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Abstract

Viticulture is characterized by substantial pesticide applications, impacting natural ene-
mies. New pest control strategies and management of plant diversity into agrosystems act-
ing as reservoirs of natural enemies are assumed to limit pesticide use. Various studies
support this hypothesis but gaps exist on the effect of diversification on Phytoseiidae mites,
generalist predators reported as prevalent and efficient natural enemies in vineyards. This
study focuses on the effect of cover crop management (no cover crop, spontaneous cover
crops with or without agroforestry) and grape variety (resistant cv. Artaban and cv. Syrah)
on predatory mites and prey communities, in a newly planted experimental vineyard in
South-East France. Samplings were carried out three times a year on vine, cover crops, and
co-planted trees. Phytoseiidae, Tydeiidae, Eriophyidae mites and thrips were characterized.
Nine Phytoseiidae species were identified on vine, the main ones being Kampimodromus
aberrans, Typhlodromus exhilaratus, Phytoseius finitimus and Euseius gallicus. Kampimo-
dromus aberrans was prevalent on the cv. Syrah, highlighting a strong effect of variety. The
low unexpected effect of system management observed outcome could be due to several
factors, such as the experimental plot size or the influence of vine stress on Phytoseiidae
communities in vines with cover crops. All phytoseiid species present on vine were iden-
tifed at least once on cover crops and co-planted trees, suggesting their potential role as res-
ervoirs. Further studies should be performed investigating the evolution of communities in
this newly-planted experimental system, as well as potential differences in trophic network
interactions.
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Introduction

Agrosystem diversification via a greater diversity of spontaneous or managed vegeta-
tion can (i) favour beneficial organisms and thereby pest regulation services, by pro-
viding refuges and foods and (ii) unfavour pests (especially monophagous) by limiting
dispersion/settlement (Altieri and Letourneau 1982; Andow 1991; Altieri and Nicholls
2002; Togni et al. 2019; Blassioli-Moraes et al. 2022). Such correlations are supported
in various meta-analyses in different crop systems and at different scales (e.g. Landis
et al. 2000; Paredes et al. 2013; Lichtenberg et al. 2017; Venzon et al. 2019). However,
these trends are not always consistent across pests and crops and further knowledge is
required to identify which plant diversity can be managed and how, for applied advice to
farmers in a context of ecological transition (Vialatte et al. 2023).

Among the natural enemies in vineyards, predatory mites of the family Phytoseiidae
are known to be the most frequent and efficient natural enemies of phytophagous mites
(e.g. Duso et al. 2010, 2012). Most of them are generalist predators, feeding on prey
(mite pests and small insects) and other food resources, as pollen, nectar and mycelium
(Duso et al. 2004; McMurtry and Croft 1997; McMurtry et al. 2015). Several studies
have shown that their natural occurrence in neighbouring vegetation around vineyards
positively impacts pest biological control (i.e. Boller et al. 1988; Duso 1993; Tixier
et al. 1998, 2000a, 2000b). Other works dealing with vine agroforestery management
showed a slight impact on Phytoseiidae mite communities, depending on co-planted
trees and vine varieties (Altieri and Nicholls 2002; Barbar et al. 2006; Liguori et al.
2011; Tixier et al. 2015).

However, only a few studies focused on cover crop effect as a reservoir of Phytoseiidae
mites (Girolami et al. 2000; Vogelweith and Thiery 2017; Sdenz-Romo et al. 2019; Rosado
et al. 2021; Moth et al. 2021, 2023). Sadenz-Romo et al. (2019) reported the occurrence of
Typhlodromus pyri Scheuten both on vine and ground cover vegetation, suggesting that
cover crop could shelter this predator. In addition, natural vegetation could also act as a
reservoir of alternative food (prey and pollen). Some studies report positive correlations
between flowering season, pollen air borne density and Phytoseiidae mite abundance (e.g.
Sentenac et al. 2018; Duso et al. 2004; Malagnini et al. 2022). All these elements as well as
other studies dealing with cover crops in orchards (e.g. citrus, apple trees, e.g. Nyrop et al.
1998; Mailloux et al. 2010; Aguilar-Fenollosa et al. 2011; Sahraoui et al. 2014) show that
cover crop globally positively impacts Phytoseiidae mite densities. However, additional
studies are required to determine more accurately the functional interactions between vine-
yard cover crops for regulation services, that might depend on (i) the Phytoseiidae species
and associated resource requirements (habitat and foods) and (ii) the ability of the naturally
present plants to supply these resources.

This study aims at evaluating the Phytoseiidae communities in a Mediterranean vine-
yard with contrasted management vegetation management (no cover crops, spontaneous
cover crops, spontaneous cover crops + agroforestery management) with low application
of pesticides due to the use of a new variety resistant to powdery and downy mildew
(cv. Artaban). In addition, Phytoseiidae communities were evaluated on another tradi-
tional vine variety (cv. Syrah) in the control modality without cover crop. The hypothe-
ses tested are thus as follow: (i) soil management influences the diversity and abundance
of Phytoseiidae mites and their prey on vines, (ii) the vine variety affect diversity and
density of Phytoseiidae mites, and (iii) plants in cover crops and co-planted trees act as
reservoir of Phytoseiidae mites and potential prey.
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Material and methods
The vine plots studied

The vine plots studied, planted in 2019, are located at Villeneuve-les-Maguelone
(43° 31’ 50.46” N 3° 52" 05.95” E), near Montpellier, South of France. They belong to
an experimental domain (Domaine du Chapitre) where agricultural practices are homog-
enously controlled. The three soil management systems considered are included in a 3 ha-
vineyard to limit effects of different climate and surrounding natural vegetation. They were
similarly conducted, except for soil and herbicide management (see below). Because vines
are young, suffering competition for water and nutrients, irrigation was carried out on vine
plots with cover crops. No Phytoseiidae introduction/releases have been performed. The
communities of predatory mites found in the vineyards have thus naturally colonized the
vineyards. The three modalities are as follow and illustrated on Fig. 1:

(1) “Tviti”: control modality (3 replicates corresponding each to 12 rows of 60 m long
with 6 rows of cv. Artaban and 6 rows of cv. Syrah, plantation density: 3333 vinestocks/
ha): no covercrop, plants mechanically destroyed four times a year between the rows. “Tviti
— Artaban” and “Tviti — Syrah” will be used to specify the grape variety considered. No
fungicide was applied on the cv. Artaban as it is resistant to mildew and powdery mil-
dew. Fungicide treatments were applied (fluopyram and trifloxystrobine on 15 June 2022,
Copper and sulfur on 07 July 2022) on the cv. Syrah. Both cultivars were treated in a
same way to control the cicadellid Scaphoideius titanus Ball on the 22 June 2022 (using
Esfenvalerate).

Northern hedge

60 meters 60 meters

27.5 meters
30.8 meters

1%
2
o
2
2
=
£
=
=

Southern hedge

Fig.1 Schematic diagram of the studied plot. Grey lines represent rows of the cv. Artaban while dark line
represent rows of the cv. Syrah. Green rectangles correspond to the replicates of the modality “Aviti” (cover
crop modality), Blue rectangles correspond to the replicates of the modality “Dviti” (cover crop + agrofor-
estry modality) and Red rectangles correspond to the replicates of the modality “Tviti” (control modality).
Violet lines represent rows of co-planted trees (fig and pomegranate trees) in the “Dviti” system
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(>i1) “Aviti”: covercrop modality (3 replicates corresponding each to 12 rows of 60 m
long, plantation density: 3,571 vinestocks/ha with the cv. Artaban), spontaneous vegetation
between the rows mowed three times a year (30 March 2022, 15 June 2022 and 01 August
2022), rice and coconut fiber mulch used along the row to avoid grass.

(iii) “Dviti”: covercrop + agroforestry modality (3 replicates corresponding each to 8
vine rows of 60 m long+two rows of trees—one row of Ficus carica L. (Moraceae) and
one row of Punica granatum (Lythraceae), plantation density: 3,571 vinestocks/ha with
the cv. Artaban). The spontaneous vegetation was managed as in “Aviti”. The three spe-
cies were chosen because of drought resistance (adapted to the Mediterranean climate) and
potential additional income for growers.

Samplings, countings and identifications

Samplings were carried out three times a year in 2022 (3 May 2022, 8 June 2022, 30
August 2022) to study whether the effect of plant diversification is stable over the sea-
son, as mite densities and sometimes species change through the season. At each sampling
date, for each replicate of each modality and vine variety, 10 vine leaves were randomly
collected. At each sampling date and for the three replicates of the modality “Dviti”, 10
leaves of F. carica and 10 shoots of 10 cm of P. granatum were randomly sampled. The
plant species in the cover crops (in "Aviti" and "Dviti" modalities) were identified and their
abundance assessed two times a year (27 April 2022, 31 May 2022), placing six and five
quadrats (0.25 m?) for “Dviti” and “Aviti”, respectively. The most frequent plant species
(24) were then randomly sampled in the cover crop of the three replicates of “Aviti” and
“Dviti”. Samples were maintained in iceboxes and brought back to the laboratory. Then,
the ‘soaking- checking-washing-filtering’ method (Boller 1984) was applied, using a dou-
ble filtration on 200 pm and 25 pm mesh- sieves to extract Phytoseiidae mites and their
potential prey categorised as (i) tydeiid mites, (ii) eriophyid mites (mainly Colomerus vitis)
and (iii) thrips. No Tetranychidae mite was observed in the samples, for this they were not
considered. Phytoseiidae and potential prey were counted under a stereoscopic microscope
(X 25 magnification). For eriophyid mite countings, a few drops of methylene blue were
added to distinguish between vegetative material (blue color) and arthropods (white-yellow
color) (Duffner 1999). Phytoseiidae mites were mounted on slides in Hoyer’s medium and
identified with a phase contrast and Differential interference contrast (DIC) optical micro-
scope (Leica DMR) based on the generic classification of Chant and McMurtry (2007) and
specific literature (e.g. Ferragut et al. 2009; Papadoulis et al. 2009).

Data analyses

The Shannon index was used to compare the diversity and distribution of Phytoseiidae
species on vine between the systems considered (Barbault 1992). Statistical analyses
were performed using R software (version 4.2.2). Figures were done with ‘ggplot2’
package (Wickham et al. 2016). To compare the abundance, Shannon index and rich-
ness of each organism considered (Phytoseiidae, Tydeiidae, Eriophyidae, thrips) in the
systems and vine varieties, Generalized Linear Mixed Models (GLMM) with a nega-
tive binomial link function were used (‘lme4’ package, Bates et al. 2015). Replicates
were considered as a random effect. When the assumptions of normality and homo-
scedasticity were validated, Analyses of variance (Anova) were performed on these
models (‘car’ package, Fox et al. 2012), followed by multiple comparison tests (Tukey

@ Springer



Experimental and Applied Acarology (2024) 93:369-395 373

test, ‘multcomp’ package, Hothorn et al. 2016). When these conditions were not vali-
dated, non-parametric tests (Kruskal Wallis, ’rstatix’ package, Kassambara 2021) were
performed followed by multiple comparison tests (Dunn’s tests, ‘dunn.test’ package,
Dinno and Dinno 2017). The p-values were then adjusted with the Holm method. In
some cases, the Kruskal-Wallis tests indicated significant differences between the
modalities, but the non-parametric post hoc Dunn tests with Holm correction did not
show statistically significant results. In these cases, we concluded that there was no
significant difference between the modalities tested. To determine the impact of plant
diversity and prey on Phytoseiidae communities, Principal Component Analyses were
performed using the packages ‘FactoMineR’ and ‘factoextra’ (L& et al. 2008; Kassam-
bara 2016).

To compare the Phytoseiidae abundance between the cover crops and the plant spe-
cies, because the amount of vegetation per plant species was not equally calibrated, it
was not possible to directly compare Phytoseiidae abundance between plants. Thus, we
used the Phytoseiidae frequency as a proxy of Phytoseiidae abundance, considering the
percentage of time that Phytoseiidae were found on a plant species (named Phytoseii-
dae occurrence frequency). Furthermore, to assess the potential recovery rate of each
Phytoseiidae species on each plant species in cover crops of each system, we proposed
an index calculated as follows:

R (phytoseiidac species, Plant species) = Plant species recovery rate X Phytoseiidae species
occurrence frequency

Where, “Plant species recovery rate” represents the average percentage of the plant
species (obtained from quadrat data) and “Phytoseiidae species occurrence frequency”
represents the number of times a Phytoseiidae species was found on a plant species.
To estimate the overall abundance of a Phytoseiidae species within the covercrop, a
total recovery rate (named R,,;) was then calculated by summing for each Phytoseii-
dae species the R’ indices of each plant species present in each cover crop. Both indi-
cators were calculated for May and June samplings, as no data on plant occurrence was
available in August. These indices were calculated for the three replicates of the two
systems “Aviti” and “Dviti”.

Results
Phytoseiidae on vine

1409 Phytoseiidae specimens belonging to nine species were collected. The most frequent
species were Kampimodromus aberrans (Oudemans) (49,8%), Euseius gallicus Kreiter
& Tixier (19,45%), Phytoseius finitimus Ribaga (13,91%) and Typhlodromus (T.) exhila-
ratus Ragusa (8,68%). The other species, less frequently observed, were Euseius stipula-
tus (Athias-Henriot), Typhlodromus (Anthoseius) recki Wainstein, Paraseiulus soleiger
(Ribaga), P. triporus (Chant & Yoshida-Shaul) and P. talbii (Athias-Henriot). The mean
number of Phytoseiidae/leaf (Ph/l) was significantly different between the three sampling
dates (P=2.16e-2), with lower densities in May than in June and August (0.24 +0.37 Ph/l
in May, 2.27+2.50 Ph/l in June and 1.86+1.45 Ph/l in August). The number of Phyto-
seiidae species was significantly different through time (P=1.49e-4), being lower in May
(0.74+0.79) than in June (2.17 +1.08) and August (2.74 +1.35).
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Effect of grape vine variety on predatory mite communities

Effect of vine variety was studied only considering the control modality to prevent
interactions with cropping management. The average number of Phytoseiidae was sig-
nificantly lower on the cv. Artaban (1.55+1.68 Ph/l) than on the cv. Syrah (2.99+2.67
Ph/l) (P=2e-47). In contrast, species richness was significantly higher on the cv. Arta-
ban (2.35+1.67) than on the cv. Syrah (1.30+0.72) (P=1e-32). Similar results were
observed for the Shannon index (cv. Artaban, H’ =0.80+0.73; cv. Syrah, H’ =0.16 +0.26)
(P=2.86e-4), especially because of the predominance of K. aberrans on the cv. Syrah for
the three sampling dates (Fig. 2). On the cv. Artaban, the species differ across time, 7.
exhilaratus being the sole species in May, while E. gallicus and P. finitimus were dominant
in June and August.
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Fig.2 a Proportion (%) and b total number of each Phytoseiidae species (number/leaf) collected on vine for
each system considered (“Aviti”: cover crop modality, “Dviti”: cover crop +agroforestry modality, “Tviti-
Artaban’: control modality planted with the cv. Artaban, “Tviti-Syrah™: control modality planted with the
cv. Syrah) and at the three collection dates
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Effect of cropping systems on predatory mite communities on vine

The data here considered are those from the sampling carried out on the cv. Artaban only in
the three management systems, to avoid variety effects. Merging data for all the dates, the
mean Phytoseiidae density was significantly different between the three systems (P =1.93e-
2), with the highest densities observed in the control modality. This is exclusively due to
June observations, as only at this date, differences in mean densities of Phytoseiidae were
observed (Fig. 3a). No statistical differences were noted in species richness (P=0.24)
and Shannon index (P=0.50) between the three systems when pooling data of the three
dates. The species richness was not significantly different either for each sampling date
(Fig. 3b), whereas the Shannon index was significantly different between the systems at
each sampling date (higher in “Aviti” than in the other systems in May (P =0.03), lower on
“Aviti” than “Tviti-Artaban” in August (P=0.03)) (Fig. 3c). Globally, the Shannon index
increased over time (H'=0.13+0.36 in May, H'=0.93+0.63 in June, H'=1.30+0.59 in
August) (P=4.57e-8). Considering each cropping system separately, the Shannon index
was not statistically different between the three dates for the modality “Aviti”, where as it
was statistically lower in May than June in the modality “Dviti”, and different between the
three collections dates for the control modality “Tviti — Artaban” (Supplementary file 1).

Phytoseiidae species differ over time, regardless of the system, especially between May
and the other two dates (Fig. 2a; Table 1). In May, T. exhilaratus was the main species
whereas in June and August even if present, its proportion was very low compared to P.
finitimus and E. gallicus. It is worth noting the presence of E. stipulatus in August in the
three systems, whereas this species was absent in May and June (Fig. 2). The proportion of
T. (A.) recki remained consistently low through time and in all the systems, with the highest
proportion observed in June in "Dviti". In most cases, nor the proportion nor the abun-
dance of the main Phytoseiidae species were different between the systems for each date;
only in June "Tviti-Artaban" exhibited a higher proportion and abundance of E. gallicus
compared to "Aviti" and "Dviti" (63.47% vs. 32.46% and 24.93%, respectively, Table 2).
Even if no significant difference was noted, some elements can be pointed out (i) in May:
E. gallicus and P. finitimus were exclusively present in "Aviti" while 7. exhilaratus was the
sole species found in "Tviti-Artaban"; K. aberrans and P. soleiger were only observed in
"Dviti"; (ii) in June: a lower proportion of P. finitimus was observed on “Tviti-Artaban”
than in the other modalities (13.04% vs. 28.44% and 25.97%, respectively), and the highest
proportion of K. aberrans was found on "Dviti", and (iii) in August: the proportion of P.
finitimus was slightly higher in "Aviti" (39.63%) compared to "Dviti" (26.28%) and "Tviti-
Artaban" (17.92%).

Potential prey on vine
Eriophyidae

3010 Eriophyidae were observed on vine. Significantly higher densities were found in June
than at the two other dates (P=2.2e-16). Considering vine variety effect, differences were
only observed in June (P=0.016), with a significantly higher number on the cv. Artaban
(11.11+£10.64 Eriophyidae per leaf) than on the cv. Syrah (3.34 +2.06 Eriophyidae per
leaf). No effect of the managing system was observed for all the dates pooled (P=0.15) nor
for each date considered separetely (Table 1).
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Fig.3 a Mean numbers of Phytoseiidae per vine leaf, b Richness of Phytoseiidae (mean numbers of spe- p
cies) and ¢ Mean Shannon index of Phytoseiidae communities in the three managing systems considered
(“Awiti”: cover crop modality, “Dviti”: cover crop + agroforestry modality, “Tviti-Artaban”: control modal-
ity planted with the cv. Artaban), at the three sampling dates. Different letters above the bars correspond to
statistical differences between the systems

Tydeidae

1383 Tydeidae were observed on vine. The density was significantly higher in June than at
the other sampling dates (P =7.23e-6). No difference between grape varieties was observed
in May (P=0.15) and August (P=0.53). In June, the Tydeidae density was higher on the
cv. Artaban (4.30+2.50 Tydeidae per leaf) than on the cv. Syrah (1.36+1.31 Tydeidae
per leaf) (P=0.03). Significantly higher numbers of Tydeidae were observed on ‘Tviti-
Artaban’ (2.07+2.21 Tydeidae per leaf) than on “Aviti” (0.89+1.05), “Dviti” showing
intermediate values (1.25+0.98) (P=0.01). Results are slightly different when focusing
on each collection date. In May, greater densities were observed on “Dviti” than on “Aviti”,
whereas densities in “Tviti-Artaban” were intermediate (Table 1). In June, higher densities
of Tydeidae were observed on “Tviti-Artaban” than on “Aviti” and no statistical difference
between the three systems was noted in August (Table 1).

Thrips

202 thrips were observed on vine. Their densities differed between the three dates
(P=1.39e-7) with the highest numbers observed in June (0.33+0.26 thrips/leaf), then in
May (0.17+0.21 thrips/leaf) and finally in August (0.02+0.04 thrips/leaf). No statistical
difference was observed globally between the two grape varieties (P=0.88), nor consider-
ing each date separately (P=0.40 in May, P=0.59 in June, P=0.23 in August). The thrips
densities were not significantly different between the systems, when compared globally nor
at each date separately (Table 1).

Relationship between Prey and Phytoseiidae communities
On the cv. Artaban

Principal Component Analyses (PCA) were performed to determine relationships between
the abundance of main Phytoseiidae species (T. exhilaratus, K. aberrans, E. gallicus,
P. finitimus and T. recki) and of prey in the three systems. In May, the main three axes
explain 73.3% of the variability (Fig. 4a, b). The biplots show that the densities of E. gal-
licus, T. exhilaratus and P. finitimus were well correlated and globally no clear relation
was observed between these Phytoseiidae species and prey abundance (thrips, Tydeiidae
and Eriophyidae). The three systems were not well separated. In June, the three main axes
explain 69% of the variability (Fig. 4c, d). The biplots show positive correlation between
densities of P. finitimus and E. gallicus, as well between these two species and densities
of Eriophyidae mites. A positive correlation was also observed between the densities of
K. aberrans, thrips and Tydeiidae. The two diversified systems were grouped together,
whereas the modality “Tviti-Artaban” stands out, being positively related to both preda-
tor and potential prey abundance. In August, the three main axes explain 63.35% of the
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Fig.4 Biplots of the Principal Component Analyses carried out for data in May (a, b), June (¢, d) and
August (e, f) considering all variables (prey, main Phytoseiidae species abundance and total abundance
of ‘Phytoseiidae’) for the three systems (“Aviti” in red: cover crop modality, “Dviti” in green: cover
crop + agroforestry modality, “Tviti-Artaban” in blue: control modality planted with the cv. Artaban). For
each date, the three main axes are considered and variables only represented if its cos2> =0.4
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variability (Fig. 4e, f). The biplots show positive correlations between the densities of Eri-
ophyidae, P. finitimus and K. aberrans in a lesser extent; whereas this prey was not well
related to the densities of E. gallicus. Furthermore, the densities of K. aberrans and Tydeii-
dae were also correlated. No differentiation of the systems was observed at that date.

On the cv. Syrah

Similar Principal Component Analyses (PCA) were conducted for the cv. Syrah (Supple-
mentary information 2). In May, the biplot (axes 1 & 2 explaining 80.5% of the variability)
shows (i) positive correlations between the abundance of K. aberrans and Tydeidae and
(ii) negative correlations between the abundance of K. aberrans and thrips, and the den-
sity of P. finitimus and Eriophyidae. In June, the biplot (axes 1 and 2 explaining 73.2% of
the variability) shows (i) positive correlations between the abundances of K. aberrans and
Tydeidae, and (ii) negative correlations between the density of Eriophyidae and that of the
three main Phytoseiidae species (P. finitimus, K. aberrans, E. gallicus) and between the
density of thrips and P. finitimus. Moreover, a positive correlation was noted between den-
sities of thrips and E. gallicus. In August, the biplot (axes 1 & 2 explaining 83.3% of the
variability) shows positive correlations between the abundances of K. aberrans, Tydeidae
and Eriophyidae. Conversely, negative correlations were observed between the density of
K. aberrans and thrips.

Phytoseiidae communities on trees of “Dviti” system

641 Phytoseiidae were collected on F. carica and P. granatum. On F. carica, K. aber-
rans was the prevalent species (52.75%), followed by T. recki (17.44%) and P. finitimus
(16.95%) (Fig. 5b). On pomegranate, E. gallicus was the main species (95.24% in June),
and T. recki was also present (4.76%) (Fig. 5b). The three species found on the two co-
planted trees were among the five most abundant species retrieved on vine. Phytoseiidae
densities on each tree species were significantly different between the three sampling dates
(fig: P=6.3e-2, pomegranate: P=6.5e-2). The abundance of Phytoseiidae was higher on
fig leaves (6.87 +7.9/leaf) than on pomegranate shoots (0.18 +0.32/shoot) where data are
pooled (P=3.69¢-3) (Fig. 5a). When comparing the richness of Phytoseiidae on fig and
pomegranate (Fig. 5a), no difference was observed (P=0.25).

(a) (b)

e
May 1.00
IF. carica 0.77+08 167153
IP. granatum 0.00 + 0.00
P 0.20 NA 0.75 Phytoseiidae species
) June & W cuseiss gaticus
IF. carica 14.23+9.72 267+153 2 B Kempimodromus aberrans
IP. granatum 0.47 + 0.4 1.33+0.58 59000 B Parasciius soeiger
P 44.95e-2 0.25 [S Phytoseius fiitmus
August - Typhiodromus recki
F carica  [6.6+3.86 2331058 ’
IP. granatum 0.00 + 0.00
P 0. NA 000

< & Lol

&
Collection date

Fig.5 a Mean=sd numbers of Phytoseiidae per leaf/shoot and richness of Phytoseiidae for the three collec-
tion dates and both tree species co-planted in the system “Dviti”. b Proportion of Phytoseiidae species on
co-planted trees at each collection date. Significant P are represented in bold
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Phytoseiidae species on cover crop

Twelve Phytoseiidae species were observed on the 24 plants considered in the cover crops:
K. aberrans, T. exhilaratus, E. gallicus, P. finitimus, T. (A.) recki, Neoseiulus alpinus
(Karg), Graminaseius graminis (Chant), Amblyseius obtusus (Koch), Amblyseiella setosa
Muma, P. triporus and P. soleiger. The main species found on vine were thus also retrieved
in the cover crops. Neoseiulus alpinus, G. graminis, A. obtusus and A. setosa were not
found on vine. Paraseiulus triporus and P. soleiger were found in the two compartiments
but in both cases very few specimens were observed.

In May, Phytoseiidae occurrence was low. Only six and four species were observed on
the cover crops of “Aviti” and “Dviti”, respectively (Fig. 6a, b). Among these species, T.
exhilatatus and T. recki occurred in both systems, and P. finitimus only in the cover crop
of “Aviti”. Phytoseiidae were found on 31% and 37% of the plant sampled in the cover
crops of “Aviti” and “Dviti”, respectively. In June, the covercrops show a much higher Phy-
toseiidae diversity and frequency on a higher number of plant species (Fig. 6¢, d). They
were detected on 76% and 58% of the plants sampled in the cover crop of "Aviti" and
"Dviti", respectively. Among the 9 and 8 Phytoseiidae species observed in the cover crops
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Fig.6 Occurrence frequency (in %) of Phytoseiidae species on each plant species of the cover crop for the
systems: “Aviti” in red (cover crop modality) in May and June (a, ¢) and “Dviti” in blue (cover crop + agro-
forestry modality) in May and June (b, d). The darker the color, the higher the occurrence frequency is
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of "Aviti," and "Dviti”, respectively, the two most frequent and abundant species were 7.
recki and T. exhilaratus for the two systems. Typhlodromus recki was found on 58% and
46% plant species in "Aviti" and “Dviti” cover crops, respectively, whereas T. exhilaratus
was found on 53% and 26% plant species in “Aviti” and “Dviti" cover crops, respectively.
Kampimodromus aberrans and E. gallicus only found on the cover crops in June were pre-
sent at low frequency, on three and two plants in “Aviti” and “Dviti” for K. aberrans and
one and two plants in “Aviti” and “Dviti” for E. gallicus. Phytoseius finitimus was poorly
frequent, being observed on only two plants in each system. This species observed in May
on Medicago sativa L. in the cover crop of “Aviti” was not retrieved on the same plant
in this system in June. Most of the plant species harboured two or three species of Phy-
toseiidae. Plants sheltering T. exhilaratus were globally the same as those harbouring T.
recki. Two plant species sheltered a higher Phytoseiidae diversity whatever the system con-
sidered, Helminthotheca echioides and Erigeron sumatrensis, and the main Phytoseiidae
reported on vine were retrieved on both. Euseius gallicus was only found on these two
cover crop plants.

Phytoseiidae reservoir capacity of covercrops

The abundance of each plant species harbouring Phytoseiidae mites in “Aviti” and “Dviti”
was very similar, with H. echioides, Vicia faba, E. sumatrensis, Medicago sativa and Picris
hieracioides being the dominant plant species (Supplementary file 3). The two plant spe-
cies harbouring the highest Phytoseiidae diversity and occurrence were thus among the
plants most frequenly present in the cover crops. The highest R’ indices were observed for
H. echioides and E. sumatrensis for all Phytoseiidae species, even if the former accounts
for better scores (Supplementary file 4). Globally, higher R’ indexes were recorded in
“Aviti” than in “Dviti”, suggesting that in “Aviti” the reservoir potential would be higher.
The R, indices, corresponding to an estimate for each system of the amount of each Phy-
toseiidae species, are presented on Fig. 7. These indices are globally higher in June than
in May. In May, no clear difference was observed between the two systems, but the main
Phytoseiidae retrieved on vine were only reported on “Aviti”. In June, the R, indices
were globally higher in “Aviti” than in “Dviti” especially for T. recki, T. exhilaratus and P.
finitimus but not for K. aberrans and E. gallicus (the two species prevailing on co-planted
trees in “Dviti”).

Relationships between Phytoseiidae on vine, cover crops and trees

Phytoseiidae communities on vine, cover crops and trees are illustrated on Fig. 7 for both
dates and systems. In May on “Aviti”, two species (7. exhilaratus and P. finitimus) observed
on the vine were also present in the cover crops on M. sylvestris and M. sativa, respectively
(Fig. 7a). However, whereas the prevalence of these two Phytoseiidae species in the cover
crops was similar, only 7. exhilaratus prevailed on the vine. Euseius gallicus, found on
vine, was not retrieved on the cover crops. In May on “Dviti”, T. exhilaratus prevailing
on vine was not observed on the cover crop nor on the co-planted trees (Fig. 7b). Kampi-
modromus aberrans was the unique species found on both vine, fig co-planted tree and
cover crop (on only one plant) with a very low R, index, suggesting its scarcety in this
environment. In June on “Aviti”, the five species observed on vine were also found in the
cover crop (Fig. 7c). No relation was observed between the proportion of each species on
vine and the number of plants in the cover plants harbouring this species. As an example,
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Fig. 7 Proportion of Phytoseiidae (@) Aviti~ May 2022 (b) Dviti — May 2022
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whereas T. exhilaratus and E. gallicus accounted for similar proportion on vine, T. exhila-
ratus was observed on 9 plant species whereas E. gallicus only on one. The same was
observed considering the R, T. exhilaratus and T. recki were globally the most abundant
species in the cover crops, whereas their proportion was not the highest on vine leaves. In
June on “Dviti”, all the species found on the vine leaves were retrieved on the cover crops
and on the co-planted trees (Fig. 7d). No relation between the proportion of Phytoseiidae
species on vine and the number of plants where they were retrieved on the cover crops was
noted. No clear relation was either observed between the abundance of each Phytoseiidae
species on the covercrop and their proportion on the vine leaves. However, the R, of E.
gallicus was higher than in May, whereas that of T. recki and T. exhilaratus were lower sug-
gesting that these two species were not so prevalent in June in the cover crops.

Discussion
General considerations on diversity of Phytoseiidae mites on vine

Nine Phytoseiidae species were identified on the vine plots in this one-year survey. Five
species (E. stipulatus, T. recki, P. soleiger, P. talbii and P. triporus) were poorly observed
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as already reported in other vineyards in South of Europe (Kreiter et al. 2000; Tixier et al.
2013). It is interesting to note that E. stipulatus occurred only in August in quite high den-
sities, without any hypothesis to explain this occurrence. Three other species (K. aberrans,
T. exhilaratus, P. finitimus) were much more abundant which is also in line with previous
reports of Phytoseiidae in southern Europe vineyards (e.g. Kreiter et al. 2000; Papaioan-
nou-Souliotis et al. 2000; Tixier et al. 2013, 2018). Kampimodromus aberrans is the pre-
vailing species in vineyards in South of France, but this prevalence was here only observed
on the cv. Syrah (see below for further discussion). Phytoseius finitimus is a common Phy-
toseiidae in vineyards in Italy and Corsica (Kreiter et al. 2000; Duso and Fontana 2002;
Peverieri et al. 2009; Tixier et al. 2013; Demite et al. 2023). It is the first time that this spe-
cies is reported so frequently and in so high densities in South of France and several com-
bined hypotheses can put forward to explain this: (i) effect of climatic change and warmer
temperatures favoring its presence and development in upper latitudes, (ii) vine variety
effect as this species was mainly observed on the cv. Artaban, a new variety that was never
considered in vineyard surveys carried out in France. Typhlodromus exhilaratus is com-
monly found in some vineyards in South of Europe, especially in newly planted crops of
different grape varieties (Barbar et al. 2006; Tixier et al. 2006; Peverieri et al. 2009; Duso
et al. 2010). Furthermore, it is reported to be adapted to low humidity conditions (Liguori
and Guidi 1995; Duso et al. 2010). Finally, it is the the first time that E. gallicus is reported
in such high frequency in vineyards. This species, probably a synonym of E. amissibilis
Meshkov, might be an invasive species from Asia in expansion in various crops in Europe
(dos Santos and Tixier 2018; Doker et al. 2024).

Does the vine variety affect diversity and density of Phytoseiidae mites and their
prey?

The Phytoseiidae density was higher on the cv. Syrah compared to the cv. Artaban,
whereas the opposite was observed for Phytoseiidae diversity. Kampimodromus aber-
rans prevailed on the cv. Syrah which is in line with Phytoseiidae fauna in vineyards of
South of France (Kreiter et al. 2000, 2002; Tixier et al. 2002). This species is known
to be adapted to vine crop conditions in the south of France and to be affected by hairy
leaves of vine cultivars (Kreiter et al. 2002). It is a generalist predator able to feed on
pollen, and mite pests as C. vitis or Eotetranychus carpini (Oudemans) (e.g., Lorenzon
et al. 2012). On the cv. Artaban, T. exhilaratus was the unique species retrieved in
May, and E. gallicus and P. finitimus were dominant in June and August. Typhlodro-
mus exhilaratus is a Mediterranean species adapted to low relative humidity, known to
feed on mite pests as E. carpini, Tetranychus urticae Koch and pollen (Ragusa 1981;
Liguori and Guidi 1990). High populations have been recorded in vineyards infested
with eriophyid mites (Liguori 1987, 1988). The biology of P. finitimus is not well
known. It is a quite common species in vineyards of south of Europe. As a generalist
predator, it probably feeds on mite pests belonging to Tetranychidae and Eriophyidae
families and pollen and seems to be most found in cultivars with hairy leaves (Duso
and Vettorazzo 1999). The early occurence of T. exhilaratus can be associated to an
absence of diapause as reported by Veerman (1992). Its displacement afterwards can
be associated to competition due to vine leaf characteristics, climatic conditions, or
prey occurrence, but the present study does not allow to dicepher between these fac-
tors. It is worth to note that a so different Phytoseiidae species composition between
the two varities occured in a same plot, these two cultivars being only separated by
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an inter-row. Several factors might affect both diversity and densities of Phytoseiidae.
First the hairier leaves of the cv. Syrah might be more favorable for Phytoseiidae devel-
opment and especially for K. aberrans acting on Phytoseiidae competition (e.g. Duso
and Vettorazzo 1999; Kreiter et al. 2002; Roda et al. 2003; Duso et al. 2010; Schmidt
2014; Lorenzon et al. 2018; Tixier 2018). Tixier et al. (2006) and Liguori et al. (2011)
showed that in a same plot, densities of Phytoseiidae on the cv. Syrah are much higher
than on the cv. Grenache (glabrous leaves). However, this is not the unique factor,
because in other vineyards planted with other vine varieties including glabrous ones,
K. aberrans also prevails and because P. finitimus is also reported on pilose plants as
kiwi and pilose vine varieties (Duso and Vettorazzo 1999; Papaioannou-Souliotis et al.
2000; Mifarro and Kreiter 2012; Tixier et al. 2017; Demite et al. 2023). Phytoseiidae
mite communities might be also affected by pesticide application. In the present study,
the only difference in pesticide application between the plots planted with the two vari-
eties concerns fungicides. The cv. Artaban, resistant to mildew and powdery mildew,
received no treatment, whereas fungicides were applied twice on the cv. Syrah. Fun-
gicides are known to affect Phytoseiidae mite via lethal and sub-lethal effects (e.g.
Bernard et al. 2010; Gadino et al. 2011). Furthermore, Mo6th et al. (2021) showed for
instance that use of pesticide (without deciphering between pesticide type) was the
main factor affecting Phytoseiidae density in vineyards. However, in the present case,
densities are higher on treated plots than in not treated ones. We can thus hypothesize
that as the species found on the cv. Artaban and the cv. Syrah are different, they might
be differently affected by fungicide application. Fungicide resistance in K. aberrans,
the main species found on the cv. Syrah but also the dominant in the vineyards of
South of France, may be suspected (Auger et al. 2004; Tirello et al. 2012; Lorenzon
et al. 2018). The main species found on the cv. Artaban might be less adapated than
K. aberrans, or simply physiological susceptibility to pesticide varies according to the
species considered (Bergeron and Schmidt-Jeffris 2020). Among the fungicide applied,
studies show low to medium impact on Phytoseiidae mites for Fluopyram and triflox-
ystrobine, both on female and immature survival (e.g. Kishimoto et al. 2020). For sul-
fur, the results are much more controversial (e.g. Asalf et al. 2012; Tacoli et al. 2020).
Auger et al. (2003) reported that toxicity on 7. urticae depends on temperature and
humidity, and resistance to sulfur has been reported in Phytoseiidae mites (Hoy and
Standow 1981). Finally, prey might affect Phytoseiidae communities. Among the prey
reported, thrips densities were not different between the two varieties and densities of
Eriophyidae and Tydeidae were significantly higher on the cv. Artaban only in June. It
can be assumed that on the cv. Syrah, K. aberrans better controlled Eriophyidae than
the Phytoseiidae species present on the cv. Artaban and/or that the cv. Artaban might
be more susceptible to those pests. Several authors showed indeed different suscepti-
bility levels of grape varieties to C. vitis, the most common Eriophyidae here present
(Khederi et al. 2014, 2018). In addition, the greater occurrence of Eriophyidae on the
cv. Artaban could have affect the diversity of Phytoseiidae species, especially the pres-
ence of E. gallicus and P. finitimus. However, to our knowledge, Eriophyidae predation
by these two species has not been directly studied (Duso et al. 2010). Euseius gal-
licus is known feed on pollen, spider mites, tarsonemid mites and thrips eggs (Pijnak-
ker et al. 2014). Phytoseius finitimus is reported to feed on Tetranychidae, thrips and
whiteflies (Papaioannou-Souliotis et al. 2000; Pappas et al. 2013). However, as gener-
alist predators type III and IV, they might also eat Eriophyidae as reported for other
species of those two genera (Abdallah et al. 2001; McMurtry et al. 2013; Pappas et al.
2013).
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Does the management system affect the diversity and abundance of Phytoseiid
mites and their prey on vines canopy?

Phytoseiidae density was globally not statistically different between the systems for all the
Phytoseiidae species retrieved, except in June with a higher density of E. gallicus but in
the control modality without cover crop. In addition, the diversity and species found were
also similar, showing no clear effect of the management system on Phytoseiidae diversity.
Those results are in contradiction with current hypotheses stating that plant diversification
positively affects predator diversity and density in vineyards (Duso et al. 2010; de Villiers
and Pringle 2011; Letourneau et al. 2011; Burgio et al. 2016; Sadenz-Romo et al. 2019;
Moth et al. 2021, 2023). Several hypotheses could be put forward to explain such results.
First, the vine plot is newly planted (2019), and effects on diversification might be not yet
visible such as suggested by Tixier et al. (2015) and Barbar et al. (2006) studying agrofor-
estry effects on Phytoseiidae in vineyards. Second, the systems studied are close to each
other bordered by same uncultivated vegetation, which can have masked cover crop effects
due to Phytoseiidae colonization by aerial dispersal from neighbouring uncultivated plants
(Tixier et al. 1998, 2000a, 2006; Duso et al. 2004; Gavinelli et al. 2020). However, some
trends can be noted. In May, a higher Phytoseiidae diversity was observed in both “Aviti”
and “Dviti” compared to the control with no cover crop. The presence of cover crops could
act as a reservoir for some species during the winter, such it is known for Neoseiulus falla-
cis and N. californicus in apple orchards (Veerman 1992; Croft and Jung 2001; de Villiers
and Pringle 2011), but further samplings would be necessary to confirm this hypothesis for
T. exhilaratus, the dominant species in May. The multifactorial analyses showed that the
two diversified modalities (“Aviti” and “Dviti”’) are more similar to each other than to the
control, suggesting an impact of cover crop, but not of co-planted trees. Such results can be
associated to a direct reservoir effect of the cover crop but also to an indirect effect due to
the vine stress in the diversified modality, where vine plants were less vigourous than in the
control modality, affecting thus mite habitat (Liguori et al. 2011). Malison (1994) reported
for example lower densities of K. aberrans on water stressed vines, and several studies
highlighted such an impact on other arthropods (Gely et al. 2020). Finally, Tydeidae were
more abundant in the control modality than in the two diversified ones, which agrees with
Vogelweith and Thiéry (2017) who reported higher densities in bare soil vineyards com-
paring to the ones with covercrops. It is interesting to note that K. aberrans and Tydeiidae
abundance were often correlated both on the cv. Artaban and Syrah, as observed by Peveri-
eri et al. (2009).

Do co-planted trees act as reservoirs of Phytoseiidae mites?

Phytoseiidae were observed on the two co-planted trees, but higher abundance and
occurrence frequency was observed on fig tree than on pomegranate. Those results
are probably associated to the leaf structure, large and pilose leaves on fig trees being
more favorable than thin and glabrous leaves of pomegranate. The Phytoseiidae species
retrieved on these two trees were also present on vine. Thus, they might constitute Phy-
toseiidae reservoirs. However, despite the high quantity of K. aberrans observed on fig
tree, the density of this species was not higher on the vine of the “Dviti” modality. Some
slight effect of the co-planted fig tree might be nevertheless hypothesized because: (i)
in May, “Dviti” was the sole modality where K. aberrans was found and (ii) in June,
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“Dviti” showed a higher proportion of this latter species than in the other modalities.
However, these effects are not strong, and we can also hypothetized that even if K. aber-
rans disperses to the adjacent vine plants, the cv. Artaban might not be suitable for this
species. The same applies for P. finitimus: even if high density are observed on fig trees,
the density of this latter species was not different between the management modalities.
Such results have also been noted in an agroforestry vineyard in south of France, where
the densities of Phytoseiidae were not significantly different between agroforestry or
monoculture systems (Barbar et al. 2006, 2010; Tixier et al. 2015) and where the co-
planted trees did not significantly affect Phytoseiidae abundance on adjacent vine rows
(Barbar 2007). Furthermore, since all Phytoseiidae species found on trees are also pre-
sent on vine in the three systems, the role of the co-planted trees as Phytoseiidae res-
ervoirs for all the plots can also be questionned. Sentenac et al. (2018) and Moth et al.
(2021, 2023) reported that intraplot diversification poorly affect Phytoseiidae communi-
ties, compared to the close landscape effects. Several studies have shown that Phytoseii-
dae colonization occurs mainly through aerial dispersal from nearby vegetation, up to
90 m (Hoy et al. 1984; Tixier et al. 1998, 2000a, 2000b).

Do cover crops act as reservoirs of Phytoseiidae mites?

Twelve Phytoseiidae species were observed in the cover crops. Among them, some are
not observed on vine (G. graminis, N. alpinus, A. obtusus, A. setosa). This is in line with
what is known on the distribution of these species, mainly reported in soil and/or herba-
ceous habitats (McMurtry et al. 2013; Demite et al. 2023). Their biology is globally poorly
known, and they are assumed to have no direct effect on pest biological control. Among
the other species reported both on vine and cover crops, P. soleiger and P. triporus are not
frequently observed in the two habitats. These species are reported on different plant fami-
lies, usually on trees and their biology is not known (Tuovinen and Rokx 1991; Tixier et al.
2013). Finally, the five most commonly found species on vine are also reported in the cover
crops. This result is consistent with Sahraoui et al. (2014) and Sdenz-Romo et al. (2019),
who observed similar Phytoseiidae species on weeds and citrus trees and vine, respectively.
In the present experiment, the most frequently observed species were T. recki and T. exhila-
ratus for the two systems, suggesting that the cover crops represent a good reservoir for
these two species. They are reported on a large number of plants including trees, shrubs
and grasses (Tixier et al. 2020; Demite et al. 2023), and already reported in cover crops
and surrounding vegetation in vineyards (Castagnoli et al. 1999; Barbar et al. 2006; Séenz-
Romo et al. 2019). Kampimodromus aberrans, P. finitimus and E. gallicus were only found
on some plants at low frequency (K. aberrans on O. vicifolia, M. sativa and E. sumatren-
sis; P. finitimus on E. sumatrensis, H. echioides, P. hieracioides). This is not a surprising
result, as these three species are usually reported on shrubs and trees (Tixier et al. 2013;
Doker et al. 2014; Demite et al. 2023; Novljan et al. 2023). Thus, even if cover crops har-
bour Phytoseiidae mites, the main species found on vine are not the most abundant and
frequently observed species in the cover crops and vice versa. It thus seems that the cover
crops do not constitute an important reservoir for the Phytoseiidae retrieved on vine, but
this small amount might be sufficient to allow vine colonisation. It would be interesting to
further focus on dispersal from the cover crop to the vine canopy via ambulatory dispersal,
as already observed for several Phytoseiidae species (Moraes et al. 1986; Tixier et al. 1998,
2000b; Auger et al. 1999; Kreiter et al. 2006; Duso et al. 2010).
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Overall insights of cropping system effects on pest regulations

Tetranychidae were very low during all the experiment duration, in the three cropping
systems considered (so low that they were not taken into account in the present study).
This suggests a good regulation by the predatory mites reported in the three systems.
The same was observed for thrips and C. vitis, with no difference between the systems.
The effects of cropping system was different according to the dates on the population
of Tydeiidae. As no strong effect of cropping system was observed on Phytoseiidae
mites, no clear effects on prey are not a surprising result. However, we can note that the
uncommon predatory mite species found in the three systems on the cv. Artaban seem
able to maintain the populations of pests. Some differences are observed between the
cultivar only in June and only concerning C. vitis and Tydeiidae mites. Higher densities
were observed on the cv. Artaban. This resistant cultivar was not treated with sulfur.
Yet, sulfur is known to have miticide effects (Hoy and Standow 1981; Auger et al. 2003;
Gadino et al. 2011; Asalf et al. 2012), which might explain the highest densities in not
treated modalities. However, this explanation can not be retained as the sulfur applica-
tion (7 July) was done after the June sampling (8 june). Other factors as the different
Phytoseiidae communities on the two cultivars and their predation effects, might be one
of them.

Conclusion

Overall, this study highlights the significant influence of grape variety on predatory
mite, suggesting an effect of both vine leaf characteristics and fungicide treatments. The
high proportion of P. finitimus and E. gallicus on vines in southern France is unprec-
edented and may be due to a new grape variety commercialised only since 2018, global
warming and/or the emergence of the invasive species E. gallicus. While crop diversifi-
cation did not positively affect Phytoseiidae density and diversity in this three -years-old
vineyard, all Phytoseiidae species on vines were present in co-planted trees and cover
crops, indicating their role as potential reservoirs. Ongoing surveys will be crucial to
monitor changes in mite communities over time, as well as new investigations to deter-
mine whether exchanges between the non-crop plants and vines are actually taking
place.
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