at all) the variance in between both types of varieties (fungus-resistant vs. susceptible) was high. As

displayed  in  Figure  1  of  Chapter  V,  organic  rather  than  conventional  winegrowers  exploited  the  fungicide

reduction potential in resistant varieties. However, the susceptible varieties in organic vineyards were sprayed

considerably more frequent than the conventional ones.  Consequently,  in  sum, there was no clear  benefit  of

organic viticulture.  This  contradicts  the  common assumption  that  organic  farming avoids  pesticide sprayings

(Bengtsson  et  al.,  2005;  Hole  et  al.,  2005).  In  arable  farming,  pesticides  are  truly  renounced  under  organic

management (Lechenet et al., 2014). Although pesticide use is usually lower under organic management, organic

perennial crops are sprayed frequently nonetheless (Muneret et al., 2018a). Viticulture is a special case in this

respect, as wine is promoted as a luxury good. According to Rosenheim et al. (2020) pesticides are applied more

frequently with increasing monetary value of the crops. A notably reduction of fungicide applications can only be

archived  in  fungus-resistant  varieties  while  maintaining  healthy  grapes  of  high  quality  in  both  organic  and

conventional management.

Another aspect arising from different spraying regimes in organic and conventional vineyards (Figure 1, Chapter

V) is the variable hazard quotient of the applied products. The fungicides applied in the organic vineyards tended

to  reveal  higher  acute  toxicity  towards  honeybees  than  the  conventional  products.5 Copper  and  sulfur,  both

frequently  applied  in  organic  viticulture,  are  of  environmental  concern.  As  multisite  fungicides  they  are

characterised by a non-specific toxicity towards a broad spectrum of target (and non-target) organisms (Hermann

and Stenzel, 2019). Wettable sulfur can strongly evaporate at temperatures above 30 °C as hydrogen sulfide which

is  highly  toxic  to  humans and  animals  (Flanders,  1943;  Guidotty,  2010).  In  this  context,  it  is  alarming,  for

instance, that the hazard classification of sulfur (not harmful to beneficial insects, predatory mites, and spiders)

contradicts the declared mode of action (fungicide and acaricide) in its safety data sheet (BVL, 2023). Copper

5 Contrastingly, a comparison of all authorized pesticide active ingredients in the EU revealed that pesticides used in conventional
agriculture were significantly more hazardous to human (e.g. acute toxicity if swallowed or inhaled, reproduction toxicity, skin
and eye damage, specific organ damage) compared to pesticides certified for organic farming (Burtscher-Schaden et al., 2022).
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accumulations  in  soils  can  be  phytotoxic  to  roots,  affect  microbial  activity,  harm macro-organisms  such  as

earthworms, and subsequently reduce soil fertility (Lamichhane et al., 2018).6 Despite ongoing research to identify

potent substitutes copper is the sole fungicide to efficiently control downy mildew in organic viticulture (Gessler

et al., 2011). Thus, fungus-resistant grape varieties are the best opportunity to reconcile sustainability and plant

protection, especially in organic viticulture.

Figure 2 Effects of A) a reduction in fungicide sprayings from 14 to 0 per season, B) a decrease in cumulated hazard quotients of
applied fungicides from 6 to  0 per  season,  and C)  the cultivation of  fungus-resistant  compared to  susceptible  grape  varieties.
Percentage changes of different arthropod taxa, functional groups and predation rates are displayed for 32 commercially managed
vineyards. Levels of significance are highlighted in different shades of grey (‘.’ p < 0.1; ‘*’ p < 0.05; ‘**’ p < 0.01; ‘***’ p < 0.001).

6 Copper  sulfate  was the first  fungicide described  by  Isaac-Bénédict  Prévost  in  1807 (Klittich,  2008).  200 years  of  copper
applications may now have accumulated in agricultural soils.
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Irrespective of these two fungicides, the calculated quotients may in general underestimate the actual hazard for

arthropods.  Despite  newer pesticides being postulated to  be more selective,  they negatively affect  non-target

organisms of even phylogenetically distant groups (Schmidt-Jeffris, 2023; Wan et al., 2023). There is increasing

evidence that current risk assessments fail to adequately address the complexity of environmental interactions

highlighting  the  need  for  new  realistic  approaches  for  pesticide  authorization  to  substantially  protect  the

environment (Brühl and Zaller, 2019; Zaller and Brühl, 2019; Schäfer et al., 2019). For instance, Franklin and

Raine (2019) criticize the use of only one test organism in risk assessments (e.g. honeybee) to protect the vast

group of pollinators. More phylogenetically distant organisms are thus even less in scope of protective measures.

Further,  transformation  products  of  pesticides  may  be  even  more  harmful  than  the  parent  pesticide  but  are

disregarded in risk assessments (Ji et al., 2020). Albeit fungus-resistant varieties being not inevitably sprayed less,

they are currently the best solution to reduce fungicide sprayings in viticulture. As a consequence, (i) fungicide

reduction by cultivation of fungus-resistant varieties should be pursued in politics, (ii) research should focus on

breeding other resistant  crops and their  possible  benefit  for  the environment,  and (iii)  fungus-resistant  grape

varieties should be promoted and commercialised more effectively.

As primarily stated, arthropods benefit from reduced fungicide applications. But what about humans?  Multiple

health  disorders  such  as  Parkinson’s  disease,  Alzheimer’s  disease,  reproductive  disorders,  and  respiratory

disorders, as well as several cancers are associated with pesticide exposure (Sabarwal et al., 2018). This also has

social  implications.  For instance,  the annual health  costs  associated with organophosphate  pesticide use in  the

United States are estimated to be as high as $ 44.7 billion (Attina et al., 2016). The interaction of multiple stressors (e.g.

cumulative exposure) can further increase the health risk of pesticides (Knudsen, 2017). Obviously, people frequently

getting in direct contact with pesticides bear the greatest risk of poisoning. It is estimated that 44 % of farmers are

globally intoxicated by pesticides every year resulting in approximately 11 000 fatalities (Boedecker et al., 2020).

However, pesticide drift poses a high health risk to all humans living in agricultural areas (Zaller et al., 2022).

Further,  there  is  evidence  for  poisoning  by  unintentional  pesticide  uptake  by  consumption  of  pesticide

contaminated fruits and ground water (Aktar et al., 2009). Accordingly, pesticide residues were also detected on

grapes as well as in must and wine (Cabras et al., 2000).7 Besides possible effects on human health these residues

can also affect microbial activity and subsequently inhibit a successful fermentation (Russo et al., 2019). Thus,

there are many self-serving reasons for winegrowers to reduce the use of pesticides. Therefore, fungus-resistant

varieties are also the most promising approach to reduce pesticide impact on human health in addition to evident

environmental benefits. However, up to date fungus-resistant varieties account for only 2.62 % of the German

viticultural  area  (Richter  and  Hanf,  2022).  With  increasing  environmental  awareness,  consumer  interest  in

sustainably produced wines is also growing, and with it the acceptance of new and lesser-known fungus-resistant

grape varieties (Nesselhauf et al., 2020; Vecchio et al., 2022). Time to act.

7 Although we were not able to detect clear benefits of organic viticulture on arthropods, 72 % less pesticides and 97 % lower
pesticide residues were detected in organic compared to conventional wines (González et al., 2022). The consumption of organic
wine might therefore be less harmful (assuming that alcohol consumption is considered not to be a problem itself).
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Supplementary materials

Chapter II

Consistent benefits of fungicide reduction on arthropod predators and predation rates in viticulture: a five-year 
experiment 

Figure S1 Experimental vineyard, planted with four fungus-resistant grapevine cultivars (Reberger, Villaris, Felicia, Gf 84-58-988),
cultivated in two different pruning systems (trellis systems, minimal pruning), and treated with three different fungicide spraying

intensities (standard, reduced, minimal), resulting in 24 plots.
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Table S1 Spraying regimes  of  the  five  study years  in  the  experimental  vineyard.  Displayed are  the  applied amounts  of  plant
protection products per hectare and spraying event (with respective BBCH number describing the phenological development of
grapes) for the two different pruning systems. Spraying events that accounted for the three different spraying intensities are marked
with “x”.

2015 sprayings copper (g ha-1) sulfur (kg ha-1)
potassium 
bicarbonate (kg ha-1)

BBCH minimal reduced standard
trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

13 x 150 450 4.5 13.5

55 x 100 167 3.6 6.0

55 x 100 167 3.6 6.0

57 x x x 150 225 4.2 6.3

65 x x x 100 150 4.2 6.3

69 x x 100 140 4.8 6.7

69-73 x x 250 350 3.2 4.6

73-75 x 200 280 3.2 4.6

75-77 x 200 280 3.2 4.6

79 x 200 233 3.2 3.4

79 x 200 233 4.0 4.7

79 x 200 233 6.0 7.0

79-81 x 6.0 7.0

2016 sprayings copper (g ha-1) sulfur (kg ha-1)
potassium 
bicarbonate (kg ha-1)

BBCH minimal reduced standard
trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

53-55 x 100 167 3.6 6.0

55-57 x 200 333 3.6 6.0

57 x x 600 800 3.6 5.4

60 x x x 300 420 3.6 5.0

60-65 x x x 300 420 5.0 7.0

68-69 x x 300 400 4.0 5.3

69-73 x 300 400 4.0 5.3

73-75 x 200 267 4.0 5.3

75 x 200 267 4.0 5.3

75-77 x 200 267 4.0 5.3

79 x 200 267 5.0 6.7

81 x 200 267 6.0 8.0

2017 sprayings copper (g ha-1) sulfur (kg ha-1)
potassium 
bicarbonate (kg ha-1)

BBCH minimal reduced standard
trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

55 x x 150 250 4.0 6.7

57 x x 150 250 4.0 5.6

60-65 x x x 200 350 4.0 7.0

65-68 x x 200 350 4.0 7.0

73 x x 200 350 4.0 7.0

75 x 300 420 4.0 7.0

75-77 x 300 420 4.0 7.0

79 x 250 350 4.0 7.0

79 x 200 280 4.0 7.0

81 x 200 280 6.0 8.4

III



2018 sprayings copper (g ha-1) sulfur (kg ha-1)
potassium 
bicarbonate (kg ha-1)

BBCH minimal reduced standard
trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

55-57 x 200 200 4.0 8.0

55-57 x x 250 350 4.0 8.0

57 x x 250 350 4.0 5.6

60-65 x x x 250 250 4.0 4.0

60-65 x x x 375 375 6.0 6.0

69-73 x x x 300 333 4.0 5.3

69-73 x x x 300 300 4.0 4.0

73-75 x x 400 400 6.7 6.7

75-77 x 267 267 5.3 5.3

79 x 267 267 6.7 6.7

79 x 267 267 6.7 6.7

79 x 300 300 7.5 7.5

79-81 x 275 375 7.5 7.5

2019 sprayings copper (g ha-1) sulfur (kg ha-1)
potassium 
bicarbonate (kg ha-1)

BBCH minimal reduced standard
trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

trellis
system

minimal 
pruning

55-57 x 135 240 3.6 5.0

55-57 x 150 300 4.0 8.0

57 x x 400 400 8.0 8.0

57-60 x x x 420 420 5.6 5.6

65 x x x 300 300 5.6 5.6

69-73 x x x 200 200 5.3 5.3

73 x 200 200 5.3 5.3

75-77 x 225 225 6.0 6.0

77-79 x 270 270 5.3 5.3

79 x 225 225 7.5 7.5

79 x 225 225 7.5 7.5

79-81 x 200 200 8.0 8.0

Table S2 Sampling dates for leaf mesofauna, macrofauna, and predation rates for each study year in the experimental vineyard. 

2015 2016 2017 2018 2019

Leaf collection July
September

June
July
August 2x
September 2x
October

June 2x
July
August
September

Mai
June
July
August

June
July
August
September

Beat-sheet sampling July
August
September

June
July
August 2x
September

April
Mai
June 3x
July 2x
August 2x

Mai
June
July 2x
August

June
July
August
September

Bait exposition July
September

June
July
August
September

June
August

Mai
June
July 2x
August

June
July
August
September

IV



Table S3 Arthropod grapevine leaf fauna, arthropods in the vine canopy sampled via beat-sheet, and predation rates on L. botrana eggs with respect to two pruning systems (trellis, minimal) and three
fungicide spraying frequencies (2, 4, 12) in five consecutive years. Displayed are model-predicted means ± 95% confidence interval (N=24 vineyard plots).

2015 2016 2017 2018 2019

trellis minimal trellis minimal trellis minimal trellis minimal trellis minimal

2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12

Leaf mesofauna
[individuals m-2]

Phytoseiidae 71.50 63.44 39.33 119.26 109.12 76.45 68.66 65.00 52.21 86.43 84.36 76.60 144.08 112.90 42.56 113.20 91.46 38.97 137.63 128.19 96.47 157.12 150.89 128.35 103.47 93.97 63.93 180.99 169.48 130.32

+18.84 

–14.91
+14.80  
–12.00

+11.97  
–9.18

+30.74  
–24.44

+24.77  
–20.19

+22.31  
–17.27

+18.11  
–14.33

+15.01  
–12.20

+16.62  
–12.61

+22.54  
–17.88

+19.21  
–15.65

+23.92  
–18.23

+37.24  
–29.59

+24.99  
–20.46

+16.50  
–11.89

+29.47  
–23.38

+20.42  
–16.69

+15.19  
–10.93

+44.88  
–33.84

+34.22  
–27.01

+25.99  
–20.48

+51.06  
–38.54

+40.11  
–31.69

+34.26  
–27.04

+28.07  
–22.08

+21.83  
–17.72

+20.01  
–15.24

+48.34  
–38.15

+38.61  
–31.45

+39.61  
–30.47

Tydeidae 130.39 111.89 60.68 179.40 145.80 63.60 286.40 248.53 140.92 463.82 381.17 173.86 50.19 40.70 17.60 49.46 37.99 13.22 278.08 273.46 255.76 622.97 580.19 436.51 52.39 45.48 25.85 122.22 100.50 45.94

+74.49  
–47.41

+55.62  
–37.15

+39.37  
–23.88

+102.22
–65.12

+72.30  
–48.33

+41.24  
–25.02

+162.96
–167.82

+121.65
–81.67

+97.51  
–57.63

+262.96
–167.82

+186.26
–125.12

+120.14
–71.05

+29.54  
–18.60

+20.11  
–13.46

+16.15  
–8.42

+97.51  
–57.63

+29.11  
–18.33

+12.24  
–6.35

+207.17
–118.72

+162.64
–101.98

+152.15
–162.64

+463.26
–265.69

+344.34
–216.09

+259.23
–162.64

+32.15  
–19.92

+23.47  
–15.48

+18.60  
–10.82

+74.12  
–46.14

+51.11  
–33.88

+32.55  
–19.05

Cal. vitis 255.13 273.95 364.18 241.39 220.67 154.11 25.46 24.74 22.05 51.58 42.67 19.98 73.67 65.63 41.33 175.04 132.75 43.92 44.18 47.22 61.63 107.17 97.52 66.87 152.46 144.87 118.09 175.84 142.25 60.92

+129.11
–85.73

+120.72
–83.79

+206.24
–131.67

+122.28
–81.16

+97.43  
–67.59

+87.94  
–55.99

+13.96  
–9.02

+11.69  
–7.94

+14.82  
–8.86

+27.29  
–17.85

+19.52  
–13.39

+13.52  
–8.06

+38.49  
–25.28

+28.89  
–20.06

+32.82  
–18.29

+90.12  
–59.49

+57.54  
–40.14

+34.69  
–19.38

+30.38  
–18.00

+25.98  
–16.76

+33.63  
–21.76

+72.39  
–43.21

+52.66  
–34.20

+36.42  
–23.58

+82.13  
–53.38

+65.63  
–45.17

+73.29  
–45.22

+94.57  
–61.50

+64.48  
–44.37

+38.32  
–23.52

Co. vitis 181.87 191.63 236.19 168.74 156.63 116.28 10.86 10.35 8.52 27.08 22.73 11.28 39.37 33.89 18.61 97.96 74.29 24.57 69.26 70.56 76.04 131.91 118.40 76.84 66.70 63.32 51.44 98.69 82.77 40.50

+111.82
–69.25

+102.16
–66.64

+163.21
–96.52

+103.85
–64.28

+83.65  
–54.53

+80.85  
–47.69

+7.59    
–4.47

+6.21    
–3.88

+7.46    
–3.98

+17.73  
–10.72

+12.78  
–8.18

+9.62    
–5.19

+25.26  
–15.39 

+18.24  
–11.86

+18.64  
–9.31

+61.62  
–37.83

+39.11  
–25.62

+24.27  
–12.21

+56.98  
–31.26

+46.13  
–27.89

+49.64  
–30.03

+107.78
–59.32

+76.85  
–46.60

+50.17  
–30.35

+44.12  
–26.56

+35.04  
–22.56

+39.48  
–22.34

+65.05  
–39.25

+45.57  
–2939

+31.27  
–17.65

Empoasca sp. 12.23 12.54 13.84 6.60 7.01 8.91 2.36 2.39 2.51 2.39 2.50 3.03 8.41 8.15 7.22 8.42 8.46 8.63 8.32 8.52 9.37 9.03 9.57 12.13 1.33 1.42 1.79 1.20 1.32 1.91

+5.46    
–3.77

+4.87    
–3.51

+6.78    
–4.55

+3.32    
–2.21

+3.06    
–2.13

+4.70    
–3.08

+1.71    
–0.99

+1.48    
–0.91

+2.19    
–1.17

+1.72    
–1.00

+1.53    
–0.95

+2.50    
–1.37

+4.06    
–2.74

+3.34    
–2.37

+5.28    
–3.05

+4.06    
–2.74

+3.44    
–2.45

+6.17    
–3.60

+5.10    
–3.16

+4.22    
–2.82

+4.56    
–3.07

+5.43    
–3.39

+4.64    
–3.13

+5.66    
–3.86

+1.34    
–0.67

+1.16    
–0.64

+1.90    
–0.92

+1.24    
–0.61

+1.11    
–0.60

+1.98    
–0.97

Thrips 13.50 13.80 15.09 11.34 11.09 10.15 22.09 21.83 20.84 18.44 17.44 13.93 41.86 41.75 41.29 21.36 20.38 16.87 38.95 42.06 57.19 23.75 24.53 27.92 92.62 91.06 85.07 67.24 63.23 49.44

+6.11    
–4.21

+5.43    
–3.90

+7.56    
–5.03

+5.28    
–3.60

+4.25    
–3.21

+5.38    
–3.52

+9.38    
–6.58

+8.01    
–5.86

+10.75  
–7.09

+7.98    
–5.57

+6.56    
–4.77

+7.49    
–4.87

+16.98  
–12.08

+14.23  
–10.61

+24.91  
–15.54

+9.09    
–6.37

+7.37    
–5.41

+10.71  
–6.55

+20.22  
–13.31

+17.59  
–12.40

+23.60  
–16.60

+12.72  
–8.28

+10.63  
–7.42

+11.98  
–8.38

+37.62  
–26.76

+31.32  
–23.30

+39.52  
–26.98

+27.59  
–19.56

+22.02  
–16.33

+23.39  
–15.88

Predation rates

[%]

L. botrana eggs 58.74 57.32 51.97 45.21 41.01 27.78 32.27 30.19 23.10 41.61 36.18 20.69 21.30 22.14 25.86 20.96 20.26 17.67 43.90 43.28 40.85 64.47 59.08 41.66 67.12 67.79 70.51 77.83 73.08 56.78

+17.40 
–13.42

+14.91 
–11.83

+17.28 
–12.97

+13.64 
–10.48

+10.94 
–8.64

+9.74   
–7.21

+10.11 
–7.70

+8.25   
–6.48

+8.95   
–6.45

+12.75 
–9.76

+9.71   
–7.66

+8.11   
–5.83

+7.08   
–5.31

+6.20   
–4.85

+12.37  
–8.37

+6.89   
–5.24

+5.75   
–4.48

+8.72   
–5.84

+16.98 
–12.25

+13.65 
–43.28

+12.94 
–9.82

+24.50 
–17.75

+18.28 
–13.96

+13.18 
–10.01

+20.62 
–15.78

+17.75 
–14.06

+24.53 
–18.20

+23.77 
–18.21

+19.05 
–15.11

+19.96 
–14.77



2015 2016 2017 2018 2019

trellis minimal trellis minimal trellis minimal trellis minimal trellis minimal

2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12 2 4 12

Macrofauna

[individuals/10 vines]

total abundance 24.83 23.16 17.51 26.38 23.89 16.07 17.66 17.07 14.92 20.08 18.86 14.66 9.74 9.55 8.84 10.61 10.10 8.32 22.60 21.32 16.88 22.95 21.02 14.81 13.07 12.67 11.21 18.93 17.82 14.02

+4.89    
–4.09

+4.06    
–3.46

+4.27    
–3.44

+5.11    
–4.28 

+4.14    
–3.53

+4.03    
–3.22

+3.90    
–3.19

+3.31    
–2.77

+4.11    
–3.22

+4.26    
–3.51

+3.53    
–2.97

+4.06    
–3.18

+2.77    
–2.16

+2.31    
–1.86

+3.77    
–2.64

+2.93    
–2.30

+2.38    
–1.93

+3.58    
–2.50

+5.99    
–4.74

+4.62    
–3.80

+3.92    
–3.18

+6.10    
–4.82

+4.58    
–3.76

+3.57    
–2.88

+3.39    
–2.69

+2.83    
–2.31

+3.43    
–2.62

+4.38    
–3.56

+3.51    
–2.93

+4.03    
–3.13

predators 14.07 13.16 10.08 15.27 13.73 8.97 10.31 10.23 9.89 12.61 12.02 9.92 7.14 7.15 7.18 6.58 6.33 5.42 15.75 15.00 12.35 13.26 12.14 8.53 7.81 7.55 6.57 7.37 6.84 5.08

+3.47    
–2.78

+2.88    
–2.36

+3.14    
–2.39

+3.66    
–2.95

+2.95    
–2.43

+2.91    
–2.20

+2.85    
–2.23

+2.47    
–1.99

+3.31    
–2.48

+3.24    
–2.58

+2.71    
–2.21

+3.31    
–2.48

+2.39    
–1.79

+2.00    
–1.56

+3.56    
–2.38

+2.27    
–1.69

+1.87    
–1.44

+2.87    
–1.88

+4.89    
–3.73

+3.78    
–3.02

+3.33    
–2.62

+4.39    
–3.30

+3.30    
–2.59

+2.60    
–1.99

+2.66    
–1.98

+2.16    
–1.68

+2.72    
–1.92

+2.57    
–1.92

+2.04    
–1.57

+2.27    
–1,57

spiders 7.92 7.14 4.74 9.71 8.82 5.98 9.68 9.45 8.57 11.67 11.45 10.63 4.19 4.10 3.76 3.88 3.82 3.58 11.99 10.99 7.75 10.32 9.51 6.86 5.47 5.03 3.62 5.24 4.85 3.57

+2.73    
–2.03

+2.20    
–1.68

+2.23    
–1.52

+3.08    
–2.34

+2.47    
–1.93

+2.59    
–1.81

+2.99    
–2.29

+2.55    
–2.01

+3.31    
–2.39

+3.36    
–2.61

+2.86    
–2.29

+3.80    
–2.80

+1.97    
–1.34

+1.61    
–1.16

+2.79    
–1.60

+1.88    
–1.27

+1.55    
–1.10

+2.69    
–1.54

+4.67    
–3.36

+3.45    
–2.62

+2.75    
–2.03

+4.21    
–2.99

+3.14    
–2.36

+2.54    
–1.85

+2.43    
–1.68

+1.88    
–1.37

+2.14    
–1.35

+2.37    
–1.63

+1.85    
–1.34

+2.12    
–1.33

earwigs 1.23 1.30 1.67 0.69 0.63 0.44 1.03 1.05 1.13 0.40 0.35 0.20 1.37 1.51 2.24 0.61 0.58 0.47 2.41 2.45 2.62 1.28 1.12 0.65 1.73 1.83 2.28 1.25 1.14 0.77

+1.22    
–0.61

+1.08    
–0.59

+1.64    
–0.83

+0.93    
–0.40

+0.76    
–0.34

+0.82    
–0.29

+1.18    
–0.55

+0.96    
–0.50

+1.61    
–0.67

+0.78    
–0.26

+0.62    
–0.22

+0.62    
–0.15

+1.31    
–0.67

+1.13    
–0.65

+2.96    
–1.28

+0.86    
–0.36

+0.71    
–0.32

+1.08    
–0.33

+2.34    
–1.19

+1.86    
–1.06

+1.93    
–1.11

+1.73    
–0.74

+1.21    
–0.58

+0.86    
–0.37

+1.52    
–0.81

+1.31    
–0.76

+2.10    
–1.09

+1.31    
–0.64

+1.01    
–0.53

+1.12    
–0.46

ants 2.94 2.80 2.29 3.88 3.18 1.44 0.08 0.07 0.05 0.43 0.34 0.14 0.29 0.32 0.49 1.09 1.04 0.88 0.78 0.81 0.92 0.46 0.41 0.26 0.08 0.08 0.11 0.09 0.08 0.06

+2.03    
–1.20

+1.72    
–1.06

+1.93    
–1.05

+2.49    
–1.52

+1.87    
–1.18

+1.53    
–0.74

+0.58    
–0.07

+0.46    
–0.06

+0.63    
–0.05

+0.89    
–0.29

+0.57    
–0.22

+0.96    
–0.12

+0.56    
–0.19

+0.52    
–0.20

+1.24    
–0.35

+1.17    
–0.56

+0.91    
–0.49

+1.74    
–0.59

+1.38    
–0.50

+1.06    
–0.46

+1.13    
–0.51

+1.07    
–0.32

+0.76    
–0.27

+0.56    
–0.18

+0.70    
–0.07

+0.50    
–0.07

+1.02    
–0.10

+0.72    
–0.08

+0.49    
–0.07

+0.84    
–0.05

leafhoppers 3.62 3.36 2.49 1.29 1.17 0.80 0.43 0.40 0.31 0.04 0.04 0.03 0.30 0.31 0.35 0.58 0.59 0.61 1.29 1.21 0.95 1.71 1.57 1.13 0.89 0.92 1.01 0.57 0.58 0.59

+2.21 
–1.37

+1.85 
–1.20

+1.91 
–1.08

+1.15 
–0.61

+0.93 
–0.52

+0.98 
–0.44

+0.80 
–0.28

+0.58 
–0.24

+1.04 
–0.24

+0.55 
–0.04

+0.47 
–0.04

+0.47 
–0.03

+0.58 
–0.20

+0.49 
–0.19

+1.05 
–0.26

+0.82 
–0.34

+0.65 
–0.31

+1.47 
–0.43

+1.56 
–0.71

+1.16 
–0.59

+0.99 
–0.48

+1.87 
–0.89

+1.36 
–0.73

+1.11 
–0.56

+1.01 
–0.47

+0.84 
–0.44

+1.28 
–0.57

+0.79 
–0.33

+0.66 
–0.31

+0.93 
–0.36



Table S4 Pairwise comparisons of the explanatory variables ‘year’ and ‘variety’ for each response variable. P values are displayed when the explanatory variable had significant impact in the initial
model.

Leaf mesofauna Macrofauna
Predation 
rates

Phytoseiidae Tydeidae Cal. vitis Co. vitis Empoasca sp. Thrips
total 
abundance predators spiders earwigs ants leafhoppers

L. botrana 
eggs

year

2015 – 2016 0.992 < 0.001 < 0.001 < 0.001 < 0.001 0.029 0.016 0.638 0.007 0.715 < 0.001 < 0.001 < 0.001

2015 – 2017 0.981 < 0.001 < 0.001 < 0.001 0.707 < 0.001 < 0.001 < 0.001 < 0.001 0.999 < 0.001 < 0.001 < 0.001

2015 – 2018 < 0.001 < 0.001 < 0.001 < 0.001 0.999 < 0.001 0.718 0.998 0.118 0.299 < 0.001 0.499 0.985

2015 – 2019 < 0.001 0.003 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.007 0.469 < 0.001 0.004 < 0.001

2016 – 2017 0.863 < 0.001 < 0.001 < 0.001 < 0.001 0.023 < 0.001 < 0.001 < 0.001 0.587 0.119 0.365 0.032

2016 – 2018 < 0.001 0.144 < 0.001 < 0.001 < 0.001 < 0.001 0.388 0.474 0.897 0.026 0.172 0.006 < 0.001

2016 – 2019 < 0.001 < 0.001 < 0.001 < 0.001 0.184 < 0.001 0.186 < 0.001 < 0.001 0.050 0.984 0.068 < 0.001

2017 – 2018 < 0.001 < 0.001 0.977 < 0.001 0.867 0.639 < 0.001 < 0.001 < 0.001 0.466 0.999 0.010 < 0.001

2017 – 2019 < 0.001 0.005 0.014 0.081 < 0.001 < 0.001 < 0.001 0.999 0.874 0.657 0.031 0.558 < 0.001

2018 – 2019 0.614 < 0.001 0.002 0.455 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.996 0.048 0.252 0.004

variety

Felicia – GF84-58-988 1.000 < 0.001 < 0.001 0.004 0.908 0.136 0.037

Felicia – Reberger 0.002 0.117 < 0.001 0.973 0.168 0.774 0.020

Felicia – Villaris 0.638 < 0.001 < 0.001 0.136 0.878 0.293 0.489

GF84-58-988 – Reberger 0.002 < 0.001 < 0.001 < 0.001 0.037 0.014 0.996

GF84-58-988 – Villaris 0.658 1.000 0.942 0.602 0.999 0.976 < 0.001

Reberger – Villaris 0.076 < 0.001 < 0.001 0.048 0.030 0.041 < 0.001

Table S5 Effects of natural enemy densities (Phytoseiidae, Tydeidae) on pest mite densities. Significant p-values are displayed in bold and direction of effects is highlighted with +/–. 

densities of Phytoseiidae (df 1) Tydeidae (df 1)

X
2

p X
2

p

Cal. vitis 0.064 0.799 7.925 – 0.005

Co. vitits 0.020 0.888 9.456 – 0.002

Empoasca sp. 3.927 – 0.048 2.396 0.122

Thrips 0.029 0.865 0.067 0.795



Chapter III

Fungicide reduction favors the control of phytophagous mites under both organic and conventional viticulture 

Table S1 Mite families and their relevance for viticulture.

taxa ingestion relevance for viticulture

Phytoseiidae generalist predator feeding on Eriophyidae and Tetranychidae

Tydeidae generalist predator feeding on Eriophyidae

Anystidae generalist predator feeding on Eriophyidae and Tetranychidae

Trombidiidae generalist predator feeding on Eriophyidae and Tetranychidae

Bdellidae generalist predator feeding on Eriophyidae and Tetranychidae

Cunaxidae generalist predator feeding on Eriophyidae and Tetranychidae

Eriophyidae phytophagous pest

Tetranychidae phytophagous pest

Oribatida detrivore unknown

Table S2: Models used for statistical analyses including explanatory and response variables and degrees of freedom.

response variable (Y) model degrees of freedom

Number of sprayingsA Y ~ management * grape variety + (1| site) 26

Phytoseiid mite densityA

Tydeid mite densityB

Phytophagous mite densityB

Trombidiid mite abundanceB

Anystid mite abundanceB

Phytoseid mite densityA Y ~ number of sprayings + (1|site) 28

Tydeid mite densityB

Pest mite densityB

Distribution used: A normal; B negative binomial

Table S6 Number of beneficial mites determined to species level.

family species number

Tydeidae Tydeus goetzi (Schruft) 401

Phytoseidae Typhlodromus pyri (Scheuten) 397

Euseius finlandicus (Oudemans) 22

Paraseiulus soleiger (Ribaga) 17

Cunaxidae Haleupalus oliveri (Schruft) 4

VIII



Figure S3: Study sites in the Palatinate region (Germany) with coordinates and planted grape varieties.

site coordinates variety

1 49° 16‘ 22.656‘‘ 8° 5‘ 25.5408‘‘ Cabernet blanc

2 49° 16' 19.3584" 8° 5' 27.9672" Pinot blanc

3 49° 15' 59.5836" 8° 4' 45.7176" Regent

4 49° 16' 0.2964" 8° 4' 46.542" Auxerrois

5 49° 14' 28.4136" 8° 4' 31.9368" Regent

6 49° 14' 28.2876" 8° 4' 34.0896" Cabernet dorsa

7 49° 13' 41.5848" 8° 2' 59.8128" Cabernet blanc

8 49° 13' 39.5868" 8° 3' 9.6588" Pinot noir

9 49° 13' 59.6928" 8° 4' 38.9856" Regent

10 49° 13' 59.4876" 8° 4' 37.3476" Schwarzriesling

11 49° 13' 34.716" 8° 5' 55.7124" Cabernet blanc

12 49° 13' 34.716" 8° 5' 55.7124" Riesling

13 49° 13' 21.648" 8° 9' 35.7192" Calardis blanc

14 49° 13' 21.8388" 8° 9' 32.6952" Pinot blanc

15 49° 13' 22.134" 8° 8' 9.9024" Cabernet blanc

16 49° 13' 22.134" 8° 8' 9.9024" St Laurent

17 49° 13' 12.5832" 8° 4' 22.8864" Pinotin

18 49° 13' 15.5028" 8° 4' 25.0464" Portugieser

19 49° 12' 24.3648" 8° 2' 3.6672" Regent

20 49° 12' 24.336" 8° 2' 2.5368" Müller-Thurgau

21 49° 11' 38.3064" 8° 2' 7.5444" Johanniter

22 49° 11' 45.9276" 8° 2' 26.214" Kerner

23 49° 9' 49.9752" 8° 5' 20.8572" Solaris

24 49° 9' 53.2008" 8° 5' 13.4916" Pinot blanc

25 49° 9' 39.8304" 8° 5' 15.6192" Cabernet blanc

26 49° 9' 39.8304" 8° 5' 15.6192" Pinot noir

27 49° 8' 52.6128" 8° 1' 16.3992" Regent

28 49° 8' 48.7644" 8° 1' 28.8624" Merlot

29 49° 7' 30.6552" 8° 3' 34.0272" Solaris

30 49° 7' 34.3776" 8° 3' 35.0352" Pinot blanc

31 49° 13' 0.5376" 8° 4' 21.126" Solaris

32 49° 12' 59.6628" 8° 4' 19.7472" Pinot blanc

IX



Table S4: Pesticide input in organic and conventional vineyards.

hazard class1

number of treated vineyards 
number of sprayings (mean ± standard deviation)

trade name active substance organic conventional

Fungicides

Aktuan® Cymoxanil 100 g/kg; Dithianon 250 g/kg 1 –   1 (0.07 ±0.27)

Ampexio® Mandipropamid 250 g/kg; Zoxamide 240 g/kg 1 –   3 (0.21 ±0.43)

Collis® Boscalid 200 g/L; Kresoxim-methyl 100 g/L 1 –   6 (0.43 ±0.51)

Cuproxat® Copper 190 g/L 2   3 (1.06 ±3.15) –

Dithane® NeoTec Mancozeb 750 g/kg 2 –   4 (0.64 ±1.15)

Dynali® Cyflufenamid 30 g/L; Difenoconazol 60 g/L 1 –   7 (0.71 ±0.83)

Enervin® Ametoctradin 120g/kg; Metiram 440 g/kg 2 –   5 (0.36 ±0.50)

Fantic® F Benylaxyl-M 37.5 g/kg; Folpet 480 g/kg 1 –   2 (0.14 ±0.36)

Folpan® 80 WDG Folpet 800 g/kg 1 –   8 (1.36 ±1.60)

Funguran Progress® Copper 350 g/kg 1 11 (4.00 ±4.54)   3 (0.50 ±1.16)

Kumar® Potassium bicarbonate 850 g/kg 3   5 (0.56 ±1.25) –

Kusabi® Pyriofenone 300 g/L 1 –   5 (0.36 ±0.50)

Luna® Experience Fluopyram 200 g/L; Tebuconazole 200 g/L 2 –   5 (0.36 ±0.50)

Mildicut® Cyazofamid 25 g/L 2 –   5 (0.64 ±1.08)

Misha Myclobutanil 200 g/L 1 –   1 (0.07 ±0.27)

Wettable Sulfur Stulln Sulfur 796 g/kg 1  17 (5.83 ±4.68) 14 (2.79 ±2.08)

Orvego® Ametoctradin 300 g/L; Dimetomorph 225 g/L 2 –   7 (0.64 ±0.74)

Polyram® WG Metiram 700 g/kg 2 –   7 (1.00 ±1.18)

Profiler® Fluopicolide 44.4 g/kg; Fosetyl 621.9 g/kg 1 –   4 (0.29 ±0.47)

Ridomil Gold® Combi Folpet 400 g/kg; Metalaxyl-M 50 g/kg 1 –   3 (0.21 ±0.43)

Sercadis® Fluxapyroxad 300 g/L 2 –   3 (0.21 ±0.43)

Systhane® 20 Myclobutanil 200 g/L 1 –   2 (0.14 ±0.36)

Talendo® Proquinazid 200 g/L 1 –   6 (0.50 ±0.65)

Talius® Proquinazid 200 g/L 1 –   1 (0.07 ±0.27)

Teldor® Fenhexamid 500 g/kg 1 –   3 (0.21 ±0.43)

Topas® Penconazol 100 g/L 1 –   3 (0.36 ±0.74)

Vento™ Power
Myclobutanil 45 g/L
Quinoxyfen 45 g/L

1 –   4 (0.29 ±0.47)

Vegas® Cyflufenamid 51.3 g/L 1 –   1 (0.14 ± 0.53)

Veriphos® Tripotassium phosphate 755 g/L 2 –   4 (0.29 ±0.47)

Videryo® F Cyazofamid 40 g/L; Folpet 400 g/L 1 –   1 (0.07 ±0.27)

VinoStar® Dimethomorph 113 g/kg; Folpet 600 g/kg 1 –   2 (0.14 ±0.36)

VitiSan® Potassium bicarbonate 995 g/kg 2  12 (2.22 ±2.26)   1 (0.14 ±0.53)

Vivando® Metrafenone 500 g/L 1 –   7 (0.57 ±0.65)

Insecticides

Steward® Indoxacarb 300 g/kg 1 –   2 (0.14 ±0.36)

Herbicides

Durano® Glyphosate 360 g/L 1 –   2 (0.14 ±0.36)

1 Hazard class towards predatory mites according BVL (2018): 1: harmless; 2: moderately harmful; 3: strongly harmful.
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Table S5 Data used for statistical analysis including total number of fungicide applications per season, average densities of T. pyri, T.

goetzi, Co. vitis and Cal. vitis per m2, summed abundances of Anystidae and Trombidiidae and average leaf surface for 32 
investigated vineyards.
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Chapter IV

Arthropods on grapes benefit more from fungicide reduction than from organic farming

Table S1 Study sites in the Palatinate region (Germany) with
coordinates and planted grape varieties.

vineyard coordinates variety

1 49° 16‘ 22.656" 8° 5‘ 25.5408" Cabernet blanc

2 49° 13' 15.5028" 8° 4' 25.0464" Portugieser

3 49° 12' 24.3648" 8° 2' 3.6672" Regent

4 49° 12' 24.336" 8° 2' 2.5368" Müller-Thurgau

5 49° 14' 28.4136" 8° 4' 31.9368" Regent

6 49° 14' 28.2876" 8° 4' 34.0896" Cabernet dorsa

7 49° 12' 59.6628" 8° 4' 19.7472" Pinot blanc

8 49° 13' 39.5868" 8° 3' 9.6588" Pinot noir

9 49° 13' 59.6928" 8° 4' 38.9856" Regent

10 49° 13' 59.4876" 8° 4' 37.3476" Schwarzriesling

11 49° 13' 34.716" 8° 5' 55.7124" Cabernet blanc

12 49° 16' 19.3584" 8° 5' 27.9672" Pinot blanc

13 49° 13' 0.5376" 8° 4' 21.126" Solaris

14 49° 16' 0.2964" 8° 4' 46.542" Auxerrois

15 49° 13' 41.5848" 8° 2' 59.8128" Cabernet blanc

16 49° 13' 21.648" 8° 9' 35.7192" Calardis blanc

17 49° 13' 21.8388" 8° 9' 32.6952" Pinot blanc

18 49° 13' 22.134" 8° 8' 9.9024" Cabernet blanc

19 49° 13' 22.134" 8° 8' 9.9024" St Laurent

20 49° 13' 12.5832" 8° 4' 22.8864" Pinotin

21 49° 7' 30.6552" 8° 3' 34.0272" Solaris

22 49° 7' 34.3776" 8° 3' 35.0352" Pinot blanc

23 49° 13' 34.716" 8° 5' 55.7124" Riesling

24 49° 11' 38.3064" 8° 2' 7.5444" Johanniter

25 49° 15' 59.5836" 8° 4' 45.7176" Regent

26 49° 9' 39.8304" 8° 5' 15.6192" Cabernet blanc

27 49° 9' 53.2008" 8° 5' 13.4916" Pinot blanc

28 49° 9' 49.9752" 8° 5' 20.8572" Solaris

29 49° 9' 39.8304" 8° 5' 15.6192" Pinot noir

30 49° 8' 52.6128" 8° 1' 16.3992" Regent

31 49° 8' 48.7644" 8° 1' 28.8624" Merlot

32 49° 11' 45.9276" 8° 2' 26.214" Kerner
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Table S2 Spraying parameters  per  vineyard,  including the  number  of  sprayings  and the  hazard  quotient  as  well  as  the active
ingredients of applied pesticides.

site variety management
number of
sprayings 

hazard 
quotient active ingredients

1 resistant conventional 3 0.71417 Ametoctradin, Fenhexamid, Folpet, Metiram, Myclobutanil, Sulphur

2 resistant organic 3 0.70937 Aluminium sulphates, Potassium bicarbonate, Sulphur

1 susceptible conventional 6 1.21558
Ametoctradin, Benalaxyl-M, Boscalid, Cyazofamid, Fenhexamid, Folpet, Kresoxim-methyl, 
Mancozeb, Metalaxyl-M, Metiram, Myclobutanil, Pyriofenon, Sulphur

2 susceptible organic 9 2.20866 Aluminium sulphates, Potassium bicarbonate, Sulphur

3 resistant conventional 4 2.76744 Folpet, Indoxicarb, Metiram,  Myclobutanil, Quinoxyfen, Sulphur

4 resistant organic 3 1.60278 Copper hydroxide, Potassium bicarbonate, Sulphur

3 susceptible conventional 9 3.67156
Ametoctradin, Copper hydroxide, Dimethomorph, Fluopyram, Folpet, Indoxicarb, Metiram,  
Metrafenon, Myclobutanil, Proquinazid, Quinoxyfen, Sulphur, Tebuconazole

4 susceptible organic 12 6.00706 Copper hydroxide, Potassium bicarbonate, Sulphur

5 resistant conventional 5 0.67917
Ametoctradin, Copper hydroxide, Dimethomorph, Fluopyram, Kresoxim-methyl, Mancozeb,
Penconazol, Sulphur, Tebuconazole

6 resistant organic 4 1.54570 Copper sulfate, Potassium bicarbonate, Sulphur

5 susceptible conventional 10 2.13251
Ametoctradin, Boscalid, Copper hydroxide, Cyazofamid, Cyflufenamid, Difenoconazol, 
Dimethomorph, Fluopyram, Kresoxim-methyl, Mancozeb, Penconazol, Potassium 
bicarbonate, Proquinazid, Sulphur, Tebuconazole

6 susceptible organic 14 4.71361 Copper sulfate, Potassium bicarbonate, Sulphur

7 resistant conventional 6 1.00681
Ametoctradin, Cyflufenamid, Difenoconazol, Dimethomorph, Fluopicolide, Fosetyl-
Aluminium, Metiram, Metrafenon, Proquinazid, Pyriofenon, Sulphur

8 resistant organic 2 1.00468 Copper hydroxide, Potassium bicarbonate, Sulphur

7 susceptible conventional 10 1.35816

Ametoctradin, Benalaxyl-M, Boscalid, Cyazofamid, Cyflufenamid, Cymoxanil, 
Difenoconazol, Dimethomorph, Dithianon, Fluopicolide, Fluopyram, Folpet, Fosetyl-
Aluminium, Kresoxim-methyl, Mandipropamid, Metiram, Metrafenon, Potassium 
phosphonate, Proquinazid, Pyriofenon, Sulphur, Tebuconazole, Zoxamid

8 susceptible organic 10 4.74649 Copper hydroxide, Potassium bicarbonate, Sulphur

9 resistant conventional 4 0.56822
Cyflufenamid, Difenoconazol, Fluopicolide, Folpet, Fosetyl-Aluminium, Mancozeb, 
Metalaxyl-M, Metiram, Metrafenon, Potassium phosphonate, Sulphur

10 resistant organic 2 0.34684 Copper hydroxide, Sulphur

9 susceptible conventional 7 0.73956
Boscalid, Cyazofamid, Cyflufenamid, Difenoconazol, Dimethomorph, Fluopicolide, 
Fluxapyroxad, Folpet, Fosetyl-Aluminium, Kresoxim-methyl, Mancozeb, Metalaxyl-M, 
Metiram, Metrafenon, Penconazol, Potassium phosphonate, Sulphur

10 susceptible organic 11 2.51210 Copper hydroxide, Potassium bicarbonate, Sulphur

11 resistant organic 0 0 –

12 resistant organic 1 0.48054 Copper hydroxide, Sulphur

11 susceptible organic 10 4.98087 Copper hydroxide, Potassium bicarbonate, Sulphur

12 susceptible organic 9 4.01326 Copper hydroxide, Potassium bicarbonate, Sulphur

13 resistant conventional 6 0.60721
Ametoctradin, Cyazofamid, Cyflufenamid, Difenoconazol, Dimethomorph, Mancozeb, 
Mandipropamid, Metiram, Metrafenon, Proquinazid, Pyriofenon, Sulphur, Zoxamid

14 resistant organic 2 0.88200 Copper hydroxide, Sulphur

13 susceptible conventional 10 1.19271
Ametoctradin, Boscalid, Cyazofamid, Cyflufenamid, Difenoconazol, Dimethomorph, 
Fluxapyroxad, Kresoxim-methyl, Mancozeb, Mandipropamid, Metiram, Metrafenon, 
Myclobutanil, Proquinazid, Pyriofenon, Quinoxyfen, Sulphur, Zoxamid

14 susceptible organic 10 4.07173 Copper hydroxide, Copper sulfate, Potassium bicarbonate, Sulphur

15 resistant conventional 2 0.07998 Cyflufenamid, Folpet, Metrafenon

16 resistant organic 3 1.37393 Copper hydroxide, Potassium bicarbonate, Sulphur

15 susceptible conventional 8 1.39599
Ametoctradin, Cyflufenamid, Fluopyram, Folpet, Metrafenon, Metiram, Proquinazid, 
Sulphur, Tebuconazole

16 susceptible organic 11 4.23314 Copper hydroxide, Potassium bicarbonate, Sulphur
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Table S3 Identified families with corresponding order, classification into guilds according to their feeding behavior, and average 
abundances per vineyard. 

number of individuals number of individuals

familiy

conventional

resistant

conventional

susceptible

organic

resistant
organic
susceptible familiy

conventional

resistant

conventional

susceptible

organic

resistant
organic
susceptible

Aranea 
+RV

Dermaptera 

Agelenidae A 1 Forficulidae C +CM 1335 1083 605 643

Amaurobidae A 1 Diptera +RV +OM

Anyphaenidae A 9 4 11 6 Acartophthalmidae E 1

Araneidae A 214 210 247 199 Agromyzidae B 2 2

Cheiracanthidae A 5 8 Anthomyiidae A,F 1 2 2

Clubionidae A 3 3 5 12 Asteiidae E,F 1

Dictynidae A +RV 102 82 133 63 Atelestidae A 1 3

Gnaphosidae A 1 2 4 5 Bibionidae G 1

Linyphiidae A 148 100 163 86 Camillidae n.a. 2

Lycosidae A 5 3 3 Cecidomyiidae B 1 3 1 1

Mimetidae A 1 3 2 Ceratopogonidae Aa,H 2 3

Philodromidae A +RV 404 298 687 432 Chironomidae F,G 2

Pholcidae A 1 Chloropidae G 5 5 1 1

Pisauridae A 1 2 Dolichopodidae A 2 1

Salticidae A 118 195 219 241 Drosophilidae B,G 78 49 10 6

Segestriidae A 2 Empididae A 1

Sparassidae A 2 1 Ephydridae B 1

Tetragnathidae A 23 19 27 14 Fanniidae E 1 1 1

Theridiidae A +RV 574 415 527 365 Lauxaniidae B,E 1

Thomisidae A +RV 113 68 186 134 Muscidae A,F,E 1 1 1

Uloboridae A 1 Mycetophilidae D 2

Blattoptera Periscelididae n.a. 1

Blattellidae A,E 1 1 5 5 Phoridae A,E 2 2 4 2

Coleoptera Platypezidae D 2

Anobiidae Ba 1 Rhinophoridae Ab 1 1

Anthicidae A,E,F 1 2 4 Sacrophagidae E 2

Anthribidae B,D 2 – Scatopsidae B,E 1 3 2

Apionidae B 11 8 25 17 Sciaridae D 18 56 37 19

Attelabidae B 3 Simuliidae H 2

Bruchidae Bc 4 Sphaeroceridae E 2

Cantharidae A,F 1 Stratiomyidae G 1

Carabidae A,Bb,F 4 5 1 7 Syrphidae A,F,G 1 2 3

Chryptophagidae D,E 1 Tabanidae H 1

Chrysomelidae B 28 30 29 23 Tachinidae Aa 1 1

Cleridae A,F 1 Tephritidae E,F,G 1 1

Coccinellidae A,D,F +RV 58 33 38 18 Tipulidae n.a. 2

Curculionidae B 2 5 5 8 Entomobryomorpha

Dasytidae F 1 Entomobryidae E 2 1 3

Elateridae B 1 3 3 6 Isotomidae E 3 1 136 157

Eucnemidae Ba,D 1 2 3 2 Ephemoptera

Haliplidae A,B 1 Baetidae n.a. 1

Kateretidae B 1 Hemiptera +OM

Latridiidae D +RV 211 163 202 121 Acanthosomatidae B 1

Malachiidae A,F 1 1 Anthocoridae A 15 5 10 16

Melyridae A 1 1 2 1 Aphididae B 6 11 24 10

Mycetophagidae D 1 Aphrophoridae B 2 3 3 2

Nitidulidae D,E 1 1 1 Berytidae A,B 4

Oedemeridae F 1 1 Cicadellidae B +SV 323 653 398 444

Phalacridae F +RV 129 104 72 26 Cixiidae B 1 2

Scolytidae Ba 2 Coreidae B 3 2 5 1

Scraptiidae F 1 Delphacidae B 6 10

Sphindidae D 1 1 Eriosomatidae B 2 2 8 3

Staphylinidae A,D,E 4 2 2 1 Lygaeidae Bb 1 2 4

Tenebrionidae B,F 2 1 1 Membracidae B 1
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number of individuals number of individuals

familiy

conventional

resistant

conventional

susceptible

organic

resistant
organic
susceptible family

conventional

resistant

conventional

susceptible

organic

resistant
organic
susceptible

Hemiptera (cont.) Lepidoptera (cont.)

Microphysidae A 3 1 Geometridae B 12 6 39 42

Miridae A,Bb 24 35 27 27 Gracillariidae B 3 1

Nabidae A 21 13 39 19 Hepialidae B 1 2 2 4

Pemphigidae B 1 Lycaenidae B 1

Pentatomidae A,B 16 7 24 16 Noctuidae B 5 8 25 20

Piesmatidae B 1 Plutellidae B 3 4 2

Pyrrhocoridae B 5 13 9 Pterophoridae B 2 1

Reduviidae A 1 1 1 Pyralidae B 1 1

Rhopalidae Bb 4 3 3 3 Tineidae B 2 1 1

Rhyparochromidae B 6 25 12 15 Tortricidae B 10 10 22 19

Saldidae A 1 Yponomeutidae B 2 2

Tettigometridae B 1 Mecoptera

Tingidae B 1 Panopidae E 2

Hymenoptera Neuroptera +OM

Agaonidae F 1 1 1 Chrysopidae A 33 53 39 55

Apidae F 1 1 Hemerobiidae A 1 1 3 2

Bethylidae Ab 1 Opiliones

Braconidae Ab 6 9 14 7 Phalangiidae A 15 17 37 46

Ceraphronidae Ab 1 4 2 Oribatida

Chalcididae Ab 1 Chamobatidae E 1

Chrysididae Ab 1 Oribatellidae E 1

Colletidae F 1 Phenopelopidae E 1 1 1

Cynipidae B 1 Orthoptera

Diapriidae Ab 1 2 3 Meconemtatidae A 1

Elasmidae Ab 1 Tettigoniidae B 1

Encyrtidae Ab 1 2 1 3 Polyxenida

Eucoilidae Ab 1 Polyxenidae B 11

Eulophidae Ab 7 7 5 10 Pseudoscorpiones

Eupelmidae Ab 23 2 2 4 Chernetidae A 1

Eurytomidae Ab 1 2 3 Psocoptera

Figitidae Aa 1 1 Caeciliusidae B 1

Formicidae A 238 224 72 120 Ectobiidae E,Ba 4 5

Halictidae F 2 1 Ectopsocidae E 25 20 50 15

Ichneumonidae Ab 6 6 12 7 Elipsocidae D 2 11 3 3

Megaspilidae Ab 1 Lachesillidae D 4 1 2

Mymaridae Ab 1 1 1 1 Mesopsocidae D 1

Platygastridae Ab 4 1 4 5 Peripsocidae D 1 1

Pompilidae Ab 1 Stenopsocidae D 1 1

Proctotrupidae Ab 2 Trichopsocidae E 2

Pteromalidae Ab 2 1 7 4 Thysanoptera

Scelionidae Ab 4 4 3 Aeolothripidae A,B 3 5 3 4

Torymidae Ab 1 1 1 2 Limnephilidae B 1

Vespidae C 4 Phlaeothripidae B 1 1 2 1

Isopoda Thripidae B 2 1 1

Philosciidae E 1 Trombidiformes

Lepidoptera Anystidae A 18 26 63 82

Coleophoridae B 1 Cunaxidae A 7 6 2 3

Crambidae B 1 Trombidiidae A 153 220 234 134

Epermeniidae B 1 Symphypleona

Erebidae B 2 1 Sminthuridae E 3 6

Corresponding orders are displayed in italic. Guilds are given as superscript characters:  A carnivore (including  a parasitic,  b parasitoid),  B herbivore (including  a xylophagy,  b granivore),

C omnivore, D fungivore, E detrivore, F palynivore, G nectarivore, H haematophagous. Multiple characters indicate that families contain several guilds according to single genera and species

determined.

For the most abundant families and orders statistical differences are highlighted with +RV (increase in resistant varieties), +SV (increase in susceptible varieties), +OM (increase under organic

management), +CM (increase under organic management).
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Chapter VI

Arthropods in the spotlight – identifying predators of vineyard pest insects with infrared photography. 

Table S1: Model parameters and output for the three fitted models. Model formula included response variable ~ management*variety
+ (1 | site).

Model parameters
Model output 
p-values (Chi-square values)

response variable distribution df residuals management variety management *variety

L. botrana egg predation tweedie 25 0.1223 (2.3871) 0.9451 (0.0047) 0.0829 (3.0071) .

L. botrana pupae predation Gaussian 26 0.1187 (2.4351) 0.3622 (0.8304) 0.0802 (3.0618) .

D. melanogasterpupae predation Gaussian 26 0.6317 (0.2298) 0.8663 (0.0283) 0.1387 (2.1922)
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Table S2: Exposed and consumed eggs and pupae of  L. botrana and  D. melanogaster per vineyard and sampling date listed by
predator.

conventional organic

resistant susceptible resistant susceptible

site 1 3 5 7 9 13 15 1 3 5 7 9 13 15 2 4 6 8 10 11 12 14 16 2 4 6 8 10 11 12 14 16

May

L. botrana eggs

exposed 82 53 42 47 55 218 214 59 94 45 45 75 169 203 70 109 45 63 46 33 40 182 192 83 150 61 58 34 51 29 188 166

Forficula auricularia 7 3 - 22 32 214 - - - - 5 22 111 202 - - - - 10 - - 174 - - - - - - - - - -

Formicidae - - - - - - - - 13 - - 20 - - 10 - - - - - 6 - - - - - - - - - - -

Philodromus sp. - - - - - - - - - - - - - - - - - - - - - - - 13 - - - - - - - -

L. botrana pupae

exposed 10 9 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 9 10 10 10 10 10 10 10

Forficula auricularia - - - - - 2 - - - - - - - - - - - - 3 - - 3 7 - - - - - - - - -

Formicidae - - - - - - - 1 - - - - - - 1 - - - - - - - - - - - - - - - - -

Opiliones - - - - - - - 1 - - - - - - - - - - 4 - - - 1 - - - - - - - - -

D. melanogaster pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia 5 5 - 8 5 - 5 - - - 5 5 10 5 - - - - 5 - - 10 5 - - - - 5 - - - -

Formicidae - - - 2 - - - 3 - - - - - - 4 - - - - 5 - - - - - - - - - - - -

Opiliones - - - - - 1 - 1 - - - - - - - - - - - - - - 5 - - - - - - - - 1

Philodromus sp. - - - - - - - - - 2 - - - - - - - - - - - - - - - - - - - - - -

Blattoptera - - - - - - - - - - - - - - 2 - - - - - - - - - - - - - - - - -

Vespula sp. - - - - - - - - - - - - - - - - - - - - - - - - - 2 - - - - - -

conventional organic

resistant susceptible resistant susceptible

site 1 3 5 7 9 13 15 1 3 5 7 9 13 15 2 4 6 8 10 11 12 14 16 2 4 6 8 10 11 12 14 16

June

L. botrana eggs

exposed 192 138 15 20 63 60 77 193 173 20 27 64 58 46 138 137 26 22 88 59 87 44 65 182 157 31 30 78 59 50 62 63

Forficula auricularia 124 - - 4 - - - - 2 4 - 5 - - 2 - 3 3 - 7 18 19 - - 54 7 5 13 34 - - -

L. botrana pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia 5 3 - 3 - - - - 1 - 5 5 - - 2 - 5 - - - 10 5 - 5 2 4 2 4 - 5 5 2

D. melanogaster pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia 9 5 5 10 - - - 5 10 10 5 5 - - 5 5 2 5 - 5 10 5 - 5 5 - 5 5 - 5 5 4

Opiliones 1 - - - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - -
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conventional organic

resistant susceptible resistant susceptible

site 1 3 5 7 9 13 15 1 3 5 7 9 13 15 2 4 6 8 10 11 12 14 16 2 4 6 8 10 11 12 14 16

July

L. botrana eggs

exposed 59 67 65 33 93 51 74 37 42 32 47 109 44 55 50 55 47 56 99 107 87 61 60 48 45 44 43 96 70 87 54 48

Forficula auricularia - 8 - - 36 - - - - - - - - - - - - - - - - - - - - - - 62 4 - - -

Formicidae - - - - - - - - - - - - - - - - - - - - - - 2 - - - - - - - - -

Chrysopidae larvae - - - - - 4 - - - - - - - - - - - - - - - - - - - - - - - - - -

L. botrana pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia - 2 - 4 4 - - - - 5 - - - - - - - - - - - - - - - - - 6 - 8 - -

Chrysopidae larvae - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - -

Opiliones - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - -

D. melanogaster pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia - 5 - 1 5 - - - - - - - - - - - - - - - - - - - - 5 - 10 - 10 - 4

conventional organic

resistant susceptible resistant susceptible

site 1 3 5 7 9 13 15 1 3 5 7 9 13 15 2 4 6 8 10 11 12 14 16 2 4 6 8 10 11 12 14 16

August

L. botrana eggs

exposed 134 171 118 152 101 159 152 163 127 202 134 167 165 45 153 125 68 170 190 50 123 60 44 87 138 175 152 171 82 52 169 51

Forficula auricularia - - - 82 61 - 124 - - - 68 - - - - - - - - - - 6 - - - 8 60 - - 8 46 5

Formicidae - - - - - - - - - - - - - - - - - - - - - - 15 - - - - - - - - -

Cheiracanthium sp. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 40 -

L. botrana pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia - - 5 - - 3 10 - - - - - - - - - 1 4 - - - 9 4 - - 5 - 3 5 - 1 4

Opiliones - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 - - -

Meconema meridionale - - - - - - - - - - - - - - 3 - - - - - - - - - - - - - - - - -

Cheiracanthium sp. - - - 2 - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Vespula sp. - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - -

D. melanogaster pupae

exposed 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Forficula auricularia - - 6 - 5 - 5 - - - - - - - - - 5 5 - - - 10 - - - 5 5 3 5 - 5 3

Formicidae 4 - - - - - - - - - - - - - - - - - - 3 - - - - - - - - - - - -
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